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Abstract: This study investigates the effects of graphite particle reinforcement on the
mechanical and tribological properties of aluminum alloy AA6061 composites produced
via hot press forging (HPF), a direct recycling method for aluminum chips. Graphite content
varied from 2.5% to 12.5%, with the Al6061-7.5%Gr composite achieving the highest tensile
strength (102.36 MPa) and yield strength (87.07 MPa). Hardness peaked at 24.73 HV with
5% graphite. Tribological tests showed improved wear resistance at higher graphite levels,
with the A16061-12.5%Gr composite exhibiting the lowest wear rate (0.00033 mm?3/N-m).
These findings highlight HPF’s potential for sustainable fabrication of high-performance
aluminum composites.
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1. Introduction

The pursuit of enhancing the mechanical and tribological properties of aluminum
alloys has drawn considerable attention, particularly in the development of metal matrix
composites (MMCs). Among these, aluminum alloy 6061 (AA6061) stands out as a versatile
material due to its exceptional strength-to-weight ratio, corrosion resistance, and weld-
ability. Its widespread use in aerospace, automotive, and marine industries underscores
its significance. However, the increasing demand for improved material performance has
spurred the incorporation of reinforcement materials, such as graphite, into AA6061 to
create advanced MMCs. Graphite, renowned for its solid lubrication properties, thermal
stability, and self-lubricating behavior, offers a promising approach to enhancing wear
resistance, tensile strength, and hardness by forming protective tribofilms and refining
microstructures (Khaireez et al. [1]; Somayaiji et al. [2]).
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Despite these advancements, significant gaps remain in understanding the influence
of graphite on the tribological behavior of AA6061 composites. While studies have demon-
strated improvements in tensile strength and hardness, limited work has explored the
optimization of graphite content to achieve superior wear resistance and frictional per-
formance. Moreover, the interaction mechanisms between graphite particulates and the
aluminum matrix under tribological loading conditions require further investigation to
maximize their potential in engineering applications.

Fabrication techniques also play a critical role in the performance of MMCs. Among
these, hot press forging (HPF) has emerged as a sustainable and efficient solid-state recy-
cling process. HPF consolidates aluminum chips under high pressure and temperature,
allowing for the direct recycling of materials into dense, high-performance composites
(Fogagnolo et al. [3]; Rady et al. [4]). This method not only minimizes waste but also con-
serves natural resources, aligning with sustainable manufacturing goals. The incorporation
of graphite particulates in AA6061 through HPF has demonstrated significant improve-
ments in both mechanical properties—such as tensile strength, hardness, and elongation
to failure—and tribological behavior, including wear resistance and friction reduction
(Li et al. [5]; Che Berhanuddin et al. [6]).

This study investigates the influence of varying graphite content on the mechanical
and tribological performance of AA6061 composites produced via HPE. By exploring the
effects of graphite reinforcement, this research aims to address the aforementioned gaps
and identify optimal compositions for achieving superior tensile strength, hardness, and
wear resistance. Additionally, it highlights HPF as a sustainable and effective technique for
producing advanced MMCs suitable for critical engineering applications, contributing to
environmental sustainability and material innovation.

2. Methodology
2.1. Materials Selection and Preparations

The base material used for the matrix was an AA6061 aluminum block with a theoreti-
cal density of 2.7 g/cm?. Aluminum chips were produced using a CNC milling machine
(SODICK—MC(C4301) with machining parameters set to a feed rate of 1100 mm/min, a
depth of cut of 1.0 mm, and a cutting velocity of 345 m/min. These machining processes
were conducted at Universiti Tun Hussein Onn Malaysia. Post machining, the aluminum
chips underwent cleaning in an ultrasonic bath apparatus (FRITSCH—Laborette 17) using
a 99.5% pure acetone solution (CH3COCHj3) for one hour to remove oil, grease, and other
impurities, in accordance with ASTM G131-96 standards. The cleaned aluminum chips
were then dried in an oven at 75 °C for one hour to eliminate residual acetone.

