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In the manufacture of graphene-reinforced aluminum composites, powder metallurgy has been the
primary production method, proving to be highly effective. The present work addresses the production
and characterization of aluminum matrix composites reinforced with graphene-based nanomaterials.
The production route employed the powder metallurgy technique and was processed in two stages: first
by mixing in different liquid media, and second by using distinct mixing methods. The sintered samples
from the first stage were evaluated for their density, and the sintered samples from the second stage were
subjected to mechanical microhardness tests. The results of the first stage indicated that among the solvents
used for mixing, acetone and ethanol stood out, providing compacts with densification above 92%. In
the second stage, Al/rGr composite samples produced by the mechanical mixing method using a helical
impeller showed the greatest increase in hardness, achieving a 60.5% increase compared to pure aluminum.
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1. Introduction

Graphene, owing to its exceptional mechanical properties,
such as a Young’s modulus of 1.0 TPa and a high fracture
strength of approximately 130 GPa', is an extremely promising
reinforcement material in metal matrix composites. The mechanical
properties of metallic matrices such as Cu?, Mg?, and Ti* could
be improved. These enhancements are primarily attributed to
effective load transfer at the matrix—reinforcement interface
and the homogeneous dispersion of graphene-based materials.

Among metallic matrices, aluminum and its alloys stand
out as prime candidates for graphene-based reinforcement due
to their low density, low melting point, excellent versatility,
and favorable cost-benefit ratio. Previous studies have reported
substantial improvements in mechanical performance with the
incorporation of graphene. Wang et al.” achieved a 62% increase
in tensile strength compared to pure aluminum by employing a
flake powder metallurgy (Flake PM) method".

This method involved introducing a hydrophilic polyvinyl
alcohol (PVA) membrane onto the surface of aluminum
flakes and adding deionized water to form a powder paste,
into which an aqueous dispersion of graphene oxide (GO)
was subsequently incorporated. The mixed paste was
mechanically agitated and heated at 550 °C for 2 hours
to decompose the PVA and reduce the GO nanosheets to
graphene nanosheets (GNSs).
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Similarly, Gao et al.” reported a 30% increase in ultimate
tensile strength by mixing pure aluminum in an aqueous
solution containing the cationic surfactant hexadecyl
trimethylammonium bromide (CTAB), followed by mechanical
agitation with an aqueous dispersion of GO that had been
pre-treated by 1 hour of ultrasonication. Furthermore,
enhancements in flexural strength of up to 47% have been
reported for A16061 alloy® using a ball milling high energy
method, with an evaluation of the effects of milling time
and graphene content, while Pérez-Bustamante et al.’, also
employing ball milling high energy and a detailed analysis
of the influence of milling time and graphene percentage,
observed a maximum increase in microhardness of 138%.

Another significant study demonstrated an improvement
of up to 80% in compressive strength'® by using an aqueous
suspension preparation route with the addition of Mg?* ions as
abinding agent, which promoted stronger affinity and adhesion
of graphene sheets to the surface of aluminum particles,
resulting in a more homogeneous and effective dispersion
of the reinforcement. Although these results underscore the
potential of aluminum—graphene composites for applications
in the aerospace, aeronautical, and automotive industries'’,
they also highlight the critical need to optimize fabrication
methods, particularly regarding the uniform dispersion of the
reinforcement, sintering steps, and the preservation of graphene’s
structural integrity.
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Among the available methods for fabricating graphene-
reinforced aluminum composites, solid-state processing via
powder metallurgy is the most widely adopted. This method
enables lower processing temperatures compared to techniques
that employ the liquid state, thereby minimizing undesirable
and deleterious interfacial reactions such as the formation of
Al,C,”". Despite these advantages, powder metallurgy still
faces significant challenges during the mixing stage, such as
ensuring homogeneous dispersion of graphene and preventing
its agglomeration due to density differences and van der Waals
interactions between graphene sheets. Recent review articles
emphasize these challenges, noting that achieving a strong
matrix—reinforcement interface and a uniform distribution
of graphene remain major unresolved issues'’. Chak and
Chattopadhyay'* specifically highlight that improvements
in mechanical properties depend strongly on the effective
dispersion of graphene, associating agglomeration phenomena
with premature mechanical failures in the composites.

