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Abstract: This study details the mechanical incorporation of graphite particles into the surface of
aluminium (Al-1100) to fabricate surface composites using an electrical resistance heating-assisted
pressing method. Initially, the aluminium surface is coated with graphite via solution casting.
Incorporation is accomplished by locally heating the graphite–aluminium interface with electrical
resistance heating and subsequent mechanical pressure application. The magnitude of softening of
the aluminium surface can be regulated by process considerations such as the applied current and
heating duration. Microstructural assessment of the aluminium–graphite composite was conducted
using SEM, TEM, Raman spectroscopy, and XRD. The surface mechanical properties and reduced
Young’s modulus were improved by more than 200% and 150%, respectively. A detailed tribological
study was conducted, and the study suggested that the wear resistance and COF improved by more
than 50%. The progress in wear resistance and COF is corroborated by the microstructural changes in
the matrix suggested by the Raman spectroscopy and XRD results.

Keywords: surface composite; surface modification; solid-state processing; wear; friction

1. Introduction

Aluminium alloys are significantly favoured in aviation and automotive industries
owing to their exceptional strength by weight proportion and outstanding thermal con-
ductivity. Within the automotive sector, aluminium alloys are predominantly utilised in
reciprocating and rotating components like pistons, brake rotors, driveshafts, and cylinder
liners along with various other critical components across automotive and aerospace ap-
plications. However, the inadequate tribological behaviour exhibited by aluminium and
its alloys can potentially cause component failure under unfavourable situations. To miti-
gate friction, wear, and associated failures, researchers typically employ solid and liquid
lubricants. However, the pursuit of an ideal lubricant that not only decreases friction and
wear but also prevents biohazards and chemical additives remains a significant question.
These challenges have prompted researchers to explore MMCs (metal matrix composites),
especially AMCs (aluminium matrix composites), which offer low density, excellent corro-
sion resistance, thermal conductivity, and comparatively low production costs. Although
monolithic aluminium alloys boast elevated specific strength, their subdued hardness and
inadequate wear properties limit their suitability in demanding mechanical environments.
Hence, to enhance the tribological characteristics of aluminium and its alloys numerous
efforts have been made to incorporate reinforcements such as carbides [1], oxides [2], and
intermetallics [3]. Nevertheless, the presence of carbides and oxides within the aluminium
matrix results in significant thermal internal stresses owing to the substantial disparity in
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thermal expansion coefficients. Utilizing intermetallics as reinforcements results in lowered
internal stresses, but at the same time, they do not confer self-lubricating characteristics.

From examination of the latest reinforcements, carbonaceous materials have emerged
as the most fitting choice due to their array of advantageous properties, including an
insignificant thermal expansion coefficient, elevated strength, extraordinary thermal con-
ductivity, self-lubricating capabilities, and excellent damping properties [4]. These materials
can manifest in various forms, including three-dimensional (graphite), two-dimensional
(graphene), and one-dimensional (CNT) materials. Many researchers have delved into the
self-lubricating effects of graphite, a three-dimensional carbon form, in aluminium matrix
composites (AMCs) [4–13].

Various approaches have been employed by different researchers for the production
of aluminium–graphite composites. The methods used for fabricating these composites
can be mostly arranged under two sets: (i) solid-state methodology [14–18] and (ii) liquid-
state methodology [7,19,20]. Although liquid-state processing methods are cost-effective,
they encounter challenges like a lack of proper wetting of graphite particles by molten
aluminium alloys and disparities in the densities of the two materials. This makes it difficult
to introduce and retain graphite particles in the liquid melt, resulting in composite materials
with heterogeneous distributions, weak linkage amid the matrix and reinforcements, and
interfacial porosity [21]. On the other hand, solid-state processing methods face limitations
due to oxidation, material complexity, and size constraints [22].

Research indicates that graphite incorporation reduces the wear rate along with the
COF (coefficient of friction) owing to its self-lubricating characteristics in combination with
the decreased mechanical performance of the material. When different weight percentages
of graphite were added to Al 6016 to fabricate composites, improved wear resistance and
deteriorated mechanical characteristics such as compressive and tensile strength were
observed [9]. In another study, the fabrication of A356/graphite composite led to improved
tribological behaviour but inferior mechanical behaviour [10]. To improve the mechanical
behaviour along with the tribological behaviour, graphite particles along with SiC [4] or
Al2O3 [23] are used.

The studies mentioned above primarily concentrate on creating bulk composite ma-
terials. In this regard, we utilised a simple method involving electrical resistance heating
coupled with mechanical induction to fabricate aluminium graphite composites [24]. The
current method involves two distinct steps: (a) localised heating, facilitated by a specialised
electrical circuit assembly, and (b) mechanical insertion through the application of pressure.
The aluminium substrate undergoes localised heating until its surface attains a semisolid
position. This solid-state bond formation involving aluminium and graphite occurs at low
temperatures and in an exposed environment, leading to enhanced surface mechanical
properties. A thorough examination and connection of surface mechanical behaviour with
the processing conditions were performed.