For the composite preparation, the cleaned aluminum chips were mixed with com-
mercial alumina powder as the reinforcing agent and 99.99% pure graphite powder.
Graphite was incorporated in varying weight percentages of 2.5%, 5.0%, 7.5%, 10.0%,
and 12.5% (Li et al. [5]; Akhlaghi et al. [7]). The mixing process was conducted using a
ball milling machine to ensure uniform distribution of reinforcement particles within the
aluminum matrix.

The recycling and consolidation of the composite material were performed using a
laboratory hot press forging (HPF) machine. The process involved a time pre-compaction
cycle, followed by heating the material to a temperature of 530 °C under a constant
pressure of 35 tonnes, as shown in Figure 1. The material was held at this temperature for
120 min to achieve proper consolidation. Immediately after the HPF process, the specimens
were subjected to rapid cooling through water quenching at a cooling rate of 100 °C
per second until room temperature was reached (Rady et al. [4]). This was followed by
artificial aging at 175 °C for 120 min to enhance the mechanical properties of the composite.
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This methodology facilitated the production of high-quality aluminum-based composites
by leveraging recycled AA6061 chips and reinforcement materials, achieving superior
mechanical and tribological properties (Nagarajan [8]).
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Figure 1. Experimental set-up of the HPF process.

2.2. Characteristics and Mechanical Properties

The tensile testing procedures employed in this study adhere to the Standard Test Meth-
ods for Tension Testing of Metallic Materials (ASTM E8M, 2012) (Berhanuddin et al. [6]).
Tensile tests were performed using a GOTECH UN-7001-LS universal testing machine
(GOTECH Testing Machines Inc., Taichung, Taiwan) equipped with a 25 kN load cell.
Strain measurements were recorded with a gauge length of 25 mm, and the testing was
conducted at a crosshead speed of 2 mm/min (Kumar et al. [9]).

The Vickers hardness test was conducted to evaluate the microhardness of the recycled
AA6061 aluminum alloy. This test involved pressing a diamond-shaped indenter into the
material’s surface under a controlled force, followed by measuring the size of the resultant
indentation. The procedure complied with the guidelines specified in the Standard Test
Method for Knoop and Vickers Hardness of Materials (ASTM E384, 2011) (Lee et al. [10]).
Each specimen was subjected to at least three indentations to ensure reliability.

The material density was determined using the Archimedean method, where small
specimens were weighed in air and then submerged in water. A density balance (HR-
250A, A&D, Seoul, Korea) was employed for precise measurements (Fogagnolo et al. [3]).
For the hardness tests, samples were prepared by cutting them into dimensions of
10.0 mm x 10.0 mm x 5.0 mm using an abrasive cutter with cooling liquid applied to
prevent thermal damage. The samples were mounted for testing. Vickers microhardness
measurements were performed with a 245.2 mN (HV0.025) load and a holding time of
10 s. The final hardness value was determined as the average of three measurements per
specimen (Kadir et al. [11]).

The dry sliding wear characteristics of AA6061 alloy with graphite-reinforced compos-
ites were investigated using METKON-FORCIPOL Metallography Grinding and Polishing
Machine with a METKON-FORCIMAT microprocessor-controlled sample mover. These
tests were conducted under a load of 12.5 N, at a rotational speed of 119.40 rev/min for
8.33 min on a steel plate (base) (Kadir et al. [11]). Samples for this test were cut into di-
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mensions of 10.0 mm x 10.0 mm X 5.0 mm using an abrasive cutter, with cooling liquid
applied to prevent frictional heating, and mounted appropriately for analysis. The initial
and final masses of the samples were recorded using a precision balance. The wear rate
was calculated using Equation (1).

14 _ M]pst
F.d  pFE.d

k= )

3. Results
3.1. Tensile and Yield Strength Behavior in Graphite-Reinforced Aluminum Composites

The data in Figure 2 demonstrate that the Ultimate Tensile Strength (UTS) increases
with the addition of graphite up to 7.5%, peaking at 102.36 MPa. This improvement is
atributed to the reinforcing effect of graphite particles, which enhance the composite’s
load-bearing capacity through efficient load transfer between the aluminum matrix and
the reinforcement particles. Graphite also hinders dislocation movement and grain bound-
ary sliding, further strengthening the material under tensile stress. These reinforcement
mechanisms align with findings by Li et al. (2015) and Che Berhanuddin et al. (2019),
which highlight the effectiveness of particulate strengthening in improving mechanical
properties [5,6].
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Figure 2. Variation in average tensile strength and average yield strength of AA6061 alloy with
different wt % of graphite particles.

