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Abstract 

Aluminium MMCs are among the many metal composites and are regarded as pro-
gressive engineering materials in numerous industries because of their advantages 
compared to standard aluminium alloy. Among the reinforcements in MMCs, ceramic 
particles are preferred for their superior wear resistance, temperature resistance, 
and adhesion to their matrix, making them a popular choice. This research work 
has been carried out to synthesise ceramic particle-reinforced aluminium metal matrix 
composites and to evaluate their tribological properties at different temperatures (50–
300℃). Al2618 alloy was selected as the matrix, and boron carbide  (B4C) and graphite 
(Gr) were selected as reinforcements. Hybrid composites are prepared through stir 
casting by varying the wt.% of B4C and Gr reinforcement particles with a ratio of 3:2. 
Microstructural observation shows the uniform distribution of B4C and Gr particles 
throughout the matrix without any agglomeration, and it also exhibits excellent 
scanning electron microscope (SEM). X-ray diffraction analysis (XRD) was performed 
to verify the presence of different constituents in the developed material. Samples S4 
(Al 2618 + 12 wt.% B4C—8 wt.% Gr) and S5 (Al 2618 + 15 wt.%  B4C—10 wt.% Gr) exhibit 
enhanced wear resistance (16.45%) due to the incorporation of a higher quantity of Gr 
solid lubricants alongside  B4C within the temperature range of 50 to 300℃. The thick-
ness and stability of the glazed layer exhibited adequate resistance to wear.

