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Abstract
Carbon nanotube (CNT) is a spectacular invention in the history of material science that has enhanced the properties of
the composite material to a new level. This paper presents a state of the art of the manufacturing processes of the CNT
composites adopted by various researchers around the globe. This review will give a brief information about the current
ongoing manufacturing processes and at the same time open  new scopes for adopting newer manufacturing technologies
in the same area.
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1. Introduction
A material that comprises of a mixture of two or more different insoluble materials which vary in chemical
composition is known as a Composite material. It is nothing but a combination of two or more different
materials to produce a different material having properties superior to or intermediate to those of the
constituents. Composite materials are used universally let it be from airplanes to cars and sports equipments.
Natural materials such as bone and wood are also composite materials possessing multi-scale microstructure.
They have characteristics such as low density, high strength and stiffness which make them high-performance
products.

2. Carbon Nanotube (CNT)
Carbon nanotube (CNT) is one of the allotropes of carbon. A single sheet of carbon of one atom thickness is
known as Graphene. If this Graphene sheet is rolled into a cylindrical tube, it is known as Carbon nanotube
(CNT). Although it was discovered much earlier, it first came to limelight by Lijima in the year 1991 [1].
From then, its extraordinary qualities wide-opened the possibilities in different research areas.

Generally, CNT has a diameter of the order of few nm while its length can be of the order of few µm (in some
cases up to several cm). The length to diameter ratio (aspect ratio) can be exceeded up to 132000000: 1.

CNTs can be of many types. Such as:

I. Single Walled Carbon Nano Tube (SWCNT)

II. Double Walled Carbon Nano Tube (DWCNT)

III. Multi Walled Carbon Nano Tube (MWCNT)

IV. Polymerized CNT

V. Nanotorus

VI. Nanobuds (CNT+ Fullerenes)

SWCNT consists of a single graphene sheet which is covered into a cylindrical tube form, while DWCNT
consists of two coaxial graphene sheets [2]. Similarly, in MWCNT more than two graphene sheets are placed
concentrically. Abundant SWCNTs are linked to structure polymerized SWCNTs. A nanotorus is a
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theoretically described carbon nanotube bent into a torus (donut shape). Carbon Nanobuds are newly
discovered materials, which are formed by combining carbon nanotubes and fullerenes.

3. Synthesis of Carbon Nanotube
During an arc discharge process done by Bacon (1960), the vaporization of carbon in a high-pressure inert gas
atmosphere, led to the formation of stalagmite-like structures known as carbon fibers. It was found that the
fiber production by this method had a tensile strength and Young’s modulus of 20GPa and 700GPa. Iijima
found that the carbon fibers consisted of flawless, concentric tubes, which was opposite to the scroll structure
as proposed by Bacon. These nanotube structures were called as Multi-Walled Carbon Nanotubes. SWCNT
was discovered by both Iijima and Ichihashi (1993) [3]. CNT can be produced in numerous ways.

4. Physical processes
4.1 Arc discharge Method
Arc discharge method is the oldest process of manufacturing CNT. This method is mainly based on an arc
discharge created amid two graphite electrodes which are located opposite to each other in the instrument
chamber and the partial pressure of argon or helium gas usually being 600 mbar. The temperature of the
generated electric discharge is up to 6000°C [4], which lets the graphite to sublimate. Because of the very high
pressure reached throughout the process, the carbon atoms are emitted from the electrodes and thereby
producing plasma. In the chamber, these atoms move toward colder zones, and nanotubes are deposited on the
cathode (Fig.1).

Iijima used an apparatus of this kind in his early experiments. A DC arc discharge in Ar atmosphere was
produced using carbon electrodes current and voltage being 100 A and 20 V within the temperature range of
2000–3000°C. It manufactured multiwall CNTs in the soot. Afterwards, single-wall CNTs were developed by
adding suitable catalyst particles such as Fe, Ni, Co or rare-earth metals to the electrodes with the same set-up.
A hydrocarbon gas being allowed into the arc discharge is more favourable to yield CNTs than fullerenes. In
absence of such catalysts, the formation of multiwall carbon nanotubes is favoured.

