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Abstract
In this work, hybrid nanocomposites were successfully fabricated using a stir casting machine setup with a weight of 3%, 5%,
and 7%. Additionally, 7% hybrid nanocomposite was tested for wear behavior under the wear test setup. The experimental
parameters were 15–35 N load, 136–409 rpm speed, and 150–450 m distance. Based on controlling variables, including
load, speed, and distance, ANOVA was used to analyze how the most significant variables affected the wear rate (WR) and
coefficient of friction (COF). The outcomes were assessed usingMINITAB Software. S/N Ratio analysis was used to establish
the best parameter combination to lower the WR and COF. The WR of specimen was increases as the sliding distance rises.
Thewear rate of the composites exhibits an increase with higher normal loads. Due to the high interaction between the surfaces
of matrix alloy (AZ31) and reinforcements (SiC, Gr), the metallurgical properties of the seven wt% SiC/Gr alloy performed
better than those of the base alloy. The microstructure of the worn surface was examined by SEM, and the particles were
described by EDS. The maximum amount of wear rate (320 µm) was observed at a maximum load of 35N, speed 409 rpm
with sliding distance of 300 m, while the minimum amount of wear rate (79 µm) was found at a minimun load of 15N, speed
136 rpm with sliding distance of 150 m.
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1 Introduction

Nanocomposites have recently been in high demand in the
various fields of applications, because of their superior qual-
ities, including their excellent strength, lightness, stiffness,
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and improved thermal characteristics [1, 2]. The magne-
sium properties, such as wear and fatigue resistance, were
enhanced by adding reinforced particles. Magnesium and
its alloys have high rigidity and strength, a critical prop-
erty in various applications. Ceramic particles improved the
mechanical properties compared to other reinforcements [3,
4]. A new material for diverse engineering structural appli-
cations is the AZ31 alloy, one of the several alloys in the
AZ family. It is because of its distinctive qualities, including
more strength and stiffness. However, AZ series alloys have
attained significantly less wear resistance and COF. Hence,
to enhance these properties, alloys were made with rein-
forcement particles such as SiC [5, 6], Graphite [7], Al2O3

B4C-WC-ZrO2 [8], andTi [9] atmicro and nano size. SiC and
Gr have provided goodwettability and solid lubricant inmag-
nesium to enhance the wear resistance. Hence, the AZ31D
matrix was incorporated with SiC and graphite nanoparti-
cles to improve the tribological properties.Magnesium-based
nanocomposites are becoming more common in recent years
due to their increased wear resistance. Friction stir process-
ing [10], Combined Stir and squeeze casting [11, 12], Hot
extrusion process [11], powder metallurgy [13], mechani-
cal alloying [14], thermo mechanical processing [15] are
commonly employed to develop theMMCs.Due to its advan-
tages, such as simplicity and adaptability, the stir casting
technique is preferred; mass production can be done more
affordably.

Using Taguchi grey relational analysis, Srinivasan et al.
[16] adjusted the control inputs on WR and COF of compos-
ites. They discovered that the adequate parameter inputs for
obtaining the minimal WR and COF is 12 wt% AIN. Swamy
et al. [17] studied the eutectic composites using a wear test
setup and found that the WR and friction coefficients low-
ered with time as the wt. % of graphite parts increased.
These results established the graphite film, which works as
a lubricant in the composite. Balaji et al. [18] used Taguchi
with RSM to optimize the nano grain-refined composites and
reported that the load was the most prominent parameter for
analyzing the specificWR.The impact of SiCnpon thematrix
was studied bySubramani et al. [19], and they noticed that the
SiCnp enhanced the hardness and WR. In the investigation
of wear resistance, Sandeep Kumar et al. [20] noticed that
the load was the critical parameter to determining the WR
and looked at the worn-out surface of manufactured hybrid
composites.

Gnanavelbabu et al. [21] discussed the effects of ultrasonic
power on nanocomposites and found that the compos-
ite manufactured at 2500 W had a lower WR and COF
than other composites under all sliding situations. Ambigai
et al. [22] improved the WR and COF of the LM6 hybrid
nanocomposite in dry sliding conditions. When compared
to nanocomposite, they found that the WR and COF for
hybrid composite reduced by 25% and 15%, respectively,

