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Abstract: Since their discovery in 1991, carbon nanotubes
(CNTs) have found widespread use in various industries,
from aerospace to energy, due to their excellent mechan-
ical, thermal, electrical, and tribological properties. Their
lightweight nature, small size, incredible tensile strength,
and conductivity have made them very popular as reinfor-
cements in metals, polymers, and even finding employ-
ment in additive manufacturing. In this review, we provide
a rundown of these structures and discuss in detail the
numerous methods used to process CNT-reinforced mate-
rials, such as chemical vapor deposition (CVD), ball milling,
hot pressing, and selective laser melting. The limitations
of manufacturing and processing these composites are
also discussed, strengthened by the support of different

published works. To understand the changes in the proper-
ties of these composites in terms of varying parameters such
as temperature, CNT length, diameter, etc., an extensive
summary is provided, describing several techniques to per-
form experimental analysis and giving plausible reasons for
attributing these changes. Consequently, we explore the
specific areas of applications for these CNT-reinforced com-
posites in fields such as aerospace, energy, biomedical, and
automobile, and how they can be further processed and
changed to allow for more affordable and efficient solutions
in the future.

Keywords: carbon nanotubes, materials processing, experi-
mental analysis, challenges, applications, composites,microscopy

1 Introduction

Carbon-based research started gaining traction between
1970 and 1980, during which period it was discovered
that the decomposition of hydrocarbons produced carbon
filaments with very small diameter, at high temperatures
in the presence of catalyst particles [1]. A breakthrough
occurred with the discovery of fullerene in 1985, when
graphite was vaporized by laser irradiation leading to
the formation of C60 atoms [2]. Following the discovery
of carbon nanotubes (CNTs) in 1991, [3] there have been
tremendous advancements in the domain of carbon-
based research, finding applications in various fields
such as electronics, healthcare, additive manufacturing,
and more.

CNTs are a kind of tubular structure typically having
a diameter in nanometer and length in micrometer [4].
They can be categorized into three types, single-walled
CNTs (SWCNTs), double walled CNTs (DWCNTs), and
multi-walled CNTs (MWCNTs) [5]. Their properties, such
as extremely high surface areas and large aspect ratios,
provide them with extraordinary mechanical strength
(100 times greater than steel) and thermal and electrical
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conductivity similar to that of copper. The chirality of
these structures also has a profound impact on the elec-
tronic properties of CNTs [6]. Various ways to synthesize
these structures include the carbon-arc discharge method,
laser ablation carbon, and chemical vapor deposition (CVD)
[7,8], which will be explored in detail in this review.

CNTs have a wide variety of applications spanning
various fields such as materials science, energy, electronics,
sensors, and more. The excellent mechanical properties
possessed by CNTs are used extensively in carbon compos-
ites and composites having CNTs as fillers. In contrast, the
thermal properties can be utilized for heat dissipation,
among other applications. A high surface-to-volume ratio
enables CNTs to be used as sensors, especially for bio-
medical applications. CNTs are used in electronics as
supercapacitors and actuators due to their high electrical
conductivity. Apart from these, CNTs are also used as scan-
ning probe tips for hydrogen storage, nanoelectromecha-
nical devices, andmore [9–11]. The biomedical applications
of CNTs range from tissue engineering, promoting neuronal
outgrowth, to developing robust and lightweight prosthe-
tics and neuro-prosthetics because of their ability to interact
with electrically active tissues and outstanding flexibility
[12,13].

However, CNTs come with their fair share of chal-
lenges that need further research to be resolved [14].
Due to their tendency to stick together in a matrix, it
is difficult to align the tubes with the matrix. CNTs need
to be manufactured with longer lengths and in larger
quantities economically with efficient distribution in the
matrix.

With the rapidly advancing industrialization, there is
an urgent need for material composites that can resolve
the issues mentioned above and are light, have excellent
mechanical and thermal properties, and have a varied
field of applications. Graphene is a possible substitute

for CNTs in composites but lacks the superior mechanical
strength of the latter [15]. Over the past decades, there
has been an exponential growth in the development of
CNT Metal Matrix Composites (CNT-MMCs), which allow
us to benefit from the properties of CNTs, such as their
high tensile strength and thermal and electrical conduc-
tivity. With this review, we hope to provide a comprehen-
sive overview of CNTs, the numerous material processing
methods, their manufacturing methods, different kinds of
experimental analysis and their impact on the use of
CNTs in today’s world. Figure 1(a) and (b) show the struc-
ture of SWCNTs and MWCNTs [13].