Fig 1 Arc discharge Method
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4.2 Laser ablation Method:
This method of synthesizing CNTs has been first reported by Guo (1995) [5]. In a high temp reactor, a pulsed
laser hits a graphite target in presence of an inert gas (He), due to which graphite is vaporized. As the vapour
is cooled, it condenses and nanotubes are developed on cooler surface of the reactor. CNT created by this
process are in the shape of ropes of diameter 10 – 20 nm and length up to 100µm. By changing the
temperature, the catalyst composition and other input process parameters, the mean CNT length and diameter
could be differed (Fig. 2).

The main advantages of Pulsed Laser technique include SWNT formation and diameter control. The diameter
of SWCNT can be varied by controlling the temperature, composition, gas flow rate and catalyst. As
temperature increases, SWCNT diameter also increases. Similarly, an increase in the nanotube diameter is
obtained as a consequence of the addition of a Ni-Y catalyst, at the same time as using an Rh-Pd catalyst
decreases the diameter.

5. Chemical Processes
5.1 Chemical Vapour Deposition (CVD)
The main problem of the high-temperature techniques (physical processes) is the very low production rate
obtained during the process. The chemical vapour deposition (CVD) method can solve this problem up to
some extent. In this process, a hydrocarbon is made to pass for about 15-60 minutes through a tube furnace in
presence of catalyst at adequately elevated temperature ranging from 600 to 1200°C for decomposition of the
hydrocarbon (Fig. 3). Over the catalyst, the CNTs grow and at ambient condition, they are gathered. In a flask,
when a liquid hydrocarbon for example benzene, alcohol, etc. is used, it is heated and an inert gas is flushed
out so as to take the vapour into the reaction furnace. The CVD reactor design is based on condition being the
carbon precursors to be gas or liquid. Liquid carbon precursors frequently uses a bubbler to evaporate the
reactants, and a carrier gas such as hydrogen or inert gas such as nitrogen or argon is used to carry the
evaporated reactants into the CVD reactor.

The hydrocarbon, catalyst and growth temperature are the three major parameters that influence the CNT
growth in CVD. Usually, low-temperature CVD i.e. at 600-900°C gives MWCNTs, while a higher
temperature i.e. at 900-1200°C reaction produces SWCNT growth, representing that SWCNTs possess more
energy of formation, perhaps because of possessing small diameters, which produces both high curvature and
strain energy. The catalyst particle size influences the diameter of the nanotube. Therefore, metallic
nanoparticles of guarded size are employed to produce CNTs of guarded diameter. Catalyst thin films coated
over different substrates have also been verified victorious in attaining standardized CNT deposits.
Additionally, morphology, the textural and material characteristics of the substrate influence the quality and
yield of the resultant CNTs to a great extent.

Fig. 2 Laser ablation Method
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6. Miscellaneous Processes
6.1 Electrolysis
When alkali metals are deposited on a graphite cathode from a high-temperature molten salt system, CNTs are
created. The retained metallic atoms intercalate into the region between the graphitic sheets and dispersed
towards the graphite cathode, inducing some mechanical stress inside graphite. This stress causes ablation of
separate graphitic sheets, which converts into CNTs due to interfacial forces, trying to reconnect broken
carbon-carbon bonds. Though the reports show that this method yields qualitative CNTs, however, this
method is not fit for large-scale production.

7. Formation of MMC with CNT reinforcement
MMC with CNT reinforcement can be manufactured through several processing techniques as mentioned
below.

