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1. Introduction

Improving mechanical performance of the materials used in the
aircraft and automotive industries has always been the focus of
many research groups in the related fields [1]. Aluminum-based
metal matrix composites (Al-MMCs) are widely used for these kind
of applications because of their high strength to weight ratio [2].
Particularly, AA 2024 with copper as the main alloying element
(3.8 wt% to 4.9 wt%) has been used extensively to produce aircraft,
shaft and gear fittings for industrial applications owing to its high
fatigue resistance [3,4].

The study of aluminum-based metal matrix with graphite
reinforcement particle is a combination of materials that have the
potential to meet these industries requirements because of their
higher mechanical properties leading to increasing efficiency [5].
MMC aluminum will exhibit improved mechanical properties and best
performance when graphite reinforcing particles are homogeneously
distributed with the right volume graphite fraction in the aluminum
matrix [6]. Formation of interface of aluminum carbide Al4Cs was
heavily investigated by many researchers in the field of carbon-based
reinforced aluminum matrix nanocomposites. Al4Cs was used as
an interface to transfer the stress from the matrix to reinforcement
leading to higher mechanical properties of the nancomposites. But,
manufacturing process to produce interface Al4Cs remains a challenge
because it needs long period of time to produce it.
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Aluminum-based metal matrix nanocomposites have been extensively researched and developed
for aerospace and automotive applications. Al-4.5Cu-1.5Mg with 0.5 wt% graphite were milled for
2 h,4h, 6 h, and 8 h using shaker mill under argon gas. The phenomena of deformation, fracturing,
and cold welding during shaker mill were investigated to observe how the shaker mill effects on their
morphology and formation of intermetallic phases due to its very high speed. Sintering under ultra-
high purity argon gas for 99.9999% was done to produce high density materials. Intermetallic phase
Al4Cs was found as a result reaction between aluminum and graphite during milling. Formation of
AlsCsis very important to the alloy as an interface between matrix and reinforcement particle in order
to have higher hardness. A decrease in Peaks Cu and followed by an increase in Al.Cu precipitation
in the XRD pattern occurred with increasing milling time. The role of Al2Cu precipitation is very
important in improving mechanical properties, resulting in the highest hardness value reaching 97 HV
and a density value of 83% at 8 h of milling.

The miling process greatly affects the results of the distribution
of reinforcement in the matrix. The longer milling time will result in
a significant reduction in particle size with a high degree of
homogenization. However, the difference in energy and force received
by the powder during the grinding process can override the milling
time. In previous studies by S.E. Hernandez-Martinez et al.,
investigation on the effects of milling techniques on the properties
of AA2024-ZrO2 powder showed that the shaker mill method was
the most effective method to produce nanocomposites with superior
mechanical properties [7]. During shaker mill of AA2024-ZrOz,
particle reinforcement was dispersed homogeneously, the level of
formation of the interface between matrix and particle reinforcement
is greater, and agglomeration does not occur [7]. In this study, shaker
mill was used to produce graphite reinforced Al-4.5Cu-1.5Mg
matrix nanocomposite. The effects of shaker mill process to powder
morphology, sintering properties and intermetallic phase formation
were investigated.

2. Experimental method

Al-Cu-Mg is mixed elementary as a matrix mixture with graphite
as the reinforcing particle. Table 1 and Figure 1 show the composition
and morphology of the particles. Dry mixing for 2h, 4 h, 6 h,and 8 h
with ball to powder ratio of 10:1 using the PPF-UG stainless steel
shaker mill at the Department of Physics, Indonesian Institute of
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Figure 1. Micrograph of particle shape of raw matériels used in this research, (a) alumunium, (b) copper, (c) magnesium, and (d) graphite.

Table 1. Chemical Compositions.

Elements Al Cu Mg Gr
Compotitions (Wt%)  93.5 45 15 0.5

Science was done. Ultra-high purity argon gas for 99.9999% during
milling was used to prevent unnecessary reaction. After shaker mill,
the powder was stored inside atmosphere and pressure-controlled box
to prevent exposure to room atmosphere leading to oxidation reaction.

For compaction process, 1.5 wt% stearate acid as a lubricant was
added to the powder to produce green body materials and to reduce
ejection force in order to pull out the materials from the mold easily.
Sintering under ultra-high purity argon gas for 1 h at a heating rate of
10°C-min'! was carried out to produce high density materials. Sintering
density was calculated using Archimedes method according to
ASTM B 328 standard. The phenomena that occur in powders after
milling and sintering were analyzed.

