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Abstract: The carbon nanotube (CNT) is becoming more
popular due to their low-density, high-strength etc. Among
CNTs, multi-walled carbon nanotubes (MWCNTs) are gaining
more importance due to their enhanced thermal and elec-
trical conductivity. The present research is exploring the
applicability of MWCNTs reinforced with AA2024-T351 alloys
for electromechanical applications. This study is currently
undertaken for using MWCNTs as a reinforcing particulate
for the purpose to enhance the characteristics including low
density, high strength, and hardness together with excellent

thermal and electrical conductivity of the aluminum alloy
matrices. Therefore, this article provides a state-of-the-art
experimental approach to fabricate and furthermore, to eval-
uate themechanical characteristics, microstructural analysis,
and fatigue behavior of Al–Cu–Mg–T351/MWCNT composites
under both the mechanical and thermal loading by utilizing
powder technology processing route. The uniform dispersion
of CNTs has been exposed using ball milling process. Results
revealed that the MWCNTs provide extraordinary synergistic
strength, enhances fatigue resistance, creep resistance, duc-
tility, and other mechanical characteristics of the aluminum-
based composites. The mechanical loading of the composite
exhibited increased properties as compared to thermal-
loaded aluminum-MWCNT composites. Findings conclude
that the maximum hardness of 35Hv obtained for sintered
AA2024-T351 and 45Hv for 0.5% MWCNT heat-treated sam-
ples indicate that the addition of MWCNT enhances the
hardness which may be because CNT is evenly dispersed
at the interfacial space. Maximum UTS of 105.21MPa was
obtained with 0.5% MWCNT for sintered composites.
Microstructural analysis of the Al–Cu–Mg–T351/MWCNTs
composite exhibits reasonably uniform distribution, void
formation, and good interfacial bonding. X-ray Diffraction
method patterns of fabricated composite shows that the
CNT is present at 2β = 23.6 and 44.6°, whereas high peaks
of aluminum are present at uniform dispersed positions.
Transmission electron magnifying instrument study further
substantiates the above research. Fracture micrographs of
the Al–Cu–Mg–T351/MWCNTs composite portray the resis-
tant nature of the nanotubes due to the presence of CNTs,
Al–Cu, and aluminum carbide elements in the alloy and
the reactions that happened during heat treatment. This
significant improvement was attributed to the shear inter-
actions among the constituents and high load carrying
capacity of the CNT, uniform dispersion, and interface
bond strength among the matrix and constituents. The
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findings in the study will undoubtedly be beneficial for the
development of high-strength, MWCNTs/Al–Cu–Mg–T351,
matrix composites in future for multifunctional applica-
tions on broader spectrum.

Keywords: Al–Cu–Mg–T351 alloy, powder metallurgy,
sintering, extrusion, fractography

1 Introduction

In metal matrix nanoparticle composites (MNCs), the
nanoscaled reinforcement is mixed with the matrix mate-
rial to attain excellent mechanical, corrosion, and dynamic
properties at room temperature. It also has various advan-
tageous properties like excellent wear resistance, fatigue,
and creep resistance [1,2]. There are various methods to
fabricate MNCs such as solid-state, liquid-state, in situ
processes, and deposition methods which are the most
promising techniques to fabricate MNCs for structural
applications. MNCs have the most efficient properties,
which vary from bulk materials. The nanoscaled reinforce-
ment-based composite material has attracted much interest
in industries, while very minimum interest for domestic
purposes. Generally, inorganic nanoparticles are dispersed
in polymer or metal or ceramic. In comparison with the
macro and micro- reinforced particulate sizes, nanoparticle
have an influence on the material characteristics like, che-
mical, mechanical, and physicochemical properties [3]. Due
to its surface to volume ratio characteristics, a minimum
amount of reinforcement will improve the MNCs property
significantly. Recently, carbon nanotubes (CNTs) have been
considered as ideal reinforcements because of their higher
aspect ratio, strength, and thermomechanical property. To
overcome the limitations of micro/macro-reinforced com-
posites, nanoparticle-reinforced composite is a good alter-
native solution [4–6]. Though it provides a solution, the
dispersion of nanoparticle into the matrix material is the
major challenge faced by the researchers [7,8].

Aluminum matrix composites (AMCs) show better
mechanical and corrosion resistance properties than pure
aluminum (Al) and Al alloys. AMCs have an extensive
variety of applications like sporting goods, electronic packa-
ging, armors, nuclear, bio-technology, aerospace, marine,
automotive, and transportation industries due to its high
Young’s modulus, specific strength, wear resistance, and
lightweight. Besides, Al and its alloys havemore advantages
than other compositematrixes, such as good damping capac-
ities, high stiffness and specific strength, goodmachinability,
and dimensional stability. Compared to all other Al alloys,
AA2024-T351 is used in various applications because of its

mechanical and corrosion resistance property, and only lim-
ited researchers have selected AA2024-T351 as matrix mate-
rial [9,10]. Moreover, Al is also a low density with good stiff-
ness metal that can be processed either by a liquid/powder
metallurgy technique to make a composite. Extensive work
has been carried out by several researchers using SiC, Al2O3,
TiB2, etc., as reinforcingmaterial in processing Al composite.
To strengthen the matrix material nano-sized ceramic
particles are the latest interest of the researchers as it
has good ductility, better fatigue, and better resistance to
creep at high temperature. In the past few years, metal
MNCs have attracted various applications because of their
mechanical properties compared to microparticle reinfor-
cement. The purity of the CNT also serves a crucial purpose
in the property [11]. The purity of the multi-walled CNT
(MWCNT) can be evaluated for defects based on Raman
spectroscopy [11,12], as shown in Figure 1.