2 Materials processing

2.1 MMCs

2.1.1 CVD and infiltration

This popular process comprises forming a thin film on the
surface of a heated substrate when treated with gaseous
vapors in a vacuum. It can be used to fabricate CNT/Al
composite foams. Using a C2H2/Ar mixture flow, CNTs can
be manufactured using Co/Al as the catalyst at 600°C. An
Ar atmosphere can cool down the system to finally pro-
duce CNT/Al composite powders [16,17].

In a similar process, chemical vapor infiltration can
be utilized to form composites by diffusing reactant gases
into a heated fibrous preform, followed by the reaction to
a solid phase on the fiber’s surface. CNT/SiC composites
can be formed using this, where methyl trichlorosilane
acts as a precursor gas, hydrogen as a carrier gas, and
argon as diluting gas, and the CNT is placed into the
chemical vapor infiltration furnace for infiltration [18].

Figure 1: (a) Structure of SWCNT and (b) structure of MWCNT.
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2.1.2 Spray pyrolysis

Another method to form CNT-metal composites is spray
pyrolysis, where a fine film is deposited on a heated sur-
face by spraying or injecting the precursor on the heated
surface. This method can be used to prepare the pre-
cursor CNT–Cu2O. Initially, Cu powders and CNT disper-
sions are dissolved in deionized water and magnetically
stirred, and the resultant solution is broken down in an
ultrasonic nebulizer, and the droplets are deposited in a
heated reactor where solvent evaporation, solute precipi-
tation, precursor decomposition, and sintering are car-
ried out to give rise to the composite powder [19].

2.1.3 Ball milling

One of the most common methods of fabricating CNT-
metal composites is ball milling which consists of grinding
the mixture in a hollow, rotating cylindrical chamber into
an excellent powder. It is usually carried out in combina-
tion with other processes such as CVD, spray pyrolysis,
and cold pressing [20–22].

2.1.4 Mechanical alloying

The mechanical alloying process is a dry, high-energy
ball milling method that involves recurring cold welding,
followed by fracturing and then welding the blended
powder again to create a homogenous composite. One
of the ways this can be done, taking the case of Al6061
powders as an example, is by alloying zirconia balls,
Al6061 powder, and CNTs by placing them in a zirconia
jar and mixing them at speeds as high as 1,200 rpm.
Following this, alcohol is added, and the mixture is ultra-
sonicated for 60min. Numerous drops of the solution
were taken separately and diluted until the CNTs dis-
persed. The processed material was then placed on an
aluminum foil and pressurized at 50MPa for half an hour
to amalgamate the composite [23]. The exact process can
also be done in a tungsten carbide jar using Toluene as a
process control agent, rotating at 250 rpm for 6 h. The amal-
gamation can be done by spark plasma sintering (SPS) at a
pressure of 50MPa at a temperature of 550°C [24].

2.1.5 Powder metallurgy

Fine powders are blended and pressed into the required
shape and heated just below their melting points. This

technique can synthesize CNT-Al composites; Al powder,
fly ash, and MWCNTs can be milled with stainless steel
balls for 2 h at 250 rpm using methanol as a control agent.
The resultant product can then be cold compacted at
280 MPa and sintered for an hour in an Argon environ-
ment for 500°C [25,26]. Alternatively, the milled mixture
can also be hot-pressed in a vacuum at 50MPa for 30min
at 580°C [27]. SPS can also consolidate the milled sample
at 550°C at a pressure of 30 MPa. After preheating at
500°C for 3 min in an Argon environment, hot extrusion
can be performed using a 2,000 kN hydraulic press [28].

2.1.6 Electrophoretic deposition

This technique makes use of the process of electrophor-
esis to disperse and cumulate electrolyte particles toward
the anode surface in the presence of a high electric field
to form a coating. CNTs can be incorporated in TiO2 films
(with ultrasonically purified titanium foil acting as the
substrate) using a voltage of 350 V for 40 s, keeping the
electrolyte at 20°C [29].

2.1.7 Stir casting process

Stir casting involves mechanical stirring to mix reinforce-
ment in the material matrix. This process is based on the
Taguchi method, and it is used to form aluminum alloy
and CNT composites. The stir casting process results in an
increase in the hardness values compared to the normal
casting method and a decrease in the porosity of the cast
metal [30].

