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Abstract: High modulus of about 1 TPa, high thermal conductivity of over 3000 W/mK, very low
coefficient of thermal expansion (CTE), high electrical conductivity, self-lubricating characteristics
and low density have made CNTs one of the best reinforcing materials of nano composites for
advanced structural, industrial, high strength and wear-prone applications. This is so because it has
the capacity of improving the mechanical, tribological, electrical, thermal and physical properties of
nanocomposites. So, this study is aimed at providing the latest discoveries on the tribological behavior
of CNTs-reinforced composites. The composites reviewed included metal matrix composites (MMCs),
polymer matrix composites (PMCs) and ceramic matrix composites (CMCs) reinforced with CNTs.
Their tribological characteristics, uses, production challenges, conclusion and recommendations
are presented. The work presented the best technique to disperse CNTs on matrices to avoid its
agglomeration, since agglomeration is one of the major challenges in reinforcing with CNTs. It was
discovered that ball milling destroys the outer walls of CNTs but recommended that ultrasonication
and functionalization before ball milling eliminate this adverse effect of ball milling. In addition, it
was discovered that addition of CNTs to composite matrices improved the wear resistance, reduced
the wear volume, decreased the coefficient of friction (COF) and provided self-lubricating effect on
MMCs, PMCs and CMCs.

Keywords: carbon nanotubes; metal matrix composites; polymer matrix composites; ceramics matrix
composites; tribology

1. Introduction

Reciprocating movement of pistons inside engine cylinders, rotation of bearings and
crankshafts, walking or running on tracks/roads, engaging and disengaging of brakes
and clutches etc., are affected by a phenomenon called friction. Friction is the force which
tries to resist motion of one body sliding over another. The classic law of friction was
discovered back in 15th century by Leonardo da Vinci, even though it was not published
then. It was Guillaume Amontons who rediscovered the laws in 1699. The laws were called
Amonton’s laws of dry friction, which summarily stated that the force of friction (F) is
directly proportional to the applied normal load (N) or that the coefficient of friction (i) is
directly proportional to the friction force and inversely proportional to the normal load.

Ever since then, research has been on-going on friction and tribology. Tribology is the
science of friction, wear and lubrication. Light metals such as Al, Ti and Mg are applied in
aerospace, automotive, agricultural and electrical industries because of their low density
and their high strength per unit weight, besides other excellent properties. However, they
are easily eroded and worn away by friction and wear which undermine their utility and
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efficiency in service. However, this anomaly can be augmented by introducing reinforce-
ment which improves their tribological properties. Polymers, on the other hand, are more
resistant to chemicals, are cost effective and require no post-production treatment like met-
als do, but they are weaker to friction and wear. So, to eliminate this challenge and improve
durability and efficiency in service, they require some reinforcement with nanomaterials.
Ceramic materials have high hardness, good thermal stability and high wear resistance,
but they are very brittle. So, to improve their fracture toughness, they are reinforced
with high-strength and high-modulus nanoparticles or nanomaterials. Lubrication can
be referred to the practice of applying oil, grease or nanomaterial on a surface in order to
minimize friction and wear. Among all the known nanoparticles/nanomaterials used in
lubrication and improving wear resistance, strength and fracture toughness of materials,
carbon nanotubes (CNTs) stand out [1-5].

It was in 1991 that lijima discovered, for the first time, a particular carbon with
a structural configuration that looked like a tubule [6]. It consisted of some tens of graphite
layers (walls) that were later identified as multi-walled carbon nanotubes (MWCNTs) or
simply (CNTs) (Figure 1). Successive walls of the tubule are 0.34 nm apart, with diameter
of 1 nm and massive aspect ratio. When graphite exists in 2 dimensional forms, it is called
graphene (Figure 1a). Two years on, lijima and his co-workers developed single-walled
carbon nanotubes (SWCNTs) (Figure 1b), which were formed when graphene was rolled
into a seamless cylindrical tube [7]. Carbon nanotubes (CNTs) have been recognized
as the stiffest material (bequeathed by its SP? hybridization) which buckles elastically
under massive bending or compressive stress. It possesses huge tensile strength of about
100 GPa and exceptional elastic modulus of 1.27 TPa, its thermal conductivity ranges from
3000-6000 W/mK, and its current density is about 1015 A/ m?, with a conductance of
13 kQ~! [6-10].

Carbon atoms Molecular bond

\

~0.142 nm

+

(b)

Figure 1. Structural Forms of Graphite: (a) Graphene, (b) SWCNTs and (c) MWCNTs [10].

These exceptional characteristics of CNTs have provoked the interests of researchers on
this material. The production techniques of CNTs are manifold, and they include: electric
arc discharge, laser ablation, vaporization induced by a solar beam, and chemical vapor
deposition (CVD) [11-13]. Consequent upon the essential properties of CNTs, they have
been applied as a reinforcement for metal, polymer, ceramic and carbon matrices. Based on
its mechanical-cum-tribological characteristics in metal matrices, Park, Keum [14] reported
three types of strengthening mechanisms in CNTs-reinforced composites, which included
Orowan looping, thermal mismatch and load transfer kinetics. Orowan looping occurs
during plastic deformation and is as a result of dislocation of atoms in the crystals. Thermal
mismatch occurs when there is a wide difference between the coefficients of thermal
expansion (CTE) of the matrix and reinforcement, just like in CNTs (2.1 x 107 K1) and Al
(2.36 x 1072 K~1) [15]. In this case, thermal mismatch raises the dislocation density through
strain hardening which culminates in the strengthening of the composite [16]. More so,
CNTs can efficiently absorb the load incident on its base material through the dynamic load
transfer mechanism, thereby raising the load bearing capacity of the composite system.
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Among the three mechanisms, it was reported that load transfer kinetics contributed more
than 50% of the improvements [14].