7.1 Powder metallurgy Route:
In simple terms, it can be described as the fabrication of components from powdered materials. The normal
operation would consist of pressing a calculated amount of the powder in a die of required shape. The pressure
can be applied in cold (cold compaction) or hot condition (hot compaction). The pressed compact has porosity
and is further densified using several processes. The classical consolidation method is sintering, in which the
pressed compact is heated in a furnace at temperatures that are below the melting point of the material.
Densification and change of shape result due to several processes like surface diffusion, grain boundary
diffusion, evaporation, and condensation at the interparticle contacts, which leads to a decrease of the inter-
particle distances and elimination of pores. There are several advantages of powder metallurgy over other
manufacturing processes. The main advantage is that almost any composition can be synthesized, as powder
metallurgy is not dictated by thermodynamics and the phase diagram as in the case of ingot metallurgy. There
is a very small loss of material and intricate shapes can be fabricated using powder processing, with a very
small need for machining.

7.1.1 Mechanical alloying and sintering
It is well known that, in powder metallurgy route, metal powder is taken as matrix. This powder is mixed with
CNT powder in such a way that uniform distribution can be achieved (as uniform distribution leads to better
strength). For this purpose planetary ball mills are used, where dry/wet milling is done for certain time under
certain process parameters in order to achieve better distribution without hampering CNT characteristic (Fig.
4). Longer mixing time causes better distribution, but it may also form spherical agglomeration of CNTs.
After thorough mixing of the metal powder and CNT it is time for compaction. After compaction, this mixture
undergoes sintering at specified temp and in presence of air or a noble gas (Ar) which results removal of pores
from the cold compacted samples and mechanical bonding among the atoms take place.

Fig. 3 Chemical Vapour Deposition Method
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Fig. 4 Schematic diagram for mechanical alloying, compaction and sintering

7.1.2 Mechanical alloying and hot pressing
As an alternative of sintering, the CNT–metal powder mixture can also be hot pressed. In this technique,
uniaxial pressure is applied to the powder mixture with heating simultaneously (Fig. 5). As a result of which
more dense compacts can be formed in less time than the conventional sintering. Researchers have applied hot
pressing in fabricating Ti- CNT and Mg- CNT composites but it proved inappropriate for Al-CNT composite
fabrication which may cause CNT clustering.

7.1.3 Spark plasma sintering
It is one of the popular methods of metal matrix composite fabrication. In this process, a high voltage pulsed
DC is allowed to pass through the graphite die and powder mixture, due to which plasma is generated (Fig. 6).
The rapid heating increases the heating rate and the spark impact pressure help in sintering the heated powder
mixture. This process is usually, appropriate for compaction of nano powders. Consequently, more dense
compacts can be formed in less time [7].

Fig. 5 Schematic diagram for hot-pressing
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7.1.4 Deformation processing
Many works are done on deforming the powdered mixture to attain superior density and CNT arrangement in
MMC. But still this process is limited to Al- CNT and Cu- CNT composites. Rolling and extrusion are the
deformation processes that can be done on powder mixture. In extrusion processing, it was found that the
CNTs were arranged along the extrusion direction and were sturdy enough to resist the extrusion load (Fig. 7).
On the other hand, inconsistent allocation of CNTs in the cracked surfaces of the composites recommended
poor dispersal of CNTs in the matrix. But, Rolling appeared to be a enhanced choice than extrusion for
manufacture of Cu-CNT composites. Enhancement in coefficient of friction and wear resistance was also
viewed in rolled samples.

Fig. 6 Schematic diagram of spark plasma sintering set-up

Fig. 7 Schematic diagram of deformation processing
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7.2 Melt processing
It is the most conservative processing methods for MMCs. Generally, high temp is required to melt a metal
powder and process it to form MMC. This high temperature might cause harm to CNTs or form any chemical
reaction product at the CNT-metal interface, which may affect the properties of MMC. A melt processing
route is favourable for fabricating composites from those metals that have a low melting point (Al, Mg) and
some bulk metallic glass matrices.

