Synthesis of Carbon Nanotube-Reinforced Al2024
Matrix Nanocomposite Using Flake Powder
Metallurgy Method
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In current work, the flake powder metallurgy method was applied to achieve the uniform
dispersion of carbon nanotubes (CNTs) within the Al2024 powder. For this purpose, the flake
morphology of Al2024 powder with suitable diameter-to-thickness ratio (D/t = 85) was
obtained after ball milling for 4 hours at 250 rpm and ball-to-powder ratio = 10. Then, the
surface of matrix was modified by a hydrophilic polymer [polyvinyl alcohol (PVA)] to obtain the
sufficient —OH group on its surface. Additionally, the refluxing of CNTs in nitric acid was
performed at 393 K (120 °C) for 6 hours to functionalize the reinforcement by -COOH agent.
After preparation of initial materials, the A12024-1.5 wt pct CNTs suspension was stirred in a
slurry at pH 3 until the color was changed in steady state from ink-like to transparent at pH 5.
The hydrogen bonding was formed between the —OH groups of PVA coated Al2024 and
—COOH groups of functionalized MWCNTs during the mixing step. Also, the temporary
polarity could be considered between H " and Ci,H»580, ions on the surface of constituents,
which led to improvement in the CNT distribution due to the changing of suspension pH.
Consequently, the homogenous dispersion of CNTs in Al2024 flaky powders resulted in a
chemical reaction of constituents without any destructive effects of mechanical forces. The
morphological changes of Al2024 powders were studied by scanning electron microscopy
(SEM), and surface treatments were evaluated by Fourier transform infrared and Raman
spectroscopies. The dispersion of nanocomposite powder was investigated through field
emission SEM. Also, X-ray diffraction analysis was used to investigate the initial A12024 powder
and formed phases after the ball milling process.
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I. INTRODUCTION

THE implementation of aluminum matrix nanocom-
posites reinforced by carbon nanotubes (CNTs) has been
developed during last decades as a result of their good
mechanical strength and lightweight properties.!!) Nev-
ertheless, the agglomeration of CNTs within an Al
matrix has remained a main challenge of nanocomposite
synthesis. Consequently, the initial dispersion step can be
introduced as a more important level of processing to
achieve the homogeneous distribution of embedded
CNTs in Al powder. Many different processing routes
have been applied to reduce this critical problem in bulk
nanocomposites manufacturing such as powder metal-
lurgy (PM), casting, melt infiltration, metal forming, and
the recent combinative techniques.”””) The PM methods
have been found attractive for most researchers because
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of their lower temperature and the controllable interac-
tions between the matrix and the reinforcement.™ ¥

The ball milling method has been used in many
studies as a common route to produce AI/CNT
nanocomposites. In this procedure, the mechanical
forces are applied to break the CNT bundles and the
mixing process is performed in a dry batch state.l'> %
The employed impact stresses can lead to destruction of
the tube structure of CNTs, and finally, the expected
mechanical strength cannot be accessible. The new
solution ball milling route has been recently promoted
to reduce the energy level of the process using an
isopropyl alcohol based solution in containers of the
planetary ball milling machine.**!

In semi-wet procedures, the ultrasonic waves have
been applied as a single step or combinative with
low-energy ball milling to disperse the CNTs.?*%3 Also,
the nanoscale dispersion method has been introduced as
a novel semi-wet process that uses natural rubber to
maintain dispersion of CNTs in metallic powder.?® 2%
But the results show that the effectiveness of these
techniques decreases in high content of CNTs in Al
matrix.

The new category has been developed in PM process-
ing during recent years, known as slurry based methods,
which involve more complicated steps to produce Al/
CNT nanocomposites. These methods apply the fluid
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dispersive environment and chemical reactions to make
the desired products such as flake PM SF PM) and in situ
chemical vapor deposition (CVD).?*" In this group of
PM processing, some important preparations are con-
sidered in raw materials before mixing of nanocompos-
ite constituents.