Nonetheless, there is a relationship between the mechanical strength and tribology
of composite systems. It was in 1953 that Archard [17] propounded that the wear volume
loss (V) of a material is inversely proportional to its hardness (H) and directly proportional
to the sliding distance (S) and normal load (L). So, it can be inferred that materials with
high strength (hardness) experience lower wear loss than those with low strength and
vice versa. Meanwhile, the tribology of a composite system entails: the interaction of
the surface with another surface when they are in a relative motion; the coefficient of
friction (COF) of the system; the wear rate and wear loss of the system; and the lubrication
properties of the system. Therefore, since it has been established that CNTs reinforcement
improves the mechanical properties of composites, it is logical to assert that it improves
the tribological properties of materials too. In addition, it has been shown that CNTs is
a good solid lubricant [18]. Hence, incorporation of CNTs into a base material not only
reduces the wear volume loss of the material but reduces the COF of the system which
is promoted by the decrease in both the adhesive and deformation components of its
coefficient [19]. Metal matrices reinforced with CNTs have exhibited excellent tribological
properties, and this has caused the expansion of its engineering applications, industrial
utility, automotive usage, aerospace, electrical and electronics applications [20,21]. In
an experiment to investigate the tribological properties of Nickel-CNTs composite, it
was discovered that 2 vol.% of CNTs gave the least COF of 0.22. When the volume
fraction was increased to 5%, the COF increased, and other properties depreciated, because
there was agglomeration of the reinforcement in the microstructure [22]. It was shown
that the COF of Ni-2CN'Ts composite improved by 332% in comparison with monolithic
Ni. The information herein is that optimizing the volume fraction of reinforcement is
of paramount importance. This is because the high aspect ratio of CNTs provokes its
agglomeration. So, once the optimal volume fraction is exceeded, homogenous dispersion
becomes difficult. The COF improvements of different metals, ceramics and a number
of polymers reinforced with CNTs are shown in Table 1. It can be observed in Table 1
that ceramics accommodated a higher volume fraction of CNTs than metals and polymers.
A small volume fraction of CNTs (0.7 wt.%) improved the COF of polymers optimally.
For metals, 4 wt.%—-5 wt.% produced the optimal COF. This trend was equally observed
by Watanabe et al. [23] who posited that ceramics are more hydrophilic than polymers
due to their surface roughness. So, the degree of hydrophilicity of base materials controls
the volume fraction of reinforcements that can be absorbed. Ceramics possess the highest
hydrophilicity, followed by metals and then polymers.

Table 1. Improvement of COF in Metals, Ceramics and Polymers Reinforced with CNTs.

Plots of COF Improvements Remark Ref.

79%

COl

o

69%

M Cu-20 vol.%CNTs

52% o Cu-12 vOLKCNTS 5 vol.% of CNTs g.ave.the optimal COF improvement.
N Cusvol.deiiTs As the concentration increased, the COF depreciated [24-27]
in the Cu alloy.

Cu-5 vol.%CNTs

COF improvement
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Table 1. Cont.

Plots of COF Improvements Remark Ref.

14%

|
=0.175
55% c
| COF=0.63

COF=0.48

29%

At a very low concentration of CNTs, the composite
had low COF improvement; at too excessive a
volume fraction, the improvement was still low. It [28-32]
was an optimal concentration (4 vol.%) that gave the
highest improvement in Al alloys.

M Al-20vol%CNTs

B Al-4wt%CNTs
Al-0.2wWt%CNTs
Al-4vol%CNTs
Al-2wWt%CNTs

COF Improvement

67%

The COF improvement in Al203 ceramic-CNTs
composite absorbed higher volume fraction of CNTs
than in metals and polymers. An optimum value of
10 wt.% gave the highest COF improvement of 67%.

Al203-12wt%CNTs
m Al203-4Wt%CNTs
42%  m AI203-12wt%CNTs
W Al203-10Wt%CNTs
 Al203-2wWt%CNTs

[33-37]

COF Improvement

18%

26% (COF=0.3:

34%

Polymer matrices can wet out only minute fraction
of CNTs. Optimum concentration of CNTs that gave
the highest COF improvement was 0.7 wt.%. [38-40]
(PMMA, polymethyl methacrylate; EP, epoxy; PS,
polystyrene; AMMA, polyacrylonotrile).

® Polyimide-0.7wt%CNTs

® PMMA-1wt%CNTs
EP-1.5wt%CNTs
PS-1.5wt%CNTs
AMMA-1.5wt%CNTs

COF Improvement

Furthermore, when CNTs reinforcement is incorporated into polymers, strong interfa-
cial bonding between the nano-carbon chains and polymer matrices are achieved, and this
increases the modulus of polymer composites and expands its industrial, engineering, phar-
maceutical and agricultural applications [41]. There was a report that there exists strong
interfacial adsorption energy in polymer-CNTs reactivity, which helps to bond the polymer
chains on the surface of CNTs stoutly, thereby enhancing the strength of the CNTs-polymer
composite [41]. Campo et al. [42] studied the effect of CNTs addition into epoxy matrix
composite. The results showed that addition of 0.5 wt.% CNTs into epoxy matrix reduced
the mass loss by 900%, decreased the wear rate by 1367%, and decreased the COF by 275%.
However, the improvements were more pronounced when the CNTs were functionalized,
as functionalization decreased the Van der Wall forces and hydrogen bonding in CNTs
molecules. Wang et al. [43] studied the tribological behavior of plasma-sprayed carbon
nanotubes-reinforced TiO; coatings and discovered that the coating that had CNTs rein-
forcement exhibited about a 93.6% decrease in wear volume with a moderate decrease in the
COF when compared with unreinforced TiO,. By and large, CNTs reinforcement has proven
to be a good tribological nanomaterial for composite development. Reports on the tribolog-
ical properties of CNTs-reinforced composites are scant in the literature [44]. Singh and
Beloka [45] reported Al- and Mg-based composites reinforced with CNTs; Chan et al. [46]
studied the effect of nanofillers on polymer composites; Goswami et al. [47] concentrated
on mechanical and tribological properties of CNTs/graphene-reinforced alumina, while
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Choudhary et al. [48] dwelt more on the effect of processing route, processing parameters
and CNTs length on the properties of CNTs-reinforced composites. For the present work,
efforts have been made to extend scope of the review to accommodate the three major
composites, namely, metal matrix composites (MMCs), polymer matrix composites (PMCs)
and ceramics matrix composites (CMCs), so as to grasp wider knowledge of the tribological
characteristics of CNTs reinforcement on the three major matrix composites, studying their
respective characteristics and drawing conclusive remarks on their various lubrication,
wear and friction properties. So, the aim of this work is to discuss the wear, friction and
lubrication properties of the three major composites reinforced with CNTs with the sole
aim of discovering their potential applications together with projecting their strengths and
weaknesses and how to remedy their shortcomings.

2. CNTs-Based Nano Materials

Two factors that are responsible for high strength of materials reinforced with CNTs
are as follows: (a) the interlocking carbon-to-carbon covalent bonds of CNTs providing
strong metallurgical bond to the composite and increasing its dislocation density. (b) The
carbon nanotube existing as one large molecule which does not possess grain boundaries
at all, let alone weak ones that separate crystal grains of high strength materials such as
steel or tungsten [49]. Hence, there is no danger of grain boundary weakness or failure.
Figure 2 gives a schematic idealization of a CNTs-reinforced composite system. As shown
in Figure 2, each particle of the matrix is actively held together or bonded by the CNTs
molecules making it difficult to be broken without application of enormous force. So, the
SP? covalent bond as well as single unit molecule of CNTs account for the exceptional
strength of CNTs-based composite materials.

Figure 2. Image of CNTs-Reinforced Nanocomposite.