The ratio of the G-band to the D-band clearly shows
that the intensity will be 1,300–1,680/cm, and the G-band
intensity represents the amount of amorphous content
present in the CNT. The diminution in the intensity of
G-band represents the high purity of the CNT [11,12].

Different kinds of matrix/particulate reinforcing con-
stituent materials used and the conclusions drawn from
past research studies are given in Table 1.

Bradbury et al. [6] studied the microstructure of Al
andMWCNT using transmission electronmagnifying instru-
ment (TEM) images. The MWCNT was on the Al particle
superficial substrate, and during the mechanical alloying
process, the length of the MWCNT was broken; however,
no crack was found in the interface with the matrix. The
microstructure characterization of the tensile specimen and
scanning electron microscope (SEM) images revealed the
occurrence of the fracture surface on the tensile specimens
and some CNT particles were observed in the cracks [6].
Nam (2012) observed from the SEM image that the CNT is

Figure 1: General Raman spectra patterns of MWCNTs [11,12].
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attached along with the Cu particle. The CNT was uniformly
dispersed in the Al–Cu alloymatrix material. From the XRD,
it is clearly shown that there is no sign of Al4C3 between
Al–Cu and CNT [29]. Akbarpour et al. [30] observed that
along with the uniformly distributed CNT nanoparticles in
the matrices of the composite some cluster formation was
also visible in the SEM image because of the inclusion of
CNT. The grain size of the matrix material showed some
deviation from the standard size [30]. Q. Li (2009) investi-
gated the microstructure using the SEM image of Mg alloy-
MWCNT composite and found a big bundle of cluster
formation. The presence of MWCNT without any damage
is confirmed using Raman spectroscopy [21]. Kwon et al.
(2010) observed the microstructure of the Al-CNT compos-
ite using the FE-SEM image. There is no change in the
diameter of the CNT particle, but the length was reduced
during the de-binding process. The CNT was uniformly
and omnidirectionally distributed on the surface of each
Al particle [31]. Kuzumaki et al. used the powder metal-
lurgy process for the first time to fabricate CNT/Al
composite. They used carbon powder containing approxi-
mately 60 vol% of CNT. They mixed 5–10% of carbon
powder with Al powder with a size of 40 μm and having
a purity of 99.99%. The mix was then agitated in the
ethanol solution at 300 rpm for 30mins. Then, the com-
posite powder was removed from the solution and pre-
pared by the vacuum drying method. Due to the impurity
of the CNT, non-uniform dispersion is observed in the Al
powder [32]. Xu et al. mixed the pure CNT produced by
catalytic decomposition of propylene, with 99.5% purity,
with powdered Al having an average particle size of
70 μm. Different wt% of CNTs were mixed with 35 g Al
powder by hand grinding for 30min. They observed
some agglomeration of CNT at the grain boundary of Al;
this agglomeration was probably due to the hand grinding
process [33]. However, unlike Kuzumaki, Xu et al. could see
some interfacial reactions in the form of carbide between
Al and CNT. Esawi et al. reported that the strength was
enhanced as the CNT content increased within a specific
range. The best result was obtained when the content of
CNT was 2wt%, while further addition of CNT caused a
deterioration in strength [34]. Zhang et al. investigated the
CNT/SiC/Al 6061 hybrid composite processed by squeeze
casting and found that the heat treatment improved the
bond strength among CNT, SiC, and Al, which enhanced
the strength of the composite [35]. However, Zhao et al.
investigated the CNT/Al 6061 composite made by FSP and
found that the T6 heat treatment strengthening effect was
insignificant [36].

Hence, in the recent few years, CNTs are gaining impor-
tance in processing Al composite. MWCNT is a materialTa
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having low density, high strength, and hardness together
with excellent thermal and electrical conductivity. This
research work uses the MWCNT as a reinforcing constituent
to improve the characteristics of the Al alloy matrix. The
popularity of MWCNT is due to its specific characteristics
such as mechanical strength (15–20 times more than steel),
density (5 times lighter than steel), thermal conductivity
nearly equal to that of diamond and almost 5 times that
of copper, and electrical conductivity same as that of copper
[37]. These new type of composites promise application in
the lightweight components, nonlinear optics, batteries,
nanowires, sensors, and high strength devices. A study on
the thermal and mechanical properties of CNT has revealed
that it has Young’s modulus of 800GPa with a yield
strength of 20GPa [38]. Work on the mechanical behavior
of CNT composite has been conducted using TEM to inves-
tigate the interfacial structure and mechanical properties
[39]. The hardness of Al + 5% SWCNT was 78% higher
than that of Al. An addition of 1% MWCNT to Al shows
enormous enhancement in yield strength (almost 500%),
which promises this material for several industrial applica-
tions [40]. Further, nano-mechanics of CNT composite indi-
cates that SWCNTs have elastic modulus around 1TPa and
can withstand 5–10% axial strength corresponding to the
stress of about 50 GPa [41].