The uniform dispersion of CNTs has not yet been
observed in slurry-based routes because of the multiple
variables of processing, especially for Al alloys matrices.
Al2024 alloy is selected as a matrix for nanocomposite
manufacturing process, whereas its initial powder is
produced by mechanical alloying of pure elements or
pre-alloyed powder resulting in gas atomization of
ingots."*33 In most earlier research, the A12024-CNT
nanocomposite powder has been synthesized by a dry
ball milling process and it is necessary to study
producing Al2024-CNT powder using a slurry-based
method such as FPM.

In the present research, the effects of morphological
changes of Al2024 alloy powder, chemical modification
of matrix surface with a hydrophilic agent, functional-
ization of CNTs with suitable refluxing process, and the
role of interfacial chemical reactions between con-
stituents were investigated in nanocomposite manufac-
turing by FPM procedure.

The novelties of this investigation are summarized to
achieve the homogeneous dispersion of CNTs within
Al2024 alloy with FPM method and to conserve the
tube structure of CNTs without using any mechanical
forces. Also, the FPM process was quantified with
controlling ball milling variables [consisting time and
ball-to-powder ratio (BPR)] to obtain fully flake-shaped
Al2024 powder and pH of suspension during synthesis
of Al2024—-CNT nanocomposite.

II. EXPERIMENTAL

The initial multiwall CNTs were purchased through
Sigma-Aldrich Corporation.*

*Sigma-Aldrich; American company with chemical and biochemical
products.

The physical and structural characteristics of CNTs
are shown in Table I.

This type of CNTs can be imagined as short fiber
nanotubes with a medium aspect ratio. Also, Figure 1
shows the field emission scanning electron microscopy
(FE-SEM) images of CNTs at two different
magnifications.

The functionalization of CNTs was performed in
concentrated nitric acid at 393 K (120 °C) for 6 hours to
create the carboxyl (-COOH) agent on the external

walls of CNTs. Afterward, the CNTs were entirely
rinsed with distilled water to obtain pH 7 and dried in an
oven at 393 K (120 °C).

The air-atomized AI2024 powders with particle sizes
in the range of 45 < M < 100 um were used as starting
material for the matrix. Figure 2 shows SEM images of
initial Al2024 powder at two various magnifications.
Also, the chemical composition of Al2024 matrix alloy
measured by mass spectroscopy is demonstrated in
Table II.

According to Table II, the elements of Cu and Mg are
the main alloying elements in bulk Al. Other required
materials for processing of A12024—CNTs nanocomposite
such as sodium dodecyl sulfate (SDS), stearic acid, and
polyvinyl alcohol (PVA), with a molecular weight of
72,000 g/mol, were supplied through the Merck Group.**

**Merck Group; German company for high-tech products in
healthcare, life science, and performance materials.

The FPM method was performed in five independent
steps. Step 1 was defined to achieve the flake-like
morphology of Al2024 powders, and it was evaluated
by changing the variables of the ball milling process.
The rotation speed of 250 rpm at different ball milling
times of 2, 3, and 4 hours with a BPR ratio of 10 and
20 were examined for Al2024 alloy powder. The free
volume fraction of 2/3 was used for each ball milling
container.

In step 2, the aqueous solution was prepared by
adding 2.0-mg/mL MWCNT-COOH and 1.5 wt pct
SDS surfactant into deionized water. Continuously, the
solution was placed in ultrasonic bath for 2 hours to get
an ink-like dispersion.

Step 3 of the FPM method was followed to make the
chemical modification of Al2024 flake powders with a
PVA agent. Actually, this agent was used to establish
the hydrophilic trait by ~OH saturation on the surface
of matrix powder.

For this purpose, the flaky Al2024 powder (10 g) was
added to 3 wt pct PVA aqueous solution and it was
magnetically stirred for 2 hours. Then, the PVA-coated
powders were filtered and rinsed with deionized water
and finally dried in an oven at 393 K (120 °C) with an
argon-controlled atmosphere.

In step 4, the suspension was made from Al2024-PVA
coated powder in water (100 mL) and then the pH of
suspension was decreased to pH 3 by adding diluted
nitric acid. The CNT aqueous solution was added
drop-wise into AI2024-PVA suspension, and it was
mechanically stirred until its color varied from dark into
transparent at pH 5. The rotary evaporator was used at
333 K (60 °C) and a vacuum pressure of 75 mbar for
drying of composite powder.

