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ABSTRACT: In order to overcome the limitations of standard ball-mill mixing PVB coated Al 0\\/
processes to fabricate a uniformly dispersed carbon nanotube (CNT) reinforcement Slurry - N2
composite without damaging CNTs in matrix powder, a unique and easy solution- CONTs ~— -
mixing process was developed. The present study aims to synthesize Al-0.5 wt % CNT Suspension ) r\.&/\_‘ é ‘,J
composites using ball-milling and solution-mixing processes and compares their CNT ‘E¢ N> \
dispersion and structural and thermal properties. Compared with the ball-milling Magnetic CNTs . ’JR“
process, the solution-mixing process was simple and effective for the uniform Stirrer Aluminium
distribution of CNTs without structural damage. Various methods were utilized to Solution mixing process particles
examine the structural characteristics of the composite powder. These techniques

included high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), Raman spectroscopy, and particle size analysis. Raman spectroscopy observes an increase of defects in ball-
milled composites, and the particle size analyzer confirms the structural deformation, resulting in the degradation of composite
powder mechanical properties. In the solution-mixing process, aluminum particles and the structure of CNTs are well-preserved
even after mixing. Thermogravimetric analysis (TGA) was used to research the thermal stability of the composite materials. The
results validated the impact of CNTs on thermal characteristics enhancement (improved thermal resistance) when compared with

pure aluminum, suggesting potential uses in the aerospace industry, transport, and construction sectors.

1. INTRODUCTION

In recent decades, carbon nanotubes (CNTs) have become
extremely popular as materials of choice for manufacturing
lightweight composites of metal matrix, which are known as
metal matrix composites (MMCs). The exceptional properties
of CNTs have drawn the attention of researchers in particular.
High melting point and remarkable electrical and thermal
conductivity, as well as chemical stability, are a few of them,
even when exposed to high temperatures. The experimental
observation on CNT has revealed low density (~1.2—1.8 g/
cm?), large surface area (~1000 m*/g) with high aspect ratios
(~50-500), elastic modulus (1 TPA), hydrogen storage
potential,l_3 corrosion resistance,’ solid lubricant,s'6 and
remarkable optical and biological properties.”® These proper-
ties make CNTs a suitable reinforcement material for metal
matrix and ceramic matrix composites.9’10 The most
commonly used reinforcement materials are SiC,'"'*
AIZO3,13 ZnO,"* Ty, graphite,lé graphene,17 CNTs, 872°
and others for the fabrication of Al metal matrix composites.
CNT/Al composites have emerged as potential structural
materials for lightweight applications requiring high strength
and anticorrosion in the automotive and aerospace sectors.
The automobile and aerospace sectors currently focus on
developing the latest aircraft and vehicles able to perform at
higher speeds and temperatures and run long distances before
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maintenance with structural weight reduction. The low weight
of CNTs/Al composites improves fuel economy and lowers
pollutants that harm the environment and the climate and
cause human deaths. Al/CNT composites are also recognized
as the most sought-after materials for a wide range of
applications, including nanoelectronics, the medical sector,
energy storage devices, nanosensors, smart materials, and
biological sciences.”"**

CNTs as a reinforcement material are not explored up to the
mark due to the difficulty in their uniform distribution with the
matrix material because of the affinity of CNT accumulation
due to van der Waals forces.”> >° The presence of
agglomerates will result in a lesser density and more voids in
the bulk materials. As a result of CNT agglomerates restricting
diffusion between aluminum particles, there would be larger
gaps in the overall composite, which would reduce the density,
ultimately deteriorating the overall characteristics. CNTs must
be consistently dispersed in the Al matrix to realize the
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maximum potential of reinforcements. Mechanical mixing, in
situ synthesis, and molecule-level mixing have all been used to
distribute carbon nanotubes into metal matrices. Only Cu, Co,
and Ni matrix composites reinforced with CNTs can be made
utilizing molecular-level mixing. Growing CNTs in situ
indicated catalyst particle impurity issues and was incompatible
with methods used to fabricate industrial composites.
Mechanical dispersion techniques (such as ball-milling) have
an issue of CNT structural degradation.

