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Abstract: Lightweight materials characterized by low density, high strength to weight ratio, low
porosity, high corrosion resistance with improved mechanical, thermal, electrical properties are now
extensively used in many engineering applications ranging from the deep sea to aerospace. Besides,
the materials must be multifunctional comprises a fast and economic manufacturing technique.
Metallic matrix CNTs composites such as Mg/CNTs and AlI/CNTs have such the aforementioned
quality. However, Mg/CNTs and AI/CNTs has some specific advantages and disadvantages that
restrict their applicability. To harvest the dual benefit of Mg/CNTs and AI/CNTs, bimetallic matrix
Mg—Al/CNTs may be prospected. Mg—Al bimetallic combination for alloying has substantial
mechanical properties with heavy amalgamation. Therefore, interdisciplinary research on
reinforcement, compacting, bonding, dispersion of CNTs in the bimetallic matrix, microstructure and
defect analysis will open the door for producing new class of composite materials. In this work,
various Mg/CNTs, AlI/CNTs, Mg—Al composites have been studied to find the prospect of Mg—
AI/CNTs composites. The worthwhile accomplishment of the reviews will provide the knowledge of
fabrication for CNTs reinforced bimetallic Mg—Al based lightweight composites and understand its
mechanical behaviors.
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1. Introduction

Material development needs continuous progress to satisfy the expansion of new technology
and versatile use of material [1]. A pure and single material hardly satisfies the increasing demands
of improved mechanical, chemical, electrical properties [2]. The lightweight composites materials
are becoming essential for high-speed trains, automotive vehicles, structures, and prominently in any
space applications [3—5]. High strength metallic composites have been used for the last few decades
to come across the solution [6].

The most significant metals and alloying elements on earth are Al, Mg, Ni, W, Sn, Cu, Ag, Ti
and their various range of blends for different applications [7,8]. The major shortcomings of these
composite combinations are strength to weight ratio. Some alloys are very difficult to manufacture
and even costly. Few metals are rare and barely imaginable to apply in general engineering problems.
Thus, lightweight, and low-cost alloys or composites are demands of the future without any sacrifice
of mechanical prospects. A flexible, easier and fast manufacturing or developing process must be
available to produce such light-weight composite with superb mechanical properties.

To overcome the problem, composites of metal, fiber, polymer, plastic has served a lot till today.
However, the coolest thing ever is the development of carbon nanotubes (CNTs) [9] and its various
features and advantages [10] as a reinforcing element to combine it to form reinforced composite
with other elements. CNTs looks like a tube in the molecular structure shown in Figure 1 and possess
various features [11,12] like high thermal (approximately 2000 W/m/K) and electrical conductivity,
large elasticity (~18% elongation) to failure and high Young’s modulus of 1.28 TPa. The tensile
strength of CNTs are approximately 100 GPa and can be bent considerably without damage. All
variety/types of CNTs depicted in Figure 2 [13,14] have a low thermal expansion coefficient but can
act as a good electron field emitter with a current density of 1013 A/m” [11,12].

(@) (b)

Figure 1. Molecular structure of (a) single-walled carbon nanotubes, and (b) multiwall
carbon nanotubes.

Besides this physical property, the use of CNTs has some advantages as a reinforcing element.
Such as it is extremely small and lightweight, and the resources required to produce CNTs are
plentiful and can be made with only a small amount of material. Homogeneous dispersion of CNTs
improves the conductive mechanical properties of composites with no apparent agglomeration [10].

There are several categories of matrix available for CNTs reinforcing components. Metallic,
polymer and ceramic are the three major matrix categories. Among these matrixes, polymer matrix
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and ceramic matrix have used widely as a primary matrix for CNTs reinforcement despite the good
matrix properties of metals. The methods used for preparing the CNTs—polymer matrix is the
Coagulation Precipitation Technique [15], Solution Mixing [16,17], Melt Mixing [16,18,19], and
In-situ Polymerization [2,20-23] with a particular emphasis on evaluating the dispersion state of the
nanotubes. The method involved for CNTs reinforced ceramic composites are powder processing
follow by sintering, spark plasma sintering, extrusions etc. [24,25]. CNTs reinforcement in polymer
and ceramics shows a good mechanical benefit but not competitive with metallic matrix CNTs
reinforced composites [26-31].

Figure 2. Field Emission Scanning Electron Microscope (FESEM) image of (a)
single-walled carbon nanotubes [13], and (b) Multiwall carbon nanotubes [14].

In the case of metallic matrix CNTs reinforced composites, incorporation of CNTs into the
metallic matrix, improves the mechanical properties such as microhardness, fracture toughness,
electrical and thermal properties [26]. The major metallic matrix so far found to be used are Al and
Mg matrices. The common use of CNTs in the metallic matrix is done by powder metallurgy
processes. The material scientist reveals that augmentation of CNTs via powder metallurgy
technology or mechanical mixing has successfully enhanced the strength of AI/CNTs and Mg/CNTs
based alloys [27,28].

However, CNTs may damage in mechanical powder mixing operation and during secondary
processing [29,30] though the processes do not affect the graphical structure. Generally, Al and Mg is
not easily wetted by Carbon [32], but the Nano Scale Dispersion (NSD) method [33,34] and Spread
Dispersion Method [35] to form CNTs/Al or CNTs/Mg composite has succeeded in producing
uniform dispersion of CNTs in Al or Mg matrices. The dispersion of CNTs may be promoted by the
wet shake-mixing approach [36]. In the consolidation stage of CNTs/powder matrix composite, Hot
extruded CNTs dispersed well at the boundaries [37-39]. The CNTs become aligned with the
extrusion direction in the composites obtained by this process [37].

Al-Ageeli [40] used ball milling as mixing and dispersion method followed by Sintering, Spark
Plasma Sintering (SPS), Microwave Sintering (uWS), and Hot Isostatic Press Sintering (HIPS) for
the consolidation of ball mill Al powder with CNTs with a variation in temperatures of 400, 450, and
500 °C. With the use of ball milling as a mixing and dispersion method, the researcher recommended
the SPS consolidation to produce such composites to achieve the highest hardness values and around
100% densification.
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On the other side, CNTs reinforced with Mg has also attracted the materials field for its good
properties [41-44]. The hot extrusion process has also regarded as a novel process for Mg/CNTs
composites. Kim et al. [38] and Mindivan et al. [39] explain the properties of hot extruded Mg/CNTs
alloy in their work. Shimizu et al. [45] work on the Mg alloy for improved properties by adding some
crystalline CNTs. Muhammad et al. [46] and Straffelini et al. [47] recommended Spark Plasma
Sintering (SPS) technology as appropriate for Mg alloy. In some cases, ultrasonic melting may be
used for further dispersing CNTs in the molten Mg [48].

For achieving more strength-to-weight ratio for light-weight applications such as car and
aerospace, the bimetallic matrix carries a good prospect to add value in the composites. Mg/CNTs
exhibited better tensile, compressive strength but corrosive properties are not so good [49]. Though
AI/CNTs show extended quality in corrosion resistance but weight and toughness are not desirable.
Since Al-Mg composite is good bimetallic composites, the addition of CNTs in AI-Mg bimetallic
matrix will harvest both quality of AI/CNTs and Mg/CNTs and will make it to useable for more
rigorous conditions.

We noticed that the bimetallic matrix to CNTs reinforced composites have rarely been tried
previously due to a lack of information on the uniform dispersion and easier method to compact the
constituents together followed by reinforcement. Figure 3 shows the Scanning Electron Microscope
(SEM) images of AI/CNTs and CNTs/AZ91D composites respectively and illustrated the dispersion
and consolidation defects. Few authors like Yan et al. [50] used Spark Plasma Sintering (SPS)
method followed by hot extrusion to produce Mg—Al/CNTs composites with better tensile and
compressive properties. Their analyses revealed that the Mg—AI/CNTs composite demonstrated an
enhancement in mechanical properties like elastic modulus, yield strength, ultimate tensile strength
and failure strain compared to pure Mg/CNTs or AI/CNTs [50,51].

Figure 3. (a) SEM image of AlI/CNTs composite with 2 wt% of CNTs [29], and (b)
higher magnification and 2.0 vol% CNTs/AZ91D nanocomposites [52].

Therefore, the main challenge in the production of this bimetallic matrix composites reinforced
by CNTs is the development of a manufacturing process. The chosen process should ensure the
dispersion of nanoparticles without damaging CNTs, and the formation of a strong bond with the
metallic matrix during consolidation. Therefore, this review study focuses on the properties of
Mg/CNTs and Al/CNTs composites experimented by the research, preparation methods and
post-treatment to enhance mechanical properties. It will help to fabricate the Mg—AI/CNTs in future.
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2. Detailed review results
2.1. Mg/CNTs composites
2.1.1.  Fabrication method of Mg/CNTs composites

Being lightweight, Mg is thought to be a good composite forming element with CNTs and has a
good composite forming properties though little work has found. Sun et al. [53] were first to claim
the fabrication of Mg/CNTs composites using in situ synthesized CNTs—Mg powders by the powder
metallurgy process. Li et al. [54] developed a two-stage improved processing method of Mg/CNTs,
where the first stage deals with pre-dispersed CNTs on Mg alloy chips and the second stage
comprises melting of Mg chips and CNTs in a stirring machine. In another study, melt stirring
techniques are applied successfully in which galvanic coupling takes place at increased rates as
CNTs bundles are broken up and homogeneously dispersed in the matrix [55].