2. Materials and Methods
2.1. Materials

This investigation utilised plates of aluminium 1100 alloy with a square geometry
and dimensions of 100 × 100 × 1 mm, which were selected as the matrix. The matrix
includes almost 0.83% Fe, 0.75% Si, 98.2% Al, and trace amounts of additional constituents
as suggested in Table 1, detailing the chemical ingredients of the Al-1100 alloy.

Table 1. Chemical constituents of matrix.

Constituent Si Fe Others Al

Quantity (wt.%) 0.748 0.828 0.224 98.2
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PVA (polyvinyl alcohol) from LOBA Chemie (Mumbai, India) was utilised, with
specifications of a pH of 5–7 (0.2% in H2O), a polymerization degree of 1700–1800, and
a viscosity of 25–32 cps.

Graphite flakes with a mesh size of 325 were obtained from Alfa Aesar, containing over
98% carbon, less than 0.4% Fe, and less than 0.1% S. Particle size analysis was conducted
using the Malvern Instruments Mastersizer 2000 (Malvern Panalytical Ltd., Malvern, UK),
employing DLS (dynamic light scattering) to determine particle dimensions (Figure 1). The
mean particle dimension resolved through this procedure was realised as 14.159 µm.
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2.2. Experimental Setup

The fabrication process for the graphite–aluminium composite involved the use of
a heating arising due to electrical resistance and pressing instruments, specifically the
ELECTROWELD SP30PR (Electroweld, Mumbai, India) spot welding machine. The op-
erating voltage of this machine is 415 V, the maximum short circuit current is 12 kA, and
the power yield (with 50% duty cycle) is 30 kVA. The applied force during the process
ranged from 0.098–0.392 MPa [25]. The pressure on the sample from the spot-welding
machine was controlled pneumatically, and it was set to 0.224 MPa in the second stage after
carrying out several experiments. The composite fabrication process included several steps.
First, completely diffused graphite particles and polyvinyl alcohol (PVA) solution were
drop-cast onto a shiny, cleared, and etched aluminium surface. The etching was necessary
to remove any dirt or oxide layer present over the surface. After etching, the pre-treated
Al-substrate was observed to have a surface roughness (Ra) value of 3.451 µm (Figure 2).
Subsequently, the coated surface was dried inside an oven maintained for 4 h at 60 ◦C to
eliminate the solvent and establish a fully adhered graphitic layer. The average coating
thickness was found to be 100 µm. The insertion step was carried out mechanically utilizing
the spot-welding device; with the following parameters: current (1–3 kA), time (0.1–0.7 s),
force (1.5–1.96 N), and force application time (1.7 s). The selection of the force application
duration was optimised through experiments, which revealed that the optimal properties
were achieved with a duration of 1.7 s.

The as-coated aluminium plate was then positioned among the pair of copper elec-
trodes in the experimental setup, serving the multiple purposes of providing support,
completing the electrical circuit, and transmitting a specified amount of pressure onto the
surface. The transmitted pressure was adjusted pneumatically. During the application of
current between the upper and lower electrodes through the aluminium coating, heat was
generated at the graphite–aluminium interface due to elevated electrical resistance. The
heat generation at the interface was quantified using the equation Q = i2Rt, where Q is the
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total heat produced, i is the amount of current utilised, R is the interface resistance, and t is
the duration for which the current is flown [26]. The interface resistance depends on the
applied pressure. With increased applied pressure, the real contact area increases, which
helps to decrease the contact resistance [27]. The interface resistance and thus the heat
generated was manipulated by altering the applied pressure. The controlled combination
of current and duration allowed for the regulation of localised heat production, influencing
the softening or melting of the surface. The investigational setup is shown in Figure 3.
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2.3. Characterization

Microstructural examination of the as-received powder of graphite and surface-altered
aluminium was accomplished using FE-SEM (ZEISS, Bengaluru, India) (field emission
scanning electron microscopy) on a ZEISS MERLIN instrument (ZEISS, Bengaluru, India)
with an operational voltage of 5 kV. Various current and time settings were employed
during the treatment process. EDS (Energy dispersive X-ray spectroscopy) was used to
identify the occurrence of different elements and determine their relative quantities in
specified zones.

For interface characterization, FEG-TEM (Carl Zeiss Microscope GmbH, Oberkochen,
Germany) (high-resolution field emission transmission electron microscopy) was utilised
with a JEOL model JEM 2100F instrument (Carl Zeiss Microscope GmbH, Oberkochen,
Germany). TEM sample preparation involves mechanical polishing at the beginning to
reduce the thickness to approximately 60 µm, followed by dimple formation and ion milling
for further thickness reduction.