Experts consider AI-CNT composites as potential materials
for aerospace and automobile industries because of their
excellent properties.”””” The preceding literature has a large
number of research publications on the synthesis and
characterization of AI/CNT nanocomposite materials and
structures.”*™>* Liu et al.>® investigated adsorbing the
dispersed CNTs on the Al surface. The aqueous CNT
zwitterionic surfactant solution was mixed with flaky Al
powders made by ball-milling the Al particles. After filtering
and drying, CNTs were adsorbed onto flaky Al particles to
create CNT/Al powders with a maximum CNT concentration
of 7.5 vol %. To make composites with 1.5 and 3 vol % CNT/
Al, powder metallurgy was used with the composite powders.
Choi et al.®" want to disperse CNTs in Al powder in their
experiment. They used a mixing jar with CNTs (4.5 vol %) and
aluminum powder (99.5% purity, SO ym in average diameter),
as well as stainless steel balls (5 mm in diameter), as the
milling medium, to disperse CNTs in the aluminum powder.
The powder combination was then stirred in a pure argon
atmosphere at room temperature with horizontal impellers
rotating at a predetermined speed (the ball-to-powder weight
ratio was 15:1). To prevent the powder from clogging
together, 1 wt % stearic acid (CH;(CH,);,COOH) was
added as a control agent. In a 250 mL stainless steel container,
100 g AAS083 powder was blended with varying amounts (0—
2.0 wt %) of CNT by Stein et al. They milled the composite
powder in a planetary mill using stainless steel milling balls
having a diameter of 10 mm and a ball-to-powder weight ratio
of 2:1, for 240 min at 600 rpm (rpm). CNTs uniformly
dispersed, but the structure of CNTs was damaged.

Based on the above-referred research, the significant
challenges in developing Al metal composites with CNTs as
reinforcement are uniform dispersion of the nanoparticles in
the matrix with the structural integrity of CNTs, to improve
the interfacial bonding, and mechanical properties of
composites. Several processes are available for the uniform

mixing of CNTs with aluminum powder, and each process has
its advantages. This research aims to compare ball-milling with
the solution-mixing process for uniform distribution of CNT's
on the Al surface and analyze surface and structural
deformation of both composites using field emission scanning
electron microscopy (FESEM), high-resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD),
particle size analyzer, Raman spectroscopy, and thermogravi-
metric analysis (TGA). Homogeneous reinforcement distribu-
tion in the metal matrix is required while maintaining the
structural integrity of the CNTs to enhance mechanical and
thermal properties.

2. EXPERIMENTAL PROCEDURE

2.1. Materials Used in the Study. Multiwall carbon
nanotubes (MWCNTs) from Ad-Nano Technologies Pvt. Ltd.
were used for the experiment. These CNTs had approximately
10—30 nm diameters and lengths ranging from S to 15 pm.
99% pure aluminum powder was received from Sigma-Aldrich
Co. Ltd. The aluminum particles had a granular structure and
varied in size between S and 80 ym. A combination of
conventional ball-milling and a unique solution-mixing process
was employed to effectively blend the CNTs with the
aluminum powder to ensure a homogeneous mixture. Three
distinct samples were synthesized for comparison, including
aluminum powder without CNTs (Al), ball-milled aluminum
with CNT nanocomposites (Algy,), and aluminum with CNT
nanocomposites produced using the solution-mixing process
(Alsy,).

2.2. Ball-Milling Process. The method of ball-milling is
adaptable and has a wide range of uses. It is a somewhat easy
and affordable procedure that can be used to prepare a variety
of materials. It is crucial to keep in mind, nevertheless, that
ball-milling can also induce flaws into materials; thus, it is
crucial to properly regulate the process variables in order to
reduce these flaws. Carbon nanotubes (CNTs) may be
dispersed in aluminum via a high-energy mechanical process
called planetary ball-milling. The CNT's and aluminum powder
are mixed in a spinning planetary mill that has several tiny vials
or jars in it. The vials are subjected to intense impact pressures
while the mill turns, which reduces the CNTs to smaller
fragments and disperses them throughout the aluminum
powder. Aluminum-CNT composites with excellent strength,
stiffness, and electrical conductivity may be produced by using
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Figure 2. Schematic representation of processing steps used in the solution-mixing process for MWNT/AI composites.

this method. The procedure of planetary ball-milling is flexible
and may be utilized to produce a range of aluminum-CNT
composites with various characteristics. The kind of CNTs
utilized, the quantity of CNT's used, the size of the CNTs, the
type of aluminum powder used, and the milling process
parameters will all affect the qualities of the composite. Some
advantages of mixing CNT's with aluminum in a planetary ball
mill are as follows: The CNTs may be dispersed throughout
the aluminum powder by a high-energy procedure that can
break them down into smaller bits. The CNTs are distributed
more evenly as a result, which can increase the composite’s
strength, stiffness, and electrical/thermal conductivity. It
moves along rather quickly. The milling procedure is feasible
for industrial production since it may be finished in a couple of
hours. It is an economical procedure. The planetary ball-mill’s
price is quite modest, as are the consumables (such CNTs,
aluminum powder, and solvent). In general, planetary ball-
milling is a flexible and economical method that may be
utilized to produce a range of aluminum-CNT composites with
various characteristics.