Keywords: B4C, Gr, Al2618, Delamination wear, Glazed layer

Introduction
The development and prosperity of civilizations have often been closely linked to their 
members’ expertise to produce and use materials to fulfil their needs. Metallic and non-
metallic materials have traditionally been used to build a laminated structure in earlier 
civilizations. Perhaps the history of modern-day composites begins in the nineteenth 
century. The invention of polymer-based composites in 1960 spurred industrial use by 
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numerous industries. Plastics, ceramics, and composites have become the most preva-
lent new materials since the early 1960s. The use of composite materials has evolved rap-
idly, entered new markets, and conquered them. New composite structures represent a 
major part of the demand for manufactured goods, from everyday items to heavy 
machinery. Composites have since been known as superior materials and are designed 
and manufactured for a wide range of industrial and non-industrial applications, includ-
ing the aircraft and automotive sectors. At the start of the 1980s, efforts were under-
taken to produce (MMC) metal matrix composites from aluminium alloys using SiC 
whisker reinforcements. The fundamental purpose was to significantly boost aluminium 
alloys’ properties by obtaining extremely precise strength and resistance, but the whisk-
ers’ cost was quite high. The research goal was to exploit low-cost and low-density 
strengthening at the beginning of the twenty-first century. Composite materials are one 
such multi-phase material, obtained by the mixture of various materials to achieve prop-
erties that the individual materials cannot acquire on their own [1, 2]. Industries today 
are under tremendous pressure to propose new cost-effective materials for their prod-
ucts. The usage of aluminium-based MMCs has recently received increasing attention 
from the aerospace and transportation industries due to their higher specific heat capac-
ity, outstanding thermal conductivity, excellent abrasion resistance, and negligible 
assault by fuels and solvents. One of the most important factors in the development of 
high-performance MMCs is having the capability to endure applied stress by transform-
ing the load from the matrix to the reinforcing phase. It helps to withstand the required 
load, but artificial composite (polymer) structures are seldom suitable for these limita-
tions. Despite the massive growth, technical challenges exist in producing MMCs based 
on aluminium from the last decade. Ceramic reinforcements can be introduced in con-
tinuous fiber, short fiber, whisker, or particle form. Besides, ceramic-reinforced AMMCs 
(aluminium metal matrix composites) exhibit superior strength and stiffness, creep 
resistance, and superior frictional and wear resistance. Notably, it has a low weight ratio 
compared to conventional materials. Thus, these AMMCs have arisen for tribological 
applications as a promising material, including brake rotors and drums, cylinder liners, 
and pistons [3, 4]. In earlier days, in view of more restrictive constraints regarding emis-
sions of exhaust fumes, automobile manufacturers had decided to cast light metals to 
lower the engine weight and lower fuel usage. As a result of the foregoing, Al-silicon (Si) 
alloys were first utilised to make engine components such as cylinder heads and cylinder 
blocks. Resistance to abrasive wear and seizures had long been a major issue with Al-Si 
alloy-based cylinder liners. The heat is dissipated more quickly and uniformly in Al-Si-
made engine blocks. As a result, the cooling system requires less coolant. High stability 
of the piston could be maintained irrespective of the operating circumstances of the 
engine due to the identical thermal expansion coefficient of the piston and cylinder lin-
ers. Hence, the lack of adequate information for understanding concerns the extremely 
favourable cast microstructure of cylinder liners. The cylinder bearing surface profile’s 
geometrical parameters secure sufficient retention of lubricant. The information availa-
ble in this area is confined to cast iron liners [5]. Aluminium metal matrix composites 
(MMCs) are a category of metal composites that are widely recognised as advanced 
engineering materials in various industries due to their superior properties in compari-
son to conventional aluminium alloys. Ceramic particles are commonly used as 
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reinforcements in metal matrix composites (MMCs) due to their exceptional wear resist-
ance, temperature resistance, and strong adherence to the matrix material. As a result, 
they have gained significant popularity in the field. Particulate composites are easy to 
process as compared with fibre-reinforced composites and are nearly isotropic. Distribu-
tions of particle reinforcement are dependent on the fabrication method. MMCs are 
made using a variety of techniques, and the most potent of which is traditional stir-cast-
ing. The way this is done makes sure that the material for reinforcing is spread out evenly 
throughout the matrix, as a result of which it forms excellent interface bonding with the 
composite [6]. Al6061-T6 and Al6061-20%  Al2O3-T6 composites are prepared by the 
extrusion process. Reinforced alloys possess more hardness than unreinforced alloys 
meanwhile more strength and wear resistance. Initially, a higher rate was noted, but 
resistance was enhanced at 150℃. Severe wear is caused by large plastic deformations 
that involve the recrystallization of extensively deformed sub-surface grains. The devel-
opment of a tribo-layer composed of finely dispersed  A12O3 particles increases the wear 
resistance of AMMCs [7]. The 2014-MMC and 6061-MMC were prepared using 17% 
and 20% volumes of  Al2O3, respectively. The 2014-MMC has superior ultimate tensile 
strength (UTS) compared to the 6061-MMC at various temperatures (25℃, 93℃, 150℃, 
and 200℃) due to the exceptional uniformity of reinforcement dispersion inside the 
Al2014. The observation has been made that variations in test temperature do not seem 
to exert a significant influence on the material’s failure [8]. The composite material con-
sisting of Al6061-20%  Al2O3 exhibits superior strength compared to the composite 
material including Al6061-10%  Al2O3 throughout all temperature ranges. The mechani-
cal integrity of the reinforced alloy exhibits a decline as the temperature rises, and this 
pattern is also observed in both composites. The 2014-MMC and 6061-MMC were pre-
pared using 17% and 20% volumes of  Al2O3, respectively. The 2014-MMC has superior 
ultimate tensile strength (UTS) compared to the 6061-MMC at various temperatures 
(25℃, 93℃, 150℃, and 200℃) due to the notable uniformity of reinforcement dispersion 
inside the Al2014. The observation has been made that variations in test temperature do 
not seem to exert a significant influence on the material’s failure [9]. The Al-5% Mg alloy 
was made using the stir casting procedure with the addition of 20 wt.% B4C. The 
observed trend indicates a consistent drop in hardness values as temperature increases. 
The use of 20 wt.% B4C results in a marginal increase in the transition temperature, ele-
vating it from 262 to 274 ℃. The phenomenon of interatomic distance expansion, which 
occurs as a result of elevated temperatures, can be attributed to structural deformations 
[10]. Powder metallurgy techniques were utilised in the development of Metal Matrix 
Composites (MMCs), with subsequent assessment of wear characterisation conducted 
throughout a range of temperatures spanning from 100 to 450 ℃. Based on microstruc-
tural tests conducted using scanning electron microscopy (SEM), it has been observed 
that the presence of a uniform graphene (Gr) layer on a worn surface leads to a decrease 
in plastic deformation. The use of Gr particles as an effective additive for copper-based 
metal matrix composites (MMCs) at elevated temperatures was observed [11]. The spray 
deposition method has been employed in the fabrication of advanced metal matrix com-
posites (AMMCs). The experimental procedure involved conducting uniaxial stress tests 
within a range of strain rates (ε = 0.001 to 0.1 s − 1) at temperatures ranging from 573 to 
723 °K. The results indicate that strain softening persists till the point of rupture and that 
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the flow stress exhibits a direct relationship with the strain rate while decreasing with 
increasing temperature. The extent of elongation shown by AMMCs is contingent upon 
both temperature and strain rate [12]. As the hardness of the mating surface increases, 
there is a corresponding increase in the friction coefficient value at elevated tempera-
tures. The management of glazing layer production is contingent upon the various forms 
of wear. The aforementioned levels possess distinct functions within their respective fail-
ure mechanisms [13]. The fabrication process of a fly ash-reinforced composite involved 
the use of powder metallurgy and hot extrusion methods. Even when the temperature 
reached 573 °K, there was no observable transition from mild to severe wear. The parti-
cle hardness of the sub-surface layer exerts a significant impact. The Al6061-T6-based 
AMMCs have exhibited enhanced wear resistance in comparison to untreated Al6061-
based AMMCs [14]. The Al-4Cu and Al-4Cu-TiB2 composites were fabricated using the 
in situ technique. The composite material augmented with TiB2 exhibits enhanced wear 
resistance. Severe wear was seen at a temperature of 300 ℃, which can be attributed to 
the presence of titanium diboride (TiB2) [15].