Raman spectroscopy was carried out by utilizing a HORIBAJOBINYVON T6400
Raman Spectrometer (Jobin Yvon Horiba, Palaiseau, France) accompanied by Olympus
microscope and an ArCr laser (wavelength (λ) = 514 nm). This helps in analysing the
different bands of graphite particles in both powder and infused states.
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XRD (X-ray diffraction) analysis was executed in the span of 5–85◦ using a PANalytical
XPERT PRO (Bruker, Bremen, Germany) with Cukα. The acquired data were investigated
using X-pert Highscore software (Version 4) to identify several phases developed during
processing under various time and current conditions.

Microhardness tests (HV) were conducted on various samples, including bare alu-
minium, bare but processed aluminium, and graphite-impregnated aluminium, using an
OMNITECH-S-AUTO instrument (OMNITECH, Rajkot, India). The load was chosen as
200 gm along with a dwell period of 10 s.

Nanoindentation characterization was performed using a HYSITRON TI 950 Tribo
Indenter (Hysitron Inc., Eden Prairie, MN, USA) and a diamond Berkovich indenter (curva-
ture radius ~100 nm). The optimum applied load and loading rate were chosen as 5000 µN
and 500 µN/s respectively. The loading as well as unloading periods each lasted for 10 s.
Mechanical characterization involved a minimum of 8 indentations on each surface for bare
aluminium, bare but processed aluminium, and graphite-infused aluminium.

Tribological investigations were conducted according to ASTM G-99 [28] using a Ducom
ball-on-plate wear tester (model: TR-208-M1) (Ducom, Bengaluru, India) in an open en-
vironment under ambient conditions. The testing conditions included a normal load of
20 N, a rotational speed of 20 rpm, and a track radius set at 2 mm. The steel ball utilised
in the tests had a 2 mm diameter. A Hertz contact pressure of 2349 MPa resulted, with
a corresponding contact area of 0.009 mm2. The duration of the test was 20 min.

Frictional wear, also known as abrasive or sliding wear, occurs when two surfaces
slide against each other and is characterised by the gradual removal of material from the
surface of one or both interacting materials due to frictional forces. Mechanical interaction
between the surface asperities due to relative motion results in material removal. This
leads to surface degradation and loss of material in the form of debris generation. Several
factors can lead to this type of wear such as surface roughness, temperature, pressure, and
sliding velocity. To account for the effect of plastic deformation of the material during on
geometric wear measurements, tests like mechanical characterization of the material before
testing, real-time monitoring, examination of the worn surface under SEM, and post-test
profilometry of the worn track were carried out.

3. Results and Discussions
3.1. Microstructural Characterization

Predicting the behaviour of composites requires deep knowledge of the morphology
and microstructure of reinforcements, accompanied by the impact of processing parame-
ters on composite morphology. The surface morphology of the Al-1100 samples infused
with graphite was inspected through SEM to visualise the effects of processing factors.
Figure 4a,b illustrates the microstructural analyses of the as-received powder graphite
particles and infused graphite particles. Figure 4a reveals the flaky morphology of the
as-obtained powder graphite, while Figure 4b displays the surface of the graphite-inserted
Al processed with 2200 A and 0.1 s. Figure 4c shows the cross-sectional view of the graphite-
inserted Al. SEM image analysis indicates that the well-infused graphite flakes are securely
embedded in the matrix. The EDAX study in Figure 4d confirmed the existence of graphite
(17.39 wt.%) and a minor amount of oxygen (1.26 wt.%). The low oxygen content, likely
from open environment processing or residual PVA, suggests possible alumina (Al2O3)
formation with minimal impact on the material properties. The line scanning carried out
on the cross section (Figure 4f) suggested that the graphite particles were embedded to
a depth of nearly 200 µm.

TEM (high-resolution transmission electron microscopy) was used to explore the mor-
phology of the powder graphite along with the interfacial microstructure of the graphite–
aluminium composite. Figure 4g shows that the TEM image of the powder graphite reveals
an undulating and stacked particle structure. The transparent regions indicate a reduced
number of layers. The SAED (selected area electron diffraction) pattern (inset of Figure 4g)
confirmed the crystallinity of the particle. As shown in Figure 4h,i, the TEM images show
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well-dispersed and bonded graphite particles in the matrix with no evidence of aggrega-
tion. Figure 4i provides a detailed view of the aluminium–graphite composite interface,
revealing the absence of a physical gap between the two materials. Three distinct parts are
identifiable: the layered carbon structure, aluminium, and the Al–graphite interface. The
existence of graphite is supported by the FFT (fast Fourier transform) pattern in Figure 4j
of the encircled area in Figure 4i, highlighting the comprehensive characterization of the
composite structure.
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3.2. Spectroscopic Studies