The process of combining the CNTs and Al powder
involved using a planetary ball mill (Retsch 400), as illustrated
in Figure 1 in the present study. Measures were taken to
maintain the mixing jar and balls’ cleanliness to prevent
contamination of the samples. To clean the milling jar and ball,
we put milling balls and cleaning solvent (dishwasher with
some water) in a milling jar and carry out milling for half an
hour to remove any unwanted particles that stick on the ball or
jar surface. After milling, the jar and balls were washed and
dried properly. Lastly, we use acetone to clean the ball and jar
surface before the experiment. A mixture containing 0.5 wt %
CNTs and 20 g Al powder was prepared in a stainless steel
blending container. Stainless steel milling balls with a diameter
of S mm were inserted at a weight ratio of 10:1. Furthermore,
to avoid excessive cold-welding of the powder composites,
during the ball-milling procedure, stearic acid was added to the
powder mixes at a concentration of 1 wt %. Argon gas has been
used to provide the inert milling condition. The ball mill ran at
200 rpm, and agitation was carried out for 6 h. The milling
parameters were chosen from previous results’”*> for
effectively dispersing the CNTs with Al powder. After the
mixture was mixed, samples were removed from the jars and
sieved to separate the powder from steel balls. To assess the
microstructure of the composite particles and the dispersion of
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CNTs inside the Al powder, the same experiment was
performed two times to confirm the obtained result.

2.3. Solution-Mixing Process. The process of blending
two or more compounds in a liquid solvent is known as
solution-mixing. Material types include solids, liquids, and
gases. The solubility of the components is used to determine
the solvent. The components are combined to ensure that they
are dispersed equally throughout the solvent. The technique of
solution-mixing is adaptable and can be used to produce a
range of goods. It is employed in the chemical, pharmaceutical,
food, and beverage industries.

There are several approaches to solution-mixing. Utilizing a
mechanical mixer is the most popular technique. Turbulence in
the solution is produced by rotating impellers in mechanical
mixers. The components are broken down and distributed
uniformly throughout the solution owing to turbulence. The
individual application, such as the solution-mixing method,
determines the solution-mixing method to be used. Nano-
particles and other small materials can be blended by using
high-pressure homogenization or ultrasonic mixing. Mechan-
ical mixers can be used to combine larger materials such as
powders. Less viscous solutions are easier to combine than
more viscous ones. It is possible that mechanical mixers are
ineffective in blending viscous fluids. For the combination of
viscous fluids, ultrasonic mixing or high-pressure homoge-
nization may be more efficient. The particular application
determines the appropriate degree of mixing. For instance, a
food product could just require mixing until the components
are dispersed equally. To make certain that the chemicals are
dispersed equally and that the result is free of impurities, a
pharmaceutical product may need to be mixed to a
considerably higher level. The technique of solution-mixing
is adaptable and may be used to produce a range of goods. The
particular application determines the solution-mixing techni-
que that must be used.

In the solution-mixing process, first of all, CNTs (0.5 wt %
Al) were added into ethanol (100 mL), and pristine CNTs
bundles were separated into individual tubes using an
ultrasonic bath for 4 h. Meanwhile, poly(vinyl butyral)
(PVB) in equal weight of CNTs was separately added in 100
mL of ethanol. In as-produced PVB-ethanol solution, pure Al
powder (50 g) was added and stirred using a magnetic stirrer
for 3 h at 450 rpm. A thin PVB-coating was used to lower the
surface tension and improve the Al particles’ surface character-
istics. 100 mL of PVB-coated Al slurry was then mixed with
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Figure 3. FESEM micrograph of (a) aluminum powders; (b) aluminum particle under higher magnification; (c) CNT clusters; and (d) CNT

clusters under high magnification.

100 mL of MWNTs-ethanol solution. Stirring the mixture with
a magnetic stirrer at 400 rpm for 4 h facilitated the uniform
distribution of MWNTs in the aluminum matrix. Figure 2
displays a schematic illustration of the solution-mixing process.
The homogenized composite slurry was dried in a vacuum
filter, being exposed to a temperature of 100 °C for 24 h. The
dried sample was agitated in a jar containing steel balls for 10
min, breaking down any lumps in the composite and forming
uniform composite powders. These samples were characterized
to confirm the CNT dispersion and morphology of the Al
surface after mixing.

2.4. Fabrication of Composites. Composites are
substances created from two or more distinct substances.
When various components are mixed, a material is produced
that has qualities that surpass those of the constituent parts. A
metal powder and a reinforcing material can be combined to
make composites by using PM. A fiber, ceramic, or another
metal might be used as the reinforcing material. The metal
powder is mixed with the reinforcing material in a precise ratio
to produce a composite with the required characteristics. A
variety of composites may be produced using the powder
metallurgy method, which is a flexible procedure. Complex
forms may be produced using this method, which is rather
inexpensive.