Given these persistent dispersion challenges in solid-state
processing, liquid-phase strategies are increasingly explored as
they offer a pathway to potentially deagglomerate graphene-
based materials more effectively prior to consolidation. The
use of graphene oxide (GO) or reduced graphene oxide (rGO),
with their surface functional groups, can be particularly
advantageous in liquid media, promoting better wettability
and interaction with solvents, which is crucial for breaking
down agglomerates and achieving finer dispersion with
aluminum particles'’. Nevertheless, the transition from a
dispersed liquid system to a solid composite precursor is
not trivial; issues such as re-agglomeration during solvent
evaporation, the choice of solvent affecting GO/rGO stability
and interaction with Al, and the potential for residual solvent
contamination or unwanted reactions during drying or
sintering must be carefully managed'®. Moreover, ensuring
that the improved dispersion achieved in the liquid phase
translates into enhanced interfacial bonding and load transfer
in the final sintered composite remains a key objective that
requires careful process control'’.

However, typically, the mixing process for aluminum—
graphene composites in powder metallurgy involves pre-
synthesized aluminum powder combined with graphene via

Table 1. Characteristics of rGO and GO provided by ACS Material.
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two main routes: dry mixing such as ball milling using different
systems (agitator®, attritor'>'® or planetary mill'>*) or liquid
mixing routes (mechanical stirring®'*?, ultrasonication®*,
liquid dispersion™ or rotary evaporation®). Critical evaluations
of these methods discussed in recent reviews' reveal that,
despite the variety of available mixing techniques, there is still
no consensus on the ideal method that simultaneously ensures
homogeneous dispersion and the preservation of graphene’s
intrinsic properties. Furthermore, specific aspects such as the
effectiveness of load transfer at the matrix—reinforcement
interface remain to be fully explored.

The objectives motivated by this present work aim to
systematically investigate aluminum composites reinforced
with graphene oxide (GO) and reduced graphene oxide
(rGO) produced via a two-step powder metallurgy process,
showing the differences between these two mechanisms.

2. Materials and Methods

The aluminum powder utilized in this study, provided
by Alfa Aesar, had a purity of 99.5% and an average particle
size of 45 um, as per the manufacturer’s specifications.
Two distinct carbon-based materials, supplied by ACS
Material, were independently used as reinforcements for the
composites: reduced graphene oxide (rGO) and graphene
oxide (GO). The material’s specifications, as provided by
the manufacturer, are listed in Table 1.

At first, aluminum powders were mixed with GO using
various liquid dispersion media—water, acetone, ethanol, and
an ethanol/water mixture (40/60)—to identify the optimal
solvent that minimizes graphene agglomeration by reducing
the attractive forces between its sheets. Subsequently, using
the optimal liquid medium identified in the first stage,
different mixing techniques were comparatively evaluated
in terms of dispersion homogeneity and the preservation of
graphene’s intrinsic properties. The resulting composites were
characterized by microhardness testing, Raman spectroscopy,
X-ray diffraction (XRD), and electron microscopy, with
the aim of establishing a systematic correlation between
the dispersion and structural integrity of graphene and the
adopted processing conditions (Figure 1).

Characteristics of rGO

Preparation Method Modified Hummer’s Method followed by thermal exfoliation + hydrogen reduction.
Diameter 0.4~5 pm
Thickness 0.6 ~1.2nm
BET Surface Area (m*/g) 400 ~ 1000
Electrical Resistivity (€2.cm) <0.30
Density ~0.01 g/cm?
Dispersibility Property Can be redispersed in most solvents with the aid of sonication
Characteristics of GO
Preparation Method Modified Hummer’s Method
Diameter 1~5um
Thickness 0.8~1.2nm
Single-Layer Proportion ~80%
Purity ~99%
Bulk Density 0.26 g/cm®
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Starting materials

Aluminum powder,
rGO and GO

Mixing (A+GO)

Solvents:
‘Water, Acetone,
Ethanol, Ethanol/Water
(40/60)

Compaction
1st Stage
Mixing in different media =% 4g Composite Powder
Pressure: 310 MPa

Sintering

/ Rotary evaporator (Rot-Evap)

- Dispersion of rGO/GO in 100 mL of acetone
(ultrasonication: 15 min, 330 W)
Addition of Al powder and ultrasonication (15
min)

The d powder was sut y
transferred to a rotary evaporator at45°C with a
rotational speed of 200 rpm.