Thermo-mechanical characteristics of CNT bring them
to cover a larger sector of industrial applications [42]. Due
to its enhanced thermal and electrical conductivity, CNTs
excel in wide industrial applications where the conven-
tional material fails [43]. The work on the hot pressing
technique of Al-CNT composites reveals a moderate increase
in electrical conductivity at room temperature when com-
pared with an increased volume fraction of the CNTs [33].
The controlled mechanical milling process of Al-CNT exhib-
ited a strong surface interface bonding among matrix and
reinforcement [44]. Al-CNT composite of 4.5 vol% MWCNT
reveals elastic yield/proof strength of 620MPa and fractural
toughness of 61MPamm1/2, which is almost 15 and 7 times
higher, respectively, as compared to the matrix [45]. The
dispersion quality of CNT governs the homogeneity and
hence ultimate mechanical property of the composite. Stu-
dies have shown that CNT affects the mechanical properties
of the base Al, and the composite can be produced by the
powder metallurgy technique, as observed in other stu-
dies [46,47].

Since Al–Cu–Mg–T351 is utterly a novel matrix material
with high physicomechanical characteristics and as far as
the existing studies/sources are concerned, the outcomes
have inferred that, in the current decade, Al–Cu–Mg–T351-
based metallic composites with MWCNTs as a reinforcing
particulate have been characterized by limited researchers

to investigate their suitable potential in high-strength
structural applications. The processing fabrication method
has been optimized by using combined effect of ball-milling
and powder-metallurgy. Such novel composites provide
significant characteristics and offers promising application
in the industrial automotive, aircraft, electromechanical,
lightweight component, nonlinear optics, batteries, nano-
wires, sensors, and high-strength devices. Additionally,
MWCNT is a material having low density, high strength,
and hardness together with excellent thermal and elec-
trical conductivity. This research work uses the MWCNT
as a reinforcing constituent to improve the characteristics
of the Al alloy matrix by using optimized mechanical
milling and powder metallurgy techniques. As the load
transfer mechanism plays a dominant role in MWCNTs/
Al–Cu–Mg–T351matrix, the primary objective of this novel
study is to escalate the physciomechanical, wear resis-
tance, corrosion resistant, and thermal conductivity char-
acteristics of the fabricated composites by ameliorating
the surface interface bonding adherence among matrix
and reinforcement and refining the grain size. The current
work is focused on the study of MWCNT reinforced with
AA2024-T351 alloy and its suitability for electromechanical
applications as exhibited in Figure 2.

2 Experimental details

2.1 Materials

Al (AA2024-T351) powder with mechanical properties and
chemical composition are presented in Tables 2 and 3,
respectively. AA2024-T351 with physical/mechanical prop-
erties of density of 2.78 g/cm3, melting point of 660°C,
hardness of 120 BHN, ultimate tensile strength of 469MPa,
and ductility/elongation of 19% has been used for matrix
material. The SEM image of AA2024-T351 is shown in
Figure 3(a). The properties of the AA2024-T351 alloy are
presented in Table 3.

Pristine MWCNT powder of 98% purity (Figure 3b)
having 80–98 vol%, as assessed through SEM analysis,
with no residual catalyst impuritieswas procured fromNanoshel
USA. The MWCNT of 10–20 nm × 2–6 nm × 10–20 µm size,
melting point of 3,652–3,697°C, and having a density of
1–2 g/cm3 has been used in the present work.

The Raman spectroscopy (LabRAMHR-HORIBA, France-
SAS, micro-spectrometer), as revealed in Figure 4, indicates
the prevalence of defect in MWCNT samples around two
sharp curves 1,339 and 1,573/cm. The Raman-order peak

Studies on MWCNTs-reinforced (Al–Cu–Mg–T351) alloy cast nanocomposites  69



at 1,573/cm was attributed by the molecular vibrational
frequency mode of the graphite plane in the carbon–-
carbon atoms termed as first-order spectra G-band, and
the frequency at 1,339/cm was named as the D-band
mode because of the vibrational movement of non-brid-
ging carbon–carbon dangling bonds in the structural dis-
order/defect in the plane-mode.

The previous outcomes reported by Papageorgiou
et al. [48] presented a review article on the literature
related to graphene and CNT-reinforced PMCs. The article

focused on parameters affecting the mechanical behavior
of such composites. The article described the use of
Raman spectroscopy to evaluate the stress transfer effi-
ciency among the constituents. This article also described
the challenges and future scope of these composites.

2.2 Methods

2.2.1 Fabrication of MWCNTs/AA2024-T351 alloy
nanocomposite

MWCNT powder was treated subsequently by blending it
with concentrated nitric acid (HNO3), filtered and washed
with deionized water, and dried at 120°C. The process was
carried out to eradicate the impurities like amorphous

Figure 2: Systematic mapping summary of scientific advancements regarding an implication of MWCNTs on a physicomechanical, interface
adhesion strength, and morphological characteristics of MWCNTs/Al–Cu–Mg–T351 alloy cast nanocomposites.

Table 2: Chemical composition of AA2024-T351 alloy

Elements Mg Si Fe Cu Zn Ti Mn Cr Al

Amount of
wt%

1.5 0.5 0.5 4.5 0.25 0.15 0.5 0.1 Balance

Table 3: Properties of AA2024-T351 alloy

Parameters Average particle
size (µm)

Melting
point (°C)

Density
(g/cm3)

Brinell
hardness (BHN)

Ultimate tensile
strength (MPa)

Ductility/
elongation (%)

Values 75 660 2.78 120 469 19
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carbon, graphitic particles, or any other contaminants
observed in MWCNTs. The Al (AA2024-T351) powder was
mixed with MWCNTs powder in the weight percentage of
0.1, 0.2, 0.3, 0.4, and 0.5% using ball mill continuously for
the duration of 10 h at 200 rpm to get homogeneous
mixing as shown in Figure 5 [49,50]. Further, the mixture
of each proportion is compacted in a hydraulic press of
1,000 kN capacity [51]. The mixed powder is pressed by a
load of 180 kN to get billets of size 20mm diameter and
55mm length. Compacted specimens were sintered in a
vacuum tube furnace at 580°C for 2 h in a nitrogen atmo-
sphere followed by air cooling [52]. The related findings
reported by Ali and Rubel [53] presented a comparative
review article on the CNT-reinforced Mg and Al-basedmetal
matrix composites. Authors reported that more attention
on the fabrication is required to obtain uniform distribution
of the CNTs in the basematrices. Also, the need of reduction
in CNT fibers breakage during processing is necessary
during fabrication. Further, the relationship among the pro-
cessing factors, macro and micro structure, modeling, and

simulation of such composite is still required to increase
their scope in many industrial applications.