A modified powder metallurgy technique followed by hot pressing and hot extrusion
respectively could successfully fabricate AZ31/CNTs composites with a homogeneous distribution of
the CNTs at proper content [56]. The wettability issue between CNTs and A356 alloy has been
enhanced by using Mg surfactant [32]. In addition, Mg surfactant can help to reinforce CNTs
uniformly as well as the highest mechanical strength is achieved. The crystallographic texture of the
composites reveals the exalted dispersion of the above reinforcing method. Cold pressing followed
by hot extrusion without sintering steps is another emerging way for Mg/CNTs composite fabrication
with uniform distribution of CNTs [57].

Recently Akinwekomi et al. [58] have proposed a powder metallurgy processing technique
combined with rapid microwave sintering to fabricate Mg/CNTs composites. The researchers also
suggested the unique rapid sintering method without recourse to any secondary processing. The
technique provides a significant improvement of mechanical properties for bimetallic matrix-CNTs
reinforced composite. In another work of Akinwekomi et al. [59], they have used the same process
for Mg alloy—CNTs composite foams with improved compression and energy absorption properties.
The conclusion of the work outlined the sintering process scheme as a rapid and energy saving
efficient technique for metal matrix/CNTs composites.

Hybrid composites of AZ91 magnesium alloy were found to be fabricated by semisolid stirring
assisted ultrasonic cavitation [60]. They found the optimum hybrid ratios of CNTs and silicon
carbide (SiC) nano particulates is 7:3, where tensile mechanical properties were improved. A
comparative study was done for Magnesium (Mg) composite reinforced with CNTs in pure Mg and
AZ61 Mg alloy matrix via powder metallurgy route containing wet process using isopropyl alcohol
(IPA) based zwitterionic surfactant solution with unbundled CNTs [61]. This study revealed that only
the AZ61 Mg alloy matrix showed tensile strength improvement and clarified that the addition of
CNTs has no effects on microstructures and grain orientations of the composite.

Ultrasonic melt processing in Mg/CNTs composite showed that no reaction product was found
between the interface of Mg matrix and CNTs which in turn leads to good interfacial bonding [62].
With the application of microwave sintering followed by hot extrusion Mg/CNTs composites are
obtained with minimal porosity [63]. Accumulative roll bonding is mentioned as a new method for
Mg/CNTs composite fabrication which leads to improving strength [64].
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2.1.2.  Surface and microstructural characteristics of Mg/CNTs composites

Funatsu et al. [65] studied the initial galvanic corrosion behavior of MWCNTSs reinforced
AZ61B alloy composites after and before the composites heat treatment. They presented that a
corrosion rate of about 30% was reduced after the heat treatment of the composites compared to
non-treated composites. Another corrosion behavior investigation presented that good dispersion of
MWCNTs leads to higher corrosion rates on the composite surface [55]. They concluded two main
points; one is by adding MWCNTs on the Mg composites. Its corrosion rate was drastically
improved and the other is homogeneous dispersion of MWCNTSs results to lower corrosive resistivity.
The impact of CNTs on Mg-based amorphous composites corrosion behavior was investigated by
Lou et al. [66]. Corrosion resistance is enhanced up to 30% and the bridging effect is found between
the matrix and corrosive oxide film. Also, the addition of CNTs has a positive impact on wear rate
and friction coefficient [57].

Microstructural characterization provides a better understanding of the interfacial bonding with
failure mechanisms. Poor compositing effect exposed that a loose and dispersive distribution has
occurred between the matrix and CNTs [67]. SEM micrographs showed that poor interfacial bonding
contains numerous macroscopic cracks and fine microscopic cracks were observed in the matrix [68].
SEM image of tensile fracture has dimples and tear ridges whereas compressive fracture has
microcavities and clusters [56]. These micro-cracks and cavities lead to high stress concentration
which results in lower strength of the composites. In another result found that compressive failure
contains macroscopic crack with mixed mode of shear and brittle failure [58].

However, the failed surface examined under SEM shows several pores have collapsed and
extends from the pore walls to the matrix [59]. Under high magnifications interfacial reactions did
not exist between the CNTs and matrix due to the surface pretreatment [60]. Although CNTs addition
might affect the microstructure and grain orientation of the Mg matrix, FESEM observation and
Electron Backscatter Diffraction (EBSD) analysis clarified that neither microstructure nor texture
was significantly influenced by CNTs addition [61]. The failure mode of Mg/CNTs composites was
brittle with the presence of cleavage steps due to the poor interfacial integrity [63].

2.1.3. Effect of SWCNTs/MWCNTs on Mg/CNTs composites

Effect of SWCNTs/MWCNTs plays an important role in strengthening mechanisms, load
transfer, density, porosity etc. Strengthening due to the load transfer of the MWCNTs increases
linearly and becomes more important than other strengthening effects at higher MWCNTs amounts
according to the present model [54]. At a threshold amount of about 0.3 wt%, the load transfer effect
exceeds the Orowan strengthening and the thermal mismatch effect. Without the pre dispersion of
MWCNTs, the coupling effect takes place with MWCNTs agglomerates [55]. The load transfer effect
is insignificant if the MWCNTs volume fraction is too low which in turn poor strengthening effect in
the composites [64].

The addition of MWCNTs more than 1 wt% increases the porosity and decreases the density
and electrical conductivity [57]. Another study reveals that the addition of MWCNTs has not any
significant impact on porosity and density [59]. With the addition of MWCNTs porosity and density
are increased on the other side grain size is reduced [63]. Goh et al. [69] found that porosity has an
incremental trend with the addition of MWCNTs whereas density is decreased. Grain refining
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strengthening was caused due to the addition of SWCNTs and this strengthening effect of SWCNTs
works as a reinforcement [62]. This grain refinement effect works well on AZ91D when the
SWCNTs are uniformly dispersed. The analysis presented if MWCNTs are added more than 1 wt%
in melt stirring technique a larger amount of MWCNTs are separated to the top or bottom of the melt
and did not reside in the melt [70].

2.1.4. Coefficient of Thermal Expansion (CTE) and thermal behaviors of Mg/CNTs composites

CTE has a positive impact on the strength enhancement of Mg/CNTs reinforced composites. It
has been reported that improvement in tensile and compressive strength of Mg/CNTs composites is
characterized by dislocation generation due to the mismatch in CTE elastic modulus between Mg
matrix and CNTs [51]. However, mismatch in CTE between CNTs and Mg matrix and extensive
dislocation nucleation around the CNTs leads to the hardening of the metal matrix [54]. Mismatch of
CTE between Mg matrix and CNTs could also lead to the increase in yield strength, the higher the
difference of CTE between Mg matrix and CNTs the higher the increase of the yield strength [56].
Zhou et al. [60] presented CTE is responsible for the room temperature strength improvement of
Mg/CNTs reinforced composites. Improvement in thermal conductivity occurs with the addition of
CNTs which caused an increasing undercooling as well as grain refinement of the composites [62].
Another investigation shows that with the addition of CNTs lowered the CTE of the Mg matrix [63].
CTE results indicate that Mg/CNTs nanocomposites are thermally more stable than monolithic pure
Mg [69]. Table 1 below illustrates the fabrication methods and its various constituents of Mg/CNTs
composites.

Table 1. Summary of Mg/CNTs composites fabrication method.

Powder Fabrication method CNTs content Remarks Refs.
preparation (vol%/wt%)
Ball milling Melt processing 0.5 wt% Melt processing further dispersed tiny CNTs clusters; CNTs  [48]

were mainly located along matrix grain boundaries because

of push effect during solidification

Ultrasonication ~ Semi-powder 0.1 wt% Semi powder metallurgy can successfully synthesize Mg [51]
metallurgy with vacuum based CNTs reinforced composites; synergetic effect
sintering followed by revealed uniform dispersion of CNTs; efficient load transfer

hot extrusion

Chemical vapor  Sintering followed by 1.8, 2.4, and Homogeneous dispersion of CNTs on Mg powders; tensile [53]

deposition and  hot extrusion 3.0 wt% strength was enhanced to 45% compared to pure Mg

Ball milling

Mechanical Melt stirring 0.1 wt% Good dispersion of MWCNTSs in Mg matrix; MWCNTs do  [54]

stirring not act as a grain refiner in the matrix

Mechanical Melt stirring 0.1, 1, and Good dispersion of MWCNTs leads to even higher [55]

stirring 5 wt% corrosion rates; corrosion rate increases with the increasing
amount of MWCNTs

Continued on next page
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Powder Fabrication method CNTs content Remarks Refs.

preparation (vol%/wt%)

Ball milling Compaction followed 0.5, 1.0, 2.0, Weaken the basal plane texture of composites; poor [56]
by sintering and hot and 4.0 wt% wettability of CNTs with matrix; mechanical strength was
extrusion respectively attributed due to the efficient load transfer with the

involvement of Orowan mechanism and thermal mismatch

Ball milling Cold pressing followed 0.5, 1,2, and 4 Cold pressing followed by hot extrusion without sintering [57]

by hot extrusion wt% provides a unique opportunity for Mg based light weight
composites; uniform distribution of CNTs at the chip
surface decreased with increase in the CNTs content

Ball milling Rapid microwave 1-3 vol% Composites exhibited a mixed mode of shear and brittle [58]
sintering fracture as a failure mechanism; microwave sintered

composites showed significant improvement in hardness
and compressive properties

Ball milling Rapid microwave 1,2, and Significant improvements in the compressive strength and [59]
sintering 3 vol% energy absorption properties; failure of composites are the

initiation of cracks and their propagation along the loading
direction, as well as a mixed mode of shear and brittle
failure of the pore walls and matrix

Ultrasonication ~ Semisolid stirring 0.7 wt% The grains of the matrix in the AZ91 was obviously [60]
assisted ultrasonic refined; tensile and yield strength was increased
cavitation