The as-received Al, ball-milled, and solution-mixed compo-
site powders were compacted under 600 MPa pressure in an
H13 steel mold 20 mm in diameter. Prior to sintering, the
powder composite was compacted with a universal testing
machine (UTM). A thin layer of graphite spray was applied
between the powder sample and the die wall to make it easy to

remove the compressed sample after compression. By exerting
pressure, the voids in a material are reduced during
compaction. Rolling, tamping, and vibrations are a few
techniques that may be used to accomplish this. In building,
compaction is frequently utilized to increase the powder-
carrying capacity, lessen settling, and enhance drainage.
Compaction may be divided into two categories: static and
dynamic compaction. The method of continuously exerting
pressure on a material over time is known as static compaction.
Applying a rapid and powerful force to a material is the process
of dynamic compaction. Here are the two primary compaction
mechanisms: The process of moving and rearranging particles
to bring them closer together is known as particle rearrange-
ment. Numerous processes, such as rolling, tamping, and
vibration, might cause this. Under pressure, particles undergo a
process known as particle deformation. The particles may
flatten, elongate, or even shatter as a result of this. The
characteristics of the material being compacted and the
amount of pressure applied determine the relative relevance
of these two processes. In general, particle deformation is more
significant for hard materials than particle rearrangement is for
soft materials. The compacted pallets were sintered at 873 K
for 2 h in a tube furnace with a continuous supply of argon gas
(purity: 99.99%) until the furnace cooled to ambient
temperature. Through this procedure, necks develop between
the nearby powder particles. Atoms from the particles diffuse
into the neck area, resulting in the formation of necks. The
temperature, particle size, and surface energy of the particles all
affect how quickly the neck grows. This is the method used to
remove pores from sintered materials. The development of
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Figure 4. FESEM micrograph of ball-milled (a) Al composite; (b) Al composite under higher magnification; (c) TEM image of Al composite; and

(d) EDS analysis of Al composite.

necks between neighboring particles eliminates pores. The
pores are eventually eliminated when the necks develop and
fuse together. Finally, these sintered bulk samples were
gradually heated over 803 K in the furnace before being
extruded into composite rods with an extrusion ratio of four.

2.5. Material Characterization. The characterization of
CNT morphology and distribution on aluminum surfaces
involved using field emission scanning electron microscopy
(Zeiss Supra-SS). A thin nanometer-scale layer of palladium
(Pd) was applied as a coating on all samples to prevent powder
sample surface charging during FESEM scanning. The
dispersion and structure of CNTs were examined by using a
high-resolution transmission electron microscope (HRTEM)
(Thermo Scientific-Talos F200X G2). For determining the size
distribution of the original aluminum powder, ball-milled
samples, and solution-mixed powder composites, a laser
diffraction particle size analyzer (PSA-1190) was utilized.
The powder samples were dispersed in isopropyl alcohol and
placed in an analytical glass tube for size analysis. To record
the intensity pattern of the sample in the 20—80 range of 26,
X-ray diffraction analysis (XRD) (from Rigaku Smartlab) was
carried out. The Williamson—Hall equation was used to
compute the crystal size and residual strain in accordance with
various authors’ methods.*® Raman spectroscopy (LabRAM
HR-UV-Open) was used to determine defects and impurities
in the composite powder and the presence of CNTs in
composites.

Tensile strength tests were used to evaluate the mechanical
characteristics of the composite materials’ mechanical charac-
teristics. Microhardness measurements were conducted using a
(Mitutoyo-HM220) Vickers microhardness system sourced
from Japan, applying a loading weight of 200 g for a dwell time
of 15 s. Each specimen underwent 10 measurements, and the
average value was used to determine the hardness. A universal
material testing device (Instron 8801, UK.) was used to
conduct tensile tests with a nominal strain rate of 1.010—4 s™".
For the tensile testing, dog-bone-shaped specimens with gauge
lengths of 20 mm and gauge widths of 4 mm were created. A
crosshead speed of 0.5 mm/min was used for the experiments,
which were carried out at room temperature with two samples
per condition. A thermogravimetric analyzer (TGA)
(NETZSCH Jupiter STA 449F3) was utilized to evaluate the
thermal stability of the composite materials.

3. RESULT AND DISCUSSION

3.1. Microstructural Analysis of Composites Powder.
The FESEM image in Figure 3 depicts the morphologies of
raw Al and CNT powders. Al powder was irregular in shape,
with a size ranging from S to 80 um, as shown in Figure 3a,b.
The pristine CNT clusters of larger size are observed in Figure
3c. Under high van der Wall force, CNTs clustered and formed
particles with a size of about 50 ym. In Figure 3d, Nanotube
entanglement and close packing due to their large surface area,
aspect ratio (length-to-diameter ratio), and flexibility are
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Figure S. FESEM micrograph of solution-mixed (a) Al composite; (b) Al composite under higher magnification; (c) TEM image of Al composite;

and (d) EDS analysis of Al composite.

identified. The high-resolution FESEM image revealed that the
structure of pristine CNT's had an average diameter of 120 nm
and a length of 3 ym. This study discovered a very high aspect
ratio of CNTs, i.e., about 25.