From the literature survey, it is understood that early investigations were made on 
an Al-based matrix with ceramic reinforcement composite materials. It shows that 
mechanical properties were correlated with base alloy and varying reinforcement mate-
rial. A considerable number of studies concentrate mainly on room temperature prop-
erties evaluation. In practice material developed is subjected to a high-temperature 
environment. Thus, it is another gap that needs immediate attention for the researcher 
to work on. In the deliberation of engineering applications, additional attention has 
been paid to study the wear properties of hybrid composite materials. The majority of 
failures in automotive parts and tribological components can be attributed to the wear 
process, especially at elevated temperatures. Hence, a study of tribological components 
at elevated temperatures is found to be more appropriate. Wear and tensile deforma-
tion are influenced by microstructure inhomogeneities and the presence of precipitates. 
Hence, to tailor the material for good tribological performance, there is a need for a fun-
damental understanding of the influence of microstructure on tribological and mechani-
cal properties. In this regard, the topic that this particular study is going to concentrate 
on fabricating a hybrid composite (Al2618) by reinforcing  B4C and Gr to overcome the 
drawbacks of Al-Si alloy concerning undesirable microstructure for high-temperature 
applications.

Wear characteristics of the hybridised composite and unreinforced Al2618 can be 
more precisely determined by using L18 orthogonal array (Taguchi model). The samples 
were subjected to wear tests at different temperatures (50 to 300 ℃) to learn more about 
their properties. SEM and XRD were used to analyse the microstructure and phase 
composition.

Materials and methods
Al2618 was utilised as a matrix and its ingot form is depicted in Fig. 1. Cu is the promi-
nent alloying ingredient and lies between 5.8 and 6.8% and is combined with a lower 
0.01–0.02% Mg leading to thermal treatable alloy. Table 1 provides the chemical compo-
sition of alloy Al2618. When Si and Mn are added in minor quantities, these alloys are 
ideal for medium to high-strength applications. Heat treatment can be done to modify 
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strength, but with inadequate ductility. Al2618 is an alloy selecting the precise alloy for a 
given application, and it entails consideration of better strength and good damage toler-
ance properties obtained in different circumstances at high temperatures as well as very 
low temperatures. Al2618 is ideal for manufacturing engine blocks. Al2618 have a lower 
resistance to stress corrosion and cracking; thus, they are frequently employed in a little 
overaged temper to provide a better balance of strength, fracture toughness, and corro-
sion resistance [16].

Boron carbide  (B4C) is well recognised ceramic and dispersion in AMMCs contributes 
significantly to increased stiffness and wear resistance. Due to its exceptional hardness 
(just below that of diamond: 2900–3580),  B4C particles are used to reinforce the matrix 
and have exceptional hardness and fracture resistance. It is essentially non-semiconduc-
tive and resilient at high temperatures. It has a low density of 2.52 g/cm3 and exceptional 
thermal conductivity (30–42 W/m °K). It has a Rhombohedral crystal structure and 
melts at a temperature of 2450 ℃.  B4C is identified as a substantial strengthening for tri-
bological application; moreover, it might be a substitute option for SiC-based AMMCs 
in applications requiring high stiffness and superior wear resistance. The addition of 
 B4C alone is not beneficial in larger quantities, hence requiring further strengthening. 
AMMCs have long been known to lead to significant gains in stiffness and wear resist-
ance. Enviable properties of graphite are high strength and greater chemical stability at 
high temperatures and excellent thermal conductivity, so it is generally useful for high-
temperature applications and offers outstanding mechanical properties. In addition, Gr 

Fig. 1 Stir-casting steps

Table 1 Constituents of Al2618 [17]

Element Si Fe Cu Mn Mg Cr Ni Zn Ti B Ca Al

Wt. % 0.24 1.30 2.52 0.004 1.46 0.02 1.14 0.01 0.07 0.003 0.002 Balance
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has a self-lubricating feature that aids in the reduction of wear in tribological compo-
nents. Gr improves the machinability of the composite, and it is also low density (2.23 g/
cm3) material leads to reduce the mass of the composite. So far, the research that has 
been done on the topic of hybridisation’s potential to enhance the physical proper-
ties of MMCs has been promising [18–23]. The primary objectives of this study are to 
improve the wear resistance of Al2618 metal matrix composites by using a suitable mix 
(Table 2). As a result of its unique ceramic composition, this Opticritter alloy can pro-
vide improved tribological performance.

Fabrication of composites using stir casting method

To manufacture specimens having various wt.% of  B4C and Gr (3:2), optimal process 
parameters were chosen by employing a stir casting process at a room temperature. In 
this process, the particles are stirred into an aluminium melt and the mixture is sub-
sequently solidified in the mould under atmospheric pressure. Al2618 based-composite 
was prepared using a stir-casting process, an electric melting furnace with a graphite 
crucible was used for melting under normal atmospheric conditions. Al2618 alloy was 
melted in a crucible at 750 ℃ for 1.5–2 h. The  B4C and graphite particles were heated to 
350 ℃ to eliminate humidity and other adhering contaminants; meanwhile, the perma-
nent moulds of cast iron were heated to reduce the effect of chilling during solidification. 
Coverall (1%) is added to increase the wettability and separation of slag. Magnesium 
chips are added to increase the wettability. The preheated weighed  B4C particles (50 μm) 
were incorporated into the melt and thoroughly mixed through a mechanical stirrer 
for 10–15  min at 150  rpm. Further Gr (graphite) was added into the melt and mixed 
with the help of a stirrer, and the stirrer is activated for 10–15 min at a speed of 100—
150 rpm. The metallic die is filled with mixed molten metal and allowed to solidify under 
atmospheric pressure [19, 24].