Mechanical Spark plasma sintering 0.26 vol% Microstructure nor texture was significantly influenced by [61]

stirring followed by hot CNTs addition; elongation was improved due to the
extrusion elimination of excess amount of MgO formation

Ultrasonication ~ Melt processing 0.5 wt% Grain refinement with the addition of CNTs; yield strength,  [62]

ultimate tensile strength, and elongation were improved
significantly but afterward further improvement is
restricted due to poor interface bonding between CNTs and
AZ91D matrix

Ball milling microwave sintering 0.3,0.5,0.7, CNTs reinforcements lowered the coefficient of thermal [63]
followed by hot and 1 wt% expansion; brittle fracture is evidenced by the presence of
extrusion cleavage steps as failure mode

Ball milling Accumulative roll 3 vol% New method for fabricating Mg/CNTs composites with [64]
bonding good mechanical properties; homogeneous dispersion of

CNTs

Blending Sintering followed by 1.5 vol% Mg/CNTs nanocomposites are thermally more stable than [69]

hot extrusion monolithic pure Mg; ductility was reduced due to the
activation of non-basal cross slip with the addition of CNTs
AIMS Materials Science Volume 7, Issue 3, 217-243.
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2.2. Al/CNTs composites
2.2.1. Fabrication method of AI/CNTs composites

Al as a readily available material always on demand to add for composite formation. Various
forming processes like in situ chemical vapor deposition applied for AI/CNTs composite formation
and better dispersion of CNTs in the Al matrix [71]. The better dispersion of CNTs in the Al matrix
can also be obtained by Ultrasonication held for a longer time [72]. Such as Simdes et al. [73]
focused on powder metallurgy of Al-Ni matrix composites reinforced by CNTs by ultra-sonication
to get good dispersion quality. Liao et al. [74] applied a hot extrusion process for Al-3 wt%
MWCNTs composite. The results are simultaneous improvements in density, hardness and tensile
strength [73—75]. Another forming technique namely sintering has employed for novel Al-matrix
nanocomposites reinforced with CNTs [76]. Various sintering techniques like spark plasma sintering,
Microwave sintering, Hot isostatic press sintering etc. have also been incorporated in AI/CNTs
reinforced composite forming processes [40]. More specifically powder metallurgy as a
preprocessing or post processing method with the sintering technique has proven effective for CNTs
reinforced Al matrix composite [77].

In another study, Choi et al. [78] fabricated Al composites with MWCNTs as reinforcement by
hot extrusion of ball-milled powders. They suggested that MWCNTs could be an outstanding
reinforcing agent. At the same time, mechanical strengths were enhanced with MWCNTs uniformly
dispersed throughout the composites. Some other studies which are fabricated CNTs reinforced Al
matrix composites by hot extrusion process with subsequent preprocessing or post-processing
techniques [79-81]. Friction stir processing is also one of the best popular methods for AI/CNTs
composites. In the stir casting process, CNTs disperse in the Al matrix individually. However, some
CNTs become shortened and some Al4Cs are formed in the matrix along with finer grain boundaries.

The hot-pressing method results in the clustering of CNTs, therefore inappropriate for
fabricating Al/CNTs composites [82]. Hot extrusion provides alignment of CNTs in extrusion
direction, but inhomogeneous poor dispersion of CNTs in the Al matrix. A novel fabrication method
of AI/CNTs composites was developed named Nano-Scale Dispersion (NSD) where carbon
nanotubes were dispersed uniformly in nanoscale in Al matrices [83]. With the incorporation of
MWCNTs in a very small amount, the mechanical properties of AI/CNTs were greatly enhanced. In
some cases, spark plasma sintering has been carried out. Nevertheless, the choice is limited mostly
for Cu/CNTs and in AlI/CNTs systems.

For AlI/CNTs composites in the high-pressure die casting process, elongation at fracture and
tensile strength could be promoted to 27% and 8% respectively. Fracture toughness has been
investigated by Sun et al. [84], where AI/CNTs are fabricated by simple colloidal processing. They
found with the addition of 0.1 wt% of CNTs increased the fracture toughness. A combination of
Rheo-casting and Squeeze casting techniques have been developed for AI/MWCNTs nanocomposites
[26]. A comparison has been made among high energy ball milling, low energy ball milling and
polyester binder-assisted (PBA) method in context to the dispersion of CNTs in Al powder [85].

2.2.2.  Surface and microstructural properties of AI/CNTs composites

SEM image provides laminar types of fracture and fracture surfaces have fine dimples (<10 um)
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with CNTs aligned in the fracture direction [19]. Dimples found in the microstructure which suggests
strong interfacial bonding between the CNTs and the matrix [26]. SEM micrographs present poor
dispersion of CNTs that leads to non-uniform fracture and CNTs were not pulled out but broken
when the composites were fractured [33]. Brittle fracture is found on the microstructural analysis
with different direction of slip plane in one composite specimen [86]. Many broken CNTs were
found on the fracture surface and among them only a few CNTs were pulled out [71]. However under
loading, agglomerated CNTs were responsible for fracture initiation and failed to share the stress
effectively [74]. Fracture surface under tensile test shows a lot of dimples associated with ductile
fracture [75].

Kumar et al. [82] analyzed the corrosion behavior of Al nano metal matrix composite (ANMMC)
prepared with 98% purity of MWCNTs. Hardness is improved with the addition of 1.75 wt% of
MWCNTs in the composite and showed better corrosion resistance. The dispersion time of CNTs in
the Al matrix has been inquired by Simdes et al. [87] for microstructural evolution and found clusters
of CNTs at the grain junctions mainly but CNTs dispersed well in Al matrix. Zhou et al. [88]
observed the interface and interfacial reactions of MWCNTs reinforced Al composites below the
melting temperatures of Al. Microstructure views MWCNTs is dispersed with Al matrix in close
interfaces and aligned in the direction of the forming technique used hot extrusion.

2.2.3. Effect of SWCNTs/MWCNTs on AI/CNTs composites

SWCNTs/MWCNTs wt% or vol% have a significant effect on Al reinforced composites.
Research exhibited that with the increases of MWCNTSs, homogeneous distribution decreases and at
the same time agglomeration increases with excessive plastic deformation [89]. Deterioration of the
composite’s property could be occurred due to the agglomeration of MWCNTs beyond 2 wt% in the
Al matrix [90]. Effects of vol% in conductive properties of AI/MWCNTSs reinforced composites were
examined and till 0.75 vol% of MWCNTs effectively dispersed with alignment in Al matrix [91]. In
another study, the effect of aspects ratio was presented in A/MWCNTs composite [92]. The effects
of MWCNTs morphology and diameter on the processing parameters and composites properties were
carried out [93]. AI/MWCNTs based composites were produced by using a combined method of
cryomilling and spark plasma sintering [94]. It has been carried out nanoindentation, microhardness,
and tribological studies to understand the effect of MWCNTs content on mechanical properties.
Characterization results confirm that retention of MWCNTSs improved the mechanical properties and
MWCNTs were partially damaged during cryomilling.

A literature analysis of factors affecting strengthening like CNTs dispersion, processing
technique, degree of deformation and CNTs—matrix interface on the elastic modulus, strength and
toughness of composites were analyzed by Bakshi and Agarwal [95]. The evaluation presented in the
article showed that strengthening is not workable when chemical interaction between the metal
matrix and MWCNTs, and intermediate phases may grow between MWCNTs and Al [96].

Effects of SWCNTs direction alignment on the composite property explored by Liu et al. [97].
Coatings on the SWCNTs and their effects on the molecular level of composite property have been
assessed [98]. Coatings on MWCNTs have a positive effect on the homogeneous dispersion of
MWCNTs compared to the uncoated MWCNTs [99].
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2.2.4. Coefficient of Thermal Expansion (CTE) and thermal behaviors of AI/CNTs composites

CTE plays an important role in the hardness improvement of AI/CNTs composites. Hardness is
enhanced due to the dislocation density during cooling and the difference of CTE between the Mg
and CNTs [26]. However, CNTs addition strengthen the matrix effects due to the difference in the
CTE between the CNTs and Al matrix which increased the hardness of the composites [86]. A
reaction takes place between Al and CNTs at 835-1085 °C and Differential Scanning Calorimetry
(DSC) at about 835-1085 °C reveals that the reaction occurs between Al and CNTs is very gentle [71].
Moreover, very high temperature during the fabrication in AI/CNTs composites causes the Al in
contact to vaporize and creates cavities [72]. Another study reports, even after the heat treatment the
volume contraction of Al may increase to the mechanical adhesion of MWCNTs to the matrix [76].
The transition layer between Al matrix and MWCNTs should be considered because this layer lost
the periodicity and became amorphous after the heat treatment. Below, Table 2 illustrates the
fabrication methods of AI/CNTs composites for some readily adopted methods.

Table 2. Summary of AI/CNTs composites fabrication method.