A recently reported comparable outcomes were shown
by Hussain et al. [54] who developed MWCNT fiber-rein-
forced nano-Al matrix composites using powder metal-
lurgy process and evaluated the effect of reinforcement
contents on the hardness value of the base matrix. Authors
reported that mass density varied proportionally with
respect to the reinforcement contents, structure of compos-
ites, and milling time. Also, by increasing milling time, a
fine structure was obtained.

2.3 Mechanical loading

The split die was indigenously designed and fabricated
using the P20 tool steel of grade 40CrMnNiMo8-6-4,
German (1.2738): EN 4957:2000 tool steel, having a die-
angle of 60° and extrusion ratio of 2. In order to evade the
disruption or failure liable to happen during extrusion,
the billets were tapered at the entry for smooth extrusion.
Sintered billets of size 20mm diameter and 50mm length
were cold extruded in a hydraulic press at an average
load of 300 kN and an average speed of 0.5 mm/min.

2.4 Thermal loading

Sintered samples of both matrix and its composites were
heat treated in a muffle furnace (Thermolyne-scientific,
PID-controller) at a temperature range from 20 to 1,000°C.
Samples were initially solutionized by heating them to
560°C andmaintained at this temperature for 8 h, followed
by water quenching and artificial aging by heating for 4 h
at 180°C.

Figure 3: (a) SEM of Al–Cu–Mg–T351 Al powder and (b) SEM image of CNT powder (MWCNT).

Figure 4: Raman spectra pattern of MWCNTs.
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2.5 Preparation of samples for density,
hardness, and tensile tests

The density test was carried out according to Archimedes’
principle. Theoretical densities of all the sintered, sintered-
heat treated, and sintered-extruded samples of both the
matrix and composites were determined using the rule of
mixtures. Hardness tests were performed according to the
ASTM E92 standard [55], and the tensile test was done
according to the ASTM E8 standard for all the samples [56].

2.6 Morphological study using XRD, SEM,
and TEM

Themorphological study of the AA2024-T351 +MWCNT com-
posites was done using a SEM (Tescan vega-3 LMU, Czech
Republic). Crystal structures of the composite were analyzed
by an X-ray diffractometer (Panalytical, Netherlands) with
Cu-Ka radiation. Nanoshel USA supplied TEM images of
MWCNT, and TEM images of AA2024-T351 + MWCNT were
taken from JEOL JEM-2100 LaB6, (JEOL, Akishima-Japan),
TEM operates at an accelerating voltage of 200 kV and
a lattice resolution of 0.14 nm and magnification of
2,000×–1,500,000×.

3 Results and discussions

3.1 Measurement of density and porosity

Theoretical and experimental density measurements were
studied using the rule of the mixture and using the
Archimedes principle [57]. Figure 6 shows that the density

of the composites with varying weight percentage of rein-
forcements of 0, 0.1, 0.2, 0.3, 0.4, and 0.5wt% MWCNTs
decreases with an increase in MWCNTs addition. This fact
may be due to the displacement of atoms by the light-
weight carbon atom, which usually occupies the intersti-
tial position of the Al crystal structure [58].

Further, the decrease in the density was attributed to
increasing pores observed in sintered nanocomposite
because MWCNT was processed in an HNO3 environment
in which carboxyl (−COOH) or hydroxyl (−OH) functional
group exist. At sintering temperatures and heat-treated
composites of different percentages of reinforcingMWCNT,
the impurities in the composite material were pushed out
completely [56]. This leads to the shrinking of the particles
and reduction in the volume, thereby enhancing the den-
sity of a given volume of Al2024-T351 + MWCNT.

Figure 5: Fabrication of MWCNTs/Al nanocomposite using powder metallurgy processing route.

Figure 6: Density of the composites with varying weight percentages
of MWCNTs.
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Second, porosity which predominantly occurs in most
of the sintered metallic compositions decreases the density
even though dislocations take place, as shown in Figure 6.
Initially, the density of the sintered-heat treated samples
increases by 4.48%and sintered-extruded samples increases
by 5.23% compared to sintered composites.

As the percentage addition of MWCNT increases, the
density individually decreases by 2.3, 3.8, and 4.04%
in sintered, sintered-heat treated, and sintered-extruded
AA2024-T351 + 0.5% MWCNT composites, respectively.
Similarly, porosity usually exists in sintered AA2024-T351 +
MWCNT composites. It increases with an increasing percen-
tage of MWCNT from 0 to 0.5% [59]. This can be reduced by
heat treating and extruding the composite.

It is observed from Figure 7 that the percentage of
porosity in a sintered composite ranges from 6.88–8.24%
for various percentages of MWCNT. Porosity is 2.47–5.31%
in case of sintered-heat treated composites after the addi-
tion of MWCNT. This reduction in porosity is due to the
intergranular motion of matrix and dislocations due to
higher temperature during heat treatment [60,61]. The
decrease in porosity, as observed in the sintered-heat
treated composite, maybe due to the dislocation move-
ment of atoms and extension of grain boundaries by the
addition of CNT at high temperatures during heat treat-
ment [60].