X‑ray diffraction and microstructural study

XRD is a technique for examining single-crystal and polycrystalline materials. The sam-
ples have been sliced into small discs for the XRD study with a diameter of 10 mm and 
a width of 2 mm. The diameter of the electron beam utilised to examine the material 
is less than 0.01 m. Experimental X-ray diffraction was performed using a Cu-K radia-
tion source (K = 1.54056) and an advanced goniometer model 2036E201 (Bruker). The 

Table 2 Wt.% of  B4C and Gr (3:2)

Sample 
designations

Composition Al2618, Wt. % Boron carbide 
 (B4C), Wt.%

Graphite 
(Gr), 
Wt.%

S Al 2618 100 0 0

S1 Al 2618 + 3%  B4C–2% Gr 95 3 2

S2 Al 2618 + 6%  B4C–4% Gr 90 6 4

S3 Al 2618 + 9%  B4C–6% Gr 85 9 6

S4 Al 2618 + 12%  B4C–8% Gr 80 12 8

S5 Al 2618 + 15%  B4C–10% Gr 75 15 10



Page 7 of 23Nagaraju et al. Journal of Engineering and Applied Science          (2023) 70:124  

sample was held in one place while a 2º/min scan was performed between a diffraction 
angle of 10–100º (2θ).

SEM was used to investigate the microstructures of samples. Tiny portions of the spec-
imens were used for microstructural observation. The samples were cut to the dimen-
sional accuracy of 10 mm × 10 mm. The samples have been washed with solvents and 
then polished by silicon carbide emery (1200, 2000, and 4000 grit). The polished samples 
were cleaned and engraved with Keller’s etchant to prepare for the microscopic studies. 
SEM was used to assess the dispersion of the reinforcements.

Wear test

Dry sliding wear tests were carried out in accordance with ASTM-G99 requirements 
utilising pin-on-disc equipment (Manufacturer: Ducom triboinnovators). Cylindrical 
specimens (10 φ × 30 L in mm) were employed as test samples. SiC-emery paper (size: 
2000, 4000 µ) was utilised to polish the end surface of the sample before being cleaned 
with acetone. The 1-μm surface-finished disc of En-32 steel (60 HRC) was employed 
throughout testing as the counterface. All trials were carried out with a track radius of 
120 mm. The sample was attached to a holder that had two jaws, and the specimen was 
subjected to a load. The arm was used to apply a force to the specimen, which was then 
balanced by adding a weight. Load (L = 20–60 N), sliding velocity (V = 1.25–3.75 m/s), 
sliding distance (D = 400–800  m), and temperature (T = 50–300 ℃) were considered 
while analysing the HMMCs sliding wear behaviour. In the current exploration, the 
high-temperature wear attributes of the HMMCs are investigated by the pin-heating 
technique. The sample is retained within the pin holder. A potential differential inte-
gral (PDI) instrument has been used for regulating the temperature required in the pin 
holder and sample. During the test, with the aid of the force transducer, the frictional 
force was recorded for each trail.

After the test, each sample was ultrasonically cleaned with acetone and the weight 
loss was measured with an electronic weighing balance (accuracy = 0.0001 mg). Equa-
tions 1 and 2 are used to calculate the wear rate and coefficient of friction of reinforced 
samples and unreinforced samples. For each composition, an average of three trials were 
recorded.

Results and discussion
Microstructure and x‑ray analysis

SEM was used to examine the microstructure and distribution of  B4C and graphite rein-
forcing particles in the produced HMMCs. SEM images of reinforced HMMCs are dis-
played in Fig. 2. It demonstrates the existence of  B4C and graphite particles in HMMCs, 
and the reinforcement particles are appropriately scattered throughout the Al2618 
matrix. The HMMCs display an abundant interface between Al2618,  B4C, and graphite 
particles. The dendrites of Al during solidification are excluded owing to the solid–liquid 
interface and  B4C and graphite particles act as nuclei agents. A considerable number of 

(1)Wear rate (W ) = weight loss/(density of the composite × sliding distance)

(2)Coefficient of friction (µ) = friction force/applied load
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nuclear sites near the mould wall influenced the production of partial equi-axie grains, 
as evidenced in reinforced samples (S1-S5). The degree of supercooling was significantly 
lowered due to the presence of the mould surface and ceramic particles. The HMMCs 
also demonstrated that they are free from casting flaws such as porosity, slag inclusion, 
and shrinkage which can arise during solidification owing to adequate bonding between 

Fig. 2 SEM of sample
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the Al2618 matrix and ceramics during solidification. It is emphasised that the compos-
ite solidification pattern is a fundamental determinant of particle dispersion in com-
posites. With the rise of strengthening content, the mean space is lowered among the 
strengthening particles. The outcome is the formation of boundaries. The uniform dis-
persion of  B4C and graphite in the created HMMCs can be associated with the param-
eters used in their manufacturing. The HMMC microstructure demonstrates that the 
stirring technique was responsible for generating a homogenous structure. Indeed, the 
dispersion of strengthening particles relies on the density gradient between the molten 
metal and particles. The higher viscosity of the molten metal helps to regulate the verti-
cal motion of strengthening particles. This prevents particles from being immersed in 
the molten alloy [25, 26].