Probe Ultrasonication (Prob-ult)

- Dispersion of rGO/GO in 100 mL of acetone
(ultrasonication: 15 min, 330 W)
- Addition of Al powder and ultrasonication (15 min)

Mechanical Stirring (Mec-Stir)

- Dispersion of rtGO/GO in 100 mL of acetone
(ultrasonication: 15 min, 330 W)

- Afterwards, aluminum and rGO/GO were put
under mechanical agitation for another 15 minutes.
~— 2nd Stage —
Mixing by different methods

Compaction

4g Composite Powder
Pressure: 310 MPa

Heating: 25°C —600°C
4.8° C/min
Time: 8h

e

Solvent Selection: Acetone
(Based on the results of Step 1)

Sintering

Heating: 25°C —600°C
4.8° C/min

Cooling in the oven

Figure 1. Process Flowchart.

In the first step, pure aluminum powder and GO were
mixed with solvents:

. water,

. acetone,

e pure ethanol,

*  40/60 ethanol-water mixture.

Composites containing 0.3 wt% GO were prepared,
following proportions proven effective in previous studies™”’.
Aluminum powder was dispersed in 50 mL of each solvent
and ultrasonicated for 30 minutes, while GO was separately
dispersed in 30 mL of the same solvents under identical
conditions. The mixtures were then combined according to
their respective solvents and subjected to another 30 minutes
of ultrasonication. Finally, the suspensions were dried in
an oven for 24 hours. One of the alcohol suspensions was
dried in vacuum.

In the second step, 4 g of pure aluminum powder was
mixed with 0.3 wt% of rGO 0.3 wt% or GO using various
mixing techniques. The equipment utilized included a
BUCHI R-100 rotary evaporator with a vacuum pump and
1-100 interface, an Eco-Sonics QR550 ultrasonic probe
sonicator, and an IKA RW20.N mechanical stirrer with a
helical impeller.

In the rotary evaporator dispersion process (referred to
here as Rot-Evap), tGO was first dispersed in 100 mL of
acetone using a probe ultrasonicator operating at 20 kHz with
a 13 mm tip. The sonication was performed at 60% power
(330 W) for 15 minutes. Aluminum powder was then added
to the mixture, and agitation continued for an additional 15
minutes, totaling 30 minutes of processing. The composite
powder was subsequently transferred to a rotary evaporator,
where mixing and drying were carried out simultaneously
at 45°C with a rotation speed of 200 rpm.

In the dispersion process using probe ultrasonication
(referred to here as Prob-Ult), tGO was dispersed in 100 mL of

Time: 8h
Cooling in the oven

acetone with a 20 kHz ultrasonic probe featuring a 13 mm tip.
The dispersion was conducted at 60% power (330 W) for 15
minutes. Subsequently, aluminum powder was introduced into
the mixture while agitation was maintained for another 15
minutes, completing a total processing time of 30 minutes. The
resulting mixture was then oven-dried at 54°C for 24 hours.
In the mechanical stirring process (referred to here as
Mec-Stir), tGO was first dispersed in 100 mL of acetone
using a probe ultrasonicator at 20 kHz with a 13 mm tip,
operating at 60% power (330 W) for 15 minutes. At the
same time, aluminum powder was stirred in acetone with a
helical impeller at 1000 rpm for 15 minutes. Afterward, the
ultrasonicated graphene was combined with the aluminum
under mechanical stirring, and the mixture was agitated
for another 15 minutes, totaling 30 minutes of processing.
The resulting mixture was then oven-dried at 54°C for 24
hours. The same processes were also carried out with GO.
In both stages, pellets were formed using cold uniaxial
pressing at a pressure of approximately 310 MPa for a
duration of 60 seconds. About 4 grams of composite powder
aluminum with 0.3 wt% rGO or GO were placed into a steel
die with a diameter of 20 mm. The die was pre-lubricated
with stearic acid to facilitate the compaction process.
Samples from both processing stages were sintered in a
tubular furnace under a nitrogen atmosphere, starting from
ambient temperature (25°C). The temperature was raised to
600°C at a heating rate of 4.8°C/min, taking about 2 hours
to reach the target temperature. Once at 600°C, the samples
were held at this temperature for 6 hours, resulting in a total
sintering duration of 8 hours. After the sintering process,
the nitrogen flow was discontinued, and the samples were
allowed to cool inside the furnace to room temperature.
To characterize the samples from the initial stage, the
density and degree of densification of the green specimens
were assessed using geometric density calculations.
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Samples were prepared for analysis by grinding the
samples using a variable-speed grinder-polisher equipped
with water-lubricated sandpapers of grit sizes 300, 400,
600, and 1200. Following grinding, mechanical polishing
was employed to remove surface imperfections and enhance
the finish, utilizing a 1 pm diamond paste.