Powder preparation ~ Fabrication method CNTs content ~ Remarks Refs.
(vol%/wt%)
Ball milling Spark plasma 1,2,4, and Homogenous distribution of CNTs in the composites; [1]
sintering followed by 6 wt% dimpled fracture is observed which helps in dispersion
hot extrusion strengthening and bridging mechanism is found
Chemical vapor Induction melting 0, 0.1, and Homogeneous distribution of the nanotubes and no [19]
deposition evidence of their segregation was found; induction
0.2 vol%
melting holds strong promises for the fabrication of
Al/CNTs composites
Ball milling Combination of 0.5, 1.0, 1.5, Well uniformly dispersed MWCNTs into the melt [26]
Rheocasting and 2.0, resulted in good distribution and less agglomeration of
Squeeze casting and 2.5 wt% CNTs in the matrices of the produced A356/MWCNTs;

combination of Rheocasting and Squeeze casting
techniques is a novel processing technique for

A356/MWCNTSs composites

Ball milling Cold compaction 0.5,1,2,and Carbide formation was observed in the composites; [27]
followed by hot 5 wt% large aspect ratio of CNTs tends to agglomeration
extrusion

Mechanical Stirring  Hot pressing followed 5.0 and No carbide formation is observed at the interface [31]
by hot extrusion 10.0 vol% between CNTs and Al; mechanical properties is slightly

affected by the annealing time

Ball milling Nano scale dispersion 0.8, and Uniform dispersion of MWCNTs with improving the [33]
followed by heating 1.6 vol% wetting property; composites obtained were highly
and cooling reinforced and not to melt at a temperature far above
the melting point of Al

Continued on next page
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Powder preparation  Fabrication method CNTs content ~ Remarks Refs.
(vol%/wt%)
- Spread dispersion 0.5 wt% Composites with fine structure can be produced by [35]
Spread dispersion method; tensile strength was
improved up to 66%
Combination of Compaction followed 0.5 wt% Evenly dispersion of MWCNTs without the significant ~ [36]
ultra-sonication, by sintering deformation or defects to the MWCNTs
magnetic stirring
and shake-mixing
Ball milling Spark plasma 0.5-2.0 wt% The highest hardness values with 100% densification [40]
sintering, Microwave was obtained for spark plasma sintering; most suitable
sintering, Hot isostatic temperature for sintering was found 500°C
press sintering
In situ chemical Cold pressing 0,1.5,35,5, Homogeneous dispersion of CNTs in the matrix; strong  [71]
vapor deposition followed by sintering  and 6.5 wt% interfacial bonding between CNTs and matrix
and hot pressing
- Friction stir 0.5 wt% Improved hardness and yield strength in friction stir [72]
processing processing; due to the presence of cavities in the
Magnetic stirring Selective laser melted material, mechanical properties were not enhanced in
selective laser melted
Ball milling Cold compaction 0-3 wt% A good agreement and optimized content of MWCNTs  [74]
followed by vacuum for density optimized MWCNTSs content is suggested to
sintering and hot be 2 wt%
extrusion
Nano scale Spark plasma 1 vol% Enhancement in tensile strength with no degradation of  [75]
dispersion sintering followed by clongation; effective load transfer from the matrix to
hot extrusion the CNTs
Blending and Compaction followed  0.25, 0.50, Yield stress and maximum strength were considerably [76]
mechanical milling by pressure less and 0.75 wt%  increasing as the volume fraction of MWCNTs
sintering increases; milling time has an important effect on the
composite properties
Ultrasonication Infiltration method 1,2, and The compressive strengths were not necessarily [86]
3 vol% proportional to the CNTs fraction rather it increased

with the Al,O3 fraction; an excessive amount of

MWCNTs results to agglomeration

3. Mechanical properties of Mg/CNTs and AI/CNTs composites

3.1. Mg/CNTs composites

The investigations on mechanical properties of Mg/CNTs composite are very few as compared
to other-CNTs reinforced metal matrix composites. Variations in the mechanical properties of
Mg/CNTs composites are analyzed here. A maximum increase in tensile strength of 150% was
shown in Mg/CNTs composites by Sinian et al. [100], where they used 0.55 vol% of CNTs. Such a
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high enhancement in the mechanical property was achieved due to the Ni coating on the CNTs which
improve the wetting in the matrix. In another study report presented that 90% increase in hardness
where composites prepared by friction-stir processing, but CNTs wt% or vol% had not been
indicated [101]. An increase of 20% in ultimate compressive strength and 36% increase in
compression at failure was shown by Li et al. [54] with the addition of 0.1 wt% of CNTs. Figure 4
shows the increase in ultimate compressive strength and compression at failure. Very few analyses
revealed the enhancement in yield strength. Goh et al. [102] investigated yield strength increase in
Mg/CNTs composites and found 11% increase with the addition of 1.3 wt% of CNTs. In another
study, Goh et al. [69] analyzed the fatigue behavior of Mg/CNTs composites and reached in the
conclusion that the number of cycles of failure is decreased with the addition of CNTs. Kim et al. [38]
applied mechanical alloying and hot extrusion process in Mg/CNTs composites fabrication and
used 3 wt% of CNTs as a maximum value. The results disclosed that with the addition of CNTs in
the composites ultimate tensile strength is reduced and elongation exhibited less than 2%. They
claimed this occurs due to the formation of the MgO layer between the Mg and CNTs during
fabrication. Figure 5 indicates the reduction of tensile strength and elongation about less than 2% in
AZ31/CNTs composites.
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Figure 4. Comparison of AZ91 and AZ91-MWCNTs composites (a) ultimate
compressive strength, and (b) compression at failure [54].
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Figure 5. Ultimate tensile strength, yield strength and elongation comparison of AZ31-
CNTs composites [38].

Yuan and Huang [103] utilized 1 wt% of CNTs in Mg composites and demonstrated improved
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microhardness shown in Figure 6. By adding 1% of relatively short and straight CNTs in Mg
composites, tensile strength was improved to 24% and ductility is reduced greatly from 14%
to 5% [45]. Ni coated 0.3 wt% Mg/CNTs composites showed improved microhardness and tensile
strength by 41% and 39% respectively [104]. Park et al. [105] presented Si coated 5 vol% Mg/CNTs
composites tensile strength improvement by 44% and hardness 100%. Improved achievement in
elongation and plasticity by 10.8% and 17% respectively by using 1 vol% of CNTs and claimed that
it is achieved due to the homogeneous distribution and individual distribution of CNTs [106]. Again
using 1 vol% of CNTs as a reinforcement and found 53% increase in yield strength and 18% increase
in ultimate tensile strength [107]. Li et al. [108] used 0.5, 1 and 1.5 vol% of CNTs in the Mg—6Zn
matrix. They observed the highest yield strength and ultimate tensile strength at 1 vol% and modulus
of elasticity at 1.5 vol%. Most of the study concluded that extensive mechanical property is obtained
due to the homogeneous distribution of CNTs in the matrix.
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Figure 6. Microhardness (a) monolithic AZ91D, and (b) AZ91D/MWCNTs composite [103].

3.2. Al/CNTs composites

A lot of investigations on AI/CNTs composites were done. But most of the analysis was on
microstructure, XRD pattern, SEM, TEM, grain analysis rather than mechanical property
investigations. However, for the first time, 100% increase in tensile strength is reported by Kuzumaki
et al. [31]. They also reported a reduction in elongation less than 20% with respect to annealing time
with 10 vol% of CNTs addition by using hot-press and hot-extrusion methods. Figure 7 shows the
tensile strength improvement and elongation reduced of AI/CNTs composites.
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Figure 7. (a) Tensile strength, and (b) Elongation of AI/CNTs composites [31].
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The maximum increase of 129% in tensile strength has been determined by adding 5 vol% of
CNTs [109]. But, another study reported that with the addition of 5 vol% of CNTs may cause
deterioration in hardness [110]. This is occurred due to the poor interfacial bonding and
agglomeration of CNTs in Al matrix. From the past, researchers have tried to embody CNTs in the
powder metallurgy route associated with Spark Plasma Sintering and/or hot deformation within the
range of 1-6.5 vol% [109,111-113,83]. Another experiment revealed that, tensile strength and
hardness were increased by 184% and 333% respectively with the incorporation of 6.5 vol% of
CNTs in the chemical vapor deposition method and obtained homogeneous distribution of CNTs and
good interfacial bonding [114]. With the addition of 1.6 vol% of CNTs in the nano-scale dispersion
method, a very homogeneous distribution is obtained, and compressive yield strength enhanced
by 350% [83]. Thermal spraying methods have been adopted in CNTs reinforced
composites [111,115,116] and found 72% enhancement in the microhardness, 78% in elastic modulus,
a marginal enhancement in tensile strength, and 46% decrease in ductility with the amalgamation of
10 wt% of CNTs in the composites. It has been also reported that elastic modulus is further increased
to 80%, after the sintering of the sprayed coatings showed in Figure 8.
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Figure 8. Elastic modulus with respect to sintering time (a) plasma spray formed with
4.53 wt% of CNTs, and (b) high velocity oxyfuel spraying with 3.83 wt% of CNTs [117].

It is informed that in plasma spray processing with the incorporation of 12 vol% of CNTs
improved the elastic modulus up to 40% and elastic recovery could be increased with the further
addition of CNTs by Bakshi et al. [118]. In another study of Bakhshi et al. [119] used cold spraying
for CNTs reinforced aluminum composites and presented no further quantification on the
enhancement in the mechanical properties of the composites due to the heterogeneous distribution of
the CNTs in the composites. Therefore, it is suggested that uniform and homogeneous distribution of
the CNTs and good interfacial bonding is the prime concern for the mechanical properties
enhancement in the AI/CNTs composites.

4. Strengthening mechanisms of Mg/CNTs and AI/CNTs composites
After the consolidation of the metallic matrix and CNTs, the form composites may not show the
required level of mechanical properties. Therefore, the consolidated composite requires some further

treatment for strengthening at the anticipated level. Various strengthening mechanisms for Mg/CNTs
and Al/CNTs reinforced composites have been proposed based on the geometry and physical
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properties of CNTs. To predict the strength of Mg—AI/CNTs reinforced composites, it is necessary to
understand the strengthening mechanism of CNTs in composites.