XRD offers information about the various elements included in the produced HMMCs. 
Figure 3 (a) depicts an XRD study of Al2618; it demonstrates that the most often avail-
able element is Al (higher peaks) and smaller peaks that disclose the additional element 
Cu. The XRD pattern of HMMCs with a different amount of B4C and graphite particles 
(3:2) is shown in Fig. 3 (b–f). After introducing B4C and graphite in Al2618, solid peaks 
were noticed from the XRD pattern and smaller peaks that disclose additional elements 
such as Mg and Cu.

Density and porosity

The discrepancy in density (ρ) values due to the addition of reinforcement (wt.%) is 
depicted in Fig. 4. The influence of  B4C and Gr on the densities of the produced HMMCs 
is investigated empirically using the Archimedes principle. Mixing rule utilised to esti-
mate the ρth (theoretical density). It is noted that the computed ρexp values of HMMCs 
differ from the ρth due to the presence of pores and vacuums. The ρexp of Al2618 alloy 
was 2.69 g/cm3 and is reduced to 2.6 g/cm3 when wt. % of  B4C and graphite was raised. 
The inclusion of  B4C and graphite particles in the application of MMCs saves up to 60% 
owing to the lower density of  B4C (2.52 g/cm3) and graphite (2.23 g/cm3) particles.

Figure  5 displays the difference in porosity that occurred in samples. The presence 
of pores can lead to a reduction in the HMMC’s characteristics, both physically and 
mechanically. Pores and other casting flaws are not taken into account when estimating 
ρth. Therefore, it is always higher than ρexp. The findings demonstrate that the poros-
ity lowered with the inclusion of 3 wt.%  B4C and 2 wt.% graphite. Additional inclusion 
for porosity is not advantageous but the porosity was within the permissible threshold 
of 3–6% both for reinforced and unreinforced samples. The S4 sample exhibits lower 
porosity compared with S5 and S3.

Wear behaviour

Effect of temperature on the wear rate of Al2618 and HMMCs

Figure 6 (a–c) depicts the impacts of temperature on the wear rate of the Al2618 and 
HMMCs at various conditions for all compositions (L (applied load) = 20, 40, and 60 N; 
S (sliding speed) = 1.25, 2.5, and 3.75 m/s; D (sliding distance = 800 m)). Figure 6 (a–c) 
concluded that the prevalence of the wear rate drops as the temperature increases for all 
samples (S-S5).
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Sample S exhibits lower wear resistance in contrast with the hybridised sample (S1-
S5). The primary reason is that the unreinforced sample S expands as the temperature 
rises. In addition to that, oxidation occurs at 50℃ and the wear rate of sample S has 
continued to grow. Oxide layer emergence decreases wear rates with greater tempera-
ture by preventing continuous metal-to-metal contact. As temperature increases, the 
wear resistance of the sample increases by 27%. The oxide layer on the sample surface 
is destroyed as a result of repeated sliding, resulting in direct metal-to-metal interac-
tion and the exposure of new regions to the sliding disc. At lower temperature (323℃), 
the stability of the oxide layer is inadequate, resulting in reduced wear resistance (Fig. 6 

(a) Sample S (b) Sample S1

(c) Sample S2 (d) Sample S3

(e) Sample S4 (f) Sample S5

Fig. 3 XRD of sample
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(a–c)). When  B4C and graphite are combined at a 3:2 ratio in Al2618, they provide excel-
lent wear resistance (12%), in contrast with sample S. Furthermore, as the temperature 
rises, the wear resistance rises dramatically.

Oxide layers are ripped during sliding with steel discs due to thermal stress and com-
paction at higher temperatures. Fragments of the worn oxide layer were dispersed 
between the disc and the sample surface. Sintering of tiny wear debris happens instantly 
owing to the temperature and exerted pressure [27, 28].