Thermal analysis test under argon gas with a heating rate of
10°C-min' using Differential Scanning Calorimetry (DSC) by Setaram
LabSys Evo was done from 20°C to 700°C to analyze the thermal
properties. Morphology of the particles and microstructures were
characterized using optical microscopy by Keyence VHX-6000 and
Scanning Electron Microscope-Energy Dispersive Spectroscopy
(SEM-EDS) by Hitachi SU-3500. X-Ray Diffraction (XRD) by Rigaku-
Smartlab 3kV for determining phase composition, especially for
identifying intermetallic phases before and after sintering. Micro Vickers
hardness uses the MicroMet® 5100 Series with a load of 300 gf.

3. Results and discussion

3.1 Powder characterizations
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Figure 2 shows the mmorphology of the powder after milling at
various times. The powder immediately undergoes significant changes
after 2 h of milling. Milling time greatly affects changes in particle
shape, particle size, and homogeneity. At 4 h of milling, the particles
still look similar as in 2 h of milling. However, at 6 h of milling the
particle size began to show a huge decrease in size, it can be seen that
many small particle sizes have been formed even though there are
still some particles that look big. It is very different after 8 h of milling,
the direct particles are dominated by small and uniform sizes and have
the smallest particle size compared to other milling times. This indicates
that longer milling time will lead to finer particles.

The reinforcement particles in the nanocomposite not only act as
a medium to improve mechanical properties but also act as a medium to
assist in the milling process so that nanocrystalline attainment can quickly
be formed. This has also been confirmed by previous research conducted
by J. L. Hernandez R et al. [8], graphite is not only a reinforcing particle
but also plays an active role in helping reduce particle size because of
its function as a process control agent in achieving steady conditions
or conditions where particles are no longer experiencing reduction size.
This was also revealed in another study by Fogagnolo et al. [9]. In
AA 6061 which was milled using a high-energy planetary ball mill,
the powder had deformation and turned flat after 6 h of milling and
became irregular after 24 h. When 5% of AIN reinforcement particles
were added, the powder turned irregular in a shorter time of 10 h.

Another factor that affects the change in particle size in the
manufacture of nanocomposites is the type of milling used. Each type
of milling has its characteristics with different finishes. In previous
research conducted by S. E. Hernandes et al. [7] on AA7075 + 2 wt%
ZrOz, nanocomposite particles turned flat using a Planetary Ball Mill.
In contrast to the types of milling Horizontal Attritor Mill and Shaker
Mill. In the Horizontal Attritor Mill, powder particles begin to lead
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to an irregular shape, although some particles are still flat but thicker ~ mill produces excellent particle dispersion, in contrast to the other
when compared to particles produced by the Planetary Ball Mill.  two methods that are still clustered, even the size of the reinforcement
In the shaker mill results, the overall shape of the particles becomes  particles is still large.

irregular. In terms of the homogeneity of the reinforcement, shaker

Figure 3. Morphology evolution of Al 4.5Cu-1.5Mg + 0.5 wt% Graphite after Shaker Mill using SEM (a) 2 h milling, (b) 4 h milling, (c) 6 h milling, and
(d) 8 h milling.
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Figure 3 is the powder morphology after various milling times.
During the milling process, the ball-to-ball and ball-to-wall collisions
allow each particle to experience three phenomena that occur, namely
deformation, fracturing, and cold welding. These particles will
experience destructive damage to change the original shape of each
component (deformation) which causes damage and changes in
particle size (fractures). The particles that have been crushed will
weld to each other which leads to an increase in size (cold welding)
so that each new particle is formed with various arrangements of
each initial element. This phenomenon is continuous and recurring
during milling [10-12].

Figure 4 shows the XRD patterns of the powder after milling
and sintering. The powder after 2 h of milling shows that Cu content
is still clearly visible as element, it begins to disappear at 4 h of milling,
and so on. The disappearance of elemental Cu content at 4 h and
so on is assumed that Cu dissolved into the aluminum matrix by
forming Al-Cu intermetallic compound. When sintered, the sample
gets heat energy which can help the Al-Cu reaction so that it forms
Al2Cu as a new compound, as in the XRD pattern after sintering
shows an increase in the Al.Cu peak at 2 h milling. But in for 6 h
and 8 h milled after sintering materials, the Al2Cu intensity experienced
a decrease. High energy milling with increasing time allows Cu
content to be dissolved and nanosized so that the formation of
Al2Cu peaks in the XRD pattern will decrease after sintering due to
its very fine size and dispersion on the matrix [13,14].