Different analysis and mathematical strengthening method show that the average grain sizes
of the Mg, the volume fraction of the CNTs, the aspect ratio of the CNTs to Mg, shear modulus
and yield stress of the Mg matrix has a significant impact on the strengthening of Mg/CNTs
composites [54,108,120,121]. Also, some research has considered the length of the
CNTs [78,120,121] for strengthening. The mathematical formula has developed [54,108,78,120,121]
to consider the above mention factors to determine the correct amount of CNTs in Mg matrix with
the expected level of yield or tensile stress, or even comparing with the shear modulus. Shear-lag
model, and the Halpin—Tsai model, linear model, and the root mean square model [122] are used to
analysis the Mg/CNTs composites strength. Since the Mg/CNTs composites are still a new grade of
materials, the absolute strengthening mechanism is not available so far.

In case of AI/CNTs, CNTs have a CTE is of ~10° K™' where commercial pure Al has CTE
of 23.6 x 107° K™' which shows much greater CTE than CNTs. Therefore, during the fabrication of
Al/CNTs composites there exists a significant coefficient of thermal expansion mismatch between
the matrix and CNTs, which would punch dislocations at the interface, guided to work hardening of
the matrix. In the Orowan looping [123] mechanism of AI/CNTs strengthening, bending of the
dislocations between the CNTs is occurred due to the motion of the dislocations, which is obstructed
by nanometer sized CNTs. This induces back stress, which prevents further dislocation and increases
the yield stress. In Al matrix, fine precipitates of CNTs due to their small diameter leading to a lower
density of Griffith flaws. That’s why the dislocation density generation is likely to be higher, which
in turn would result in an increased strengthening of AI/CNTs [124].

Also, strengthening affected by the load transfer between the interfacial shear stress from the
matrix to the reinforcement called shear lag depends on the aspect ratio of CNTs to Al and stiffness
of CNTs [125]. Depending on the types of the CNTs, such as for SWCNTs the aspect ratio is around
~1000, and MWCNTs have aspect ratio of in the range of ~100. Hence SWCNTs has good wetting
properties in Al matrix for effective interfacial shear stress transfer. Though the bonding between the
Al and CNTs is too poor due to the surface tension discrepancy of Al and CNTs, an addition of salt
such as K,ZrF salt can be used for the bonding improvement between Al and CNTs.

We know that the CTEs for Mg and Al are close, but its grain size as well as aspect ratio has a
variation of compare to CNTs. Therefore, the dislocation of the Mg—Al/CNTs must also consider and
view microscopically to identify the good model that best fits with the experimental analysis to
describe the strengthening.

5. Summary of findings

Nowadays, various new approaches and methods of bimetallic composite formation are
becoming popular among engineers. It is high time; a suitable forming process is developed to
industrialize the unique nature of CNTs reinforced materials in Mg—Al bimetallic matrix focusing on
mechanical characteristics and financial aspects. A variety of metals or their alloys can be used to
prepare a matrix for CNTs/MWCNTs reinforced materials. Each metal matrix offers unique
characteristics and undergoes distinct processing techniques. To study the Mg—Al/CNTs bimetallic
matrix composites, we need to study the prospect of Mg/CNTs, AlI/CNTs, Mg—Al composites
separately shown in Figure 9. For this purpose, we have studied various articles. The summary of the
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findings is discussed below:

(a) The study tracked that no other alloying is found better than Mg—Al as the bimetallic matrix
depicted in Figure 9 [126,127]. Mg—Al combination has good reinforcement properties experienced
by many investigators [128,129]. Mg—Al and their alloys possess low weight and excellent properties
as structural materials. Again Mg—Al/CNTs possess great potential in the automotive industry
because of the prominent combination of high specific strength from Mg alloy and excellent
corrosion resistance from Al alloy [130]. The previous works on the Mg—Al and their alloy also
depict the suitability to form a bimetallic matrix for CNTs. It can be improved and optimized easily
with the addition of CNTs reinforcement and a good fabrication technique. A few years ago, Wong et
al. [131] processed Mg—Al based nanocomposites using hybrid microwave sintering. At that work,
physical properties were improved close to the melting temperature.

(@ (©)

Figure 9. Microstructure of (a) Mg Rod, (b) Al rod, and (c) AI-Mg bimetallic composite [126].

(b) As a composite fabrication prediction, the powder obtained by powder metallurgy has
sophisticated mechanical properties like toughness, fatigue, fracture, and strength for its uniform
particle distribution and chemical homogeneity. In developing prospected Mg—Al/CNTs reinforced
composite, research must be focused on developing Mg—Al powder and improving the adding
techniques of CNTs in the metallic matrix. This also includes fabricating corrosion-resistant
films/coatings, micro/nano dispersion, bonding process etc. This hypothesis must translate into
conceptual formation with the buildable forming process. After preparing subsystems, constituents
and consolidation assembly, the reinforcement must be treated for practical application. Afterward,
the composition, performance data collection, combine property improvements and adjusting
composition and processing for best performance are required. Therefore, it seems that the work of
CNTs reinforced in the bimetallic matrix will be a new addition to engineering science.

(¢) Therefore, the first step to achieving Mg—Al bimetallic CNTs composite forming is a powder
metallurgy process. But, numerous powder metallurgy methods are available depending on the
particles, size, bonding, and nature of properties required for Mg/CNTs and AI/CNTs separately. Very
little work was done on Mg—Al bimetallic CNTs composite. Below we have tried to mention some
Mg/CNTs and AI/CNTs productions methods with different approaches of composite forming.

(d) The best anticipated processing technique for forming Mg—Al/CNTs is sintering (Tables 1
and 2). Our survey study (Tables 1 and 2) found that the use of sintering (about 50%) as a
consolidation technique is more popular among the researchers and the reported mechanical
properties are also good. Sintering offers a reduction in processing time, volumetric and uniform
heating, precise selective and controlled heating, improved properties, and environment-friendliness.
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Microstructural characterization of Mg/CNTs and Al/CNTs revealed that the use of sintering in
nanocomposite production promotes the dispersion and embedding of individual CNTs in the
metallic matrices [36,40,51,53,56,58,59,61,63,69,71,74-76]. Also sintering does not suffer from any
reaction by products. Even CNTs are not damaged during the preparation and fabrication of the Mg—
Al nanocomposite.

(e) During the fabrication process if pre-treatment executes, some CNTs structure in the
processed composite may be damaged [62,76]. However, in some cases, they may adversely affect
the properties due to the non-uniform dispersion of CNTs in the metallic matrix and poor interfacial
adhesion at the CNTs to metal interface [132,133]. The unfavorable chemical reaction of CNTs with
the matrix and low compact ability are the most significant challenges, requiring more concentration
[134,135]. Besides, for all the mixing stages, the prevention of oxidation is a crucial fact to look up.
The addition of chemical catalysts such as alcohol and acid mixture will help homogeneous
dispersion of CNTs and enhance adhesive properties. Since the Mg and Al have almost the same
melting point, the selection of fixed sintering temperature is enough to add up the constituents. The
heating time and the temperature gradient must be set as per the sintering facility and volume of the
composition. However, the efficient heating by rapid microwave sintering must be multidirectional in
the presence of some good susceptors to shorten the sintering time.

(f) In order to produce optimized composites, strengthening mechanisms involved in Mg—Al
based CNTs composites are very important [136,137]. Based on the above-mentioned discussions,
any production method must have two focus points. Firstly, manufacturing and experimental facility;
secondly, microscopic analysis of Mg—Al based CNTs composites. Microstructural characterization
studies to be held at different stages of the forming process is a vital concern to investigate the
existence of porosity, reinforcement distribution, matrix reinforced interfacial integrity, grain size,
and grain morphology. Since no previous records of Mg—Al bimetallic CNTs are readily available,
Therefore, the researcher must suggest a verified strengthening mechanism for this newly developed
composite type. However, the shear lag theory and thermal mismatch condition analysis can easily
help to understand the strengthening mechanism of the Mg—Al/CNTs. The adopted strengthening
mechanism may be Orowan strengthening [138,139], Hall-Petch strengthening, and load transfer
effect [140]. The selected secondary processing may be hot extrusion (Tables 1 and 2) to obtain the
improve properties by modifying the percentage of reinforcement distribution. Further in-situ
observation of Mg—Al to CNTs composites will make a better understanding of the composite
behavior and suppress the crack formation.

6. Conclusion

In this review, a comparative study has done successfully for Mg/CNTs and AlI/CNTs and the
prospect of CNTs reinforced Mg—Al bimetallic composites has investigated. The focus of the study
was forming technology, and subsequent results presented by the research. Though there is no
available direct study of Mg—AI/CNTs composites, Mg/CNTs and AI/CNTs have studied carefully to
sort out the resourceful information for future research perspective. According to the findings of the
short survey study, the sintering process has appeared effective for Mg—Al/CNTs, Mg/CNTs and
Al/CNTs composite formation. Thus, this process is assumed effective for Mg—Al bimetallic matrix
with CNTs. The diffusion processes with phase reformation are very prominent for Mg/CNTs, and
Al/CNTs. Thus, similar results are anticipated for Mg—Al composites with CNTs. It focuses on

AIMS Materials Science Volume 7, Issue 3, 217-243.



235

obtaining optimum and good reinforcement by achieving homogeneous dispersion of CNTs in the
bimetallic matrix and good interfacial bonding at the metal-CNTs. Thus, excellent mechanical,
electrical, and magnetic properties of the developed composites are predicted with the dual benefit of
Mg and Al metals. The microstructure evolution of the Mg—Al bimetallic composites and the
bonding characteristics of bimetallic matrix-CNTs at the interfaces may be characterized through
optical microscopy, XRD, HRTEM, FESEM etc. Later the strengthening mechanism, fatigue and
crack growth of the metals-CNTs composite may be analyzed based on the fracture morphologies.