Researchers have studied the traditional fibers such as carbon-, glass- and Kevlar-
based composites via computational and empirical techniques. Energy densities, ballistic
impact capacity, wear and penetration resistances of these traditional fiber-based compos-
ites were investigated. Challenging issues such as delamination, compressive failure in the
fiber /matrix interface, matrix cracking, and tensile failure of yarns were all identified as
the principal failure mechanisms after characterization [50-52]. However, it was observed
that failures in these conventional composites occur within the range of a micrometer.
This implies that reinforcement based on nanomaterials such as CNTs can withstand such
failures. Hence, they can improve the mechanical/tribological properties of nanocom-
posites under steady and repeated loading and prevent such failures that occur at the
micrometer scale. So, conventional composites are now being replaced by nanocomposites
and hybrid composites in most advanced applications, due to their excellent mechanical,
tribological, and thermal properties [53]. Improvement in strength and energy absorption of
CNTs-reinforced polymer/glass composites has been reported [54]. Also reported is the im-
provement in tribological, thermal, corrosion and mechanical properties of CNTs-reinforced
metal/ceramics matrix composites [55-57]. It is because of the excellent mechanical and
tribological properties, thermal and electrical conductivities that carbon-based nanofillers
such as CNTs and graphene are employed in the development of nanocomposites [58,59].
It was reported that CNTs-reinforced polymers nanocomposites are presently being used in
the place of steel in the development of bullet-proof shields, jackets, wear resistant surfaces,
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shock and impact absorbers, and ballistic impact-resistant materials [60,61], and they are
much cheaper, less dense, more corrosion resistant and more robust than the conventional
steel-based military armors and shields. CNTs-reinforced metal matrix composites, on
the other hand, are used in the development of aerospace components, automotive pis-
ton and sleeves, nozzles, turbine blades, transmission conductors, electronic sensors and
transmitters [20,62-64], as they outperform monolithic Al, Ti, Mg or steel alloys. Fracture
toughness is one of the principal properties imparted on ceramic matrices by CNTs. Hence,
CNTs-reinforced ceramic composites are used in the development of high temperature
nozzles and turbines, cutting and drilling tools, blades of lathes, pulverizers etc. [65,66],
and they are cheaper, less dense and more robust than tungsten, diamond and steel alloys
that were the traditional materials for these equipment.

The production techniques of CNTs-reinforced nanocomposites are manifold. They can
be grouped based on the similarity of processes involved. These groups include (i) powder
metallurgy, (ii) electrochemical techniques, (iii) casting method, (iv) thermal spraying and
(v) other novel techniques. Table 2 shows sketches of the production techniques used in the
development of nanocomposites.

Table 2. Production Techniques of Nanocomposites.

Remarks Ref.

Production Technique Sketches

Description

Pressure

Punch
Powder
Die
: < Power source

Powder metallurgy: This comprises spark
plasma sintering, vacuum sintering,
microwave sintering, hot pressing and
conventional sintering. Prior to

In SPS and other forms of
advanced sintering, heat and
pressure are applied

consolidation, matrix and reinforcement concurrently, while in [67]
are blended via ball milling, tubular conventional sintering, heat is
mixing and molecular mixing. Then, the  applied after green compaction.
application of heat and pressure is used =~ There is zero waste of materials.
to consolidate the composite.
(a) Powder metallurgy
Substrate
Ai) 0 33350 layer Additive manufacturing: This comprises
3% - cladding laser cladding, sputtering, nanoscale This technique reduces material [68]
0 particles dispersion, sandwich processing, plasma wastes to the lowest level.
% spraying and vapor deposition.
] Target
(b) Additive process
=1Lt
)|
Power Electrochemical technique: This
source . oy .
3 3 comprises electro deposition via
£ 2 amperometry, potentiometry, The major advantages of this
S : = conductometry, voltammetry or the technique are its simplicity, low [69]
{Electrolyte galvanic cell technique. This involves the cost and speed.
| Deposited passing of electric current to initiate
[ particles dissolution and deposition of materials.

(c) Electrochemical method
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electric transmission conductors.

Table 2. Cont.
Production Technique Sketches Description Remarks Ref.
]
0‘— Electric motor
stirrer Casting method: This comprises stir .
Rotating ais . . o Virtually every component can
sasie casting, ultrasonic cavitation, squeeze .
—— Reinforcement : .. . . be casted, using metal
® container casting, liquid casting etc. Casting - .
2 ) . . . composites, ceramics or [67]
¥ E Reinforcement involves melting of base material, | ; Itis ch
¥ b addition of reinforcing phase, stirring polymer composites. It s cheap
¥ . g O ! and uses simple tooling.
¥ Molten metal and solidification.
Crucible
(d) Casting method
e ml’:er:ling'c':i:““udi:u"ing device| Cutter LOW melting_pOint metals and p01ymer
- | | ) ‘é?—- | composite fabrication that comprises This is used in the production of
0000 ;k | pultrusion and extrusion. This involves long components such as [67]

Fibers Resin bowl

(e) Pultrusion/Extrusion

Machine framework

shape.

melting and pushing or pulling the melt
through an orifice to assume specific

It is very fast and economical.

Wear and Friction Properties of Composites Developed with CNTs Reinforcement

Wear and friction characteristics of composites developed with CNTs reinforcement

are presented in Table 3.

Table 3. Wear and Friction Characteristics of CNTs-Reinforced Composites.

CNTs/Composites

Tribology Properties

Remarks

Ref.

AlSi-10Mg-CNTs

Wear grove of composite = 150 pm?
Wear grove metal matrix = 224 um?
Wear rate of composite is 33% lower

The improvement in wear rate is attributed to the
fact that CNTs increased the hardness of the
MMCs and improved the microstructure. Selective
laser melting (SLM) was the technique employed.
This composite is useful in automotive brake pad
and lining, pistons and engine sleeves.

[70]

WC-20Co-6CNTs

Wear rate = 0.000307 &+ 0.1 mm3/N.m
COF = 0.08 & 0.012

The introduction of CNTs on WC-20Co improved
the wear loss, wear rate and coefficient of friction
greatly through improving the mechanical
strength. The processing technique was
high-velocity oxy-fuel (HVOF) spraying. This
ceramic composite is useful in cutting tools and
grinding wheels.

[57]

Al203-3%Ti02-3% CNT,

Wear resistance = 5800 Nm/mm?>
Mass loss = 0.0035 g
Average mass loss of unreinforced
ceramics was 3.85 mg, while average
mass loss of CNTs/ceramics was
3.45 mg (11.6% improvement).

Uniform CNTs dispersion and good adhesion of
coatings with the substrate invoked the
enhancement of the wear properties. The method
was Plasma Spraying of A1203-3TiO2-CNTs on
AISI 1020 steel substrate. This ceramic composite
is replacing steel pipes in oil and gas
industrial pipes.

[71]

316 L Stainless steel-8SCNT

Wear rate = 1.1 x 1077 mm3/Nm
(218% improvement)

COF = 0.25 (60% improvement)
The COF of unreinforced 316 L was 0.4,
and the wear rate was
3.5 x 107 mm3/Nm.

The tribology improvement was made possible
because the larger surface area of CNTs provided
large surface roughing, thus having a better
lubrication effect. Vacuum hot-press sintering was
the technique applied. This steel composite is
replacing conventional stainless steel in
advanced applications.