When the ball-milled powder samples were investigated to
observe the distribution of CNT particles with an Al matrix, in
microscopic analysis, the author confirmed the clustering of
CNTs in composite powder during milling, as shown in Figure
4a. This might be possible due to the large difference in Al and
CNT particle size. Esawi et al.”* also observed that larger-
diameter CNT's had better dispersion within the Al matrix than
smaller-diameter CNTs, which tended to agglomerate during
milling. The larger interfacial contact surfaces of the smaller-
diameter CNTs with the matrix materials reduced particle
cold-welding during milling. A high-resolution field emission
scanning electron microscope (FESEM) was used to analyze
the morphology and CNT dispersion in the composite powder
after milling, as shown in Figure 4b. Prolonged milling resulted
in the shortening of CNTs and their embedding within the Al
powder, facilitated by plastic deformation of the Al matrix
caused by the impact of the milling ball. Figure 4c confirms the
embedded CNTs in Al particles. CNT cross sections were
clearly seen during the TEM analysis of ball-milled powder. To
confirm the presence of Al and CNTs, EDS was performed, as
shown in Figure 4d. The other peaks were present due to Cu
Grit used for the TEM analysis.

33850

Along with the dispersion of CNTs, the effect of the milling
ball on Al and CNT particles is also observed. The collision
impacts of the ball during the milling process start the
microforging of aluminum particles and initiate changes in
their shape, flattening and forming some flake-like shapes. The
rough surface of flake particles gets smoother as the milling
progresses.”” In the ball-milling process, two intermittent
processes are involved: cold working on powder, reducing the
ductility of Al particles and ultimately reducing particles. The
other is cold-welding of powder, responsible for increasing the
particle size. Since Al is a very ductile material, the deformation
of aluminum particles more often results in large particles.
When CNTs were added, it reduced the ductility of composite
powder and particle size. Esawi et al.*® reported that the CNT-
Al powder combination showed a flake-like morphology during
the initial phases of ball-milling without the addition of any
process control agent. However, the combination powders’
morphology changed from a flake-like structure to a more
granular shape as the ball-milling time rose. This transition is
explained by the gradual development of a dynamic
equilibrium between particle fracture and aggregation.

In the solution-mixing process, clusters of CNTs were
absent. However, the fine composite powder gets agglom-
erated, forming lumps when the sample is dried after solution-
mixing on the hot plate with continuous stirring, as shown in
Figure Sa. It suggests that only magnetic stirring is insufficient
to overcome wet agglomeration defects. To solve the problem
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of composite powder cluster after solution-mixing, the dry
composite powder, along with some steel ball bearings, was
placed into a jar and shaken for 10 min, breaking the
composite powder cluster and blending it uniformly. The
shaking speed was very low, which does not show any impact
of the steel ball on particle size and does not deform the
surface of composite particles, which is favorable for the
powder compaction, sintering process, and mechanical proper-
ties of the composites. The observed lumps in the composite
powder were found to possess a soft and easily breakable
nature when subjected to agitation with steel balls. The
FESEM image presented in Figure S5b demonstrated the
dispersion of individual CNTs throughout the surface of the
aluminum powder in the Al-0.5 wt % CNT composite powder
obtained through the solution-mixing process. These dispersed
CNTs exhibited consistent size and length, resembling the
characteristics of pure CNTs. This suggests that the aluminum
and CNTs retained their original properties, including the size,
shape, and morphology, even after mixing. Notably, the
composite powder obtained through the solution-mixing
procedure showed no signs of welded aluminum particles,
which can be a significant issue when using high-energy dry
ball-milling with aluminum powder. Further evidence of the
presence of CNTs was provided by the TEM image in Figure
Sc, which showed how they were distributed across the surface
of the aluminum particles. The examination of energy-
dispersive X-ray spectroscopy (EDS), as seen in Figure 5d,
was done to offer more proof that CNTs are present on the
aluminum surface.

Due to the addition of a dispersant, Al particles get coated
with PVB, which reduces the surface tension of Al particles.
CNTs easily dispersed on the Al particle surface in solution
without any structural damage, i.e., significantly beneficial to
achieve better properties of composites. During dispersion,
when Al powder is added into the CNT dispersed solution, the
mobility of CNTs in the matrix decreases due to the large
particle size of the matrix. The large particles obstruct the free
motion of CNTs and hinder their disintegration and uniform
dispersion. Hence, researchers suggest using small aluminum
particles with CNTs with relatively less resistance, and more
dispersed composites can be achieved.