Graphite as a reinforcement particle in this composition has
a role that can help in the nanosized process during milling, as
a hard and brittle material that allows graphite to more easily undergo
fracture during milling so that it becomes nanoscale faster. With
nanoscale size, graphite will react with the aluminum matrix and
form fine carbide/Al4Cs as in the results of other authors' research
on Al with various types of Carbon, especially with a small amount
of 0.5 wt% [14]. In Figure 4, Al4Cs is formed after milling and after
sintering with small peaks. The presence of Al4Cs is a very important
intermetallic compound in aluminum-carbon nanocomposites because
of its strength interfacial bond. But in other cases, the formation of
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Figure 4. XRD graphs, (a) after milling, and (b) sintering.
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Al4Cs is generally destructive due to its poor corrosion resistance
and brittleness. But in other cases, Al4Cs has an important role in
increasing the hardness value of the aluminum matrix. Brittle Al4Cs
can change soft aluminum so that it can withstand great forces and
wear resistance [15,18]. Another carbide formed is FesC. Fe content
appears as an impurity due to the impact of the ball-to-ball or ball-
to-jar collision force during milling to produce small Fe particles.
The presence of Fe content during milling makes it react with graphite
and form new compounds. However, Fe is an advantageous impurity
because of its properties that can increase the hardness value in
aluminum-carbon nanocomposite.

Figure 5 shows a DSC graph on an 8-h powder milling. Two
endothermic peaks and one exothermic peak occurred. The first
endothermic peak occurs at a temperature of 450°C, this peak is
assumed to be eutectic reaction of Al-Mg [18]. At a temperature of
550°C, in previous studies, the eutectic peak of Al-Cu was supposed
to appear, but this peak did not appear because it was closed off the
exothermic peak formed before 550°C. The second endothermic peak
has a high enough intensity that occurs at 641°C, this peak is assumed
to be the melting point of the Al matrix. Several researchers show
slightly different melting temperature with similar to AA2024 chemical
compositions. The difference in the melting point of Al occurs due
to differences in variations in the milling process. It was found that
melting temperature decreased as the milling time increased, it is
assumed that with finer powder morphology leads to speed up the
diffusion process during sintering [8,19,20].

The exothermic peak shows at 567°C with high intensity. This
peak is an oxidation reaction (Al20s) that occurs. With 4 times higher
of the thermal expansion coefficient of aluminum (27.4 x 10°6/°C)
compared to alumina (7.4 x 10°¢/°C), it will produce Gibbs energy S0
that the oxide layer can be easily destroyed due to internal pressure
which results in the aluminum expansion (reach for melting) with
increasing temperature during processing. If observed, exothermic
peaks appear before melting al, so that when the highest point is
exothermic (cracking oxide), the graph immediately falls free to form
an endothermic peak (melting of aluminum) [19].

(b) Sintering at 570°C
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Figure 5. DSC curva of powder after milling during 8 h.

The oxides do often appear on the outer layer of aluminum powder.
This oxide layer is very damaging and inhibits the particle diffusion
process during sintering which causes it to be not optimal in obtaining
the sintering density. In the sintering process, DSC can be used to
estimate the optimum sinter temperature. The sintering temperature
must be close to the melting point of the matrix so that the highest
exothermic peak (567°C) can be determined as the optimum sintering
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temperature and will be proven in the results of the sintering
properties [18]. The study of effects of magnesium on sintering of
aluminum powder has been done intensively by R. N. Lumley et al. and
T. Pieczonka et al. They showed that magnesium has very important
role on removing of oxide layer on aluminum particles. Magnesium
will react with oxide layer Al2O3 at lower temperature and form spinel
(MgAI204). The addition of 1.5 wt% Mg in this mixture is expected
to have enough to remove the oxide layer [21,22].