Fig. 4 Variation of density with various wt.% of  B4C and Gr

Fig. 5 Variation of porosity with various wt.% of  B4C and Gr
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Fig. 6 Effect of temperature on the wear rate of the samples for different wt.% of reinforcement: a 20 N and 
1.25 m/s, b 40 N and 2.5 m/s, and c 60 N and 3.75 m/s
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The rate of sintering accelerates in direct proportion to the temperature at which it 
occurs, resulting in the formation of a solid surface known as a glaze layer. The glaze 
layer seeks to protect the sliding surfaces from exerted forces for a prolonged period 
of time and thereby reduces the wear rate. The breakdown of the glaze layer leads to 
the formation of an oxide layer after that the oxide layer is torn, resulting in debris. 
This worn debris is subjected to sintering, and the process is repeated. The wear trend 
shows that the glaze effect has remained unaffected at room temperature for metal and 
composites. Due to the presence of a thick glazed layer, S2 has considerable wear resist-
ance (28%). Unfortunately, the formation of the glazed layer is insufficient at lower tem-
peratures, with only 23% wear resistance observed. The durability of the glaze will be 
depending on the wt.% of  B4C and Gr and the thickness of the glaze layer.  B4C keeps the 
glazing layer stable. Dispersion strengthening and strain hardening are two factors that 
must be considered while describing the wear behaviour of ceramic-reinforced AMMCs. 
 B4C and graphite dispersion contribute to increased hybrid sample wear resistance. 
These particles become part of the glazed layer once they have been separated from the 
sample. Graphite serves as supplementary reinforcing material in HMMCs. Graphite 
particles create lubricity between the disc and the sample, which has the added benefit 
of lowering the wear rate. As demonstrated in Fig. 6, samples S3, S4, and S5 are of out-
standing wear resistance even at higher loads [26, 29, 30].

In contrast with samples S, S4 and S5 can significantly perform at greater tempera-
tures (300 ℃). S4 exhibits 37% wear resistance (at 50 ℃ and 20 N) and 70% (at 20 N and 
300 ℃). S5 exhibits 43% wear resistance (at 50 ℃ and 20 N) and 60% (at 20 N and 300 
℃). The presence of  B4C and Gr particles can enhance the strengthening kinetics of the 
Al2618. The unreinforced sample S and hybridised samples (S1–S5) are sustained under 
similar sliding conditions up to 300 ℃; however, once the temperature rises over this 
point, the sample is squeezed out from the disc while the test is being conducted.

Effect of load on the wear rate of Al2618 and HMMCs

Figure 7 (a–f) depicts the impacts of applied load on the wear rate of the Al2618 and 
HMMCs at various conditions for all compositions (T = 50 ℃, 100 ℃, 150 ℃, 200 ℃, 
250 ℃, 300 ℃; L = 20, 40, and 60 N; S = 1.25, 2.5, 3.75 m/s; D = 800 m). Figure 7 (a–f) 
concluded that the prevalence of the wear rate rises as the load increases for all samples 
(S-S5). The rise in wear rate is reported for all samples as the load increases from 20 to 
60 N. But the wear rate was observed to fall from S to S5 while the HMMC content of 
refinement increased (Fig. 7 (a–f)). The growth of the wear rate complies with Archard’s 
wear law, according to which the wear rate is linear to the applied load.

The significant rise in the wear rate was owing to the increase in the contact made 
between the samples and the counterface. All samples displayed essentially the same 
sort of wear performance at low load (20 N). Excellent interfacial bonding between the 
ceramic phase and the matrix and greater hardness, which leads to superior wear resist-
ance. As the load grows, so does the varying region and degree of the worn subsurface, 
resulting in an increase in the quantity of the cracked brittle phase. Furthermore, a few 
of these broken brittle phases are released from the matrix and returned to the matrix as 
a consequence of the applied force, resulting in a lower contact area, which is attribut-
able to a higher wear rate.
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Crack penetration is quicker at greater loads, and the creation of voids is hastened. The 
spreading cracks become progressively interconnected, producing matrix deformation 
and delamination. The strengthening particles serve as the primary load barrier and pro-
vide resistance to wear. From Fig. 7, it can be concluded that the wear rate for strength-
ened HMMCs is lowered compared to unreinforced Al2618 alloy under different load 
conditions. All samples (S-S5) have virtually the same sort of wear behaviour, at every 
load. In contrast, to sample S, the wear resistance of the hybridised sample S5 was raised 

(a) (b)

(c) (d)

(e) (f)

Fig. 7 Effect of load on wear rate of the samples for different wt.% of reinforcement (1.25, 2.5, and 3.75 m/s 
and 800 m): a 50 ℃, b 100 ℃, c 150 ℃, d 200 ℃, e 250 ℃, and f 300 ℃
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by 70% at 20 N and 300 ℃ and 19% at 60 N and 300 ℃. This is owing to the enhanced 
hardness (48%) of the HMMCs because of the inclusion of hard ceramic particles.

During the sliding, the sample frequently meets the steel. Upon incorporation of  B4C 
and Gr, particles disrupt the interference between the sample and disc. Gr works on 
the counter surface as a lubricant and can shape a glazed layer under temperature.  B4C 
and Gr are products of the glaze layer which prevent the surface contact of the sample, 
resulting in an increase in the HMMCs’ wear resistance (S1–S5). S4 and S5 have supe-
rior wear resistance owing to the use of more Gr solid lubricants in addition to  B4C. The 
thickness and stability of the glaze vary according to the  B4C and Gr proportions. Thus, 
S4 and S5 exhibit greater wear resistance.