[55]
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Table 3. Cont.
CNTs/Composites Tribology Properties Remarks Ref.
Volume loss = 0.81 mm?
(48% improvement) The strengthening and bonding characteristics of
Mass loss = 0.008 g (38% improvement) CNTs led to a reduction in mass loss. Additionally,
=0 COF = 0.3 (17% improvement) the CNTs provided lubrication effect which led to
AZ6IMg-0.5%CNTs There was very low COF (0.22) at enhancement of the tribology. Stir casting with (721
1 wt%CNTs. The unrefined AZ61 had annealing was the method used. This MMC is
volume loss of 1.2 mm3, mass loss of useful in electrical and electronics packaging.
0.011 and COF of 0.35.
The COF was enhanced by the dispersion
Average COE = 0.46 strengthening and fine grain strengthening of
Al3Ti-Cu-SiC-CNTs Average COF of substrate = 0.57 CNTS' The. p.roduct1on techmque. was laser. [73]
This eives an improvement of 24% cladding. This is an advanced hybrid composite
& p ’ which can compete favorably with high entropy
alloy in aerospace applications.
The improvement was attributed to bridging of
Wear depth = 4 + 0.8 um CNTs in between the splats of the ceramics matrix.
A1203-3TiO2-6CNTTs Wear rate = 0.0003 + 0.1 mm®/Nm | n€ technique used was Plasma Spraying of the |
COF = 0.11 + 0.009 composite on AISI 1020 mild steel. This is
’ ’ replacing steel alloy in bridges, rails and other
structural applications.
The functionalization of CNTs contributed to the
B 3 improvement of the wear resistance. This polymer
Polyimide-0.1CNTs Wear rateC—O(::.O_O(())Zzznm /Nm composite is used as high temperature structural ~ [38]
o glues and laminating resin. It is used in wood
work, structural and car body parts applications.
There was strong interfacial bonding between PI
matrix and MWCNTs-COOH nanofillers, which
_ 3 enhanced the transfer of load effectively from the
Polyimide-0.7CNTs Wear rate C_ OOFOQO(? i én m”/Nm matrix to the functionalized CNTs. So, this [38]
e improved its hardness, which in turn reduced the
wear rate and COF. It is now prominent in
automotive industries.
It was observed that at temperatures below 500 °C,
Phosphate Wear rate = 0.008 mm3/Nm the lubrication effect of CNTs was intact. However, [75]
ceramic-0.75CNTs COF =0.39 when this temperature was exceeded, the tribology
properties diminished.
The improvement in wear rate was attributed to
_ 2 the uniform dispersion and the reinforcement
Wear rate = 0'00000259 m /kg efficiency of CNTs. The composite was produced
Al,O3-2CNTs Wear rate of pristine . . .. i [76]
ALOs = 0.00000294 mm2 /k with cold spraying. This is a high-temperature
23 & structural ceramic composite that is replacing BN,
WC etc.
The improvement in wear rate was attributed to
Specific wear rate of micro-sized the uniform dispersion of CNTs in
channel reinforcement filling MCRF-fabricated composite, which formed a solid
AI-CNTs (MCRF) = 0.018 mm?®/Nm lubricant layer. Friction stir processing was the [77]
Wear rate of pure Al = 0.022 mm3/Nm  method applied. This MMC is useful in electrical,
(20% improvement) electronic and structural applications which can
replace conventional steel conductors.
The improvement was attributed to the formation
_ 3 p
. Wear rate = 9'00095 i /;n of a carbon layer which acted as a solid lubricant
Al-Si-0.75CNTs Wear rate Al-Si = 0.0018 mm®/m [78]

(89% improvement)

at a higher speed. Powder metallurgy was
employed in the fabrication.
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Table 3. Cont.
CNTs/Composites Tribology Properties Remarks Ref.
COF = 0.18 (52% improvement) The improvement was attributed to strong
Wear rate = 0.34 pm?3/s densification and refined microstructure
Al-4CNTs (23% improvement) influenced by spark plasma sintering technique. ~ [18]
Wear volume = 20 um3 Useful for high temperature
(23% improvement) transmission conductor.
The improvement was attributed to the solid
COF = 0.10 (79% improvement) lubrication property of CNTs and formation of
Al-8CNTs-8Nb Wear rate = 0.49 pm?3/s Nb,Os that acted as a solid lubricant too. This can  [79]
(23% improvement) conveniently replace steel-reinforced
aluminum conductors.
The improvement in the tribological properties
Epoxy-10Carbon COF = 0.3 (97% improvement) was attributed to the lubricating effect as well as
poxy Wear rate = 4 x 107 mm3/Nm strengthening action of C-C bond between CNTs  [80]

fibre-0.3CNTs

(425% improvement)

and short carbon fibre. This polymer composite is

useful in high-temperature applications.

3. Effects of Prevailing Conditions on Tribology of CNTs-Reinforced Composites

Wear resistance, wear loss, coefficient of friction and lubrication properties of compos-
ites reinforced with CNTs are affected by a plethora of factors. In this section, the response
of CNTs-reinforced composites to those factors are explored, analyzed and presented.

3.1. Response of CN'T5-Reinforced Composites to Applied Load

Tribological properties of composites are affected by the magnitude of load that is
applied on them. It has been shown that when load is increased in systems undergoing
relative motions, the wear rate and wear volume increase while the coefficient of friction
decreases [81]. Some authors reasoned that at higher loads, plastic deformation is higher,
fatigue damage is more pronounced, asperities penetrate deeper and material removal
increases [82]. Others opined that higher load induces greater shear stress, which delami-
nates more materials, thus increasing the wear volume and wear rate [83]. However, some
authors reported an increase in the COF when the applied load increased [82]. However,
according to Amonton’s law of friction, the COF of systems is inversely proportional to the
normal load [84], while the total volume loss increases when the applied load increases [85].
It will be noted that when the applied load is increased, the temperature of the contact
surface rises, inducing more material loss. However, if the wear rate is measured in relation
to the applied load, there exists a critical load where the wear rate is not severe. However,
when this critical load is exceeded, the wear rate becomes aggressive [86]. This critical load
diminishes with increase in temperature [87]. A further increase in applied load above
the critical load results in seizure with accompanying heavy wear rate, damaging noise
and vibration, normally called galling seizure [88]. Therefore, an increase in the applied
load increases the wear rate and wear loss but decreases the COF. However, incorporation
of CNTs into a composite system tends to increase the critical load at which seizure oc-
curs. This makes the CNTs-reinforced composites withstand higher loads than composites
without CNTs. CNTs-reinforced composites have better a self-lubricating effect, which acts
as a film shielding the surfaces in contact. By this effect, the wear rate/loss and COF act
as if they are independent of the applied load because the shielding film minimizes the
delamination and erosion effects of friction.