7. Research prospect of CNTs reinforced Mg or Al alloys

Future research prospect should be towards the investigations on different series of Mg and Al
alloys other than pure metals that will create the potential industrial applications. To produce the
mass scale of Mg—Al/CNTs composites, attention should be paid on the homogeneous dispersion
method of CNTs in Mg or Al matrix and effective bonding technique between the matrix and CNTs.
Special attention should be paid to minimize the CNTs damage during solid state processing. To
better understand the strengthening mechanisms and developed high performance, there is still a vast
scope of work could be conducted on theoretical studies of CNTs reinforced Mg and Al alloys,
involving the relationships between processing parameters, micro and nano-structures, and
multi-scale mechanical modelling and simulation.

Acknowledgments

Dr. Xusheng Yang, Assistant Professor at the Department of Industrial and Systems Engineering,
The Hong Kong Polytechnic University inspired about this study and its prospects.

Conflict of interests
The authors declare no conflict of interest.
References

1. Chen B, Kondoh K, Li JS, et al. (2020) Extraordinary reinforcing effect of carbon nanotubes in
aluminium matrix composites assisted by in-situ alumina nanoparticles. Compos Part B-Eng
183: 107691.

2. Shiju J, Al-Sagheer F, Bumajdad A, et al. (2018) In-situ preparation of aramid-multiwalled CNT
nano-composites: morphology, thermal mechanical and electric properties. Nanomaterials 8:
309.

3. Zhao D, Zhou Z (2014) Applications of lightweight composites in automotive industries. In:
Yang Y, Xu H, Yu X, Lightweight Materials from Biopolymers and Biofibers, Washington:
ACS Symposium Series: American Chemical Society, 143—158.

4. Gorbatikh L, Wardle BL, Lomov SV (2016) Hierarchical lightweight composite materials for
structural application. MRS Bull 41: 672-677.

AIMS Materials Science Volume 7, Issue 3, 217-243.



236

10.
1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Aerospace Technology Institute (2018) Composite material applications in aerospace.
INSIGHT-09-composites materials. Available from:
https://www.ati.org.uk/media/lw4{2120/insight 9-composites _amended-2018-09-20.pdf.

Goni J, Egizabal P, Coleto J, et al. (2003) High performance automotive and railway
components made from novel competitive aluminium composites. Mater Sci Technol 19: 931—
934,

Liu B, Zheng Y (2010) Effects of alloying elements (Mn, Co, Al, W, Sn, B, C and S) on
biodegradability and in vitro biocompatibility of pure iron. Acta Biomater 7: 1407—-1420.

Hao H, Ye S, Yu K, et al. (2016) The role of alloying elements on the sintering of Cu. J Alloy
Compd 684: 91-97.

Iijima S (1991) Helical microtubules of graphitic carbon. Nature 354: 56-58.

Pitroda J, Jethwa B, Dave SK (2016) A critical review on carbon nanotubes. IJCRCE 2: 36-42.
AZoNano (2018)  Applications of  carbon nanotubes. Available from:
https://www.azonano.com/article.aspx?ArticleID=4842.

Eatemadi A, Daraee H, Karimkhanloo H, et al. (2014) Carbon nanotubes: properties, synthesis,
purification, and medical applications. Nanoscale Res Lett 9: 393.

Manna K, Srivastava SK (2018) Contrasting role of defect-induced carbon nanotubes in
electromagnetic interference shielding. J Phys Chem C 122: 19913-19920.

Kumar A, Gupta A, Sharma KV (2015) Thermal and mechanical properties of
ureaformaldehyde (UF) resin combined with multiwalled carbon nanotubes (MWCNT) as
nanofiller and fiberboards prepared by UF-MWCNT. Holzforschung 69: 199-205.

Mazov IN, Kuznetsov VL, Krasnikov DV, et al. (2011) Structure and properties of multiwall
carbon nanotubes/polystyrene composites prepared via coagulation precipitation technique. J
Nanotechnol 2011: 648324.

Ke K, Wang Y, Liu XQ, et al. (2012) A comparison of melt and solution mixing on the
dispersion of carbon nanotubes in a poly(vinylidene fluoride) matrix. Compos Part B-Eng 43:
1425-1432.

Moniruzzaman M, Winey KI (2006) Polymer nanocomposites containing carbon nanotubes.
Macromolecules 39: 5194-5205.

Choudhary V, Gupta A (2011) Polymer/carbon nanotube nanocomposites, In: Yellampalli S,
Carbon Nanotubes—Polymer Nanocomposites, Croatia: Janeza Trdine 951000 Rijeka, 65-90.
Mansoor M, Shahid M (2016) Carbon nanotube-reinforced aluminum composite produced by
induction melting. J Appl Res Technol 14: 215-224.

Liang F, Beach JM, Kobashi K, et al. (2006) In situ polymerization initiated by single-walled
carbon nanotube salts. Chem Mater 18: 4764—4767.

Zeng H, Gao C, Wang Y, et al. (2006) In situ polymerization approach to multiwalled carbon
nanotubes-reinforced nylon 1010 composites: Mechanical properties and crystallization
behavior. Polymer 47: 113—122.

Funck A, Kaminsky W (2007) Polypropylene carbon nanotube composites by in situ
polymerization. Compos Sci Technol 67: 906-915.

Saced K, Park SY, Haider S, et al. (2009) In situ polymerization of multi-walled carbon
nanotube/nylon-6 nanocomposites and their electrospun nanofibers. Nanoscale Res Lett 4: 39—
46.

AIMS Materials Science Volume 7, Issue 3, 217-243.



237

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Samal SS, Bal S (2008) Carbon nanotube reinforced ceramic matrix composites—A review.
JMMCE 7: 355-370.

Rul S, Lefévre-schlick F, Capria E et al. (2004) Percolation of single-walled carbon nanotubes
in ceramic matrix nanocomposites. Acta Mater 52: 1061-1067.

Elshalakany AB, Osman TA, Khattab A, et al. (2014) Microstructure and mechanical properties
of MWCNTs reinforced A356 aluminum alloys cast nanocomposites fabricated by using a
combination of rheocasting and squeeze casting techniques. J Nanomater 2014: 386370.

Esawi AMK, Morsi K, Sayed A, et al. (2010) Effect of carbon nanotube (CNT) content on the
mechanical properties of CNT-reinforced aluminium composites. Compos Sci Technol 70:
2237-2241.

Pérez BR, Pérez BF, Estrada GI, et al. (2011) Characterization of Al2024—CNTs composites
produced by mechanical alloying. Powder Technol 212: 390-396.

Rais L, Sharma DR, Sharma DV (2013) Synthesis and structural characterization of AI-CNT
metal matrix composite using physical mixing method. IOSR J Appl Phys 5: 54-57.

Liao J, Tan MJ, Ramanujan RV, et al. (2011) Carbon nanotube evolution in aluminum matrix
during composite fabrication process. Mater Sci Forum 690: 294-297.

Kuzumaki T, Miyazawa K, Ichinose H, et al. (1998) Processing of carbon nanotube reinforced
aluminum composite. J Mater Res 13: 2445-2449.

Hanizam H, Salleh MS, Omar MZ, et al. (2019) Effect of magnesium surfactant on wettability
of carbon nanotube in A356 alloy composite. J Adv Manuf Technol 13: 33—44.

Noguchi T, Magario A, Fuzukawa S, et al. (2004) Carbon nanotube/aluminium composites with
uniform dispersion. Mater Trans 45: 602—604.

Chen B, Umeda J, Kondoh K (2018) Study on aluminum matrix composites reinforced with
singly dispersed carbon nanotubes. J Jpn Soc Powder Powder Metall 65: 139—144.

Liao J, Tan MJ (2011) A simple approach to prepare AI/CNT composite: spread-dispersion (SD)
method. Mater Lett 65: 2742-2744.

Peng T, Chang I (2015) Uniformly dispersion of carbon nanotube in aluminum powders by wet
shake-mixing approach. Powder Technol 284: 32-39.

Kwon H, Leparoux M (2012) Hot extruded carbon nanotube reinforced aluminum matrix
composite materials. Nanotechnology 23: 415701.

Kim D, Seong B, Van G, et al. (2014) Microstructures and mechanical properties of CNT/AZ31
composites produced by mechanical alloying. Curr Nanosci 10: 40—46.

Mindivan H, Efe A, Kayali ES (2014) Hot extruded carbon nanotube reinforced magnesium
matrix composites and its microstructure, mechanical and corrosion properties. In: Alderman M,
Manuel MV, Hort N, et al., Magnesium Technology, Springer-Cham, 2014: 429-433.

Al-Ageeli N (2013) Processing of CNTs reinforced Al-based nanocomposites using different
consolidation techniques. J Nanomater 2013: 370785.

Shimizu Y (2011) High strength magnesium matrix composites reinforced with carbon nanotube.
In: Czerwinski F, Magnesium alloys-Design, Processing and Properties, Croatia: Janeza Trdine
951000 Rijeka, 491-500.

Kainer KU (2011) Magnesium Alloys and Their Applications. Weinheim: WILEY-VCH Verlag
GmbH.

Ye HZ, Liu XY (2004) Review of recent studies in magnesium matrix composites. J Mater Sci
39: 6153-6171.

AIMS Materials Science Volume 7, Issue 3, 217-243.



238

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sardar S, Karmakar SK, Das D (2017) Ultrasonic assisted fabrication of magnesium matrix
composites: a review. Mater Today 4: 3280-3289.

Shimizu Y, Miki S, Soga T, et al. (2008) Multi-walled carbon nanotube-reinforced magnesium
alloy composites. Scripta Mater 58: 267-270.

Muhammad WNAW, Sajuri Z, Mutoh Y, et al. (2011) Microstructure and mechanical properties
of magnesium composites prepared by spark plasma sintering technology. J Alloy Compd 509:
6021-6029.