Table I. Physical and Structural Characteristics of Initial Carbon Nanotubes

Processing Method  Purity (Pct) Aspect Ratio (L/D) OD (nm)

ID (nm) Length (um) Density (g/cm®) Type/Property

CCVD 90< 50 to 200

10 to 20

2t06 0.1 to 2 2.1 CNT
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Fig. 2—SEM images of initial A12024 powder at two different magnifications.

Table II. Chemical Composition of A12024 Alloy

Al Mn Fe Si

Mg Cu Elements

Bulk 0.35 0.27 0.83

1.75 3.23 wt pct

Step 5 was included in the calcination of
Al2024-CNTs powders with flowing argon atmosphere
at 773 K (500 °C) for 2 hours to eliminate the PVA
coating from the composite powder. The volume frac-
tion of CNTs within the matrix was considered in
constant value (AI2024-1.5 wt pct CNT) in the FPM
procedure.

The morphology of initial materials and dispersion of
final products during the processing of Al2024—CNTs
nanocomposite were studied using SEM and FE-SEM,
respectively. The Fourier transform infrared (FTIR) and
Raman spectroscopies were carried out to investigate
the related agents on the surface of treated Al2024
powder and CNTs. The Raman intensity was recorded
in four decimal places with a concentration measure-
ment error of £0.03 pct. Also, X-ray diffraction (XRD)
analysis was performed to study the initial Al2024
powder and formed phases after the ball milling process.
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III. RESULTS AND DISCUSSION

The main obstacle in production of homogenous
dispersed Al2024-CNT nanocomposite powder is the
geometrical differences between constituents, which
results from the macro-metric scale and three-dimen-
sional (3D) structure of the matrix in contrast with the
nano-metric nature and one-dimensional (1D) charac-
teristic of the reinforcement. The morphological changes
of AI2024 powder to obtain a 2D flaky shape with a
large diameter-to-thickness (D/f) aspect ratio can be
considered to be a solution for the mentioned problem
based on the FPM procedure. As a result, the D/t ratio
of the AI2024 matrix is more in line with the
length-to-diameter aspect ratio (L/D) of CNTs.

Figures 3, 4, 5, and 6 show SEM images related to the
morphological changes of Al2024 powder after ball
milling at different conditions. The ball milling process
has been performed to achieve the uniform flaky shape
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Fig. 4—SEM images of Al2024 powder after ball milling for 3 h, 250 rpm, BPR = 10 at two different magnifications.

of Al2024 powder. The effects of time and BPR as
important variables have been studied in these figures. It
should be considered that the parameter of time has the
key role in obtaining a flake microstructure in matrix
powder (step 1 of FPM).

As shown in Figure 3 at two different magnifications,
the ball milling of Al2024 powder for 2 hours, rotation
speed of 250 rpm, and BPR = 10 could lead to
deformation of a small fraction of powder. In the other
words, the energy of ball milling was not sufficient to
reach the fully flake-shaped powder.

Figure 4 indicates that the amount of flaky powders
has been raised in the microstructure by increasing the
ball milling time to 3 hours, but the initial disordered
morphology of Al2024 powder has still been observed in
high regions. It seems that the morphological changes of
Al2024 powder are needed to use a longer ball milling
time or higher energy condition in comparison with pure
Al powder, which has been reported in our previous
work.*#* According to Figure 5, the complete flake-like
morphology of Al2024 powder has resulted in ball
milling at 250 rpm for 4 hours and BPR = 10. The
geometrical properties of this uniform flaky shape
Al2024 powder were involved in an average thickness
of 1.53 um and the mean diameter of 130 um
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(D/t = 85). The microrolling deformation has been
suggested as a simulative mechanism to elucidate the
morphological changes of Al12024 powder.*"! The stain-
less steel balls can work as rollers in the ball milling
process and the initial disordered powders are deformed
between them to achieve the final laminated flakes.
Consequently, the geometrical characteristics of the
Al2024 matrix (D/t = 85) and CNT fibers (average
L/D = 70) have become more comparable in this state,
which can lead to an increase of chemical reactions
probability between constituents during the mixing
process (Figure 5(c)). Nevertheless, the nano-flake pro-
duct with nanometer scale of thickness has not been
obtained from Al2024 powder due to the large initial
dimensions of disordered powder (Figure 5(d)).
Although the thickness value of 800 nm and
D/t = 125 have resulted for flake-shaped pure Al
powder with an initial average size less than 20 pum
after the ball milling process for 2 hours at 200 rpm,
which was formerly presented by the authors.**!
Figure 6 shows SEM images of AlI2024 powder with
the same applied ball milling conditions in a previous
state except the BPR parameter, which has been
increased to 20. It is clearly observed that the higher
energy level in planetary ball mill could also change the
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Fig. 6—SEM images of Al2024 powder after ball milling for 4 h, 250 rpm, BPR = 20 at two different magnifications.