3.2. CNTs-Reinforced Composites’ Response to Sliding Speed

The tribological properties of composites have a direct relationship with the sliding
speed of the contacting surfaces. When the sliding speed is increased, the wear rate
increases as well. This can be attributed to the fact that a higher speed induces higher
heat generation, which in turn weakens the interfacial bonding between the matrix and
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reinforcement [89]. A load of 2 kg was applied on the AI-Ni-CNTs composite. The angular
speeds applied were 300 rpm, 500 rpm and 700 rpm, which gave wear rate of 0.00256,
0.0046 and 0.0058 mm?>/m, respectively, at a mixing ratio of 2 wt.% CNTs [90]. So, at
constant load, the wear rate increased with an increase in sliding speed. In another study,
the addition of 1.5 wt.% CNTs and 0.5 wt.% AI203 improved the tribological properties of
the Cu-0.5A1203-1.5CNTs composite [82]. However, when the sliding speed was increased,
the wear properties increased, as shown in Figure 3a.
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Figure 3. Effect of Sliding Speed on the Wear rate and Coefficient of Friction of: (a) Cu-0.5A1,03-
1.5CNTs, (b) Al,O3-3TiO,-6CNTs, (c) Glass Fiber-Reinforced Plastic-1CNTs and (d) Polyamide-
30Cabon fiber-0.5CNTs Composites [74,82,91,92].

In another study, 6 wt.% CNTs was used to reinforce AI203-3TiO2. It was reported
that when the sliding speed was increased from 0.17 m/s to 0.5 m/s (Figure 3b), the COF
increased by 200%, while the wear rate increased by 2900% [74]. In Figure 3c, 1 wt.%
CNTs was used to reinforce glass fiber-reinforced plastic. An increase in sliding speed from
200 rpm to 400 rpm increased the COF by 18%, and it increased the wear rate by 38% [91].
More so, 0.5 wt.% CNTs was used to reinforce Polyamide-30carbon fiber (Figure 3d). The
results showed that an increase in sliding speed from 0.4 m/s to 1.2 m/s increased the COF
by 19%, and increased the wear rate by 50% [92]. In all the CNTs-reinforced composites
studied and shown in Figure 3, it can be seen that the COF had a steeper slope than wear
rate. This implies that a small increase in the sliding speed generates a higher change in
the COF than in the wear rate. This is because an increase in sliding speed increases the
temperature of the contacting surfaces drastically, thus inducing a higher increase in the
COF, which depends majorly on the temperature of surfaces in contact and velocity, but
inducing little effect on wear rate. This reduced effect on the wear rate is because the wear
rate is dependent on multiple factors such as hardness, temperature, surface roughness,
wear debris and velocity. In a nutshell, the COF is mainly affected by a temperature rise,
while the wear rate is affected by so many other factors besides temperature.

3.3. Effect of Temperature on CNTs-Reinforced Composites

Tribological properties respond aggressively to an increase in temperature. An in-
crease in temperature helps in softening the interfacial bonding of matrix and reinforcement,
thereby increasing wear loss [79,93]. Wear loss increases considerably when the transition
temperature which exists between the mild and severe wear is exceeded [94,95]. The transi-
tion from mild to severe wear loss takes place when friction-induced temperature raises the
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contact surface temperature beyond a critical value [88], which is most often 0.4 times the
absolute melting temperature of the constituent materials. However, it has been reported
that the critical temperature of composites is higher than that of unreinforced material.
Then, it follows that wear volume loss of unreinforced materials is higher than that of the
reinforced composites [96]. When the thermal conductivity of the reinforcement is high, the
transition temperature of the composite will be high too, while the wear loss/rate will be
low, resulting in an improved COF [97]. So, using CNTs as a reinforcement to improve the
tribological properties of composites is not only effective but recommended because CNTs
has very high thermal conductivity of over 3000 W/K, a very high melting temperature
of 3550 °C and high oxidation resistance at high temperature, and is capable of imparting
these properties on composites. Hence, CNTs is a good reinforcement for increasing the
thermal resistance of composites, which invokes the characteristic properties necessary for
reducing wear loss, COF and wear rate. A practical scenario of how temperature affects
friction and wear of composites is when hot butter is pulled over a hot iron. It will be
observed that the movement is faster than when it is pulled over a colder iron. This implies
that the resisting force is lowered by the increased temperature. However, more butter is
melted on the hot surface than on the colder surface. Hence, temperature increases wear
loss but reduces friction coefficient.

3.4. CN1Ts-Reinforced Composites” Response to Various Media (Lubricants)

Generally, MMCs, PMCs and CMCs respond differently to different media. However,
composite systems that are lubricated with a solid lubricant such as CNTs, SiC or graphite
exhibit minimal wear rate, COF and wear loss [98]. This is because lubricants are good at
raising the value at which sliding speed and applied loads cause seizure during rotation
and sliding of surfaces over another. Secondly, lubricants form an interlaminar layer
that prevents two contacting surfaces from wearing off their surfaces. Hard asperities of
a counter surface find it difficult to touch the other surface because they are separated by
a layer of the lubricant. More so, lubricants aid in the reduction in friction and wear by
acting as coolants that attenuate the temperature emanating from the rubbing surfaces [93].
Among the four types of lubricants (oil, grease, penetrating lubricants and solid lubricants),
CNTs stand out as a solid (dry) lubricant. So, a composite system that contains CNTs
reinforcement enjoys reduced friction and wear. The reduction in wear by the application
of lubricants is more effective whenever plastic abrasion is predominant [99]. The influence
of lubrication in brittle materials is less predictive. It should be noted that the major
functions of lubrication are: (i) to decrease the tangential force acting on the surface,
and (ii) to diminish the incidence and harshness of asperity acting on the surface [100].
Even though decreasing the tangential force via lubrication decreases the incidence of
cracking, sometimes it aids crack nucleation via local chemical reactions at the crack
gradient. However, the damage does not outweigh the service. In a study to investigate
the influence of lubricants on the abrasive wear of reinforced ceramics of SiC, alumina and
carbide (Figure 4), it was observed that the wear rate differed by a factor of ~10 among
different environments [99]. From Figure 4, it can be seen that the wear rates in oil and
in water were lower than wear rate in air and in tertiary amyl alcohol. The influence of
lubrication on plastic materials and elastomers (rubbers) is a function of the predominant
wear mechanism. For hard thermoplastics experiencing abrasion, their response will be
that of ductile metals. However, for elastomers, the wear mode will be one of successive
crack development driven by surface tractions [99]. Here, lubricant can reduce the wear
rate by decreasing the friction force. This is the major reason why the abrasive wear of car
tires (elastomer) in wet medium is lower than in dry condition. Hence, cars veer off the
road more on wet roads than on dry roads since the COF diminishes in wet medium.
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Figure 4. Comparison of Wear Loss of Ceramics-Carbide Composites on Different Lubricants,
Adapted from [99].