2.1.8 Friction stir processing (FSP)

Based on the friction stir welding principle, this method
modifies the properties of the metal through severe defor-
mation. CNT/Al composites can be formed by combining the
processes of powder metallurgy and FSP. CNT/Mg compos-
ites can also be produced using this process which consid-
erably reinforces the microhardness of the product. Other
compounds such as polyethylene, AlSi10Mg, and Al–Mg
alloy can also be reinforced with CNTs using FSP [16,31].

2.1.9 Colloidal mixing

This blending method develops hot uniaxially mixed
composites with CNT addition. This process can be used
to make CNT-Nickel MMCs with required fractions of CNT.
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The process includes dispersion of CNT mixed with metallic
powder in an ultrasound bath which is then evaporated to
get the desired product [32].

2.1.10 Equal-channel angular extrusion

This process aids in the production of ultra-fine refined
materials and is extensively used for Al composites. A die
with a 20mm diameter is used with the outer corner
angle as 20° and channel angle as 120° on the route Bc

with a ram speed of 0.8 mm s−1 [33].

2.1.11 Molecular level mixing (MLM)

This method constitutes mixing CNTs and the metal
matrix uniformly in an aqueous solution at a molecular
level. Cu composites can be manufactured using this,
when MLM is performed with microwave sintering and
rolling technology. To enhance the composite structure
further, sintered CNT/Cu composites can be cold rolled
up to 70% and annealed at 600°C for 2 h [34]. Another
option can be to disperse CNTs in deionized water to get
an ink-like solution, and copper acetate monohydrate
can be dissolved in water, followed by magnetic stirring
for 30min. The two solutions can be mixed and heated up
to 75°C for 5 min, and NaOH and 2 M glucose can then be
added. After the color turns brick red, stirring has to be
stopped, and the final composite can be attained by fil-
tering and vacuum drying [35].

2.2 Polymers, ceramics, and composites

2.2.1 Pickering emulsion method

This method involves extracting cellulose nanocrystals
from micro-fibrillated cellulose using acid hydrolysis fol-
lowed by the addition of CNTs to the CNC suspension. The
obtained suspension is ultrasonicated, and polylactic
acid (PLA) is added for preparing the Pickering emulsion,
which is used to prepare the PLA/CNT/CNC composites
by compression molding [36].

2.2.2 Polymer infiltration

In this process, CNT films developed using CVD are
immersed in polyvinyl alcohol solution and nitric acid
followed by extraction of CNT fibers by shrinking the
CNT film [37].

2.2.3 Hot pressing

Hot pressing is a densification process for forming pow-
ders by applying heat and pressure simultaneously in a
simple die. This process is performed at temperatures
high enough to enable creep processes and sintering.
CNT-reinforced WC-Al2O3 cemented carbides can be pro-
duced using this technique [38].

2.2.4 Hot isostatic pressing (HIP)

This process involves densifying materials under very high
temperature and pressure in a gas medium. For processing
CNT/Si3N4 composites, a two-step sinter-HIP process can be
usedwith high purity nitrogen as the pressuremedium [39].

2.2.5 Vacuum bag oven process

This process involves using a flexible bag and vacuum to
assist in holding layers together while the curing process
takes place. CNT nanocomposites can be created using
this process to ensure uniformity in the process [40].

2.2.6 Layer by layer (LBL) drafting

LBL drafting is used to prepare homogeneously distrib-
uted CNTs effectively. The process involves depositing
two interactive materials onto the surface of the substrate
alternatively. LBL drafting can be used for any shape or
size and has the distinct advantage of being an easy to
control process without any need for specialized tools [41].

2.2.7 SPS

This sintering method involves passing pulsed direct cur-
rent in electrically conducting die under uniaxial pressure.
SPS enables the densification of materials at compara-
tively lower temperatures and shorter holding times. B4C
composites can be densified using this process using
graphite punch rods and die [42].