Effect of sliding speed on the wear rate of Al2618 and HMMCs

Figure  8 (a–f) demonstrates the impact of sliding velocities on Al2618 and HMMCs’ 
wear rates in various conditions (S = 1.25 m/s, 2.5 m/s, and 3.75 m/s). All HMMCs have 
virtually the same sort of wear behaviour, with low speed and low temperature (1.25 m/s 
and 50 ℃). It has been discovered that the wear rate rises with increasing sliding speed 
and that this is clearly reflected in unreinforced samples. Wear resistance improves 
when more  B4C and Gr are added, which is notably visible in S4 and S5. As the sliding 
speed rises, the wear rate for sample S is raised by 86%. In the case of sample S, the lack 
of ceramic particles in the matrix led to the matrix being worn out at a quicker rate with 
an increased sliding speed. The increasing incorporation of  B4C and Gr boosts the wear 
resistance, which is particularly apparent at S4 and S5. These hard-strengthening parti-
cles were anticipated to bear a larger load between contacts even at high temperatures. 
It is extremely difficult to sustain larger loads for HMMCs with lower proportions of  B4C 
and Gr, and the load is inevitably transmitted to the Al matrix. As a result, the Al matrix 
is not adequately protected by these fewer reinforcing particles, which is especially 
noticeable in S1 and S2. In comparison to other HMMC samples, S4 and S5 demonstrate 
a lower wear rate, where the wear resistance increased by 49% and 37%, respectively. On 
the other hand, beyond a certain critical speed, the glaze layer is lost and contributes to a 
higher wear rate (Table 3).

Effect of temperature and load on coefficient of friction

The change of COF with temperature, with changing  B4C and Gr proportion in the 
Al2618 and HMMCs, is illustrated in Fig. 9a. It has been noted that COF drops for all 
hybridised and unhybridised samples (S-S5) with an increasing temperature. When the 
temperature rises from 50 to 300 ℃, the COF values drop by approximately 69%. The 
glaze layer on the surfaces is shown to be reliable at higher temperatures and inhibits 
sample wear. The glaze layer, on the other hand, degrades quickly and becomes unstable 
under higher loads. The shattered glaze becomes trapped between sliding surfaces, caus-
ing three-body abrasions. The cumulative effects of delamination and abrasive wear lead 
to extremely high wear and continue to increase the COF.

All HMMCs have virtually the same sort of COF values, with low loads (20 N). The 
result also suggests that the COF of the HMMCs diminishes with a rise in wt.% of 
 B4C and Gr particles for all loads (Fig.  9b). Additional COF-reducing factors may be 
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attributed to an improvement in the anti-frictional properties of strengthened partic-
ulates, with a rise in  B4C and Gr particulates in hybridised Al2618. Furthermore, the 
lower COF of HMMCs may be ascribed to better dispersion of ceramic particles, better 
bonding between Al2618 and the ceramic phase, and smaller particle sizes of  B4C and 
Gr [33, 34].

(a) (b)

(c) (d)

(e) (f)

Fig. 8 Effect of speed on the wear rate of the samples for different wt% of reinforcement (20, 40, and 60 N 
and 800 m): a 50 ℃, b 100 ℃, c 150 ℃, d 200 ℃, e 250 ℃, and f 300 ℃
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Morphology of worn‑out surfaces

SEM images of worn-out surfaces of unreinforced Al2618 alloy (T = 50 to 300 ℃, 
L = 40 N, S = 2.5 m/s, and D = 800 m) are shown in Fig. 10. In SEM pictures, it is pos-
sible to notice that adhesion is the predominant wear mechanism and that it was also 
found during the wear test. Figure 10 shows SEM pictures of a worn-out surface at 
40 N, and the surface displays big sticky grooves. Sample S shows that at 40 N, there 
is micro-ploughing on the surface. At a greater load (40 N), sample S showed more 
surface fractures than at lower loads. This is owing to extreme plastic deformation 
when  B4C and Gr particles are not present. Sample S exhibits a higher wear rate at 40 
N. When the load is raised from 20 to 60 N, the wear resistance decreases by 48%. The 

Table 3 Studies on wear behaviour of composites at high temperature

Author Description Ref.

Singh et al. There was a higher wear rate observed, but there was an improvement in resistance at 
150℃.

[7]

Straffelini et al. Abrasion and adhesion were achieved with a load of less than 200 N. The coefficient of 
friction (μ) was measured to be 0.45 at a load of 200 N.

[31]

Khan et al. The use of 20 wt.%  B4C results in a marginal increase in the transition temperature, elevat-
ing it from 262 to 274 ℃.

[10]

Zhan et al. Characterisation of wear has been evaluated throughout a range of temperatures, specifi-
cally from 100 to 450 ℃. The utilisation of Gr particles as an effective additive for Cu-based 
Metal Matrix Composites (MMCs) at elevated temperatures has been seen.

[11]

Pauschitz et al. Wear and oxidation on the process of material deterioration that occurs during sliding at 
elevated temperatures. The management of the glazing layer generation is contingent 
upon the various types of wear.

[13]

Natarajan et al. The use of TiB2 reinforcement enhances the wear resistance of the alloy at both ambient 
and elevated temperatures, as compared to the alloy without any reinforcement. The 
prevalence of adhesive wear is most pronounced within the temperature range of 200 to 
300 ℃.