The related findings have been unveiled by Sharma
et al. [62] who developed MWCNTs-reinforced alumina
matrix composites using powder metallurgy processing

route. Conventional and field-assisted sintering processes
were followed during the fabrication of composites.
Mechanical, tribological, and microstructural behaviors
were analyzed. The effect of sintering time and tempera-
ture were evaluated. Authors observed reduction in hard-
ness and density of base matrix with the addition of CNT
up to 0.2wt% and then increased continuously with further
increase in CNT contents. Composites, which were sintered
conventionally, possessed better wear resistance with
respect to sintering time. However, the spark plasma sin-
tered composites exhibited better density and mechanical
and wear properties than other ones.

Further reinforcement of MWCNT decreases the por-
osity marginally because its interfacial bonding hinders
the movement during heat treatment of the nanocompos-
ite. The addition of MWCNT increases the porosity,
which may be because its hardness will not allow the
pores to slide across each other during the application of
pressure during either sintering or heat treatment. Further
reduction in porosity of sintered-extruded by 12% com-
pared to sintered-heat treated is because of the refining
of grains.

Comparable outcomes have been described by Suk
[63] who prepared lightweight CNT-reinforced AMCs with
significant reduction in the weight of Al and the mechanical
behavior was analyzed using simulation. Authors also
observed an enhancement of about 106% in tensile
strength, 247% in toughness, and 244% in modulus of
elasticity with an addition of CNT in the base Al matrix.
This improvement was attributed to the shear interactions
among the constituents and high load carrying capacity of
the CNT.

3.2 Mechanical properties

3.2.1 Hardness

Hardness tests have been conducted using a Vickers
micro-hardness tester (HXD:1000-TM). Test results of
the study are shown in Figure 8(a–d), for sintered, sin-
tered-heat treated, and sintered-extruded samples of the
AA2024-T351 + MWCNT composites. Maximum hardness
of 35Hv was obtained for sintered AA2024-T351, and 45Hv
for 0.5% MWCNT heat-treated samples was obtained
indicating that the addition of MWCNT enhances the
hardness which may be because CNTs are evenly dis-
persed at the interfacial space [64].

Further, sintered and sintered-extruded composites
exhibited hardness of 50Hv which is an overall increase

Figure 7: Porosity of the composites with varying weight percen-
tages of MWCNTs.
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of 42.8%. The enhancement in the hardness incurred as a
result of the formation of Al4C3 during heat treatment
[65–67]. The proper surface interface bonding amongmatrix
and reinforcing constituents may be considered as the other
prime factor for the increase in the hardness [60,68,69].

Similar empirical evidences are reported by Soni
et al. [70] who evaluated titanium dioxide and MWCNT-
reinforced Al (Al6061) metal matrix composites. Authors
followed ultrasonic-based squeeze casting to fabricate
AMCs. The reinforcement contents were pre-processed
using different methods before mixing to achieve regular
dispersion within the base matrix. Advanced techniques
such as SEM, TEM, XRD, optical microscopy (OM), and
X-ray microscopy (XRM) were used to evaluate the mor-
phology of newly developed AMCs. Hardness test and
tensile test were also conducted to evaluate mechanical
behavior of the composites. Authors observed significant
improvement in the strength and hardness values with
the addition of MWCNTs together with TiO2. Also 20min
of sonication was best to attain uniform microstructure.
The fabrication using ultrasonic-assisted stir casting and
pre-processing of reinforcements before mixing produced
AMCs with best composite properties. Moreover, squeeze
casting composites possessed better properties than stir
casting ones.

3.2.2 Tensile strength

Further, the tensile test has been conducted on the uni-
versal testing machine (ZwickRoell Z100:Z250) (IS: 1608-
2005). Ultimate tensile strength (UTS) of the composites

exhibited a substantial improvement, as shown in Figure 9,
for sintered-heat treated composites when compared to sin-
tered-extruded composites [57]. MaximumUTS of 105.21MPa
was obtained with 0.5% MWCNT for sintered composites.
Further increase in UTS to 140.02MPa was observed in sin-
tered-heat treated composites, while sintered-extruded com-
posites exhibited 150.93MPa, indicating an increase of 33.1
and 43.46% increase in strength, respectively.

Sintered-extruded specimens showed better capability,
which may be due to the intergranular refinement [60,71].
This is evident from the various research studies that report
effective uniform dispersion and better interfacial bonding
between the matrix and bent MWCNTs leading to enhanced
properties [60].

Heat treating of sintered nanocomposite enhances
the UTS due to the mobility of large mass of atoms
resulting in smaller grain sizes [60,71] due to applied
tensile force. An increase in temperature during heat
treatment fills the pores and reduces the imperfection,
which was observed during the sintering process. This
is evident from the earlier research studies; the tensile
load exerted on the composite transferred to the CNT,
thereby pulling the CNT which leads to bending of the
nanotubes and break in the form of telescopic sheath
[60,71]. Thermal treatment is also a factor for enhancing
the strength of AA2024-T351 +MWCNT composites [72,73].

Comparable outcomes have been revealed by Yuan et al.
[74]whodeveloped CNTs-reinforced AMCs usingmilling- and
rolling-based powdermetallurgy process to evaluate the influ-
ence of reinforcement’s contents on the microstructure and
mechanical behavior of the basematrix. Authors reported that

Figure 8: Microhardness of sintered, sintered-heat treated, and
sintered-extruded samples plotted against wt% of AA2024-T351 +
MWCNT composites.