2.3 Additive manufacturing

2.3.1 Fused deposition modeling (FDM)

CNTs can be combined with polymers such as PLA, ther-
moplastic polyurethane (TPU), and others to obtain
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reinforced filaments for FDM. This process can be used to
three-dimensional (3D) print CNT-yarn-based components
[43], CNT-graphene-based conductive polymer nanocom-
posites [44], functionalized nanocomposite filaments to
produce multiaxial force sensors [45], and CNTs/PLA com-
posites [46]. Polybutylene terephthalate powder is mixed
with CNT and graphene and then extruded to obtain the
filament in one such process. The FDM process can also
produce CNT-enabled electrodes for Li-ion batteries, which
have enhanced ion and electron transport capabilities [47].

2.3.2 Selective laser melting (SLM)

SLM uses a power source in the form of a laser to melt and
fuse the metal powder to obtain the product, as shown in
Figure 2. SLM can be used effectively for additive manu-
facturing of metals reinforced with CNTs. In one such
process, NiCrAlY-CNT powder is processed via SLM for
producing substrates that are further coatedwith lanthanum
zirconate using plasma sprayed coating deposition. Figure 2
demonstrates the process of SLM [48]. Metallic components
like CNT-decorated titanium alloy powders are also manu-
factured using laser powder bed fusion processes [49].

2.3.3 Selective laser sintering (SLS)

Figure 3 shows the SLS process which involves a laser
power source to sinter the material in powder form to
create the final product. This technique can be used to
create products with complex geometry easily, as shown
in Figure 3. CNT-reinforced composites such as CNT/alu-
mina composites and high-performance polymers like
polyether ether ketone (PEEK) can be produced via SLS
process [50–52].

2.3.4 Digital light processing (DLP)

This additive manufacturing process is based on curing
a photopolymer resin using a directed light source to
obtain the product. DLP enables 3D printing of photocur-
able formulations consisting of CNTs to develop compo-
sites with improved electrical properties [53].

2.3.5 Direct write printing

In this process, a viscoelastic liquid is used as the 3D ink
for the manufacturing process without requiring a heat or
light source. Epoxy nanoclay CNT composites can be cre-
ated by sonicating the dispersion of CNTs in acetone
along with the addition of curing agents and nanoclay,
resulting in the production of ink that can be used in
direct write printing [54].

2.4 Disadvantages concerning the
preparation methods of CNT composites

Mechanical processing methods can induce a high pro-
pensity for reactions that take place simultaneously with
other processes at the mesoscopic and macroscopic scales,
such as structural disordering and mixing [55]. The dry
ball milling method poses various disadvantages such as
high non-uniformity in reaction and the size distribution
along with noise, the additional material loss of powders,
and additional impurities from the grinding media and the
grinding jar in final products [56]. Spray pyrolysis is diffi-
cult to control and has a fairly poor homogeneity of theFigure 2: Selective laser melting process.

Figure 3: Selective laser sintering process.
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film thickness distribution over the substrate’s area [57].
Powder metallurgy has its own set of drawbacks – the
composite parts have low strength and ductility and there
is a high cost associated with powder materials and the
equipment used [58]. Stir casting also has some weak-
nesses: (a) a homogeneous distribution of reinforcements
is requisite for achieving a high-strengthening effect, but a
uniform distribution is relatively hard to obtain in stir
casting; (b) reinforcing particles may be segregated by
the surfacing of settling of the reinforcement in melting
and casting process; and (c) gases and unwanted inclu-
sions may be entrapped during stir casting [59]. SLS can
include cool time up to 12 h, which means longer produc-
tion time. It also causes low mechanical characteristics in
the samples and comes with the possibility of distortion of
geometry in case of non-observance of technological pro-
cedures for impregnation with wax [60]. In SLM, it is diffi-
cult to obtain single-phase material with the annealing
step and quenching after annealing causes internal strains
[61]. For SPS, only simple symmetrical shapes may be
prepared and expensive pulsed DC generators are required
[62].

3 Challenges in the fabrication of
composites

CNT reinforcement provides numerous benefits, in terms
of increasing the mechanical strength, thermal conduc-
tivity, or electrical conductivity. However, the process is
not easy as it comes with its own set of challenges which
have been outlined below:
(i) Chemical functionalization may warp the bonding of

graphene sheets
The presence of functionalities such as carbonyl,

carboxyl, and hydroxyl groups increase the interface
strength between CNTs and the polymer matrices.
Moreover, they also cause the CNTs to be dispersed
more effectively. Nevertheless, chemical functionali-
zation can reduce the mechanical properties in the
CNT composite as they disrupt the bonding of gra-
phene sheets [63].