A phase transition during the mixing process was looked for
using XRD analysis. The XRD spectra of pure aluminum and
the composites (Al-0.5 wt % CNTs powder) produced through
ball-milling and solution mixing are shown in Figure 6. As can
be seen in the XRD pattern, pure Al showed strong
characteristic peaks at 38, 44, 65, and 78° of 20.%® The as-
produced composite powder also shows an approximately
similar peak to that of pure Al powder. These indicate no phase
transformation during the mixing process. The XRD peaks of
Al and their powder composites define the crystalline nature of
the material.

X-ray diffraction (XRD) data may be used to calculate the
crystallite size and lattice strain of a material by using the
Williamson—Hall (WH) technique. The technique is based on
the observation that an XRD peak’s breadth is influenced by
the size of the material’s crystallites as well as the degree of
lattice strain. For measuring the size and strain of the materials,
the WH technique is an effective instrument. It may be used on
a variety of different materials and is quite simple to apply. The
technique does have significant drawbacks. For instance, the
orientation of the crystallites is considered to be random. The
WH technique may not produce reliable findings if the
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Figure 6. XRD analyses of as-received Al, Algy;, and Algy; composite
powders.

crystallites are not randomly aligned. For material scientists
and engineers, the Williamson—Hall approach is a useful tool.
It may be used to learn more about the composition and
characteristics of materials, which could help them perform
better in practical applications. Using the Williamson—Hall
equation (eq 1), the average crystalline size of pure Al and
composite powder was determined”®

Ki
B o €08 0 = 4€ sin 0 + T (1)
where S, is the integral width of the XRD peak due to the
crystalline size and microstrain, € is the microstrain in grain, 1
is the wavelength of XRD radiation (4 = 0.1540), and K is the
Scherrer constant (K = 0.94). The above equation can be
written in the form of Y = mX + C and the graph plotted using
the X-axis as 4sin € and the Y axis as S, cos 6. The slope of
this curve will give us microstrain in grain, and the intercept
will provide the crystalline size.

The calculated (using the intercept of W—H fitting)
crystalline sizes of pure Al and as-produced Algy, and Algy
composite powders are 60.34, 55.69, and 60.81 nm,
respectively. It suggests a small change in the grain size
because the milling speed was slow (200 rpm), and the size of
the ball was small. If the milling speed and size of the milling
ball increased, it produced a finer crystalline structure in
composite powder. The slope of W—H fitting indicates
macrostrain in composites. In Figure 7, Algy shows more
macrostrain than Algy;. Achieving sufficiently high strength and
stiffness in the bulk materials would be advantageous if the
structure of the CNTs and the aluminum particle stayed
mostly the same during ball-milling. It was noticed that no
carbon peak was found in the composite powder; instead, it
was present in it. The XRD signal is dependent on the crystal’s
volume; therefore, interference from various atomic layers
must be constructive. The diffraction signal produced by
surface layers and nanocrystals is usually much weaker than the
XRD signal originating from the metal matrix. CNTs are not
visible in the MMCs’” XRD pattern; hence, Raman spectros-
copy was used to detect them.
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Figure 8. Raman spectra for Al, CNTs, and CNT-Al MMC powders after ball-milling and solution-mixing.

Raman spectroscopy is a nondestructive analytical technique
that may be used to locate and quantify the individual
components of a composite mixture. It operates by using a

laser beam to excite the molecules in a substance and then

observing the light that is reflected by the molecules. A
mixture’s various components may be distinguished from one
another by using the distinctive Raman spectra they exhibit.
For the investigation of composite mixtures, Raman spectros-

33852 https://doi.org/10.1021/acsomega.3c04531

ACS Omega 2023, 8, 33845—-33856


https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04531?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

copy is a useful instrument for a variety of reasons. It is
nondestructive, which implies that the sample is not harmed.
Additionally, using it is quick and simple. Numerous types of
materials, including metals, ceramics, and polymers, may be
identified by using Raman spectroscopy. The concentrations of
various ingredients in a combination may also be measured
using this method.

In the present study, Raman spectroscopy was used to
examine the distribution of CNTs in the composites following
two distinct mixing methods and to validate their existence. In
Figure 8, the Raman spectra of pure Al, AI-CNT composites,
and CNTs as-received are contrasted. The D and G bands,
which are located at 1341 and 1588 cm™), respectively, are
clearly visible peaks in the Raman spectra of CNTs. The D
band results from a double resonant Raman scattering
mechanism, while the G band is related to the in-plane
vibrations of carbon—carbon bonds.”® Raman spectroscopy is
widely used to assess the cleanliness of CNT samples and the
existence of defects by comparing the intensities of the D and
G Raman bands. The Ij,/I; ratio of the pure CNT sample in
this investigation was found to be 1.32 + 0.7, which is
consistent with other studies. On the contrary, Raman spectra
of the pure Al sample did not show any notable peaks,
indicating that the bands seen in the AI-CNT composites in
the 1000—2000 cm™' range most likely came from CNTs
ensconced in the Al matrix.