In casting, CNT- metal powder mixture is compacted into cylinder form and then melted. This molten mixture
is then casted into rod shaped composites. In melt infiltration, a permeable solid structure with scattered CNTs
is prepared and next, liquid metal is infiltered into the holes. Then this arrangement is solidified for some
times that results required composite structure. This method has a elevated possibility to have consistent
allocation of CNTs, however right filling up of the holes to build a dense composite structure, becomes a
significant step. Moreover, there is a possibility of movement and therefore, accumulation of CNTs owing to
high pressure application at some point in infiltration may occur.

The main drawback of this route is, it can be applied to low MP metals. Again, melting way has a elevated
possibility of CNT accumulation in the melt pool so as to lessen the performance of CNT in the matrix
composite. Wetting of CNTs via molten metal matrix is an additional essential topic. Ultimately, melting
practice should preferably manufacture much intense composite than that produced by powder metallurgy
practice.

7.3 Thermal Spraying
It is described as spraying of semi-molten or molten constituents against a substrate in order to outline a
coating by impaction and process of solidification. It causes higher cooling rates i.e. 108 K/s during
solidification, which frequently result in the configuration of nanocrystalline structure in the coatings. Here,
the required heat for consolidation is obtained from different heat sources as described below.

7.3.1 Plasma spraying
In this method, plasma is the heat source, formed by the ionization of an inert gas by an arc struck between a
tungsten cathode and concentric copper anode or by high frequency radio waves (Fig. 8). Powders are added
into the plasma of temperature range from 10000 to 15000 K, therefore they soak up heat and kinetic energy
and projected at a high velocity to the substrate so that a coating is formed. Particle velocities could attain up
to 1000 m/s.

Fig.8 Schematic diagram of the plasma spray set-up
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7.3.2 High velocity Oxy fuel spraying
In High velocity Oxy fuel spraying, high pressure combustion of a fuel-oxygen mixture is the heat source and
the fuel can be liquid such as kerosene or gas for instance methane, propane, propylene or hydrogen. In the
case of HVOF, the velocities of the particles are significantly superior, leading to the development of intense
coatings. The same procedure is followed to form a coating as in case of plasma spraying.

7.3.3 Cold spraying
Here, particles are made to accelerate at a very high velocity and low temperature (200˚C-500˚C) and made to
hit a target. The constituents experience harsh plastic deformation on impact and figure splats which glue to
each other. Because the particle temperature is below the melting point, phase transformations and oxidation
could be prevented.

7.4 Electrochemical Route
Electrochemical and Electroless deposition techniques are utilized to synthesize Metal matrix-CNT composite
coatings and thin films. The composite structures produced through different deposition techniques are
restricted in thickness (<200 μm). It is not feasible to synthesize freestanding MM-CNT composites of larger
thickness for load-bearing structural applications through an electrochemical processing route. This method
has also been employed for coating CNTs with metals to create one-dimensional composites, the planned
usage for which comprises of dissimilar types of inter-connects, nano-sensors, electrodes and magnetic
recorder head in computer applications.

Whenever electric current is flown between anode and cathode of an electrochemical shell, composite film is
deposited. This is termed as electrodeposition technique. This technique is suitable for Cu-CNT and Ni-CNT
composite fabrication. In Electroless deposition technique, thermo chemical decomposition of metallic salts
occurs and metallic ions are released, that form the composites with CNT. This method has been used in
preparation of Co-CNT composite, Ni-P and Ni-B alloys.

All the methods/techniques used for CNT reinforced MMC are discussed above. From all these methods
Powder metallurgy is the oldest and mostly used technique used for composite fabrication. In this work
MWCNT reinforced Al6061 MMC has been prepared through conventional compaction and sintering method.

8. Conclusions
The present review article illustrates about the role of carbon nanotubes in making composite materials due to
which its mechanical properties have been enhanced. The synthesis process of CNTs is explained followed by
different methods of CNT preparation. It will definitely help a beginner to learn the basics about CNT and
select the best method of preparing it at his convenience.
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