3.5. Effect of Volume Fraction of Reinforcement on CNTs-Reinforced Composites

The relationship between volume fraction of CNTs and the tribological properties of
composites follows a curve. The wear loss and COF decrease when the volume fraction
is increased until an optimal value of volume fraction is attained. Once this limit is
exceeded, the wear loss and COF tend to increase. Figure 5 shows the profiles at which
CNTs-reinforced composites react to increase in volume fraction of reinforcement. It can
be seen in Figure 5a that the friction coefficient and wear loss decreased as the volume
fraction increased until the optimal volume fraction of 1 wt.% CNTs was attained [101].
Beyond the optimal limit, those wear properties increased. Excess volume fraction of
CNTs agglomerates in the microstructure and reduces the crystallinity and hardness of
composites [101-103]. Many authors, e.g., [35,104-107], who worked on the effect of
volume fractions of CNTs on the wear loss and COF of composites also observed the same
trends, as shown in Figure 5a—f. Therefore, for the effective development of robust CNTs-
reinforced composites for industrial and wear-prone applications, the optimization of the
CNTs content is not only imperative but recommended. This helps to avoid exceeding the
optimal limit after which depreciation of tribo-characteristics ensues.

In another study, it was observed that the optimum weight percentage of CNTs on
Al-Si-CNTs composite with the highest wear resistance was 3%. When this weight fraction
was exceeded (at 4 wt.%), the wear rate increased and was attributed to increased porosity,
deterioration of mechanical strength and nucleation of cracks [108]. To enhance dispersion
of CNTs on Al 6061 and improve its tribological properties, SiC was used to coat CNTs.
The SiC-coated CNTs was then used to reinforce the metal matrix. As the volume fraction
of the reinforcement was increased to 5% (Al-5vol.%SiC@CNTs), the wear rate decreased
by 45%, and the coefficient of friction decreased by 31% in comparison with unreinforced
Al. The improvements were attributed to the switch from both adhesive and delamination
wear modes to only abrasive wear stimulated by the hard particles of SiC-coated CNTs
reinforcement [109]. Transition from adhesive and delamination wear mode to abrasive
mode has been the mechanism that invokes the protection of surfaces from aggressive
wear by CNTs incorporated into composites. Such reinforcement induces transition from
brittle fracture to ductile fracture. In a study to improve the tribology of zinc—copper—
magnesium alloy (ZC71), it was observed that addition of 5 wt.%SiC to the ZC71 alloy
could only decrease the wear rate by 5%. However, when 0.5 wt.%CNTs was dispersed unto
7ZC71-55iC, the wear rate decreased by 15% together with a significant decrease in friction
coefficient and wear loss. These improvements were attributed to the self-lubrication
property of CNTs [110]. To enhance the dispersion of CNTs and reduce its agglomeration
which initiates depreciation of wear and friction characteristics, it is recommended that
coating of CNTs with SiC or functionalizing it will improve the properties.
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Figure 5. Effect of Volume Fractions of CNTs on Wear Loss and COF of (a) Polypropylene-CNTs,
(b) Polypropylene-CNTs, (c¢) Alumina-CNTs, (d) Cu-CNTs, (e) Mg-CNTs and (f) AI-CNTs Compos-
ites, Adapted from [35,101,104-107].

3.6. Effect of Porosity on Tribology of CNTs-Reinforced Composites

The porosity of a composite material is the measure of the difference between the
computed density (theoretical) and actual (experimental) density, all expressed in percent-
age. It is simply the amount of pores domiciled in the microstructure. Mathematically, it is
captured as follows [20]:

Porosity = 100% — Relative densification €))]

Relative densification = Actual density / Theoretical density x 100% (2)

From Equation (1), it can be seen that the higher the densification of a composite,
the lower the porosity. Recall that mechanical strength of composites is dependent partly
on its relative density. This is because highly densified composites exhibit high modu-
lus and strength as a result of dislocation interlock [111], increased dislocation density
field [112], strengthened grain boundaries, strong metallurgical bonding and strong ma-
trix/reinforcement interface [113]. So, since porosity and densification (density) are in-
versely related, it follows that the higher the porosity in a composite, the more prone it is to
wear loss. Resistance to wear has been reported to be inversely related to porosity [114].
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More so, porosity is a defect principally caused by air entrapped into the microstructure
during consolidation which leaves micro-voids after solidification. The pores are nucleating
ground for dislocation and crack propagation [20]. Non-uniform dispersion of reinforce-
ments generates high porosity in a composite. This implies that excess volume fraction of
reinforcements generates high number of pores in a composite. So, incorporating a low
volume fraction of CNTs and ensuring its homogenous dispersion helps to reduce porosity.
It was reported that 5% porosity is the critical value of porosity in composite systems. This
in essence means that if the porosity in a fabricated composite exceeds the critical value, the
characteristic properties of such composite depreciate [115-117]. High porosity promotes
poor tribological properties because material pull-out, debonding, delamination etc. that
promote wear loss are provoked by porosity.

3.7. Effect of Wettability on CN'Is-Reinforced Composites

Wettability is the degree of absorption or interfacial attraction between reinforcement
and matrix in a composite system [118]. The matrix usually exists as a solid solution or lig-
uid solution and presents an interface at which the reinforcement is absorbed and dispersed
in the solution. Research has shown that wettability of the reinforcement directly affects
the mechanical strength (micro-hardness) of the resulting composite [119]. This implies
that good wettability improves tribological properties of composite systems, following
Archard’s theory. It was reported that a reduction in the COF and wear rate/volume
was enhanced by high wettability and uniform dispersion of CNTs reinforcement in the
matrix [120]. Many factors have been identified as the causes of poor wettability of re-
inforcements on matrices. These factors include (a) chemical reaction: high chemical
reactivity between reinforcement and matrix reduces wettability [118]. (b) Contamina-
tion: the presence of oxide contamination on the surface of reinforcements reduces their
absorption level on the matrix [121]. (c) Surface smoothness: the smoother the surface
of the carbide reinforcement, the lesser the wetting angle and vice versa [122]. (d) Gas
layer: the presence of gas layer on the surface of reinforcements prevents the physical
contact of them with the molten matrices, thereby reducing wettability [123]. (e) Density:
It will be noted that CNTs has very low density, and so, it is likely that it will float on top
of molten matrices; in addition, this phenomenon reduces their contact with the molten
matrices, thereby undermining its wettability. (f) Particle size: Micro- or nano-particle
size reduces the wettability because the smaller the particle size, the higher the surface
areas and higher agglomeration tendencies, as a consequence of higher van der Waals
force [121]. Common ways to improve the wettability of CNTs on aluminum matrix, for
instance, is by reducing the contact angle between them or by creating functional bonds
such as covalent or hydrogen bonds through functionalization of CNTs [124]. It can equally
be achieved through coating CNTs with Ni [125], Si [126], or adding Cu, Li, Mg and Ca
in the composite [127]. These measures improve the wear resistance, wear loss and COF
of CNTs-reinforced composite materials. Poor wettability, on the other hand, promotes
agglomeration, which in turn weakens the strength, tribology and other properties of
a composite. For instance, delamination and debonding are promoted by weak interfacial
bonds provoked by agglomerated reinforcements. These defects bring about depreciation
of tribological properties.