Figure 5a illustrates patterns of X-ray diffraction (XRD) for unprocessed aluminium
(Al), graphite powder, and composites produced under optimal conditions. Unprocessed
Al (Figure 5a(i)) exhibits prominent peaks of (111), (200), (220), and (311) at 2θ ∼= 38.67◦,
44.83◦, 65.15◦, and 78.26◦ respectively. Similarly, the XRD pattern of as-received graphite
(Figure 5a(ii)) reveals sharp peaks for (002) and (004) at 2θ ∼= 26.54◦ and 54◦ respectively.
Figure 5a(iii–v) present XRD analyses of Al–graphite composites under different processing
conditions, showing peak shifts due to residual stresses. The absence of peaks associ-
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ated with intermetallic compounds like aluminium carbide suggests lower processing
temperatures, aided by silicon hindering diffusion between aluminium and graphite [29].
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Figure 5b shows the variation in crystallite size for composites produced under dif-
ferent processing parameters. The crystallite dimension was determined by Scherrer’s
estimation, t = (K × λ)/(β × Cos(θ)) (where K is Scherrer’s constant, λ is the incident
X-ray wavelength, β is the full width at half maximum (FWHM) of the peak, and θ is
Bragg’s diffraction angle). The results indicate that the size of the crystallite decreases with
increasing current, which is attributed to rapid heating and cooling during fabrication. This
fine-tuning occurs during recrystallization, where newly formed crystals develop around
reinforced particles, impeding further g rain growth. With decreasing grain size, according
to the Hall–Petch equation, σy = σ0 + k√

d
(σy characterises the yield stress, σ0 characterises

stress essential for initiating dislocation to move forward, k signifies the material constant,
and d denotes the average grain size) strengthens the composite.

Using the XRD results, the lattice strain is determined using the calculation Bstrain =
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∆K =
cos θ[β]

λ
(2)

K =
2sin θ

λ
(3)

where θ stands for Bragg’s angle, β denotes the FWHM (full width at half maximum), λ
characterises wavelength of the incident X-ray, D signifies the particle dimension, density
of dislocation is represented by ρ, b denotes the Burgers vector, M is the material constant,
C denotes the average contrast factor owing to dislocation strain field, and O—representing
the higher-order factor of K

√
C—is disregarded in this case. For calculation purposes,

a value of 3.06 is assigned to M [33].
The slope of the line plotted between ∆K and K

√
C gives the dislocation density as

ρ = 2m2

πM2b2 . Here, m denotes the slope of the line. Figure 5c clearly shows that the density
of dislocations rises as the processing condition transition from 1000 A to 2200 A. However,
a subsequent shift in the processing conditions, specifically from 2200 A to 3000 A, results
in a decrease in dislocation density, possibly attributed to annihilation occurring under
elevated temperature conditions.

Defects portray a decisive role in boosting the function of carbon-based materials
by influencing their mechanical and electrical properties. Anisotropy in in-plane and
out-of-plane paths is heightened by flaws, improving the overall mechanical potential.
Raman spectroscopy is commonly employed to analyse nanocrystalline, crystalline, and
amorphous carbons [34].

Graphite Raman analysis yields three distinct bands, namely D, G, and 2D. The
G band signifies Sp2-hybridised graphite atom in-plane bond expansion. The D peak
involves A1g symmetry phonons near the K zone periphery [25,35]. The D band is typically
absent in pristine graphite but emerges in the presence of structural flaws. Its strength
increases when transitioning from stress-annealed pyrolytic graphite to carbon black over
commercial graphite due to factors like disordered carbon atoms and reduced crystallite size.
Additionally, the D band intensity highlights imperfections at the edges; in armchair-like
conditions, the band strengthens, while in zigzag arrangements, a weaker band is observed.
Graphite disturbance offers broadened G and D bands, with the D band exhibiting relatively
elevated strength than G band [34–36]. The 2D band reveals graphite plane stacking, with
distinct properties for 2D and 3D graphitic structures. Information on the layer count,
stacking character, and order along the c-axis is inferred from the band strength. A lower
intensity suggests graphitization, while a broader 2D band indicates stacking defects [37].

In Figure 6, shows the Raman spectra of graphite in powder form and graphite-
introduced aluminium under varying current and time settings. Figure 6(i) displays
the Raman spectra of as-received graphite with G, D, and 2D bands at approximately
1573 cm−1, 1344 cm−1, and 2716 cm−1, respectively. For the aluminium–graphite com-
posites fabricated at different conditions (Figure 6(ii–iv)), variations in the D, G, and 2D
bands are noted. Band shifting, evident in the comparison of the peaks from the as-received
graphite to the infused graphite, indicates that compressive stress was experienced by
graphite within the matrix. This shifting provides understandings of the structural changes
encouraged by the fabrication process [38]. Compressive stress in graphite particles arises
from thermal expansion coefficient (COE) dissimilarities amid the particle and matrix. The
heightened ratio between surface and volume of smaller particles accelerates heat dissipa-
tion, causing the vicinity around reinforced particles to cool faster, creating compressive
stress [39]. In Figure 6, the 2D band in reinforced graphite is wider, indicating structural
stacking defects [37].