Material characterization involves multiple techniques.
A JEOL JSM-6701F scanning electron microscope (SEM)
was used for imagining the samples. Optical microscopy
was performed alongside Raman spectroscopy using a
100x objective lens. For X-ray diffraction (XRD) analysis,
a Rigaku MiniFlex diffractometer with a copper X-ray
tube (Cu Ka radiation, A = 1.542 A) was utilized. XRD
scans were conducted in grazing incidence mode with an
incidence angle of 1°, covering a 26 range from 5° to 90°,
at a scanning speed of 10° per minute, a step size of 0.01°,
and operating conditions of 40 kV and 15 mA.

A WiTec 300R spectrophotometer featuring a 488 nm
He-Ne laser was employed for spectroscopic analysis. Point
measurements were taken within the samples to verify the
presence of reduced graphene oxide and graphene oxide
after processing.

Microhardness (HV0.5) testing was performed on the
pellets produced via different mixing methods using a Zwick
microhardness tester. The tests were conducted with a 50%
objective lens and a diamond indenter under a load of 4.9 N,
assessing 25 randomly selected points within each sample.

For each sample, 25 measurements were taken at random
points, and this process was performed in triplicate. The
mean and standard deviation were calculated from these
datasets, allowing for quantification of the central tendency
and variability of the measured properties. Although simple,
this approach ensures that the differences observed between
the samples are both representative and reliable, contributing
to a robust interpretation of the results presented.

3. Results and Discussion

3.1. Composites produced in different media

Table 2 presents the results of relative density (densification)
obtained from the mixtures prepared in different media.

Table 2 indicates that among the various mixing media
for aluminum powder with GO, pure ethanol, acetone, and
pure ethanol (vacuum-dried) were the most effective for
composite fabrication, as they achieved sintered densities
above 90% and showed a positive increase in relative density.
When the mixing medium contains water, a lower green
density of the samples is observed compared to all the others,

Table 2. Results Obtained from Mixtures in Different Media.
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along with a negative percentage in relative density (-5.7%),
suggesting that the material expanded. This phenomenon can
be attributed to the hydrolysis reactions (1) and (2) occurring
between aluminum and water.

2AI(S) +6H20(1) A)ZAI(OH):;(S) +3H2(g) (1)

2AI(S) + 4H20(]) = ZAIO(OH)(S) + 3H2(g) (2)

Studies®’ indicate that cavitation generated during
ultrasonication can induce microstructural changes in metal
particles, including the mechanical disruption of the passive
oxide layer, thereby exposing the aluminum to water. In
aluminum-water systems at temperatures below 35°C,
aluminum remains inert. However, when the system temperature
rises to 45°C or higher, the reaction initiates, leading to the
production of significant amounts of hydrogen through the
hydrolysis of aluminum?. The collapse of cavitation-induced
bubbles within the liquid, during the ultrasonication process,
generates high pressures and localized temperatures facilitate
these reactions between aluminum and water.

Figure 2 shows scanning electron microscopy (SEM)
images of composite powders processed in different media
(water, acetone, and ethanol), as well as pure aluminum
powder in its as-received state, along with the XRD pattern
corresponding to the composite powder processed in water.