[32]

Kumar et al. Even when exposed to a temperature of 573 °K, there was no observable transition from 
mild to severe wear. The particle hardness of the sub-surface layer exerts a significant 
influence. In comparison to untreated Al6061-based AMMCs, the Al6061-T6-based AMMCs 
have exhibited enhanced wear resistance.

[24]

Fig. 9 a Effect of temperature on COF of the samples for various wt.% of reinforcement. b Effect of load on 
COF of the samples for different wt.% of reinforcement
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change in shape and size of the asperities under plastic deformation increases with 
higher depth of the ploughing marks causing more losses that have occurred on the 
sample surface.

The SEM micrograph of the wear track of sample S4 depicts different marks because 
of variation in wear. Figure  11 displays the wear track micrographs of the S4 tested 
at (T = 50 to 300 ℃, S = 2.5  m/s, D = 800  m, and L = 40 N). As shown in Fig.  11, the 
damaged asperities and some damaged area on the worn surface which is due to the 

(a) 50 °C (b) 100 °C

(c) 150 °C (d) 200 °C

(f) 250 °C (g) 300 °C

Fig. 10 Worn surface of specimen S at different temperatures
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formation of a void around the particle are the weak spots to start the crack which ulti-
mately led to the removal of the upper surface in terms of flake-like wear debris. This 
can be clearly understood because of adhesive wear. The sliding between two contact 
surfaces allows the asperities to penetrate the sample to form grooves. At 200 to 300 
℃, the oxidative wear is dominant which can make out from the white shiny metallic 
debris. The corrugated structure, as well as molten metal debris, is clearly visible. Small 

Fig. 11 Worn surface of specimen S4 at different temperatures
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plate-type debris with micro-cracks on the surface indicates the initiation of the delami-
nation wear. In contrast, the micrograph with the wear debris at 200 to 300 ℃ shows the 
droplets of molten liquid of irregular shapes with rough edges. The glazed layer thick-
ness and stability were good enough to resist wear as seen in Fig. 11. Graphite particles 
create lubricating films on the surface, as seen in Fig. 11 (c–f), and the arrow in Fig. 11 
(d, e) illustrates that Gr flows soon on the surface. This minimises deformation in the 
sub-surface; therefore, no sub-surface cracks were detected on the sample surface.

(a) 50 °C (b) 100 °C

(c) 150 °C (d) 200 °C

(f) 250 °C (g) 300 °C

Fig. 12 Worn surface of specimen S5 at different temperatures
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The SEM micrographs of the wear track of the sample S5 depict different marks 
because of variation in wear. Figure 12 (a–f) displays the wear track micrographs of the 
S5 tested at (T = 50 to 300 ℃, S = 2.5 m/s, D = 800 m, and L = 40 N). Figure 12 (b) shows 
that there was less damage to the area, as shown by the lack of deep grooves and the 
slower rate of wear. In Fig. 12 (a, b) some cracks on glazed layers of the wear tracks due 
to the higher applied stress on the contact surface can be seen. At higher temperatures 
(200 to 300 ℃), a larger delaminated area along with deeper grooves of the composite is 
observed as shown in Fig. 12 (d–f). Groove depth and the delaminated area also indicate 
the lower wear rate of the sample. The bonding between particles to the matrix is strong 
which is shown in the Fig. 12 (f ). A larger amount of the glazed layer is formed and fills 
up the damaged area. The delamination area is clearly observed in the SEM micrograph.

The SEM micrograph shows that there is a lot of material flow in the direction of slid-
ing because there is a lot of plastic deformation and fine particles are rubbing against 
each other. The SEM micrograph also shows some ceramic fragments that have broken 
off from the surface (Fig. 12 (d, e)). The increase in the size of delaminated debris that 
has a corrugated structure is an indication of the greater wear rate that the composites 
will experience under these conditions. During low-temperature wear tests showed that 
the material had delaminated, which was caused by the start of microcracks. This could 
be seen by looking at the edges of the broken pieces (50 to 150 ℃). At higher tempera-
tures (200 to 300 ℃), wear resistance has increased as a result of the creation of a glazed 
layer on the worn surface of HMMC samples, as evidenced by a reduction in the delami-
nated area and the coverage of grooves by the glazed layer [35]. 

Conclusions
Based on the selection of the materials, its fabrication, and through various testing pro-
cedures, the following conclusions have been made:

• The hybrid metal matrix composites (hybrid  (B4C and Gr) Al2618 matrix compos-
ites) were successfully fabricated through the stir-casting process without agglomera-
tion.

• The produced HMMCs have a lower density than the Al2618 alloy, which is due to 
the lower density of the added reinforcements.

• SEM examination of hybridised samples shows that the reinforcement particles are 
distributed uniformly throughout the matrix, and the XRD analysis confirms the 
presence of  B4C and Gr in the matrix.

• The Al2618-based HMMCs have better wear characteristics at high temperatures, 
making them more suitable for tribological applications at higher temperatures.

Abbreviations
Al  Aluminium
HMMCs  Hybrid metal matrix composites
MMCs  Metal matrix composites
SEM  Scanning electron microscope
XRD  X-ray diffraction
Gr  Graphite
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