Table 2 displays the ID/IG and I2D/IG intensity proportions for the D-to-G band and
2D-to-G band, respectively. The intensity relationship between the D and G bands increases
when transitioning from as-received graphite to graphite infused in the aluminium matrix
under varying current and time conditions. Heat treatment during this process contributes
to a heightened intensity, potentially caused by sudden thermal changes affecting disorgan-
ised carbon atoms. Graphite particles embedded in aluminium exhibit ends surrounded
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and enveloped in recrystallised or resolidified Al grains, introducing defects at the par-
ticle ends and increasing the ID/IG ratio [40]. The embedded graphite flakes experience
stresses owing to the dissimilarity in thermal expansion coefficients among aluminium and
graphite, enhancing the D band intensity. The heightened ID/IG relation suggests increased
impurity or disorder within the structure [10]. In-plane crystal clustering, gaps, and cracks
are the possible deficiencies, and they have detrimental consequences on mechanical char-
acteristics. The intensity relationship between the 2D and G bands (I2D/IG) is a way of
measuring the degree of graphitization [26].
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Figure 6. Raman spectrum of (i) graphite powder and Al—graphite composite produced at (ii) 1000 A
and 0.3 s (iii) 2200 A and 0.1 s, and (iv) 3000 A and 0.3 s.

Table 2. Summary of G band location and intensity relations (ID/IG and I2D/IG).

G Band (cm−1) ID/IG I2D/IG

Graphite 1573 0.113 0.327

1000 A + 0.3 s 1580 0.116 0.29

2200 A + 0.1 s 1584 0.201 0.26

3000 A + 0.3 s 1586 0.5 0.238

3.3. Surface Mechanical Characterization

Figure 7a–c presents an outline of the microhardness values (HV) for bare aluminium
and graphite-strengthened aluminium subjected to diverse current and time conditions. Un-
treated aluminium has a microhardness of 44 HV. Upon processing, aluminium reinforced
with graphite particles exhibits improved hardness compared to that of its unreinforced
counterpart under corresponding current and time provisions. The optimum bare alu-
minium hardness is 107 HV at I = 3000 A and t = 0.3 s, while the graphite-reinforced
aluminium reaches 140 HV at I = 2200 A and t = 0.1 s.

The depth of indenter penetration for bare and unprocessed aluminium was 13.11 µm.
With a processing current of 1000 A, the unreinforced aluminium had a minimum penetration
depth of 10.07 µm, whereas the reinforced one had a minimum penetration depth of 9.91 µm.
When the processing current was 2200 A, the minimum penetration depths for the unrein-
forced and reinforced samples were found to be 9.94 µm and 7.35 µm, respectively. With
a further increase in the processing current, i.e., 3000 A, the depth of penetration changes to
8.39 µm and 8.12 µm for the unreinforced and reinforced aluminium, respectively.

The nanoindentation results, as shown in Figure 7d,e, reveal a bare unprocessed
aluminium hardness of 0.12 ± 0.02 GPa. The hardness of the processed aluminium was
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consistently greater than that of the unprocessed aluminium across all conditions. Interest-
ingly, the hardness of the graphite-reinforced aluminium sample was lower than that of the
bare aluminium according to the nanoindentation results, in contrast to the microhardness
results. This discrepancy may be attributed to differences in the applied forces and interac-
tion depths between the two testing methods. Nanoindentation applied a maximum force
of 5000 µN, which is significantly lower than the 1.962 N used in microindentation, leading
to variations in indentation depth.
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Figure 7. (a–c) Microhardness (HV), (d,e) nanohardness, and reduced Young’s modulus comparison
of the uncoated and graphite inserted aluminium produced at I = 1000, 2200, and 3000 A and
t = 0–0.7 s.

The rise in hardness observed in unreinforced aluminium results from surface oxida-
tion during processing in an open environment, along with changes in the grain dimen-
sion during the course of dynamic recrystallization. Conversely, in graphite-reinforced
aluminium, the presence of graphite particles partially inhibits surface oxidation. Con-
sequently, the heightened hardness in graphite-reinforced aluminium can be attributed,
in part, to the collective influence of the following factors: (i) the materialization of ox-
ides/carbides at the aluminium–graphite interface [22], (ii) residual compressive stress as
a consequence of disparities in the thermal expansion coefficient amid graphite and alu-
minium [41], (iii) pinning resulting from graphite particles, and (iv) increase in dislocation
density [42]. The Raman, TEM, XRD, and EDS results considered in the preceding sections
validate the investigational opinion regarding the upsurge in the surface hardness.

3.4. Tribological Properties

The tribological investigation was conducted in ambient air using a ball-on-plate wear
tester under dry sliding conditions. A hardened steel ball (SAE 52100, 848 HV) served
as the counterface. The computer carefully measured and recorded the real-time lateral
force. Although the temperature of the contact zone was not directly measured during the
tribological tests, the literature indicates that the temperature elevation caused by friction
remains below 100 ◦C [43]. The existence of moisture may also have resulted in decreased
coefficient of friction and wear [44]. The coefficient of friction (COF) was established by
establishing the ratio of the lateral to the normal load. The wear rate was computed by the
method (V/F × S), where V represents the wear volume (mm3), F stands for the applied
normal load in newtons (N), and S denotes the entire sliding distance in meters (m). The
analysis of the profiles of the worn track cross-sections facilitated the determination of the
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wear volume. The wear volume (V) was computed by multiplying the cross-sectional area
(A) of the worn-out track (mm2) by the perimeter (L) of the track (mm).