Figure 2 shows AI(OH), structures formed due to the
hydrolysis of aluminum. This occurrence is consistent with
the findings of Zhang et al.””. Furthermore, Wang et al.*
observed comparable results in their study on the generation
ofhydrogen as a byproduct of the reaction between aluminum
and deionized water. The XRD patterns corresponding to
Figures la and 1b exhibit characteristic peaks of Al(OH),,
which were also identified in the studies by Wang et al.*’ and
Zhang et al.’".

The presence of Al(OH), on the surface of the particles
hinders the compaction process, reducing sliding and
interlocking between aluminum particles, in addition to
limiting plastic deformation. This explains the lower green
density of the samples processed with water.

In the sintering phase we have the decomposition of
aluminum hydroxide and oxyhydroxide in alumina. Studies™*
discuss in detail the heat treatment of A[(OH), and AIO(OH),
highlighting the various crystalline phase transformations
that occur as a function of the calcination temperature. In
the temperature range between 250°C and 500°C, these
conditions are sufficient to dehydrate aluminum hydroxides
and oxyhydroxides, forming an intermediate Al,O, phase™ and
releasing water vapor, as described in reactions (3) and (4).

Average Relative Density (%)

Composites produced Green Sintered Density Increase (%)
Al/0.3 wt% GO - Water 73.06 - -
A1/0.3 wt% GO - Acetone 92.58 94.31 1.87
A1/0.3 wt% GO - Pure Ethanol 90.94 93.94 3.29
Al/0.3 wt% GO - Ethanol/Water (40/60) 78.40 73.92 -5.71
Al/0.3 wt% GO - Pure Ethanol (Vacuum) 92.25 93.49 1.35
Pure Al 93.15 95.19 2.20
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Figure 2. XRD pattern of the composite powder mixed in water and SEM images of the composite powder: (a, b) processed in water; (c)
processed in acetone; (d) processed in ethanol; (e, f) pure aluminum as received.
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Aluminum can expand during sintering due to two
phenomena: expansion by gases trapped in closed pores
during compaction; or gases from chemical reactions
diffusing into closed pores. These phenomena are also
observed in copper and discussed by Hao et al.*”. During
sintering at 600°C of the Al/GO composites mixed in water,
the conditions were very favorable for the decomposition
of AI(OH), and AIO(OH), resulting in the release of water
vapor, causing expansion of the compacts, impairing the
sintering mechanisms and promoting low densification
and structural fragility.

As the first stage of evaluation between different media
was restricted to the final density characteristics of the sintered
composite, both acetone and ethanol proved to be excellent
candidates for the second stage, as both mixing media
provided a sintered composite with densities above 90%.

3.2. Composites produced using different mixing methods

A comparison of the XRD patterns for composites
produced via different graphene incorporation methods is
shown in Figure 3, revealing the impact of the synthesis
route on the material’s structure.

In Figure 3, the characteristic peaks of aluminum can be
identified at 20 ~ 38°, 44°, 65°, 78°, and 82°, according to
JCPDS #65-2869. Additionally, the peaks for rGO appear
at 20 ~ 24° (broad peak) and 43°°°*’, indicating that GO
underwent reduction during processing. This reduction may have
occurred both in the mixing stage and in the sintering stage.

10000 —
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During the mixing process, once the passive oxide layer on
aluminum is disrupted, the exposed aluminum generates
AP (=-1,66 V)*, which attract the negatively charged GO
through electrostatic forces*’. This interaction partially
reduces the GO and facilitates its adsorption onto the
aluminum surface.

Asgharzadeh et al.”! observed a similar phenomenon
when they mixed aluminum powder with GO in ethanol
using magnetic stirring. Similarly, Li et al.*’ and Fan et al.*?
reported comparable reduction mechanisms, with their
XRD results showing rGO peaks consistent with those seen
in Figure 3. Intense fluid motion during sonication in the
mixing phase induces collisions between particles and with
the container walls, potentially removing functional groups
from the basal plane of GO*. Soltani et al.* observed that the
collapse of short-lived cavitation bubbles releases localized
energy sufficient to drive the reduction of GO. Additionally,
radicals generated during sonication further facilitate this
reduction process*. Zhang et al.** and Krishnamoorthy et al.*’
both highlight the efficiency of sonochemical treatment in
converting GO to rGO.