and that abrasive wear mechanisms were more common for
hybrid composite than for nanocomposite. Stir-cast hybrid
composites were created, and their two-body abrasive wear
behavior was examined by Kaushik et al. [23]. They con-
cluded that the WR of the hybrid composite was enhanced
with an addition of Gr. Using a liquid state technique, Suresh
et al. [24] studied the WR of nanocomposite and discov-
ered that when the SiCnp increases from 1 to 4 wt%, the
WR reduces linearly. For worn-out samples, SEM was used.
Xiao et al. [25] explored the impact of titanium diboride
reinforcement on the WR of composite in different situa-
tions and concluded that the composite has betterWR. Using
Taguchi method, the effect of wear properties in compos-
ites reinforced with AZ31B and ZrSiO4 were investigated.
Dry sliding wear experiments were conducted using an L9
orthogonal array (OA) design on a pin-on-disk apparatus.
Microstructural analysis indicated the presence of ZrSiO4
particles, which had a mitigating effect on wear in the speci-
mens. The ANOVA study identified wear rate as a significant
parameter affecting the composite properties [26]. This study
examined the COF and wear properties of polyester compos-
ites. In this work, various control parameters were used to
investigate the wear analysis [27]. According to Mohammed
et al. [28], the load has more impacted on WR as compared
to other parameters. Kumar et al. [29] explored that lower
WR was obtained in hybrid composites than in composite
materials due to lower material dispossession and the addi-
tion of graphite powder into composites. Kumar et al. [30]
investigated the MMC using Taguchi design and concluded
that an abrasive wear mechanism plays the most prominent
role on the surface of a specimen.

The Taguchi analysis was designed with three con-
trol variables—the load, speed, and distance—is currently
being investigated to enhance the wear behavior of hybrid
nanocomposite materials. These input parameters were
selected based on the analysis of previous works [28, 29].
ANOVA has been used to evaluate the impact of influential
factors onWR and COF. Hybrid composites (AZ31-SiC-Gr)
are utilized in frictional applications including clutches and
brakes. These have excellent wear resistance, high strength,
and low mass, which make them potential for usage in auto-
motive applications.

The key novelty in this research lies in its investigation of
the both effect of SiC and Gr nanoparticles on the wear char-
acteristics ofAZ31magnesiumalloys. Prior studies primarily
concentrated on single nanoparticle additives, whereas this
research explores the simultaneous integration of SiC and
graphite, harnessing their complementary properties. SiC
bolsters hardness and wear resistance, while graphite pro-
vides solid lubrication. This dual reinforcement strategy is
expected to produce a unique composite material with syner-
gistic wear-resistant characteristics. The stir casting method,
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used for uniform dispersion of nanoparticles, ensures effec-
tive synergy between the two additives. Consequently, this
work presents a fresh, innovative solution for enhancing
wear resistance in AZ31 alloys, offering promising applica-
tions across various industries. The majority of research has
focused on aluminum and magnesium alloy matrix with var-
ious reinforcements, such as B4C, Al2O3, SiC,WC, TiC, and
Gr, according to the thorough works of literature, but none
of them has attempted to use AZ31 with nano-sized SiC/Gr
as reinforcement composites. Therefore, the aim is to mini-
mize theWR and COF of a stir-cast nanoSiC/Gr-filled AZ31
matrix composite with the best possible parameters. Minitab
software is a data analysis tool designed for comprehending
data and making better decisions. It performs numerous sta-
tistical tests such as regression analysis, ANOVA, and t-tests.
To clearly depict data, graphs, and charts may also be made
with Minitab.

2 Experimental setup

2.1 Materials andmethods

AZ31 matrix reinforced with SiC and Gr with average parti-
cle size of 53 nm, and 75 nm respectively. Thematrixalloywas
purchased in ingot form; SiC and graphite were brought in
nanopowder form. The elements of AZ31 matrix alloy were
shown in Table 1.

In order to create hybrid nanocomposites, stir casting was
used. The furnace temperature was increased around 650 °C
before the ingredients were packed in the crucible, which has
been preheated to 400 °C. The standard stirrer rotated at a
speed of 700 rpm. The argon gas is supplied continuously to
prevent chemical reactions in the process of materialsgetting
into liquid state. The molten composite was poured in to die.
At room temperature, the nanocomposites were quenched.
The stress was eliminated through homogenization in 24 h.

A disc polishing machine and various grades of polish-
ing paper were used to prepare the manufactured sample.
Etchant was subsequently employed to eliminate contami-
nants from the top of the specimen. The SEM image and
micrograph of the nanocompositewas studied by using SEM.
The elemental breakdown of the alloy and nanocomposite
was determined by EDS analysis. All samples’ microhard-
ness was measured using a Vickers microhardness tester.
UTM (INSTRON-E1025) was used to measure specimens’
tensile and compressive properties.