3.4.1. Specific Wear Rate Analysis

Figure 8a provides a review of the volume wear rates for untreated aluminium, pro-
cessed aluminium, and aluminium reinforced with graphite, all treated at a current intensity
of 1000 A across diverse time intervals. For untreated aluminium, the specific wear rate was
measured as 0.25 ± 0.018 × 10−2 (mm3/N.m). Initially, with an increase in processing time
up to 0.3 s, there is a decrease in the specific wear rate for the bare processed Al. However,
beyond 0.3 s, as the processing time extends to 0.5 s and then 0.7 s, the specific wear rate
escalates. In contrast, for aluminium impregnated with graphite particles, the specific wear
rate drops as processing time reaches 0.3 s. However, as the processing period surpasses
0.3 s and extends to 0.5 s and then 0.7 s, the specific wear rate starts to rise. Notably, the
aluminium impregnated with graphite exhibited a reduction in the volume wear rate equal
to the untreated processed aluminium. Comparing the least wear rate of the processed
untreated aluminium with that of treated aluminium, there was a decrease of approxi-
mately 66%. Similarly, when comparing the lowest volume wear rate of graphite-infused
aluminium with that of untreated aluminium, the reduction amounts to 69%.
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At a current intensity of 2.2 kA, bare aluminium demonstrates a drop in the specific wear
rate as the time interval increases to 0.5 s. Conversely, for graphite-impregnated aluminium,
the wear rate decreases initially at 0.1 s, but with further time increments, it begins to rise
(Figure 8b). The lowest wear rate for processed aluminium, recorded at t = 0.5 s, is measured at
0.083 ± 0.005 × 10−2 (mm3/N.m). Similarly, for graphite-impregnated aluminium, the lowest
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wear rate is observed at 0.1 s, with a value of 0.072 ± 0.008 × 10−2 (mm3/N.m). Comparing
the lowest wear rate of graphite-induced aluminium with that of bare aluminium, there
was a decrease of approximately 71%.

In Figure 8c, the specific wear rate at an elevated current of I = 3000 A displays
a consistent trend, reaffirming the observations. This indicates that the addition of graphite
results in a slashed specific wear rate compared to both untreated and treated bare alu-
minium. These findings align with the hardness values previously discussed. For a more
comprehensive interpretation of the impact of graphite addition on the tribological char-
acteristics of aluminium, further analysis of the Raman spectra, SEM, and XRD of worn
tracks is necessary.

3.4.2. SEM Analysis of Worn Surfaces

SEM images of the worn-out surfaces revealed that both bare Al (Figure 9a,b) as well
as treated Al (Figure 9c–h), showcased various macroscopic features such as deep grooves,
cracks, and delamination. These features suggest a combination of wear mechanisms
including adhesion, abrasion, and delamination. The occurrence of longitudinal grooves
indicates acute abrasive wear, likely caused by the significant volume of debris produced
in the course of the wear analysis, which can be judged in the sliding direction [45]. The
increased debris volume stems from localised adhesion followed by breakdown induced
by the work hardening of surface as well as subsurface areas, leading to initiation of
cracks. As these cracks propagate and interconnect, they facilitate the removal of material
in sheet form. In the wear assessment of bare Al, the frictional temperature rise gives
rise to the materialization of alumina on the surface, which is evident from the SEM
figures (Figure 9a,b) displaying shiny particles on the worn-out surface. The alumina
formed is not firmly attached to the Al surface and can be readily dislodged by abrasive
forces. Consequently, debris accumulation on the bare Al surface is substantial, comprising
primarily sizable flaky particles. The morphology of the worn out surface (Figure 9a)
implies that adhesion predominates as the primary wear mechanism [46].

Upon processing, the aluminium undergoes dynamic recrystallization and grain re-
finement within the processed zone, facilitated by immediate heating and cooling. These
processes enhance the material’s mechanical properties. Additionally, a significant ac-
cumulation of dislocations occurs through work hardening in the course of the wear
analysis. This accumulation initiates subsurface cracking, which propagates to the surface,
ultimately causing delamination of the sample, as shown in Figure 9c,d [47]. The wear
morphology observed in the treated aluminium (Figure 9c–h) indicates the involvement
of both adhesion and abrasion mechanisms. Evidence of adhesion is derived from the
observed metal flow patterns, while the occurrence of deep ploughed grooves within the
wear track suggests the contribution of abrasion. Although all wear mechanisms are at
play, abrasion emerges as the dominant mode. The materialization of alumina on the
surface in the course of processing serves as a solid lubricant, creating a tribolayer at the
interface which helps in reducing any direct interaction between the surfaces. This results
in a minimal wear rate, as demonstrated in the specific wear rate investigation of modified
aluminium (Figure 8a–c). Delamination is also observable within the wear track for the
treated aluminium (Figure 9c–h). Furthermore, the wear debris formed is notably smaller
in dimension compared to unprocessed Al.