During sintering, reduction of GO may also have occurred.
Yan etal.” investigated CO, emissions from AI/GNF composites
sintered at 480 °C, confirming that thermal reduction can occur
atrelatively moderate temperatures. Supporting evidence from
other studies*-*’ strongly suggests that the sintering process at
600 °C played a crucial role in the reduction of GO.

All samples exhibited a peak at 26 = 31°, likely
corresponding to Al,C,, in agreement with earlier research’ >,
Additionally, the peak at 20 ~ 26.5° is attributed to graphite.
Several minor peaks remain unassigned, though some align
with aluminum oxide phases.

= Al Pure

= Al/rGO (Mec-Stir)
Al/GO (Mec-Stir)

= Al/rGO (Rot-Evap)

—— Al/GO (Rot-Evap)

—— Al/rGO (Prob-Ult)

— Al/GO (Prob-Ulf)

~~
T
=
N
-
5=
2 C
o AlC
::1: GO l GO
2500 |— l l
e A ———
e V' WY uAu—NJ td: j

26

Figure 3. XRD Patterns of Al/rGO and Al/GO composites produced using different mixing methods.
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Raman spectroscopic analysis was conducted through point
measurements at selected locations of the sintered samples. The
primary objective of this approach was qualitative, focusing
on verifying the presence and investigating the local structural
characteristics of graphene oxide (GO) and reduced graphene
oxide (rGO) incorporated into the aluminum matrix after
the distinct mixing and sintering processes. Figures 4 and 5
show, respectively, the Raman spectra of Al/rGO and Al/GO
composites produced by: mechanical stirring (4a and 5a),
rotary evaporation (4b and 5b), and ultrasonication (4c and 5c).

Firstly, the dark contrasts observed are pores and other
surface defects, such as scratches resulting from cutting
and polishing, observed in all of the images shown. The
spectra of all the samples show the D band at approximately
1367 cm and the G band near 1614 cm'. Interestingly,

Intensity (aw)

the G band at around 1620 cm’!, which is typically
associated with graphite®***, may also signify the presence
of intercalation compounds®® or oxidized sp? carbon®®. In
reduced graphene oxide, the G band generally appears
between ~1580 and ~1600 cm-', influenced by the oxidation
state and structural organization. In graphene-based materials,
a peak at approximately 1620 cm™!, known as the D’ band,
is indicative of significant structural disorder or defects®’.
Bartolucci et al.”” observed the formation of Al,C, in
aluminum composites reinforced with thermally reduced
graphene oxide, attributing this to high processing temperatures
and growth along high-energy prismatic planes, suggesting
that Al,C, nucleates at defect sites within graphitic planes or
amorphous carbon coatings, which could explain the characteristic
peaks observed in the XRD pattern shown in Figure 3.

00 1000 :15G0 2000 2500 3000 3500
-\q\’,'f
0o 500 2500 3000 3500

Intensity (aw)

|

™

0

Intensity (aw

00 1000 (1500 2000 2500 3000 3500 4000

0

00 1000 1500 2000 2500 3000 3500 L0

Figure 4. Raman Spectra of Al/rGO composite produced by: (a) Mechanical Stirring, (b) Rotary Evaporation, and (c¢) Ultrasonication.
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Lietal.”” comment that the Al,C, phase is extremely detrimental
to the tensile properties of the composite, where interfacial
occurrence also damages the properties of the graphene
itself. However, there is an incomplete understanding of the
mechanisms for the formation of Al,C,, which are related
to the shape, size and location of this interfacial composite
formation, since they are strongly associated with process
methods and parameters; in addition to little clarification
on charge transfer”'.

Table 3 presents the microhardness (HV0.5) results, and the
percentage increase compared to the pure aluminum samples.

+

Intensity (a.u)
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According to Table 3, the Al/rGO composite produced
by mechanical stirring demonstrated a remarkable 60.5%
increase in microhardness compared to pure aluminum,
differentiating it from the other samples. Although all
composites showed better performance than pure aluminum,
those with less than 10% improvement are considered
insignificant due to the measured standard deviation,
indicating that the dislocation density in these composites is close
to that of pure aluminum. This minimal improvement can be
attributed to inadequate dispersion or agglomeration and reduction
in lateral dimensions of rGO and GO during processing.