Figure 9: Ultimate tensile strength of sintered, heat-treated, and
extruded samples plotted against wt% of CNT.
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tensile strength of 382MPa and fracture ductility of 9.8%were
obtained with the addition of 1.5% CNT contents in the base
matrix. Authors also reported that the used process is the best
route to produce CNTs-reinforced AMCs with better mechan-
ical properties.

3.3 Morphological analysis

Figure 10 illustrates the SEM micrographs of Al alloy
powder obtained at a frequent time intervals from 0 to
30 h during ball milling operation. During the prelim-
inary initial stage, the Al particulates were equiaxial or
unrecrystallized grain structure with uneven or dis-
torted morphology. Because of the ductility character-
istic of Al, the pellets distorted and transformed into a
flake-like segment after 5 h of the mechanical alloying
process.

The pulverized Al powder with uneven, erratic, and
non-spherical grain size had a diverse wide-range disper-
sion. After 5 h of attrition, the alloying elements provided
a stratified uniform homogenous mixture. After 10 h of the
ball milling process, the grain particulates first formed
a smooth, flattened plate-like surface. Furthermore, after
15 h of milling-processing continuance, the particulate seg-
ments with plate-like texture experience strain-hardening,

culminating in the continued persistence of solid-phase re-
welding and brittle micro-cracks based fractured-mechanics
morphological shape/structure.

The flakes-like fragments with lamellar morphology
continuously persist with significantly reduced particu-
late grain size, even after 15 h of the ball milling process.
A lower size distribution-defined aspect ratio of the pow-
dery particulates was observed for 20 h, and afterward,
there was a restricted narrow distribution that appears in
the particulate matter. Continuous attrition processing up
to 30 h reveals a significant shift in the size of the uni-
formly dispersed particulate.

Similar empirical evidences are reported by Billah
and Chen [75] who prepared Ni-coated CNT-reinforced
AMCs using powder metallurgy route. Prior to mixing,
CNT contents were coated with Ni using electroless deposi-
tion technique. Authors observed increasing trends of ten-
sile strength and hardness. An improvement in tensile
strength around 129% and yield strength of about 157%
were obtained with the addition of 7% Ni-coated CNTs in
the base matrix. Also, the coating of Ni on CNT improved
the interfacial bonding significantly among the constitu-
ents with even dispersion of the reinforcements.

SEM analysis was used to describe the morphology of
the extruded Al/MWCNT nanocomposites and also to
examine the influence of concentrations of MWCNTs rein-
forcement on the distribution of Al matrix thereof.

Figure 10: SEM micrographs of Al powder at, (a) 5 h; (b) 15 h, (c) 25 h, and (d) 30 h, ballmilling time-periods.
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Figure 11 indicates that while all samples were mechan-
ical alloyed/milled at different time intervals, the particle size
reduced as the percentage content of MWCNTs increased.
This consequence can be ascribed to the way that the
MWCNTs serve as a processing control organic surfactant,
mitigating the influence of cold-pressure contact welding
and facilitating the process of fracturing mechanics of the
particulate grains. This diminution in particulate grain
matter was owing to the raised propinquity of CNTs, which
serve as a refiner by generating a tougher particle surface
after each influence from planetary ball milling medium,
thereby raising their brittleness.

Therefore, during the attrition process, where each
particulate endures continual, persistent fatigue fracture
welding cycles, external secondary stages regarding CNTs
intervene with this phased process at the same time that
they have been integrated into the Al pellets by making
them tougher at each time period. This influence was sub-
stantially increased with increasing CNTs’ content, thus
acquiring a preponderance of the fracturing process and
hard/tough as well as tiny minute fragments.

A related research finding was observed by Kundalwal
and Rathi [76] who prepared nano MWCNT particulates-
reinforced epoxy polymer matrix composites using ultra-
sonically processed dual mixing method to evaluate
various characteristics of the newly developed PMCs.
Authors reported that there was an improvement of
21% in tensile strength, 46% in toughness, 22% in shear
strength, and 26% in storage modulus with the addition of
0.5% MWCNTs in the epoxy resins. Results of TEM analysis
revealed uniform distribution of reinforcements without
clustering at any location.

The surface characteristic of AA2024-T351 + MWCNT
was studied by XRD analysis as shown in Figure 12(a).
Figure 12(b) is the enlarged image (circled portion) of
Figure 12(a) of AA2024-T351 + 0.5% MWCNT and reveals
that the bulk material comprises of AA2024-T351 and
CNTs which indicate that the remaining phases were minor
constituents of the composites. XRD scans of Al2024-T351 +
MWCNT shows that the CNT is present at 2β = 23.6 and
44.6°, whereas high peaks of aluminum are present at uni-
form dispersed positions.

Figure 11: SEM micrographs of Al–Cu–Mg–T351/MWCNT nanocomposite pulverized powder mechanical alloyed for specific time period
according to the percentage weight content of MWCNT.
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Similar outcomes have been observed by Fathi [77]
who presented a review article on mechanical behavior of
nano composites that describes the difficulties arising
during fabrication and enhancement of mechanical prop-
erties of the nano composites like MMCs, PMCs etc.
Authors presented that these properties of the nanocom-
posites were highly dependent on their composition, par-
ticle size, level of distribution etc.