Straffelini G, Dione DCL, Menapace C, et al. (2013) Properties of AZ91 alloy produced by
spark plasma sintering and extrusion. Powder Metall 56: 405—410.

Shi HL, Wang XJ, Zhang CL, et al. (2016) A novel melt processing for Mg matrix composites
reinforced by multiwalled carbon nanotubes. J Mater Sci Technol 32: 1303—1308.

Saikrishna N, Reddy GPK, Munirathinam B, et al. (2018) An investigation on the hardness and
corrosion behavior of MWCNT/Mg composites and grain refined Mg. J Magnes Alloy 6: 83—89.
Yan Y, Zhang H, Fan J, et al. (2016) Improved mechanical properties of Mg matrix composites
reinforced with Al and carbon nanotubes fabricated by spark plasma sintering followed by hot
extrusion. J Mater Res 31: 3745-3756.

Rashad M, Pan F, Tang A, et al. (2014) Synergetic effect of graphene nanoplatelets (CNTs) and
multi-walled carbon nanotube (MW-CNTs) on mechanical properties of pure magnesium. J
Alloy Compd 603: 111-118.

Liang J, Li H, Qi L, et al. (2017) Fabrication and mechanical properties of CNTs/Mg
composites prepared by combining friction stir processing and ultrasonic assisted extrusion. J
Alloy Compd 728: 282-288.

Sun F, Shi C, Rhee KY, et al. (2013) In situ synthesis of CNTs in Mg powder at low
temperature for fabricating reinforced Mg composites. J Alloy Compd 551: 496-501.

Li Q, Viereckl A, Rottmair CA, et al. (2009) Improved processing of carbon
nanotube/magnesium alloy composites. Compos Sci Technol 69: 1193—-1199.

Li Q, Turhan MC, Rottmair CA, et al. (2012) Influence of MWCNT dispersion on corrosion
behaviour of their Mg composites. Mater Corros 63: 384-387.

Rashad M, Pan F, Zhang J, et al. (2015) Use of high energy ball milling to study the role of
graphene nanoplatelets and carbon nanotubes reinforced magnesium alloy. J Alloy Compd 646:
223-232.

Mindivan H, Efe A, Kosatepe AH, et al. (2014) Fabrication and characterization of carbon
nanotube reinforced magnesium matrix composites. Appl Surf Sci 318: 234-243.

Akinwekomi, AD, Law WC, Tang CY, et al. (2016) Rapid microwave sintering of carbon
nanotube-filled AZ61 magnesium alloy composites. Compos Part B-Eng 93: 302-309.
Akinwekomi AD, Law WC, Choy MT, et al. (2018) Processing and characterisation of carbon
nanotube-reinforced magnesium alloy composite foams by rapid microwave sintering. Mater Sci
Eng A-Struct 726: 82-92.

Zhou X, Su D, Wu C, et al. (2012) Tensile mechanical properties and strengthening mechanism
of hybrid carbon nanotube and silicon carbide nanoparticle-reinforced magnesium alloy
composites. J Nanomater 2012: 851862.

Fukuda H, Kondoh K, Umeda J, et al. (2011) Fabrication of magnesium based composites
reinforced with carbon nanotubes having superior mechanical properties. Mater Chem Phys 127:
451-458.

AIMS Materials Science Volume 7, Issue 3, 217-243.



239

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Zhao FZ, Feng XH, Yang YS (2016) Microstructure and mechanical properties of
CNT-reinforced AZ91D composites fabricated by ultrasonic processing. Acta Metall Sin-Engl
29: 652-660.

Thakur SK, Kwee GT, Gupta M (2007) Development and characterization of magnesium
composites containing nano-sized silicon carbide and carbon nanotubes as hybrid
reinforcements. J Mater Sci 42: 10040—10046.

Yoo SJ, Han SH, Kim WJ (2012) Magnesium matrix composites fabricated by using
accumulative roll bonding of magnesium sheets coated with carbon-nanotube-containing
aluminum powders. Scripta Mater 67: 129—132.

Funatsu K, Fukuda H, Takei R, et al. (2013) Quantitative evaluation of initial galvanic corrosion
behavior of CNTs reinforced Mg—Al alloy. Adv Powder Technol 24: 833—837.

Lou JF, Cheng AG, Zhao P, et al. (2019) The significant impact of carbon nanotubes on the
electrochemical reactivity of Mg-bearing metallic glasses with high compressive strength.
Materials 12: 2989.

Chen D, Chen L, Liu S, et al. (2004) Microstructure and hydrogen storage property of
Mg/MWNTs composites. J Alloy Compd 372: 231-237.

Thakur SK, Srivatsan TS, Gupta M (2007) Synthesis and mechanical behavior of carbon
nanotube-magnesium composites hybridized with nanoparticles of alumina. Mater Sci Eng
C-Mater 466: 32-37.

Goh CS, Wei J, Lee LC, et al. (2006) Development of novel carbon nanotube reinforced
magnesium nanocomposites using the powder metallurgy technique. Nanotechnology 17: 7-12.
Li Q, Rottmair CA, Singer RF (2010) CNT reinforced light metal composites produced by melt
stirring and by high pressure die casting. Compos Sci Technol 70: 2242-2247.

He CN, Zhao NQ, Shi CS, et al. (2009) Mechanical properties and microstructures of carbon
nanotube-reinforced Al matrix composite fabricated by in situ chemical vapor deposition. J
Alloy Compd 487: 258-262.

Du Z, Tan MJ, Guo JF, et al. (2016) Aluminium-carbon nanotubes composites produced from
friction stir processing and selective laser melting. Materialwiss Werkst 47: 539-548.

Simdes S, Viana F, Reis MAL, et al. (2017) Aluminum and nickel matrix composites reinforced
by CNTs: dispersion/mixture by ultrasonication. Metals 7: 1-11.

Liao J, Tan MJ, Santoso A (2011) High strength aluminum nanocomposites reinforced with
multi-walled carbon nanotubes. Adv Mater Res 311-313: 80—83.

Kwon H, Park DH, Silvain JF, et al. (2010) Investigation of carbon nanotube reinforced
aluminum matrix composite materials. Compos Sci Technol 70: 546-550.

Perez BR, Estrada GI, Antunez FW, et al. (2008) Novel Al-matrix nanocomposites reinforced
with multi-walled carbon nanotubes. J Alloy Compd 450: 323-326.

Sridhar I, Narayanan KR (2009) Processing and characterization of MWCNT reinforced
aluminum matrix composites. J Mater Sci 44: 1750-1756.

Choi HJ, Kwon GB, Lee GY, et al. (2008) Reinforcement with carbon nanotubes in aluminum
matrix composites. Scripta Mater 59: 360-363.

Kwon H, Kawasaki A (2009) Extrusion of spark plasma sintered aluminum-carbon nanotube
composites at various sintering temperatures. J Nanosci Nanotechnol 9: 6542—6548.

Deng CF, Wang DZ, Zhang XX, et al. (2007) Processing and properties of carbon nanotubes
reinforced aluminum composites. Mater Sci Eng A-Struct 444: 138—145.

AIMS Materials Science Volume 7, Issue 3, 217-243.



240

81.

82.

&3.

&4.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Kurita H, Kwon H, Estili M, et al. (2011) Multi-walled carbon nanotube-aluminum matrix
composites prepared by combination of hetero-agglomeration method, spark plasma sintering
and hot extrusion. Mater Trans 52: 1960—1965.

Kumar PSSR, Smart DSR, Alexis SJ (2017) Corrosion behaviour of aluminium metal matrix
reinforced with multi-wall carbon nanotube. J Asian Ceram Soc 5: 71-75.

Noguchi T, Magario A, Fukazawa S, et al. (2004) Carbon nanotube/aluminium composites with
uniform dispersion. Mater Trans 45: 602—604.

Sun J, Gao L, Li W (2002) Colloidal processing of carbon nanotube/alumina composites. Chem
Mater 14: 5169-5172.

Liao J, Tan MJ (2011) Mixing of carbon nanotubes (CNTs) and aluminum powder for powder
metallurgy use. Powder Technol 208: 42—48.

Kim HH, Babu JSS, Kang CG (2013) Fabrication of A356 aluminum alloy matrix composite
with CNTs/AI203 hybrid reinforcements. Mater Sci Eng A-Struct 573: 92-99.

Simdes S, Viana F, Reis MAL, et al. (2015) Influence of dispersion/mixture time on mechanical
properties of AI-CNTs nanocomposites. Compos Struct 126: 114-122.

Zhou W, Bang S, Kurita H, et al. (2016) Interface and interfacial reactions in multi-walled
carbon nanotube-reinforced aluminum matrix composites. Carbon 96: 919-928.

Yildirim M, Ozyiirek D, Giirii M (2016) Investigation of microstructure and wear behaviors of
al matrix composites reinforced by carbon nanotube. Fuller Nanotub Car N 24: 467-473.
Kumar L, Nasimul AS, Sahoo SK (2017) Mechanical properties, wear behavior and
crystallographic texture of Al-multiwalled carbon nanotube composites developed by powder
metallurgy route. J Compos Mater 51: 1099-1117.

Chen B, Li S, Imai H, et al. (2015) Carbon nanotube induced microstructural characteristics in
powder metallurgy Al matrix composites and their effects on mechanical and conductive
properties. J Alloy Compd 651: 608—615.

Chen B, Shen J, Ye X, et al. (2017) Length effect of carbon nanotubes on the strengthening
mechanisms in metal matrix composites. Acta Mater 140: 317-325.