Intensity (au)

500 1000 1500 2000 25(')0 3000

Intensity (a.u)

o +

500 1000 1500 2000 2500 3000

500 1000 1500 2000 2500 3000

Figure 5. Raman Spectra of AlI/GO composite produced by: (a) Mechanical Stirring, (b) Rotary Evaporation, and (c¢) Ultrasonication.

Table 3. Microhardness (HV0.5) and Percentage Increase of Composites Compared to the Pure Aluminum Sample.

Sample Average (HV0.5) Microhardness Increase (%)
Al pure 39.0£1.5 -

Al/rGO (Prob-Ult) 39.7+43 +1.7

Al/rGO (Rot-Evap) 452435 +15.9

Al/rGO (Mec-Stir) 62.6+12.2 +60.5

Al/GO (Prob-Ult) 403+2.8 +3.4

Al/GO (Rot-Evap) 41.9+3.0 +7.4

Al/GO (Mec-Stir) 42.1+4.1 +8.0
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Figure 6. FEG-SEM of Al/rGO Composite (Mec-Stir): (a) particles coated with rGO; (b) and (c) regions with rGO agglomerates at

aluminum grain boundaries.

Ultrasonication-induced dispersions can lead to a decrease in
sp? domains and particle size of tGO or GO, as well as promote
the formation of edge defects. This effect was observed by
Baig et al.”” when studying the influence of tip ultrasonication
on the structural quality of graphene nanoplatelets.

Significantly, only the Al/rGO composite processed by
mechanical stirring showed a substantial improvement in
microhardness. One possible reason is that during mechanical
agitation, both GO and rGO were exposed to ultrasound for
a shorter period of time, 15 min during initial dispersion to
break the powder state, compared to 30 min in other processes.
This shorter exposure likely resulted in fewer defects and
less reduction in lateral size and thickness, allowing for more
effective bonding with aluminum and promoting the grain
refinement required during sintering. Although the grain
size of the aluminum matrix was not quantified in this study,
the literature suggests that the presence of well-dispersed
carbon nanostructures, such as rGO, can act as nucleation
sites or restrict the growth of matrix grains during sintering®.
The preservation of the integrity and lateral dimensions of tGO,
as inferred for the Mec-Stir method, would be determinative
to maximize this grain refinement effect, thereby contributing
to the observed increase in hardness, in accordance with the
Hall-Petch relationship.

The Al/rGO composite mixed using a rotary evaporator
showed a 15.9% increase in microhardness compared to
pure aluminum. However, this performance may have
been limited by the longer ultrasonication time required to
disperse rGO, leading to defects and decreased lateral size
and thickness. An advantage of the rotary evaporation method
is the simultaneous mixing and evaporation of the solvent,
which reduces processing time and potentially decreases
the structural impact on rGO and GO.

In addition, the use of GO, regardless of the method,
did not show such significant gains. These results highlight

the importance of the choice of reinforcement (rGO versus
GO) in addition to the processing method to optimize the
mechanical properties of aluminum composites.

Besides the absolute gains in microhardness, the statistical
analysis of the data reveals the importance of processing
parameters for both the uniformity and effectiveness of the
reinforcement. It was observed that the Al/rGO composite
processed by mechanical stirring exhibited a significantly
higher average microhardness (62.6 HV, a 60.5% increase
over pure aluminum, which has 39.0 + 1.5 HV), but with a
standard deviation of 12.2 HV, indicating greater variability
in reinforcement dispersion. In contrast, the composite
obtained via rotary evaporation showed a more modest gain
(45.2 HV, a 15.9% increase) with a standard deviation of
only 3.5 HV, reflecting a more reproducible process, although
less effective in enhancing the reinforcement.

These statistical results, when correlated with process
parameters — such as ultrasonication time (15 min versus
30 min), stirring intensity, and evaporation conditions —
suggest that optimizing processing conditions is critical
not only for maximizing mechanical improvements but
also for ensuring the homogeneous dispersion of rGO,
which is crucial for efficient load transfer in the aluminum
matrix. In summary, small variations in experimental
parameters can significantly impact both the enhancement
of properties and the reproducibility of the results. So,
the choice of the mixing method, therefore, represents a
balance between the energy supplied for dispersion and
the potential damage to the reinforcing material, directly
influencing the microstructure and the final mechanical
properties of the composite.