The Raman spectra of AI-CNT composites produced by the
solution-mixing procedure resemble those of the CNTs that
were initially received. The D and G bands’ locations and
configurations in the composites’ Raman spectra closely mimic
those seen in pure CNTs. However, there are observable
variations in the Raman spectra of the ball-milled Al-CNT
composites. The intensity of the D band is now stronger than
that of the G band due to the extra flaws that the milling
process generates. As a result, the Ip,/I; ratio increases when
the D band becomes more prominent than the G band. The
structural damage of CNTs from milling is shown by their
greater I/ ratio.

In powder metallurgy industries, the uniform distribution of
reinforcement and particle size are two important parameters
responsible for the properties of composite materials and their
final structure. The finer particles provide great strength and
less porosity during the compaction and sintering. Table 1
shows the weight percentage of reinforcement, particle size
(Ds), and the sample code used.

Table 1. Mean Particle Size of Pure Al and Composites

sample code powder reinforcement wt %  particle size (um)
Al pure Al 0 18.20
Al ball-milled 0.5 24.16
Algy solution-mixing 0.5 19.17

The line graph depicted in Figure 9 illustrates the cumulative
(PSD) particle size distribution of aluminum (Al), Algy, and
Algy, powders. The median particle size Z50, determined using
the methodology of T. Peng,*?’9 corresponds to the particle size
at which the cumulative distribution reaches 50%. Analysis of
the graph reveals that the ball-milled composite (Algy) and
solution-mixed composite (Algy) powders have median
particle sizes Z50 of 24.6 and 19.17 um, respectively, in
comparison to the supplied pure Al powder with a particle size
of 1820 um. Following the processing, the size of the
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Figure 9. Particle size analysis of as-received Al and CNT-Al MMC
powders after mixing.

composite particles exhibits a slight increase compared to the
original Al powder. This phenomenon can be attributed to the
relatively lower strength and stiffness of pure Al powder,
resulting in plastic deformation when subjected to collisions
with the milling ball. These findings affirm that the particle size
of aluminum undergoes a shift toward larger sizes during ball-
milling due to the deformable nature of Al powders. The
observed deformation of the Al powder during milling leads to
the formation of flake-shaped particles caused by the impact of
the milling ball. Consequently, the dimensions of the particles
increase along one direction while being reduced in another
direction, ultimately contributing to an overall enlargement of
the particle size. These flake-shaped powders have poor
flowability, compatibility, and sintering ability that is not
desired in the fabrication of composites by powder metallurgy.
The structure of CNTs may also distort, which reduces the
overall properties of composite materials. However, the
solution-mixing process shows a similar particle size and
shape as supplied Al has. The solution-mixing process
produces CNTs distributed composite without any surface
deformation. Hence, solution-mix composites have better
surface properties as compared to ball-mill composites.

3.2. Mechanical Behaviors Influenced by Reinforce-
ment. The effects of ball-milling and solution-mixing
procedures on the microhardness and tensile characteristics
of pure aluminum and CNT/aluminum composites are shown
in Figures 10 and 11. The microhardness value of pure Al is
determined to be 37 + 0.8 Hv, whereas the ball-milled and
solution-mixed CNTs/Al composites show 48.1 + 1.1 and 49.8
+ 1.3 Hyv, respectively. The tensile strength of pure Al is
determined to be 157 MPa, and the elongation is measured at
20.0%, which aligns with the existing literature.”® This
consistency suggests that the designated metal-forming process
yielded a dense microstructure. Compared to pure Al, the
composites’ hardness and tensile strength are improved by the
addition of CNTs. The ball-milled composites demonstrated a
12% improvement in tensile strength and a 46% increase in
hardness when compared to pure aluminum. The solution-
mixed composites show a 50% improvement in hardness and a
14% increase in tensile strength when compared to pure
aluminum. It is important to note that ball-milled composites
have somewhat lower hardness and tensile strength than
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CNT/Al composites.

solution-mixed composites. This disparity can be attributed to
the hardening of composite particles and structural damage
incurred by the CNTs during the milling process.

Both the ball-milled and solution-mixed Al composites have
less ductility than pure aluminum. According to earlier studies,
the composites’ tensile elongation reduces to 11 and 12%,
respectively.*' It is well-established that material strength and
ductility have an inverse relationship, meaning that increased
strength often comes at the expense of reduced ductility.”” The
homogeneous distribution of CNTs inside the Al matrix is
projected to improve the mechanical properties of the CNT-
reinforced composites by permitting efficient load transfer
from the matrix to the reinforcement. Because of the firm
interfacial bonding that occurs between the CNTs and the Al
matrix during the tensile process, excellent CNT/Al composite
load transfer is made feasible. Notably, the composites in this
work have improved in terms of hardness and tensile strength,
offering experimental support for the substantial role
performed by CNTs in fortifying the finished composite.
The solution-mixed composites show a uniform dispersion of
CNTs without any structural damage and display strong
interfacial interaction between the CNT's and the Al matrix, as
seen in our earlier studies (Figures 4, S, 8, and 9). This

favorable microstructure ensures effective load transfer within
the composite.