The experiment was performed on a wear test setup (TR-
201) under dry sliding conditions, and line diagrams were
shown in Fig. 1 and Fig. 2, respectively. The specifications
of the wear test are as follows:

Manufacturer: Ducom Ltd., Chennai; Load range: up to
120 N; Disc Speed: 100–2000 rpm; Wear track diameter:

Fig. 1 Wear test (Pin on disc tribometer) set-up

Fig. 2 Line diagram of Wear test

10–120 mm; Specimen pin diameter: 10–12 mm; Pin length:
25–30 mm.

The specimen is placed in a pin holder and kept at the right
angle to the disk (made of EN31 steel of hardness 62 HRC),
providing sliding action [23]. The size of the sample is 10mm
diameter, and 25mm length is placed against EN31 steel disc,
according to ASTM G99 standard. It is important to remem-
ber that the test sample’s end surfaces were polished before
testing. The experiment was performed at different levels
with the same track diameter of 70 mm, and several input
variables, including load, speed, and distance, were changed
within the range shown in Table 2. By observing the move-
ment of the arm, a linear variable differential transformer
assists in determining the output results of wear rate (µm)
and frictional force (N). Each specimen’s weight loss was
measured using an electronic digital scale. At every experi-
ment, the steel disc was completely cleaned with a solution
of an acetone before. The weight loss determined WR, and
COFwas calculated using Eq. (1). The surface morphologies
of the pins are studied using SEM after the wear test.

(COF) � FrictionalforceinN

NormalforceinN
(1)
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Table 1 Elements of AZ31 in
wt% Elements Al Zn Mn Cu Fe Ni Si Mg

Wt% 3 0.98 0.2 0.002 0.002 < 0.001 < 0.01 Rest

Table 2 Experimental results and
S/N ratios Experiment Load

(N)
Speed
(rpm)

Distance
(m)

Wear rate (µm) COF

Measured
Value

S/N ratio Measured
Value

S/N ratio

1 15 136 150 79 −41.2892 0.15 16.47817

2 15 273 300 116 −37.9525 0.12 18.41638

3 15 409 450 92 −39.2758 0.31 10.17277

4 25 136 300 131 −42.3454 0.27 11.37272

5 25 273 450 188 −45.4832 0.29 10.75204

6 25 409 150 235 −47.4214 0.3 10.45757

7 35 136 450 142 −43.0458 0.31 10.17277

8 35 273 150 237 −50.103 0.28 11.05684

9 35 409 300 320 −47.495 0.27 11.37272

2.2 Taguchi method

The experiment was conducted with taguchi L9 design based
on three levels. It is a systematic approach for optimizing
processes and products by identifying the most influential
factors with a minimal number of experiments. It employs a
nine-factor, three-level orthogonal array design to efficiently
explore parameter variations and their effects on a spe-
cific output or response variable. By systematically varying
factors at different levels, the L9 Taguchi method helps deter-
minewhich combination yields the best ormost robust results
while minimizing the required trials. Industries widely use
thismethod to improve quality and performancewhile reduc-
ing experimentation time and costs.In this method, DOEwas
depending upon the input factors. In this statistical investi-
gation, Taguchi L9 (33) OAwas selected. Taguchi calculated
the S/N ratio for each experimental setting [30]. The higher
S/N ratio is determines the level of process parameters that
should be used. In the present investigation, the input param-
eters are load, speed (136 rpm, 273 rpm, and 409 rpm), and
distance (150 m, 300 m, and 450 m) have been selected and
set at three levels. Finally, the optimum parameter setting
was designed by ANOVA with help of MINITAB software
[31].

3 Results and discussions

According to the mechanical characterization findings, the
base alloy’s TS, CS, and hardness were all improved by 68%,
107%, and 54%, respectively, when it reaches an optimal pro-
portion of 7% nanocomposite. The detailed investigation of

mechanical properties was carried out in the previous arti-
cle [32].Design of experiment (DOE) was conducted at three
levels with nine experiments. S/N ratio plot, 3D surface plot,
Contour plot and residual plot were drawn using MINITAB
software, from these results estimate the most influencing
parameters on WR and COF.The resultsof specimens and
S/N ratios wereshown in Table 2.