SEM micrograph images of AA2024-T351 + MWCNT
composites of varying percentages processed through
ball milling, as shown in Figure 13(a–f), reveals the uni-
form distribution of CNT. Al particles of 200 mesh size
were chosen for better compactness during sintering. Sin-
tered-heat treated and sintered-extruded composites have
a favorable effect on tensile strength and hardness.

SEM of sintered-heat treated composites showed the
formation of Al4C3 as a result of high temperature after

heat treatment. The considerable effect of MWCNT along
with carbide formed due to heat treatment resulted in
enhanced properties of the tensile strength of the compos-
ite. The presence of CNTs, Al–Cu, and Al4C3 are observed
after aging heat treatment.

The related research has been reported by Shivaramu
et al. [78]who presented an experimental study on MMC’s
of Al-Si alloy, which was strengthened with MWCNTs
utilizing powder metallurgy processing technique. During
production, the concentration of MWCNTs was varied as 0,
0.25, 0.5, 0.75, and 1.0wt%. The composites were analyzed
employing TEM, XRD, and energy-dispersive spectra tech-
niques. Tensile test was conducted according to ASTM
G99-95a standard. Wear test was conducted under variable
loads and sliding distances (disk/wheel rotational speed ran-
ging from 250 to 750 rpm), and load suddenly dropped with
the increment in sliding distance. For certain nanocomposites,

Figure 12: (a) XRD image of Al–Cu–Mg–T351 + 0.5%MWCNT composite. (b) Enlarged XRD image of Al–Cu–Mg–T351 + 0.5%MWCNT composite.
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though, the ratio of volume loss per unit distance escalated on
linear basis with sliding distance. The reinforcing constituents
for varied concentrations of MWCNTs exhibited reduced wear
resistance, the incorporation of aforesaid caused moderately
superior wear rate. Due to the obvious superior characteristics
of the reinforcing particulates, the abrasion resistance had
strengthened to fervent extent. The type of mechanism opera-
tion with volumetric-wear-loss was discovered employing an
SEM. The accompanying research revealed by Carneiro and
Simoes [79] evaluated the influence of morphology and struc-
ture of MWCNTs on the properties of metal matrix composites.
The simulation was performed and the results were validated
experimentally. Authors reported that morphology and micro-
structure were the most predominant factors affecting the par-
ticle distribution. The related findings have been described by
Feijoo et al. [80]who fabricated Al alloy (AA7075)-based com-
posites, which were reinforced with 0.5 and 1wt% MWCNTs.
Composites were fabricated using powder metallurgical pro-
cess using ball mills for better reinforcement distribution
within the matrix. The powders of Al and MWCNT were ana-
lyzed using XRD and SEM techniques. The Scherrer formula

was adopted to analyze the change in crystal size and micro
level deformations of crystal lattice. Authors observed regular
dispersion of reinforcements within the matrix without por-
osity. Also, Al-0.5%MWCNTs composite possessed better hard-
ness and tensile strength togetherwith improved ductility than
others.

SEM profile of sintered-heat treated and sintered-
extruded composites exhibits the Al2024-T351 + MWCNT
fractured nature of nanocomposites, which is similar to
the base Al fracture as shown in Figure 14(a–d). The
presence of CNTs, Al–Cu, and Al4C3 are observed after
aging [71]may be due to the presence of elements present
in the alloy, and the reactions that happened during the
heat treatment. Fracture micrographs of the Al2024-T351 +
MWCNT composite displayed the resistance nature of
nanotubes, as illustrated in Figure 14(c) by way of defor-
mation. The breaking of the material for the applied force
due to which matrix pulls out and nanotubes breaks in
telescopic sheath form are reported by few investigators
[71–83]. Bent nanotubes increase Young’s modulus during
applied tensile load and are rigid in nature [71].

Figure 13: SEM of heat-treated (a) 0%, (b) 0.1%, (c) 0.2%, (d) 0.3%, (e) 0.4%, and (f) 0.5% MWCNT-reinforced Al–Cu–Mg–T351 alloy.
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The related research has been exhibited by Uriza-
Vega et al. [84] who prepared MWCNT-reinforced AMCs.
Al alloy (Al-7075) was used as base matrix and MWCNTs
were synthesized prior to blending in the base matrix and
then mixed in the base matrix. The reinforcements were
dispersed evenly within the matrix using ultrasonic pro-
cess, which was followed by milling. The influence of
CNTs on the microstructure and mechanical behavior
was then analyzed using advance testing techniques.
Authors observed uniform distribution of the reinforce-
ments without much clustering as seen in the SEM images.
The mechanical behavior was significantly improved with
the addition of CNT up to 2 wt% in the base matrix.

Figure 15(a–d) shows the TEM image of MWCNT and
Figure 16 illustrates the TEM image of AA2024-T351 +
0.5% MWCNT powder showing the distribution of MWCNT
in the composite. MWCNTs are dispersed uniformly and
agglomerated evenly at various places in all the reinforced
fractions in the composite after a higher rate of the ball
milling process. This agglomeratedMWCNThas been reduced
by controlled ball milling time, not crossing 20h [82].

TEM image reveals the presence of entangled net-
works of CNT, and the formation of nanoscale particles
of Al4C3 due to heat treatment can be observed [83].

The results of a study of relevant studies have now
been unveiled by Tserpes et al. [85] who performed

testing of tension and nano-indentation of nanocompos-
ite to find mechanical and nano-mechanical properties of
the MWCNT-reinforced polypropylene PMCs. The SEM
and scanning probe microscopy analysis for structural
properties and topography were also performed. The out-
comes of this research work indicated an enhancement in
the modulus of elasticity and yield stress. A good disper-
sion of MWCNTs was observed by the authors and material
was divided in three regions namely polymer, interface,
and CNTs cluster/conglomeration region. Resistance varied
substantially across numerous different regions, ranging
from minimal to 130MPa. The incorporation of CNTs to
polypropylene contributed to increasedmodulus, flexibility,
resilience, and elasticity; however, the surface portion
seemed to be relatively plastic, according to the ([hard-
ness]3/[modulus-of-elasticity2]) proportion relationship.