The peak UTS at 7.5% graphite is due to the optimal dispersion and distribution of
graphite particles, enabling maximum reinforcement and efficient load transfer. Beyond
this percentage, particle agglomeration and porosity emerge, disrupting matrix continuity
and creating stress concentrators that reduce tensile strength. Similar results were reported
by Vaidya et al. (2017) and Nagarajan et al. (2019), which link excessive reinforcement to
clustering and void formation, adversely affecting strength [8,12].

Regarding yield strength (YS), the inclusion of 2.5% graphite (Al + 2.5%Gr) increased
YS to 70.49 MPa due to improved stress distribution and reinforcement. Further increases in
graphite content to 5.0% (Al + 5.0%Gr) raised the YS to 74.80 MPa, consistent with findings
by Kumar et al. (2020) and Lee et al. (2015), which emphasize the role of particulate
reinforcement in enhancing load transfer and interfacial bonding [9,13]. The peak YS of
87.07 MPa at 7.5% graphite reflects the optimal balance of reinforcement and matrix inter-
action. However, at 10.0% and 12.5% graphite, YS declined to 74.93 MPa and 72.45 MPa,
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respectively, due to agglomeration, porosity, and weakened interfacial bonding, as noted
by Prasad et al. (2018) and Zhang et al. (2020) [14,15].

These findings align with prior research, highlighting that while graphite reinforce-
ment improves mechanical properties, excessive content undermines strength due to
clustering and poor matrix-reinforcement bonding. Optimal reinforcement content en-
sures the uniform distribution of particles, minimizing defects and maximizing mechanical

performance in aluminum composites [16].

3.2. Microhardness Behavior in Graphite-Reinforced Aluminum Composites

The baseline microhardness of the pure AA6061 aluminum alloy (Al + 0%Gr) is
19.89 & 0.70 Hv, providing a reference point for evaluating the impact of graphite rein-
forcement on the alloy’s hardness. As shown in Figure 3, the addition of graphite particles
results in a noticeable increase in microhardness, reflecting the strengthening effects of
graphite particulates.
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Figure 3. Variation in microhardness of Al6061 alloy with different wt % of graphite particles.

At 2.5% graphite (Al + 2.5%Gr), microhardness increases to 21.41 £ 0.99 Hv. This
improvement is attributed to the dispersion strengthening mechanism, where hard graphite
particles embedded in the aluminum matrix act as obstacles to dislocation motion, increas-
ing resistance to deformation. This aligns with findings by Li et al. (2015) and Krishnappa
et al. (2019), who observed similar trends in metal matrix composites (MMCs) [5,6].

The highest average microhardness, 24.73 + 1.99 Hy, is achieved at 5% graphite
(Al +5.0%Gr). This peak is due to the optimal distribution of graphite particles, maximizing
the dispersion strengthening effect without negative consequences such as agglomeration.
The uniform dispersion of reinforcing particles strengthens the material by preventing
dislocation movement [9,12]. Additionally, graphite contributes to grain refinement during
fabrication, with the resulting fine-grained structure improving hardness via the Hall-Petch
effect [9].

However, as graphite content exceeds 5%, microhardness declines. At 7.5% graphite
(Al + 7.5%Gr), hardness reduces to 22.11 £ 1.45 Hv due to particle agglomeration and
porosity. Higher graphite concentrations promote clustering, disrupting uniform distribu-
tion and form stress concentrators that weaken the composite [12,15]. Similar results were
reported by Vaidya et al. (2017) and Zhang et al. (2020) [12,15].

With increasing graphite content to 10% (Al + 10.0%Gr) and 12.5% (Al + 12.5%Gr),
hardness further declines to 20.94 + 1.08 Hv and 17.58 + 1.35 Hyv, respectively. This
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significant drop, particularly at 12.5%, is due to severe agglomeration, leading to high
porosity and weak interfacial bonding. These defects serve as crack initiation sites, reducing
composite strength and hardness. Weak interfacial bonding in MMCs leads to debonding
and graphite particle pullout under stress, further diminishing hardness [6,17].