(ii) Size difference between CNT and matrix powders
When CNTs larger than 1% in weight are used,

they impede the achievement of required properties.
The clusters present in such composites lead to
reduced ductility, strength, and stiffness. Effective
dispersion of CNTs can be done by milling, but those
conditions lead to severe strain hardening of the
matrix powders, making it difficult to process the

composite further by conventional powder metal-
lurgy [64].

(iii) Ineffective dispersion of CNT in the matrix due to van
der Waals forces

Due to strong van der Waals forces, a large spe-
cific surface area, and a high aspect ratio, CNTs tend
to agglomerate, entangle, and form clusters [65]. This
phenomenon is highly undesirable as it prevents
effective homogeneous dispersion of CNTs and can
act as defects. This agglomeration leads to poor solu-
bility [66], poor adhesion [50,67], and a considerable
increase in the porosity and viscosity of the composite
[68]. Inhomogeneous distribution might adversely
affect the thermal and electrical properties due to
interconnections among CNTs in the 3D networks.
There have been proposals to use simple ultrasonic
dispersion to overcome the strong van derWaals force
[69], but this might create more significant problems.
The high-energy ball milling can ruin the structure of
CNTs, and the irreversible formation of metal oxides
will weaken the beneficial mechanical properties of
the composite [23]. Densification, which has to be
performed at high temperatures in CNT/ceramic com-
posites, might also cause CNT degradation [35,70].

(iv) Improper bonding at CNT–matrix interface
The proper bonding at the CNT–matrix interface

plays a significant role in effective load transfer between
phases [21,71]. However, the wettability of metal alloys
poses a considerable problem and lowers the mechan-
ical strength of the composite [68,69]. It can cause the
CNTs to pull out from the metal matrix or fracture the
CNT–metal interface [71].

(v) Delamination of composites
Carbon-fiber-reinforced PEEK (CF/PEEK) is ther-

mally stable, has high chemical resistance, and thermal
stability and is widely used in aviation [72]. How-
ever, delamination, i.e., the material fracture, can
significantly qualify these composites’ applications.
The poor interfacial strength between the fiber reinfor-
cements and the polymeric matrix is caused by the
homophobic and chemically inert nature of CF and
PEEK. The introduction of oxygen-containing func-
tional groups improves the shear strength of these com-
posites but at the expense of their tensile strength.

4 Experimental analysis

Tables 11–14 give a detailed overview of the effect of fab-
ricating CNT-composites on their mechanical, thermal,
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electrical, and tribological properties by studying their
methods of preparation, testing methods, the properties
affected and changed, and the possible reasons for their
change.

4.1 Mechanical properties

Table 1 shows the comparative analysis of the mechanical
properties of CNT composites.

4.2 Thermal properties

Table 2 shows the comparative analysis of thermal prop-
erties of CNT composites.

4.3 Electrical properties

Table 3 displays the comparative analysis of the electrical
properties of CNT composites.

4.4 Tribological properties

Table 4 displays the comparative analysis of the tribolo-
gical properties of CNT composites.

4.5 Raman and XRD spectrum analysis

Table 5 shows the Raman and XRD spectrum analysis.

4.6 Modeling of CNT composites to theorize
change in the parameters

4.6.1 Modeling based on CNT waviness

On analyzing wavy CNTs using 3D representative volume
element using pullout technique, it was found that the
interfacial shear stress of wavy CNTs is higher than
straight ones and increases with the increase in waviness
[127]. For CNT/shape memory polymer composites ana-
lyzed using analytical micromechanical methods, pre-
dicted effective mechanical properties were found to be
significantly decreased [128]. In the case of carbon nano-
tube reinforced polymer (CNRP) on the basis of multi-
scale modeling, wavy CNTs result in Young’s modulus

reduced by 25 to 50%, while the Poisson’s ratio for wavy
CNTs was found out to be slightly higher than that of
straight CNTs [129]. When analyzed using simplified unit
cell methods, CNT-reinforced polymer hybrid nanocompo-
sites demonstrate that the wavy CNT nanocomposites have
higher thermal conductivity than straight CNT ones. A multi-
stagemicromechanical analysis indicates that it enhanced the
transverse thermal conductivity of hybrid nanocomposites
with straight CNTs and increased in CNT length and
volume fraction [130]. Another micromechanical method
estimates that thermal conductivity increases nonlinearly
with increasing CNT volume fraction [131].