3.8. Effect of Dispersion of Reinforcement on CNTs-Reinforced Composites

The high aspect ratio of CNTs has made the material prone to agglomeration, which
is as a result of its poor dispersion on the matrix. The dispersion of CNTs on matrices is
usually difficult, and this phenomenon has affected properties of CNTs-reinforced com-
posites. Poorly dispersed reinforcement generates micro-voids in the final product due to
reinforcement clusters. Very unfortunately, micro-pores are the nucleating site for crack
propagation and fatigue failures [128]. Research has shown that a high volume fraction
of CNTs on composites promotes non-homogeneous dispersion [129]. Moreover, poorly
dispersed reinforcements cannot absorb load from the matrix effectively, which implies
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that mechanical strength and tribological properties of such composite will be highly im-
paired. Chen et at. [130] studied the effect of dispersion method on tribological properties
of carbon nanotube-reinforced epoxy resin composites. It was observed that the wear
resistance increased when the dispersion rate increased. Any consolidation technique that
promotes dispersion of reinforcement enhances tribological properties of the composites.
This is because dispersing reinforcement homogeneously is a prerequisite for engendering
excellent microstructure bereft of micro-voids and impurities, with enhanced mechanical
and tribological properties [67,131]. In a comparative study to identify the effect of CNTs
dispersion on the tribological properties of composite material, Lim et al. [35] fabricated
an alumina—CNTs composite via tape casting, followed by lamination and hot pressing,
and secondly via hot pressing. It was realized that tape casting process improved uniform
dispersion of CNTs on the alumina more than the hot pressing. Incidentally, wear resistance
of the sample prepared with tape casting was higher than that processed with only hot
pressing. Other techniques such as SPS, laser cladding and sputtering, noted for enhanc-
ing the uniform dispersion of reinforcement, have reportedly improved the tribological
properties of CNTs-reinforced composites.

3.9. CNT5 as Solid Lubricant and Lubrication Additive

Lubricants are materials which can be liquid, gas or solid and which are applied to
moving surfaces in order to smoothen their movement or to reduce the force of friction
existing between the contacting surfaces [132]. Solid materials with a low COF are usually
used as lubricants in the place of liquid lubricants or gaseous films because of the limitations
of liquid /gaseous lubricants [133]. For instance, in food processing machinery, some liquid
lubricants may be poisonous to the food being processed. So, applying liquid lubricant
will contaminate the food product. Additionally, devices operating in a vacuum or in
the space are liable to experience vaporization of liquid lubricants. Hence, it is only
solid lubricants that are applied in such equipment. More so, liquid lubricants that can
operate at high temperatures above 1000 °C without vaporizing are rare. Therefore, only
solid lubricants are used in components operating at such temperatures. Oxidation or
decomposition of liquid lubricants at high temperatures is more likely to occur than that
of solid lubricants. The conventional solid lubricants include graphite and its derivative
(CNTs, graphene), molybdenum disulfide (MoS2) and Polytetrafluoroethylene (PTFE) [134].
These materials have the capability of improving smooth movement of surfaces over
another, or reducing the friction of moving parts by producing self-lubricating film that
prevents the two surfaces from wearing off each other. They are incorporated into materials
as thin coatings, or used for surface modification or as composite reinforcement. Graphite,
and its derivatives, and PTFE are usually used as reinforcing phases to enhance the self-
lubrication properties of composites. Graphite and MoS; may be incorporated in the
form of dry powders to ease friction in moving parts. Sometimes they are introduced
into liquid oils or greases as fine particles to offer boundary lubrication. The temperature
limitations of the three solid lubricants include the following: graphite has a maximum
operating temperature of 500 °C, MoS, has one of 300 °C, and PTFE has one of 250 °C,
above which they become susceptible to oxidation and decomposition. More so, the
lubricating efficiency of graphite is affected by condensable vapors while MoS; is heavily
affected by high atmospheric humidity. So, CNTs, which represent a hybrid of graphite, are
usually applied as solid lubricant to ease friction at elevated temperatures. In a study to
investigate the lubrication efficacy of CNTs, Puchy et al. [36] consolidated AI203-CNTs with
spark plasma sintering. The results of the composite’s tribology showed that low volume
fraction of CNTs invoked decreased friction force and shallow depth penetration. The
improvement was attributed to grain refinement effect of CNTs together with reinforcement
capability of CNTs. Bastwros et al. [135] blended CNTs with aluminum powder using high-
energy ball milling. The blend was cold compacted followed by hot extrusion. It was
observed that as the volume fraction of CNTs increased, the COF and wear rate decreased
accordingly. When 5 wt.% CNTs was added to the Al matrix, the COF and wear rate of the
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composites improved by 55.6% and 78.8%, respectively. The wear mechanism transited
from adhesion to abrasion as the weight fraction of CNTs increased. The self-lubricating
characteristics of CNTs induced the formation of carbon film on the contacting surfaces
which helped in attenuating the friction and wear rate. In another study, Zhang et al. [136]
produced vertically oriented CNTs on an Inconel matrix via chemical vapor deposition
(CVD), followed by electrodeposition of MoS2 on the surface of the CNTs. The produced
composite exhibited high friction, wear and lubrication properties at both ambient and
high temperatures. In summary, CNTs have exhibited extraordinary friction reduction
and wear resistance, and these properties have broadened its applications. CNTs are
used as lubricants in industrial machines [137,138] and electromechanical devices [139,140].
Figure 6 summarized the effect of CNTs additive on lubricants. From Figure 6, it can be
seen that the addition of CNTs into lubricant reduced the wear loss of the material. It is an
effective lubricant coating, good additive in lubricants, and standard reinforcement in bulk
lubricating composites [141,142].
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Figure 6. Wear Loss Profiles of Lubricant with CNTs Additives [142].

4. Challenges and Remedies in the Development of CNTs-Reinforced Composites

The tribological improvements of CNTs-reinforced composites are militated by a num-
ber of factors. The factors include high volume fraction of CNTs, porosity of the composite,
wettability of the CNTs, agglomeration of CNTs, nature and type of the matrix. Inciden-
tally, these challenges are provoked by inhomogeneous dispersion of CNTs on the matrix.
Therefore, it is imperative to discuss effective ways of improving homogenous dispersion
of CNTs on matrices in order to improve wettability, reduce agglomeration and porosity
so as to ameliorate most of these challenges. Effective dispersion techniques of CNTs on
matrices are discussed in this section.