The SEM images in Figure 10a–f depict the worn-out surfaces of the graphite impreg-
nated with Al processed under diverse current and time conditions. In Figure 10a, the
occurrence of grooves aligned along the sliding path reveals the activation of the abrasion
wear mechanism. Additionally, bright particles, i.e., alumina formed in the course of the
test owing to the frictional heat rise can be discerned on the worn surfaces. Upon com-
paring the worn-out surfaces of modified Al and graphite-infused Al, it becomes evident
that the latter exhibits a comparatively cleaner and more homogeneous surface as well as
reduced wear debris. Insignificant scratch marks are witnessed on the graphite-infused
Al in contrast with the unprocessed Al, which displays significant scratches along with
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an elevated quantity of debris, delamination, and craters. Adhesive wear marks are also
visible on the worn-out surface of the graphite-impregnated Al (Figure 10a). Initially, due
to the insufficient availability of graphite particles at the tribosurface, a durable tribofilm
fails to form. Consequently, there is extensive metal-to-metal interaction, leading to the
formation of adhesive junctions at the points of real contact. These adhesive connections
undergo shearing during sliding [11].
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t = 0.3 s (g,h).

The occurrence of grooves on the worn track indicates that the matrix has plastically
deformed during sliding, causing the introduction of graphite particles at the interface.
Upon compacting with the metal layer, these uncovered graphite particles contribute to-
wards the development of a thin tribolayer at the interface, thereby limiting additional
distortion. Moreover, the even distribution of smeared graphite particles on the worn
surface impedes additional plastic deformation and reduces the wear rate. However, in-
spection of the worn-out surface of the composite (Figure 10a) revealed the presence of
detached graphite particles, resulting in the development of a nonuniform graphite tri-
bofilm. This inadequately lubricated surface leads to an increased wear rate and heightened
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plastic deformation of the matrix, culminating in the generation of cracks and delamination,
as evident in Figure 10b [47]. The smearing of graphite particles on the worn-out surface
is evident in Figure 10b; nevertheless, the limited amount of graphite particles results in
insufficient lubrication being provided by the smearing.
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Figure 10. Wear track SEM images of graphite reinforced Al at (a,b) I = 1000 A and t = 0.3 s
(c,d), I = 2200 A and t = 0.1 s (e,f), and I = 3000 A and t = 0.3 s (g–i) and their respective EDS results.

The SEM figures of graphite-induced aluminium treated with 2200 A for 0.1 s (Figure 10c,d)
exhibit debris, grooves, and detached graphite particles on the worn-out surface. Nonethe-
less, the dimensions of the grooves in terms of width and depth are smaller than those
observed for the graphite-particle-reinforced Al treated at 1000 A and 0.3 s, which suggests
elevated wear endurance of the composite because of the growth of graphitic film on the
worn surface by graphite particle smearing. This smearing reduces the wear rate and heat
generated by friction [7,48]. The interconnected graphite structures and clustered islands
serve as a continual supply source for graphite, ensuring the maintenance of the graphite
film that has formed [8]. The transfer of graphite particles from the composite to the
interface is generally carried out through an adhesive wear mechanism [10]. Additionally,
fragmented alumina particles are discernible on the worn surface. In the case of graphite-
particle-impregnated Al treated at significantly elevated current settings of 3000 A and 0.3 s
(Figure 10e), detached graphite particles are observable on the worn surface, accompanied
by debris and delamination. Here, decreased wear resistance of the composite is again
observed. This occurs because of the increased amount of graphite that is reinforced into
the matrix due to the generation of higher amounts of heat at greater depths. As it has
already been proven that more graphite leads to an increased wear rate, a decreased wear
rate is observed for the composite [6].
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3.4.3. Raman Analysis of Worn Surfaces

Raman spectroscopy examination of the worn-out surface (Figure 11) results in the
development of D and G bands, which advocates for a carbon tribolayer on top of the
aluminium surface. The G band location review and intensity quotient between the D band
and G bands (ID/IG) are communicated in Table 3. A positive shift in the G band location
can be attributed to the impregnation of Al into the carbon structure [49] or residual strain
experienced by the graphite particles because shear stress occurring at pairing surfaces
leads to structural disorder [50]. The debris detected over the worn surface (Figure 10a–f)
generates a fluorescence effect, which is the reason behind the absence of the 2D band in
the Raman study of the graphite particles [51]. The upsurge in the intensity relationship
between the D and G bands (ID/IG) reveals the amplified disorderliness associated with
the graphite on the worn sample. Due to this added quantity of exfoliated and fragmented
graphite, the particles can be visualised on the worn track. This helps in creating a graphite
tribolayer on the surface [52].
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Figure 11. Raman spectroscopy of worn Al—graphite composite processed at (i) 1000 A and 0.3 s,
(ii) 2200 A and 0.1 s, and (iii) 3000 A and 0.3 s.