Esawi AMK, Morsi K, Sayed A, et al. (2011) The influence of carbon nanotube (CNT)
morphology and diameter on the processing and properties of CNT-reinforced aluminium
composites. Compos Part A-Appl S 42: 234-243.

Maiti A, Reddy L, Chen F, et al. (2015) Carbon nanotube-reinforced Al alloy-based
nanocomposites via spark plasma sintering. ] Compos Mater 49: 1937-1946.

Bakshi SR, Agarwal A (2011) An analysis of the factors affecting strengthening in carbon
nanotube reinforced aluminum composites. Carbon 49: 533-544.

Kwon H, Takamichi M, Kawasaki A, et al. (2013) Investigation of the interfacial phases formed
between carbon nanotubes and aluminum in a bulk material. Mater Chem Phys 138: 787-793.
Liu ZY, Xiao BL, Wang WG, et al. (2013) Developing high-performance aluminum matrix
composites with directionally aligned carbon nanotubes by combining friction stir processing
and subsequent rolling. Carbon 62: 35-42.

Nie JH, Jia CC, Shi N, et al. (2011) Aluminum matrix composites reinforced by
molybdenum-coated carbon nanotubes. Int J Min Met Mater 18: 695-702.

Magbool A, Khalid FA, Hussain MA, et al. (2014) Synthesis of copper coated carbon nanotubes
for aluminium matrix composites, IOP Conference Series: Materials Science and Engineering,
Pakistan: IOP Publishing, 60: 012040.

AIMS Materials Science Volume 7, Issue 3, 217-243.



241

100. Sinian L, Souzhi S, Tiangin Y, et al. (2005) Microstructure and fracture surfaces of carbon
nanotubes/magnesium matrix composite. Mater Sci Forum 488—489: 893—-896.

101. Morisada Y, Fujii H, Nagaoka T, et al. (2006) MWCNTs/AZ31 surface composites fabricated
by friction stir processing. Mater Sci Eng A-Struct 419: 344-348.

102.Goh CS, Wei J, Lee LC, et al. (2006) Simultaneous enhancement in strength and ductility by
reinforcing magnesium with carbon nanotubes. Mater Sci Eng A-Struct 423: 153-156.

103.Yuan X, Huang S (2015) Microstructural characterization of MWCNTs/magnesium alloy
composites fabricated by powder compact laser sintering. J Alloy Compd 620: 80—86.

104.Nai MH, Wei J, Gupta M (2014) Interface tailoring to enhance mechanical properties of carbon
nanotube reinforced magnesium composites. Mater Des 60: 490—495.

105.Park Y, Cho K, Park I, et al. (2011) Fabrication and mechanical properties of magnesium matrix
composite reinforced with Si coated carbon nanotubes. Procedia Eng 10: 1446—1450.

106.Li CD, Wang XJ, Wu K, et al. (2014) Distribution and integrity of carbon nanotubes in carbon
nanotube/magnesium composites. J Alloy Compd 612: 330-336.

107.Li CD, Wang XJ, Liu WQ, et al. (2014) Effect of solidification on microstructures and
mechanical properties of carbon nanotubes reinforced magnesium matrix composite. Mater Des
58:204-208.

108.Li CD, Wang XJ, Liu WQ, et al. (2014) Microstructure and strengthening mechanism of carbon
nanotubes reinforced magnesium matrix composite. Mater Sci Eng A-Struct 597: 264-2609.

109.Deng C, Zhang X, Ma Y, et al. (2007) Fabrication of aluminum matrix composite reinforced
with carbon nanotubes. Rare Metals 26: 450-455.

110.Salas W, Alba-Baena NG, Murr LE (2007) Explosive shock-wave consolidation of aluminum
powder/carbon nanotube aggregate mixtures: optical and electron metallography. Metall Mater
Trans A 38:2928-2935.

111.Laha T, Agarwal A, McKechnie T, et al. (2004) Synthesis and characterization of plasma spray
formed carbon nanotube reinforced aluminum composite. Mater Sci Eng A-Struct 381: 249-258.

112. Tokunaga T, Kaneko K, Horita Z (2008) Production of aluminum-matrix carbon nanotube
composite using high pressure torsion. Mater Sci Eng A-Struct 490: 300-304.

113.Lim DK, Shibayanagi T, Gerlich AP (2009) Synthesis of multi-walled CNT reinforced
aluminium alloy composite via friction stir processing. Mater Sci Eng A-Struct 507: 194—199.

114.He C, Zhao N, Shi C, et al. (2007) An approach to obtaining homogeneously dispersed carbon
nanotubes in Al powders for preparing reinforced Al-matrix composites. Adv Mater 19: 1128—
1132.

115.Laha T, Liu Y, Agarwal A (2007) Carbon nanotube reinforced aluminum nanocomposite via
plasma and high velocity oxy-fuel spray forming. J Nanosci Nanotechnol 7: 515-524.

116.Laha T, Chen Y, Lahiri D, et al. (2009) Tensile properties of carbon nanotube reinforced
aluminum nanocomposite fabricated by plasma spray forming. Compos Part A-Appl S 40: 589—
594.

117.Laha T, Agarwal A (2008) Effect of sintering on thermally sprayed carbon nanotube reinforced
aluminum nanocomposite. Mater Sci Eng A-Struct 480: 323-332.

118.Bakshi SR, Singh V, Seal S, et al. (2009) Aluminum composite reinforced with multiwalled
carbon nanotubes from plasma spraying of spray dried powders. Surf Coat Technol 203: 1544—
1554.

AIMS Materials Science Volume 7, Issue 3, 217-243.



242

119.Bakshi SR, Singh V, Balani K, et al. (2008) Carbon nanotube reinforced aluminum composite
coating via cold spraying. Surf Coat Technol 202: 5162-5169.

120.Liu ZY, Xiao BL, Wang WG, et al. (2012) Singly dispersed carbon nanotube/aluminum
composites fabricated by powder metallurgy combined with friction stir processing. Carbon 50:
1843-1852.

121.Jiang L, Li Z, Fan G, et al. (2012) The use of flake powder metallurgy to produce carbon
nanotube (CNT)/aluminum composites with a homogenous CNT distribution. Carbon 50: 1993—
1998.

122.Zhou M, Qu X, Ren L, et al. (2017) The effects of carbon nanotubes on the mechanical and
wear properties of AZ31 alloy. Materials 10: 1385.

123. Orowan E (1934) Zur Kristallplastizitat. I1I. Z Phys 89: 634—659.

124. Arsenault RJ, Shi N (1986) Dislocation generation due to differences between the coefficients of
thermal expansion. Mater Sci Eng 81: 175-187.

125.Clyne TW, Withers PJ (1993) An Introduction to Metal Matrix Composites, Cambridge:
Cambridge University Press.

126. Paramsothy M, Gupta M (2008) Processing, microstructure, and properties of a Mg/Al bimetal
macrocomposite. J Compos Mater 42: 2567-2584.

127.Lloyd DJ (1994) Particle reinforced aluminum and magnesium matrix composites. Int Mater
Rev 39: 1-23.

128. Torralba JM, Da CCE, Velasco F (2003) P/M aluminum matrix composites: an overview. J
Mater Process Technol 133: 203-206.

129. Asgari M, Fereshteh SF (2016) Production of AZ80/Al composite rods employing non-equal
channel lateral extrusion. T Nonferr Metal Soc 26: 1276—1283.

130.Pedersen BD (2013) Preliminary investigations on the manufacture of Al-AZ31 bimetallic
composites by the screw extrusion process [MD’s Thesis]. Norwegian University of Science and
Technology, Norway.

131.Wong WLE, Gupta M (2010) Characteristics of aluminum and magnesium based
nanocomposites processed using hybrid microwave sintering. J Microwave Power EE 44: 14—
27.

132.Chen B, Li S, Imai H, et al. (2015) An approach for homogeneous carbon nanotube dispersion
in Al matrix composites. Mater Des 72: 1-8.

133.Simdes S, Viana F, Reis MAL, et al. (2016) Microstructural characterization of
aluminum-carbon nanotube nanocomposites produced using different dispersion methods.
Microsc Microanal 1: 1-8.

134. Azarniya A, Safavi MS, Sovizi S, et al. (2017) Metallurgical challenges in carbon
nanotube-reinforced metal matrix nanocomposites. Metals 7: 384.

135.Paramsothy M, Tan X, Chan J, et al. (2013) Carbon nanotube addition to concentrated
magnesium alloy AZ81: enhanced ductility with occasional significant increase in strength.
Mater Des 45: 15-23.

136.Neubauer E, Kitzmantel M, Hulman M, et al. (2010) Potential and challenges of
metal-matrix-composites reinforced with carbon nanofibers and carbon nanotubes. Compos Sci
Technol 70: 2228-2236.

137. Tarlton T, Sullivan E, Brown J, et al. (2017) The role of agglomeration in the conductivity of
carbon nanotube composites near percolation. J Appl Phys 121: 085103.

AIMS Materials Science Volume 7, Issue 3, 217-243.



243

138. Zhang Z, Chen DL (2008) Contribution of Orowan strengthening effect in particulate-reinforced
metal matrix nanocomposites. Mater Sci Eng A-Struct 483—484: 148—152.

139.Zhang Z, Chen DL (2006) Consideration of Orowan strengthening effect in
particulate-reinforced metal matrix nanocomposites: a model for predicting their yield strength.
Scripta Mater 54: 1321-1326.

140. Casati R, Vedani M (2014) Metal Matrix composites reinforced by nano-particles—a review.
Metals 4: 65-83.

© 2020 the Author(s), licensee AIMS Press. This is an open access

AIMS AJMS Press  article distributed under the terms of the Creative Commons
<7 Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Materials Science Volume 7, Issue 3, 217-243.