3.3. Wear Behavior

The data in Figure 4 illustrate a significant reduction in wear rate with increasing
graphite content. The pure aluminum sample (Al + 0%Gr) exhibited the highest wear rate
of 0.01800 mm?/N-m, while the sample with the highest graphite content (Al + 12.5%Gr)
displayed the lowest wear rate of 0.00033 mm?/N-m. The corresponding mass loss followed
a similar trend.
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Figure 4. Variation in mass difference and wear rate of AA6061 alloy with different wt % of graphite
particles.

The reduction in wear rate with increasing graphite content is attributed to graphite's
excellent lubrication properties, which reduce friction. In Al-Gr composites, exposed
graphite particles form a continuous lubricating layer (tribofilm) on the contact surface, min-
imizing friction and wear. Similar observations have been extensively documented [16,17].

Additionally, wear resistance improves due to increased composite hardness, reducing
susceptibility to deformation under load [16,17]. The absence of graphite in pure aluminum
results in higher friction and direct metal-to-metal contact, increasing wear [10,11].

3.4. Wear Mechanism

SEM analysis at 150x magnification as shown in Figure 5 highlights the influence
of graphite content on wear characteristics. The Al + 12.5%Gr sample demonstrated the
smoothest worn surface, while the Al + 2.5%Gr sample exhibited significant wear tracks
and debris. The smoother surface in high-graphite composites is attributed to the formation
of a continuous tribolayer during sliding wear, reducing friction and wear [14,15].

In contrast, the worn surface of the Al + 2.5%Gr sample displayed deep plowing
grooves and abrasive debris, indicating severe adhesive wear. The low graphite content
was insufficient to form a continuous lubricating layer, leading to increased direct contact
between the aluminum matrix and the counter surface. This lack of lubrication increased
friction, resulting in greater material removal and surface smearing [2].
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—

Figure 5. SEM observation of worn surfaces of AA6061 alloy with different wt % of graphite particles
under 150 x magnification.

Comparing these findings with previous studies reveals a consistent trend where
increasing graphite content in aluminum composites significantly enhances wear resis-
tance by reducing the coefficient of friction. For instance, research on Al6082 composites
with varying graphite contents showed smoother wear tracks and reduced wear at higher
graphite levels due to the formation of protective tribofilms [11]. Similarly, hybrid alu-
minum composites reinforced with graphite and silicon carbide exhibited superior wear
resistance, attributed to the synergistic effect of graphite’s lubricating properties [12].

The superior performance of the Al + 12.5%Gr sample is further supported by the
uniform dispersion of graphite particles in the matrix, ensuring consistent tribolayer
formation and lubrication across the surface. This uniformity prevents localized wear,
enabling a more homogeneous wear pattern. Conversely, poor distribution in samples
with lower graphite content leads to uneven surface protection and higher wear rates.
These findings emphasize the critical role of graphite content and particle dispersion in
optimizing tribological properties.

4. Conclusions

The addition of graphite particulates in AA6061 aluminum alloy has a significant
impact on its mechanical and tribological properties. In terms of mechanical performance,
AA6061 with 7.5%Gr recorded the highest ultimate tensile strength (102.36 MPa) and yield
strength (87.07 MPa) due to more efficient load transfer. Meanwhile, the highest microhard-
ness (24.73 HV) was observed in AA6061 with 5.0%Gr, indicating optimal reinforcement
before excessive graphite content led to agglomeration and porosity, which weakened
the material structure. From a tribological perspective, increasing graphite content sig-
nificantly reduced the wear rate. AA6061 with 12.5%Gr exhibited the lowest wear rate
(0.00033 mm?/N-m) due to the formation of a self-lubricating tribofilm, which effectively
reduced friction and wear. SEM analysis also confirmed that the worn surface became
smoother with higher graphite content, demonstrating the effectiveness of graphite as a
solid lubricant. Therefore, this study highlights the great potential of graphite-reinforced
AA6061 composites for applications in the automotive, aerospace, and low-friction com-
ponent industries, where balancing mechanical strength and wear resistance is critical for
material performance. Future research could explore alternative methods and environmen-
tal influences to expand its applicability.
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