4.6.2 Modeling based on other properties of CNTs

Molecular dynamic simulations for CNT-reinforced metallic
glass nanocomposites conclude that adding CNTs result in
significant changes in the lateral and axial mechanical
properties. The use of long CNTs leads to an increase in
the strength and stiffness of metallic glass and changes
the mechanism for elastic and plastic deformation [132].
Another molecular dynamic simulation for CNT reinforced
aluminum composites shows that toughness, Young’s
modulus, and other mechanical properties are enhanced
significantly with an increase in CNT reinforcement, thus
enabling the material to support extra loading and prevent
fracture in the metal matrix [133]. Shear lag and Schapery
models for determining the stiffness of CNT-reinforced
metal matrix nanocomposites show that the addition of
CNTs leads to an increase in stiffness and initial yield sur-
face size. Decreasing the CNT diameter, while increasing
the volume fraction and length results in improved trans-
verse elastic modulus and size of the initial yield surface
[134]. Estimation of effective elastic properties of CNT/polymer
composites demonstrates remarkable enhancement in elastic
moduli due to changes in matrix and filler interface of
polymer composites [135]. A unified model developed for
free vibration analysis of CNT-reinforced laminated cylindrical
shells shows that the addition of CNTs improves the natural
frequency of the shell, registering a maximum increase of
50% in frequency [136].

5 Applications of CNT-reinforced
composites

CNTs, with their lightweight structure, thermal, elec-
trical, and mechanical properties, find use in a variety
of applications. We have outlined below the different
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domains where CNT-reinforced composites have bearing
depending on their diverse range of properties:

5.1 Aerospace, automobile, and military
applications

CNT/polymer composites such as polyethylene ter-
ephthalate (PET), PP, and polyethylene (PE) have broad
frequency ranges for absorbing values exceeding 5 dB and
have potential applications as radar absorbing materials
and can be extensively used in commercial and military
applications [74]. Their fracture resistance and damping
characteristics also make them an excellent candidate
to be used in the aerospace and automotive industry [127].
CNT/Al composites with high structural strength and func-
tional abilities are universally employed in aircraft struc-
tures [82]. When SWCNTs are added to IM7 prepreg
composites, there is a considerable increase in the thermal
conductivity of the composite when compared to the ori-
ginal material, which makes them favorable for use in the
low-temperature environment of space. The efficient heat
dissipation of CNTs necessary in the pipes and compo-
nents of aerospace vehicles make them a good fit for
rockets such as the Space Launch System [40]. A small
amount of CNT can drastically increase the water resis-
tance and interlaminar properties of CNT/epoxy compo-
sites and thus find prospective implementation in the
automobile industry [137]. Likewise, CNT/SiC composites
meet the requisites of advanced structural vehicles such
as space vehicles due to their high strength and EMI
shielding performance [138]. By combining different amounts
of CNTs with nanoclay, ink can be 3D printed with
enhanced mechanical and electrical properties, making
them a promising composite prospect [54]. Water sus-
tainable fly ash polymer nanocomposites are also widely
used in automobile body parts due to their dielectric and
water-absorbing characteristics [114].

5.2 Biomedical industry

The electromechanical sensitivity of TPU composite with
ionic liquid modified CNTs is significantly high compared
to dielectric elastomers, which shows application pro-
spects in artificial muscles, prostheses, bionic robots,
and wearable tactile devices [139]. The surface charge
of oxidized CNT leads to improved local ionic strength
during collagen fibrillogenesis and can be used in tissue
engineering and for manipulating collagen’s properties
to direct cells’ fates [140]. Muscle-based biohybridTa
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actuators with aligned CNT forest microelectrode arrays
can be integrated into scaffolds for cell stimulation and
can be used to create electric fields using low potentials
to give rise to cell polarization [110]. TiC-reinforced tita-
nium matrix composites can also be tailored for biome-
dical applications [49].