The assertions of an existing literature have indeed
been disclosed by Devadiga and Fernandes [86] who stu-
died the wear behavior of the CNT and fly ash (FA)-rein-
forced nano AMCs. During fabrication, the composition of
CNT was varied from 0.25 to 0.75 wt % in steps of 0.25 and
FA was varied from 4 to 16 wt% in steps of 4 and compo-
sites were prepared using powder metallurgy route. The
wear behavior was analyzed according to L9 OA. Authors
observed that the composition of reinforcements was the
most influencing parameter affecting the wear behavior.

Figure 14: SEM image of Al–Cu–Mg–T351 +MWCNT, (a) tensile fracture with cup-cone failure, (b) sintered-heat treated surface with MWCNT
fracture, (c) enlarged image of the X, and (d) sintered-heat treated surface with the distribution of nanotubes at the grain boundary.
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Authors reported that composition of MWCNTs as 0.25%,
FA as 8%, milling time of 2 h, sintering time of 6 h,
normal load of 10 N, speed of 200 rpm, and track-distance
of 500m employed better wear resistance among others.

The scientometric analysis has been performed to
chalk out potential applications based upon current research
trends in the area of MWCNTs-reinforced Al–Cu–Mg–T351
metallic composites. Figure 17 shows the key work overlay

chart of last 10 years in the domain of prospective applica-
tions of Al–Cu–Mg–T351/MWCNT nanocomposites [87–115].
It has been inferred that, in the current decade, metallic
composites with MWCNTs as a reinforcing particulates
have been characterized by limited researchers to investi-
gate their suitable potential in structural applications
[103–108]. Such novel composites provide significant char-
acteristics and offer promising application in the industrial
automotive, aircraft, electromechanical, lightweight com-
ponent, nonlinear optics, batteries, nanowires, sensors,
and high-strength devices.

Based upon the aforementioned outcomes from the
current novel study, it is concluded that the MWCNTs/
Al-Cu-Mg-T351-based nanocomposites have considerable
promising applications in automobiles, aviation, and other
advanced cutting edge industries, due to its ability to obtain
maximum physicomechanical and thermal conductivity
characteristics of the composites even at lower reinforcing
phase composition owing to the reinforcement’s elongated
specific surface area, and the consequences that come with
nano-structuring. The advancement of progressive scien-
tific works and innovations in the domain of MWCNTs/
Al–Cu–Mg–T351-based nanocomposites have been signif-
icantly aided by rise in global industrialized synthesis of

Figure 15: (a–d) TEM images of MWCNT powder (courtesy: Nanoshel, USA).

Figure 16: TEM image of Al–Cu–Mg–T351 + 0.5% MWCNT
nanocomposites.
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MWCNTs as well as advance breakthroughs in the per-
spective of its commercialized, real-world applications
in myriads of sectors.

4 Conclusion and future outlook

Reinforcement of MWCNT with the AA2024-T351 matrix
has shown this composite as a potential lightweight
material suitable for industrial applications. The devel-
opment of AA2024-T351 + MWCNT composite by the
powder technology route has shown the uniform disper-
sion of CNT using the ball milling process. Sintered and
sintered-heat treated composites have shown the forma-
tion of Al4C3 with traces of “Cu” with good interfacial
bonding between matrix and reinforcement. The micro-
structure of SEM and TEM reveals a uniform distribution
of CNT and direction of the nanotube in the matrix for
both extruded and heat-treated samples. SEM and TEM
images revealed that CNT decomposes at a relatively low
temperature of 450°C and forms fine Al4C3 precipitates.
The inter-granular refinement due to reaction and internal
stress relieved during increased heat at the time of sin-
tering and heat treatment enhances the properties. The
dispersion strengthening effect by unbundled or bent
CNT particles enabled the improvement in the tensile
property. Extruded and heat-treated specimens showed
enhanced hardness and tensile strength. Tensile-fractured

surface exhibited the ductile fracture with a telescopic
sheath like pulling of the nanotubes in the composite. It
is apparent that milling-time does indeed have a substan-
tial influence on the improvement of physicomechanical
characteristics, specifically, elastic modulus. The influence
of MWCNT’s concentration, process regulating/governing
reagents, CNT dimension, and inert gas environmental
conditions on MWCNTs/Al composite is indeed explored.
Considering findings from present experimental tests
performed with the combined effect of ball milling and
powder metallurgy techniques, it is concluded that
MWCNT distribution is significantly vital in producing
novel composites of high-strength. As a result, the ball
milling parameters must be optimized in order to produce
the optimal combination of MWCNTs distribution, superior
MWCNTs/metallic matrix interfacial contact, relatively low
cold working of the metal matrix, and minimal MWCNT
damages. Numerous futuristic challenges include accom-
plishing relatively homogenous distribution of MWCNT's
at higher-concentrations, diffusion of MWCNTs at a micro-
level if bulk-processing and production processes are used.
Furthermore, the adverse-affect of MWCNT orientation/con-
figuration, efforts to bridge the gap between nanoscale
and bulk-characteristics, and thus continuing to develop
advanced creative modernistic approaches with all of these
factors or considerations are keeping in mind.
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