Figures 6 and 7 show the scanning electron micrographs
of the composites that demonstrated the best performance in
the hardness test: Al/rGO (Mec-Stir) and Al/rGO (Rot-Evap),
respectively.
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Figure 7. FEG-SEM of Al/rGO Composite (Rot-Evap): (a) aluminum region surrounded by rGO at grain boundaries; (b) rGO agglomerate

encased by aluminum.

Post-sintering microstructural analysis, as shown in
Figures 6 and 7, reveals important features of the composites.
In Figure 6a, aluminum particles are surrounded by rGO
layers, resulting in a rough surface texture due to the stacking
of layered structures. Figures 6b, 6¢, 7a, and 7b demonstrate
that rGO is situated at the grain boundaries of the aluminum
particles, aligning with observations from other studies’>*".
Localized aggregation of folded and multilayered rGO
may impede effective load transfer between the matrix and
reinforcement because it is concentrated in specific areas.
However, the distinct presence of well-defined rGO layers in
Figures 7a and 7b indicates that some rGO remained intact
during the rotary evaporation process. These findings suggest
that rGO was successfully integrated into the composites
using both methods, as evidenced in Figures 6 and 7, thus
contributing to the enhancement of mechanical properties.

4. Conclusions

The main objective was achieved by comparing different
graphene-based materials. The study aimed to identify an
optimal liquid dispersion medium and evaluate various mixing
techniques to establish a clear correlation between processing
conditions, the integrity of graphene-based materials, and the
resulting mechanical properties of the composites.:

*  Solventselection is critical for process viability. The

initial evaluation demonstrated that aqueous media
(water and ethanol/water mixtures) are unsuitable for
this process. The use of water triggered a hydrolysis
reaction with aluminum, forming aluminum hydroxide
(A1(OH),), which was confirmed by XRD and SEM.
This contamination hindered powder compaction
and led to severe sample expansion during sintering
due to the release of trapped water vapor, resulting
in structurally unsound composites. In contrast,
acetone and pure ethanol were identified as effective
and inert media, producing high-density (>90%)
sintered composites without deleterious reactions.
*  Thereinforcement type and mixing method determine
mechanical performance. A clear distinction
in performance was observed between the two
reinforcements, with rGO consistently proving

superior to GO for enhancing microhardness. The
most significant result was achieved with the Al/
rGO composite prepared by mechanical stirring
(Mec-Stir), which exhibited a remarkable 60.5%
increase in microhardness compared to pure aluminum.
This success is attributed to a balanced processing
approach, where a shorter initial ultrasonication
period (15 min) was sufficient to deagglomerate the
rGO without causing significant structural damage,
allowing for effective reinforcement.

*  Excessive processing energy is detrimental to
reinforcement. The methods relying on prolonged,
high-energy probe ultrasonication (Prob-Ult) yielded
negligible improvements in hardness (<4%). This
suggests that while sonication is effective for dispersion,
excessive exposure leads to the fragmentation and
degradation of the graphene sheets, rendering them
ineffective for load transfer. The rotary evaporation
(Rot-Evap) method provided a moderate hardness
increase (15.9%), offering a reproducible process
but likely causing more structural damage to the
rGO than the gentler mechanical stirring.

e In-situreduction of GO and carbide formation were
confirmed. XRD and Raman analyses confirmed
that GO was successfully reduced to rGO during
the thermo-mechanical processing. However, the
analysis also revealed the presence of aluminum
carbide (Al,C,) peaks in all composites, indicating
an interfacial reaction occurred during sintering,
which is often associated with a negative impact
on mechanical properties.

In conclusion, this work demonstrates that an effective
Al/rGO composite can be fabricated by carefully controlling
the energy input during mixing. The mechanical stirring
method, combined with a brief initial sonication in an acetone
medium, provides the optimal balance between achieving
homogeneous dispersion and preserving the structural
integrity of the rGO reinforcement, leading to a substantial
enhancement in the composite’s microhardness. The choice
of the mixing technique is therefore a decisive factor that
governs the final performance of Al-graphene composites
produced by powder metallurgy.
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