5.3 Electrical and electronics industry

Silver nanoparticles decorated with CNT show prospec-
tive applications in electronics packaging and assem-
blies, such as isotropic conductive adhesives, owing to
their electrical conductivity being four times greater than
pristine CNTs [141]. DLCs find use in numerous fields
such as optics, microelectronics, and tooling. The addi-
tion of CNT also increases fracture toughness and reduces
their internal stress, thus minimizing their limitations
[77]. The evolution of electrically conducting polymers
with decent air stability can bring organic materials
into a degenerate semiconductor or metallic regimes
and can be used to create thermoelectric materials [66].
Ni/CNTs hybridized with CNT/epoxy nanocomposites
have low weight, very high strength with moderate elec-
trostatic discharge properties, and can be used in nanoe-
lectronic devices, flat-panel field-emission displays, and
chemical sensors [80]. Polymers with carbon and metal
fibers find several uses in structural reinforcement, EMI
shielding, electronic packaging, radar absorption, and
high-charge storage capacitors [142]. The high aspect ratio
and large specific surface area of MWCNTs make them
suitable for developing biosensors, thermoelectric devices,
functional membranes, capacitors, and artificial muscles
[50]. The conductive and highly porous nature of s-CNT-
reinforced polymeric powders makes them a good fit for
manufacturing electronic packaging and actuation [20].
The high performance of Li-ion batteries can also be
enabled by converging nanoscale additive manufacturing
[47]. CNT fibers and their derived functional materials also
find fiber- or fabric-based applications such as supercapa-
citors, batteries, intelligent sensors, actuators, and artifi-
cial muscles [37].

5.4 Miscellaneous

Assimilating vertically aligned CNT arrays into the existing
conventional structural composites makes them appro-
priate for erosive wear applications [119]. Ni–P-basedTa
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composite coatings display remarkable wear resistance
and are universally used for applications based on tribo-
logical performance [76]. Moreover, incorporating CNTs
into cementitious composites makes them suitable for
piezoresistive and crack sensors. They can also be a
heating composite for deicing on the roads and applied
to an accelerated curing method for the cementitious
materials in cold weather conditions [143]. The enhanced
thermal conductivity qualifies them to be used as heat
interface materials and for heat enhancement applications
[102]. MWCNT/polymer composites can be used as strain
sensors, as their piezoresistive sensitivity is 3.5 times
higher than that of a conventional metallic strain gage
[144]. Multifunctional CNT yarn reinforced components
can be 3D printed and employed in adaptive structures
and structural health monitoring [43]. CNT/TPU filaments
can also be 3D printed for direct manufacturing of multi-
axial force sensors [44]. CNTs incorporated with a meso-
porous TiO2 film on a titanium foil find dye-sensitized solar
cells [29]. At low concentrations, epoxy resin-based CFRP
with a surface coating of CNTs demonstrates improved
energy concentration [145]. Incorporating ZnO and CNTs
in a PANI matrix creates nanocomposites that can be
employed in solar cells and other energy-related devices
[146]. The high aspect ratio of CNTs, high elastic modulus,
and strength make them appropriate for fabricating sports
goods and energy [147]. Insertion of CNTs can reduce fuel
consumption and greenhouse gas consumption by 16%
and 26%, respectively [98]. Flexible organic and perovs-
kite solar cells can be manufactured using PEDOT: PSS
and CNTs [148]. For light shuttering applications, electri-
cally switchable light absorbers can be fabricated by dye
and MWCNTs-doped liquid crystal droplets [149]. CNTs/
PLA composites are also implemented in scaffolds for
tissue, water treatment, textile, packaging, and even flex-
ible electronic devices [85].

6 Conclusion

The presented review illustrates the basics of CNTs, how
they can be fabricated and processed, and the obstacles
encountered when they are manufactured. Ball milling
seems to be one of the most popular and efficient techni-
ques currently in use, as it gives homogeneous dispersion
of CNTs in the metal matrix. The review also demonstrates
an extensive study highlighting how different properties of
these composites can be observed and experimentally ana-
lyzed. Techniques such as SEM, TEM, X-ray spectroscopy,
and nanoindentation are commonly used to study andTa
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estimate the properties of the composite. Their excellent
mechanical, thermal, tribological, and electrical properties
make them a strong candidate as reinforcement materials,
and they find use in all kinds of industries, including aero-
space, electronics, and biomedical. Over the past decades,
there has been considerable improvement in the manufac-
turing and synthesis of CNTs, but several areas still require
significant research, such as structure control and growth
techniques. Advancement in these areas will have essential
impacts on the applications of CNTs andwill also reduce the
cost of fabrication. Tackling the challenges outlined in the
article, such as improper bonding at matrix interface, dela-
mination of composites, and ineffective dispersion of CNTs
will further streamline the CNT-composite processing, and
thereby, their utilization in different industries.
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