morphology of Al2024 powder to the final flaky shape
(Figure 6(a)). Although this figure demonstrates the
formation of folded flake AI2024 powders that were
stuck together (Figure 6(b)), it would be predictably
continued to reach the final equiaxed microstruc-
ture.*>*% It is important to know that the folded shape
of matrix powder is not favorable in composite manu-
facturing due to the lower effective surface contact in
reactions. Also, using a high-energy ball milling process
can lead to work hardening of powders and it may result
in more difficult absorption of CNTs in the mixing step.
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Additionally, it probably creates some problems in
compaction of powders during the sintering or extrusion
processes.

As a result, the product of ball milling process for
4 hours at 250 rpm and BPR = 10 was selected as a
desired matrix in FPM processing of the Al12024—-CNT
nanocomposite.

The XRD patterns of Al2024 powder in two states of
initial and after 4-hour ball milling are shown in
Figure 7. According to this figure, all main peaks were
related to Al in diffraction angles of 38, 45, 65, and 78

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 7—XRD analysis curves of Al2024 powder: (@) initial and (b) after ball milling for 4 h.
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Fig. 8—FTIR patterns of carbon nanotubes: (a) before and (b) after refluxing by nitric acid.

deg in agreement with crystallographic planes of (111),
(200), (220), and (311), respectively, for ball-milled
Al2024 alloy, which is the same as the primary powder.
In some other studies, the formation of intermetallic
phases has been reported in a longer ball milling
process. 78!

After morphological modification of Al12024 powders,
the chemical improvement of Al2024 matrix and CNT
reinforcement was performed by PVA coating and nitric
acid refluxing, respectively. Figure 8 shows the FTIR
results of CNTs before and after surface treatment. As
shown in this figure (Figure 8(b)), the special bonds of
C=0, C-H, and O-H, which were related to the
carboxyl (-COOH) agent have been clearly formed after
the refluxing process in the wavenumber of 1710, 2920,
and 3442 cm ', respectively. But the initial CNTs have
not shown any distinct peaks in this diagram
(Figure 8(a)).

METALLURGICAL AND MATERIALS TRANSACTIONS A

The effect of the refluxing process on the structure of
CNTs was studied by Raman spectroscopy. As demon-
strated in Figure 9, the Ip/I ratio, which was applied as
a criterion for defect density and damage incurred to
CNTs while processing, has not been considerably
changed by refluxing in nitric acid. Moreover, the Ip/Ig
ratio of 1.598 for CNT-COOH (Figure 9(b)) shows
some decrease in comparison of initial state, which may
be due to the elimination of impurities (step 2 of FPM).

The FTIR results for Al12024 powder in two states of
uncoated and coated by PVA are demonstrated in
Figure 10 (step 3 of FPM).

According to the curve of AI2024-PVA powder
(Figure 10(b)), the bands at 3401 and 1342 cm ™' were
allocated to the O-H stretch and bend vibrations,
respectively. The other bands at 1070 and 1410 cm ™!
corresponded to the O-H and C-H bend vibrations,
which resulted from the PVA coating of A12024 powder.
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Fig. 9—Raman spectrum of carbon nanotubes: (a) before and (b) after refluxing by nitric acid.
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Fig. 10—FTIR patterns of Al2024 powder: (a) untreated and (b) coated with the PVA.

The uncoated Al2024 powder has not shown any
significant band in the FTIR spectrum (Figure 10(a)),
except in small peaks due to the existent humidity in
powder. Consequently, the FTIR results confirmed the
existence of PVA membrane on the AI2024 powder
surface. It seems, then, that a suitable condition has
been made to perform the chemical reaction between the
—OH groups of PVA on AlI2024 surface and -COOH
agents of functionalized CNTs during the FPM process.