3.2 Sintering properties

Figure 6 shows the values of density and hardness of micro
Vickers on this nanocomposite with variations in temperature and
milling time. In Figure 6(a) and 6(c), it shows that 570°C gives highest
hardness and sintering density for 97 Vickers Hardness respectively.
Higher sintering density leads to higher hardness. According to DSC
graph shown by Figure 5, at 570°C is expected to have some liquid
phases from elements or compound which have lower melting point
such as Al-Mg or Al-Cu. These liquid phases also play important role
to obtain high density by filling the pores during sintering, this mechanism
is called liquid phase sintering. But at 580°C and 590°C sintering
density decreased which leads to having lower hardness. At these
temperatures, it is expected grain growth occurred will lead to having
bigger pore which is called Ostwald Ripening phenomena [16,21,22].
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Figure 6. Graph of hardness and sintering density, (a) (c) hardness and sintering density with differences in sintering temperature, and (b) (d) hardness and

sintering density with differences in milling time.
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In Figure 6(b) and 6(d), it shows the effects of milling time on
hardness. With a long milling time, it causes a high degree of
deformation, reducing the grain size to a level where the nanoparticles
formed will be well distributed and form aluminum-carbide (Al4Cs)
as an interface between the matrix and the reinforcement particles.
Fine powder will have bigger surface area that will react faster at
elevated temperature and this helps during sintering of the nano-
composite. Heat energy during the sintering process allows nano-
particles to diffuse and can increase the grain boundary volume.
Under these conditions, the dissolved atoms replace the solvent atoms
within the grain boundaries. The fast separation of atoms from one
grain to another leads to rapid homogenization and results in the
formation of a new intermetallic compound (AlsCs) which serves to
resist deformation when gaining forces [23].

Figure 7 shows the SEM-EDS images after sintering at a
temperature of 570°C with a milling time of 8 h which is the optimum
variables for this nanocomposite. The images of SEM shows that
there are several colors with different shapes and sizes. The aluminum
matrix as the main element is marked in gray. If observed, there are
two other colors, namely dark gray and light gray. Light gray represents
Cu and Mg elements characterized by dark gray [8]. on the EDS
pointanalysis, it is proven that weight to percent (Table 2) on each
element mentioned has a high percentage compared to other points,
for example at point 3 which is an element of rich Cu based on
literature and previous research proved on EDS point analysis by

Sum Mg K

having a high wt% compared to point 2 and other points, as well as
the Mg element in the EDS point analysis.

During the milling process, the phenomena of fracture and cold-
welding lead to uniformity in the distribution of each element. On
the light ash color, it forms a rich Cu precipitate due to the heat energy
received during the sintering process, allowing it to form Al.Cu
deposits [10]. It seems as expected that magnesium is dissolved around
grain boundary of aluminum and close to pore due its reaction with
aluminum oxide layer to form MgAl204. This formation will help
diffusion process between particles during sintering leading to high
density materials [24]. The graphite as a particle reinforcement in this
nanocomposite is appeared as carbon on EDS Mapping Analysis that
is homogenously dispersed. Carbon based materials such as graphene,
graphite and CNT is usually found around grain boundary of the matrix.
This leads to assume that shaker mill is able to produce homogenously
dispersed reinforcement particles.

Table 2. The EDS results correspond to the point locations shown in Figure 7.

Point wt%
Al Cu Mg Graphite
1 88.71 01.16 00.94 09.20
2 94.79 04.26 00.94 -
3 69.97 28.95 01.07 -
4 96.22 01.92 01.86 03.30

Sum C K

S5um AlK

Sum

Figure 7. SEM-EDS results after sintering with a milling time of 8 h at 0.5 wt% Gr.

4. Conclusions

Shaker mill technique has successfully produced homogenously
dispersed Al-4.5Cu-1.5Mg with 0.5 wt%. Longer shaker mill process
increase homogeneity and produce finer nanocomposite powder.
It seems 8 h shaker milling time and 570°C sintering temperature
under argon gas are suitable variable for this nanocomposite which
showing highest sintering density and hardness for 83% relative and
97 Vickers Hardness respectively. Intermetallics Al2Cu and Al4Cs
were found after shaker mill and sintering as results from high energy

J. Met. Mater. Miner. 32(1). 2022

milling. FesC was found as impurities in this nanocomposite shown
by XRD pattern. This was expected to form as a high energy collision
between stainless steel ball and jar or ball to ball.
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