3.3. Thermal Stability. A material’s capacity to tolerate
heat without degradation is termed its thermal stability.
Thermogravimetric analysis (TGA) is a method for calculating
how much weight a substance loses when heated. This may be
used to calculate the temperature at which a substance starts to
burn or disintegrate. Because there is no oxygen in a nitrogen
environment, nothing can oxidize or burn. This makes it
possible to test the thermal stability of the material more
precisely. The prepared sample’s thermal stability was assessed
using a thermogravimetric analyzer in a nitrogen atmosphere
for a variety of reasons, including the following: to compare the
thermal stability of various materials, to examine the effects of
various processing conditions on a material’s thermal stability,
to quantify the amount of moisture or volatiles in a material,
and because TGA is a flexible technique. It is a useful tool for
figuring out the thermal stability of materials and forecasting
how they will act in extreme heat.

The thermal stability of the prepared sample was evaluated
using a thermo-gravimetric analyser in a nitrogen atmosphere.
An alumina crucible containing approximately 6 to 8 grams of
the sample was gradually heated from room temperature to
550 °C at a rate of 10 °C/min. The changes in mass during
heating were recorded to determine the material's thermal
stability, as shown in Figure 12. Notable distinctions were
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Figure 12. Weight loss versus temperature for the Al and AI-CNT
composite samples.

observed between the composite samples (Algy;, Algy) and the
pure Al sample. The thermo-gravimetric curve of the pure Al
sample exhibited significant variations with increasing temper-
ature, displaying a continuous decrease throughout the entire
temperature range. This reduction became more pronounced
at higher temperatures

Conversely, the TGA curves of Algy and Algy,, samples
appeared as nearly straight lines with minimal inclination at
elevated temperatures. At 550 °C, the TGS550/TG2S ratios
were determined to be 92% for pure Al, 94% for Alg,;, and 95%
for Algy. This dissimilarity in behavior between the Al and
composite samples could be attributed to oxidation.*’ The
linear TGA behavior and minimal weight loss indicated that
the nanocomposite exhibited high thermal stability, further
enhanced by the inclusion of CNTs as reinforcement in
aluminum. Notably, at high temperatures, a slight downward
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slope in the TGA curve of the solution-mixed composite
suggested a change in the rate, likely associated with the rapid
evaporation of organic molecules, resulting in weight loss.

4. CONCLUSIONS

The morphological evolution of CNT/Al composite powders
and the mechanical properties of the thermal stability of the
prepared sample were evaluated using a thermogravimetric
analyzer in a nitrogen atmosphere. An alumina crucible
containing approximately 6—8 g of sample was gradually
heated from room temperature to 550 °C at a rate of 10 °C/
min. The changes in mass during heating were recorded to
determine the material’s thermal stability, as shown in Figure
12. Notable distinctions were observed between the composite
samples (Algy, Algy) and pure Al sample. The thermogravi-
metric curve of the pure Al sample exhibited significant
variations with increasing temperature, displaying ball-milled
and solution-mixed composites have been investigated. The
following are the primary conclusions.

1. Solution-mixing is an effective process to disperse CNTs
into an Al matrix without damage uniformly. XRD and
Raman spectroscopy analyses observed structural
deformation and generation of microstrain in the crystal
due to milling. The I,/I; ratio of Raman spectra for
solution-mixed composites was constant with CNTs,
which is important for the improvement of composite
properties.

2. After ball-milling, CNTs were discovered to be evenly
distributed and imbedded in the Al matrix by TEM.
However, in the solution-mixing process, CNTs
uniformly dispersed on PVB-coated Al surface were
observed.

3. In comparison to pure Al, the 0.5 wt % CNTs/Al
composites show beneficial mechanical properties. The
consolidated bulk composite, produced through the
solution-mixing method, demonstrated a tensile strength
of 176.0 MPa and an elongation of 121.4%. Due to the
homogeneous distribution of CNTSs throughout the
composite and the finer grain structure of the Al matrix,
these improved mechanical characteristics have been
observed. These findings confirm the effectiveness of the
solution-mixing process in fabricating CNT/Al compo-
sites with exceptional mechanical properties.

4. Thermogravimetric analysis revealed that adding
MWCNTs stabilized the weight loss compared to pure
aluminum, demonstrating that MWCNTs significantly
improve the thermal stability of Al over the whole
temperature range examined (25—550 °C).
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