The final microstructure of the Al2024-CNT
nanocomposite that resulted from the FPM procedure
is shown in Figure 11 in different regions. It was
perceived that the FPM method succeeded in producing
the homogenous distribution of CNTs in the Al2024
matrix without any specific agglomeration of CNTs
(Figures 11(a, b)). Also the soundness of CNT fibers has
been saved during the FPM process (Figure 11(c)) and
the complete absorption of CNTs could be observed on
the surface of Al12024 powder (Figure 11(d)).
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The dispersion mechanism of CNTs can be explained
in physical and chemical issues. From physical point of
view, the visual color changes and variation of pH
criteria should be noticed. The suspension was finally
stabilized at pH 5 when the Al2024-CNTs nanocom-
posite powder was settled in the bottom of the vessel,
immediately after turning the magnetic stirrer off (step
4 of FPM). Lastly, the color of suspension was
changed from initial ink-like to transparent
(Figure 12).

The chemical predictable mechanism of CNTs dis-
persion within the Al2024 matrix is demonstrated in
Figure 13. The main advantage of the FPM process was
defined by the formation of hydrogen bonding between
the superficial agents of constituents before drying of
nanocomposite powder (Figure 13(c)). As a result, the
CNTs were compelled to a chemical reaction with the
Al2024 matrix in a fluid environment, and the oppor-
tunity of second congregation of CNTs due to the severe
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Fig. 12—Color change of AI-CNT suspension from dark to trans-
parent at the end of mixing process.
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van der Waals forces between them would be prevented
before the drying step.

Also, by adding the diluted nitric acid in suspension
of Al2024-PVA powder and decreasing pH to pH 3
before the mixing step, the hydrolysis of HNOj3 occurred
and the ions of H" and NOj were created in suspen-
sion. Therefore, the H ™ ions had the potential to attach
the Al12024 surface with a thin layer of Al,O3 and a large
amount of —OH groups due to the PVA overlay coating.

In other words, the SDS anionic surfactant in
aqueous solution of CNTs could cause the formation
of hydrophilic negative ions of C;,H»sSO, on the
surface of CNTs. Consequently, a temporary polarity
could be made during the mixing process between the
H' and Ci2H»5S0, ions on the surface of constituents,
and this phenomenon assisted in complete absorption of
CNTs on the Al2024 surface, besides the factor of the
hydrogen bonding reaction.

IV. CONCLUSIONS

The main conclusions of this work can be drawn as
follows:
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The FPM method, consisting of five main steps,
produced the well-dispersed CNTs within Al2024
powder with chemical and structural modifica-
tions. The FPM process was quantified by con-
trolling the ball milling variables to produce
Al2024 flakes and pH of Al2024—CNT nanocom-
posite suspension to achieve steady state.

The complete flake microstructure of Al2024
powder was obtained after ball milling for
4 hours at 250 rpm and BPR = 10 with an
average thickness of 1.53 um and the mean
diameter of 130 um (D/t = 85). XRD analysis
showed only Al peaks after ball milling of A12024
powder, which were the same as the initial one.
The chemical modification of Al2024 powder and
CNTs was performed by PVA coating and
refluxing in nitric acid, respectively. The FTIR
experiment confirmed the related bonds of -OH
groups and —COOH agents on the surface of
constituents after treatment of initial materials.
The protection of CNTs during the refluxing step
was verified by Raman spectroscopy.

The suitable dispersion of CNT fibers within
AlI2024 flake-like powder resulted in the forma-
tion of hydrogen bonding between —OH groups of
PVA-coated Al12024 and -COOH groups on CNT
walls during the mixing step. Consequently, the
homogeneity of CNT dispersion was obtained
using the chemical reaction between the matrix
and the reinforcement without applying any
mechanical forces to unbundle CNTs.

The CNTs distribution was affected by adding the
diluted nitric acid to reach pH 3. It could cause
the formation of temporary polarity between H ™"
and C;3Hy;SO; ions on the surface of con-
stituents, and finally, the suspension was stabi-
lized at pH 5 with changing of color from initial
ink-like to the transparent.
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