One of the most effective ways of dispersing CNTs on matrices is by ball milling.
Ball milling is a mechanical process used to pulverize powders into micro- or nano-
particles [143]. However, it is not only used for pulverizing powders but also used for
the synthesis of nanocomposites and to promote optimal distribution of the reinforcing
phases [144]. It was reported that ball milling contaminates powders and distorts the
integrity of CNTs walls. During the ball milling, a high pressure is produced locally as a
result of collision of rigid balls, powders and the walls of the vial. This method has been
used to distribute and shorten the length of CNTs in a polymer matrix [145]. It was also
reported that high-energy ball milling was employed in dispersion of CNTs unto the Al
matrix [129,146]. This method has effectively broken entangled CNTs so as to enhance
its homogenous dispersion on matrices; however, it inflicts morphological and structural
damage to the walls of CNTs [147]. Esawi et al. [129,148] studied the effect of ball milling
on the morphology and content of CNTs on the Al matrix composite. It was observed that
CNTs with a bigger diameter were easier to disperse than those with a smaller diameter.
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This implies that CNTs with a tiny diameter agglomerated more easily. Choi et al. [146]
investigated the duration of ball milling in the production of AI-CNTs composite and
observed that 6 h was the optimal duration that produced the best dispersion and excellent
reinforcement/matrix bonding. Tserengombo et al. [149] studied the effects of functional-
ization and ball milling on the dispersion, thermal and electrical conductivity of MWCNTs
in aqueous solution. Surface modifications using acid and alkaline media followed by ball
milling were conducted. It was reported that the alkaline-modified MWCNTs exhibited
better dispersion and superior properties than the acid-modified MWCNTs. However, only
acid or alkaline treatment was not enough for effective dispersion, and ball milling must
be incorporated.

Tubular mixing is another technique used in dispersing CNTs reinforcement on ma-
trices [150]. This method is essentially used for blending and cannot be used to shorten
the length of CNTs or reduce the particle size of powders. In the tubular mixing method,
powders are weighed into containment, mostly plastic bottles. The containment with
the powder is placed inside the tubular. Balls (steel, tungsten, alumina) are often intro-
duced to the powder at a ball-to-powder ratio of 2:5 or 3:5 depending on the density of
the constituent powders. A process control agent (PCA) incorporated into the powder
eliminates cold welding of the powder by the balls. Stearic acid, methanol or ethanol is
usually employed on blending the powders that contain CNTs [150,151]. It was essentially
invented to reduce the effect of ball milling in terms of distorting the morphology and
structure of CNTs. Researchers have reported effective dispersion of CNTs on Al matrix
using the tubular mixing technique [18,20,102]. Peng et al. [152] combined ultra-sonication,
magnetic stirring and tubular shaker-mixing technique in dispersing 0.5 wt.% MWNT on
the Al matrix composite. It was observed that the structural and morphological integrity of
CNTs was intact after fabrication of the composite as confirmed by the constant value of its
Ip/Ig ratio in Raman spectra. The absence of defects of the CNTs promoted the excellent
properties exhibited by the composite. Meanwhile, the deficiency of this technique is that
it cannot shorten the length of the CNTs. So, the aspect ratio remains unchanged after
blending, and a high aspect ratio generates high agglomeration.

Another efficient method of dispersing CNTs is sonication. This technique uses sound
energy to vibrate powder particles and fibers inside a liquid. Ultrasonic frequencies
(~20 kHz) are usually employed in the agitation. So, this method is usually called ultrason-
ication technique of powder mixing [153]. Pressure generated during sonication forms bub-
bles, which break down intermittently to release massive energy that distorts the molecu-
lar/van Der Waal bonds of the CNTs and enhance their dispersion [154]. Simoes et al. [155]
used ultrasonication to disperse CNTs on Al/Ni matrix with isopropanol as the PCA for
15 min. Homogenous dispersion of CNTs was recorded, and this increased the hardness
of the Al-1vol%CNTs by 50%, together with other improvements. Thomas et al. [156] de-
veloped a AI-MWCNTs composite using the sonication mode of dispersion, with ethanol
solution as the PCA. The sonication lasted for 30 min and was followed by magnetic stirring
for another 30 min, and finally ball milling for 4 h at a speed of 200 rpm. The results showed
that a combination of sonication, magnetic stirring and ball milling is more efficient, less
injurious to the CNTs structure and less time consuming than only ball milling. Javadi
et al. [157] equally opined that that ultrasonication before ball milling reduced the milling
time and reduced damage to the morphology and structure of CNTs. Rais et al. [158]
observed that ultrasonication not only improved homogenous dispersion of CNTs on Al
matrix but also invoked strong bonding between the matrix and reinforcement. These
measures used in dispersing CNTs on matrices are the effective panacea for developing
robust CNTs-reinforced composites which can withstand severe friction and wear and can
be used in wear-demanding applications.

5. Conclusions and Recommendations

A study on the tribological properties of CNTs-reinforced composites has been con-
ducted. The following points were drawn from the study:
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1.  CNTs reinforcement increases the wear resistance and reduces the COF in MMCs and
PMCs; for CMCs, it reduces their brittleness by increasing their fracture toughness
besides reducing their COF.

2. Wear loss transits from mild to severe when the critical temperature (usually 0.4 times
the melting temperature of the constituent materials) is exceeded. CNTs possess high
thermal conductivity and high melting temperature can delay such a transition by
increasing the critical temperature of CNTs-reinforced composites.

3. Incorporating CNTs reinforcement into metals, polymers or ceramics is challenging
because of its high aspect ratio. It has low wettability, and so, the dispersion is difficult
and can be improved by attaching functional groups to its unreactive covalent and
hydrogen bonds via functionalization. More so, uniform dispersion can equally be
achieved by coating it with Ni, Si, Cu, Li, Mg or Ca.

4. CNTs solid lubricant is preferred to liquid and gaseous lubricants in certain appli-
cations such as food processing devices because it cannot contaminate foods. Addi-
tionally, devices that operate in a vacuum, in the space or at very high temperature
vaporize liquid and gaseous lubricants, leaving only solid lubricants such as CNTs
that possesses high melting temperature as the choice lubricant.

5. CNTs lubricant is considered as the most effective for high temperature application as
the temperature limit of CNTs (500 °C) is higher than other solid lubricants.

6.  Shortening the aspect ratio of CNTs through ball milling helps in dispersing it on
matrices. However, ball milling distorts the morphology and structure of CNTs. So,
by subjecting CNTs to ultrasonication and magnetic stirring before ball milling, the
blending and dispersion will be more effective, innocuous and timely.

7. CNTs-reinforced MMCs such as AI-CNTs can function better than steel-reinforced alu-
minum conductor in electricity transmission; polymer-CNTs composites have better
properties than steel amours and shields used by military personnel; ceramic-CNTs
composites can perform better than W and diamond for cutting tools. Conventional
high temperature materials for producing boilers, nozzles and turbines will perform
better if reinforced with CNTs.

8.  CNTs reinforcement has been confirmed to be useful in improving wear, friction and
lubrication properties of MMCs, PMCs and CMCs.

It is recommended that:

Volume fraction of CNTs on matrices plays a major role in its dispersion and wettability.
Therefore, choosing a low volume fraction is recommended for better dispersion and high
wettability. Additionally, the optimization of the volume fraction before developing CNTs-
reinforced composite should not be compromised. Maximum tribological improvement
of composites using CNTs reinforcement can only be achieved when there is uniform
dispersion and full wettability of CNTs.
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