Table 3. Raman analysis summary before and after wear test.

Before Wear Test After Wear Test

G Band (cm−1) ID/IG G Band (cm−1) ID/IG

1000 A + 0.3 s 1580 0.116 1599 1.09

2200 A + 0.1 s 1584 0.201 1594 1.07

3000 A + 0.3 s 1586 0.5 1595 1.4

3.4.4. Coefficient of Friction (COF)

Figure 12a–c shows the deviations in the COF (coefficient of friction) under diverse
processing situations. The typical COF of untreated Al was 0.629 ± 0.007. Upon processing
at 1 kA (Figure 12a), the COF deteriorates at the beginning with increasing processing
time, but beyond 0.3 s, the COF was discovered to be rising. The minimum COF is
0.492 ± 0.006 under these conditions. Examination of graphite impregnated Al has shown
some fascinating results. The average COF estimates decrease. At 1 kA, the minimum
COF is experienced after 0.3 s, with a value of 0.341 ± 0.005 (Figure 12a). Likewise, at
2.2 kA (Figure 12b), the least COF of bare aluminium is detected at 0.5 s, and the value is
0.438 ± 0.006. For graphite-infused Al, the least COF is observed at 0.1 s, with a value of
0.143 ± 0.007. With a further increase in the processing current i.e., at 3 kA (Figure 12c), a



Lubricants 2024, 12, 139 16 of 19

moderately elevated COF is attained for the graphite-infused Al composite. Nevertheless, at
every processing parameter, the COF values for graphite induced Al are inferior compared
to those of bare Al. The reduced COF obtained for the composite is because of the soft
nature and solid lubrication offered by the graphite. The graphite particles smear over
the surface and hinder direct metal-to-metal interactions, which supports enhanced wear
resistance and decreased friction. The variation of COF with time is presented in Figure 12d.
The noise for the bare Al (Figure 12d(i)) is greater. At the beginning of the test, the COF
sharply increased and did not come down until the end of the test. This graph also
shows many crests and troughs because of matrix softening arising from frictional heat
rise. The greatest amount of debris is generated in this case, which leads to an increased
COF. With 1000 A current and 0.3 s processing conditions, the COF versus time curve
for the impregnated Al (Figure 12d(ii)) shows few crests and troughs in the beginning,
but the variation continues to rise as time increases. The reason for this can be stated as
the insufficient supply of graphite particles to the mating surface. The variation of COF
with time with impregnated Al at a current of 2200 A and 0.1 s time is represented in
Figure 12d(iii). This graph shows few crests and troughs in the beginning. Similarly, for
the 3000 A current and 0.3 s conditions (Figure 12d(iv)), little variation can be seen in the
beginning, but severe variation in the COF can be observed towards the end of the test.
Carrying out wear tests at high load (load >10 N) results in increased ploughing force and
increased frictional temperature. The increased ploughing force pulls out the reinforcement
to the surface and helps in lowering the COF.
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4. Conclusions

Surface alteration of aluminium alloy (Al-1100) involves mechanically embedding
graphite particles using the electrical-resistance-heat-assisted pressing technique. This
method raises the surface temperature of aluminium to below its melting point, facilitating
the creation of a surface composite with graphite particles. It emphasises low-temperature
processing in an open environment. Optimal conditions initiate noticeable improvements in
the mechanical properties of the Al alloy. Upon analysing multiple experiments, definitive
conclusions can be drawn.

• The process of surface heating and infusion of graphite particles into the Al matrix
primarily depends on key factors such as current and time. The recommended optimal
range is 1–3 kA for current and 0.1–0.7 s for time.

• Microstructural examination confirms the effective incorporation of graphite parti-
cles into the Al matrix along with observed oxidation. Other chemical responses
and carbide materialisation are less expected due to minimal involvement of pro-
cessing temperatures, indicating that the bonding amid reinforcement and matrix is
mainly mechanical.

• Raman analysis reveals upward shifts in band frequencies and increased intensity,
indicating compressive stress on graphite particles due to elevated heat. XRD in-
vestigation demonstrates alterations in grain structure and enhanced lattice strain,
a consequence of varied heat exposure.

• Under optimal processing conditions, graphite-infused aluminium exhibits 2.1 times
increase in microhardness due to various strengthening mechanisms from the pres-
ence of graphite particles. However, nanoindentation experiments suggest that the
surface mechanical properties of graphite-infused aluminium are poorer to those of
unprocessed aluminium.

• The wear test results indicate that graphite impregnation enhances the wear resistance
of aluminium. Both the specific wear rate and the coefficient of friction (COF) of the
graphite-infused aluminium decrease by over 50% as a result of graphite particles
smearing across the wear track.
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