Table 2 illustrates the variation in the composites’ friction
coefficient (µ) and SiC nanoparticles under three distinct
applied loads. The data indicates a noticeable decrease in
the friction coefficient as the speed increased under simi-
lar load conditions. However, this reduction becomes less
significant when the distance increases. This phenomenon
can be allocated to the self-lubricating properties of SiCnp.
During wear tests, as SiC nanoparticles were extracted from
the matrix, they came into direct contact with the counter
material, minimizing the contact area portion between the
both materials and consequently lowering the friction coef-
ficient [33]. Table 2 reveals a decreased friction coefficient
with increasing applied load under the same SiC nanopar-
ticle content. It can be attributed to the heightened plowing
force and penetration within the samples at higher applied
load conditions. It increases SiC pull-out from the matrix,
enhancing the lubricant’s efficiency. Based on the data dis-
tribution in Table 2, the Boltzmann model was applied to fit
the curves depicting the relationship between the COF and
sliding distance. The high R2 values of nearly 91.5% indicate
the suitability of the Boltzmann model in accurately describ-
ing the relationship between the friction coefficient and SiC
nanoparticles content [34]. The maximum amount of WR
(320 µm) was observed at a maximum load of 35N, speed
409 rpm with distance of 300 m, while the minimum amount
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Fig. 3 Optical microstructure of
AZ31 hybrid composite
reinforced by SiC/Graphite,
(a) 7%, (b) 5%, (c) 3%, (d) XRD
peaks at 7% reinforcement

of WR (79 µm) was build at a load of 15N, speed 136 rpm
with distance of 150 m.

3.1 Micro structural analysis

The Optical images of the nanocomposite was shown in
Fig. 3a-d. It reveals that the reinforcements were uniformly
distributed along with the matrix alloy. The micrograph of
nanocomposite observed thatthe groups of particles were
concentrated in one location during polishing and grain
boundaries wereidentified. Incorporating SiC and graphite
nanoparticles at varying concentrations of 3%, 5%, and 7%
into the AZ31 magnesium alloy by stir casting intensely
impacts its microstructure, leading to significant changes in
its mechanical and wear properties. At the lowest concentra-
tion of 3%, the SiC and graphite nanoparticles are dispersed
within the magnesium matrix, resulting in a refined grain
structure due to the fasten effect of these elements on grain
fringes. It leads to an improvement in the alloy’s hardness,
strength, and WR. At the intermediate concentration of 5%,
the microstructure becomes even more refined, with a more
uniform distribution of nanoparticles. It further increases the
alloy’s mechanical properties, making it suitable for higher
strength and durability applications. However, at the highest
concentration of 7%, the microstructure experiences a transi-
tion from a uniform dispersion of nanoparticles to clustering,
which can lead to localized regions of high hardness and
enhance the wear properties.

The reinforcements were influences the precipitation
behavior of secondary phases within the AZ31 magne-
sium alloy. The nanoparticles serve as nucleation sites for
the formation of intermetallic compounds and precipitates,
which can alter the alloy’s overall microstructure. At 3%
concentration, the nanoparticles promote the formation of
fine precipitates, contributing to the alloy’s age-hardening
response and improved mechanical properties. However, as
the nanoparticle concentration increases to 5% and 7%, lead-
ing to excessive precipitation and potential embrittlement.
The combination of SiC and graphite nanoparticles can intro-
duce synergistic effects on the microstructure of the AZ31
alloy. SiCnanoparticles enhance the alloy’s strength andwear
resistance, while graphite nanoparticles provide solid lubri-
cation properties, reducing friction andwear. This synergistic
effect can be optimized at an intermediate concentration of
5%, where both nanoparticles are well-distributed and con-
tribute positively to the alloy’s performance.X-ray diffraction
(XRD) analysis of AZ31 magnesium alloy reinforced with
7% reinforcement particles revealed in Fig. 3d provides cru-
cial insights into this advanced composite material’s phase
composition. This comprehensive analysis delves deep into
the interplay between the base AZ31 alloy, the SiC reinforce-
ment, and the presence of Graphite, shedding light on their
roles and contributions. The dominant phase in the AZ31
magnesium alloy, Al17Mg12, is a crucial starting point for
the XRD analysis. This phase constitutes the primary crys-
talline structure of the base material and is characterized
by its specific atomic arrangement and lattice parameters.
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Table 3 Response table for WR

Level Load L (N) Speed S (rpm) Distance D (m)

1 −39.51 −40.61 −46.27

2 −40.81 −41.85 −40.98

3 −46.88 −44.73 −39.94

Delta 7.38 4.12 6.33

Rank 1 3 2

XRD is exceptionally adept at detecting and quantifying this
phase’s presence, offering precise information regarding its
orientation, crystallinity, and potential alterations induced
by the incorporation of nanoparticles. The SiC phase is
pivotal in enhancing the alloy’s properties. XRD analysis
distinctly highlights the SiC peaks within the diffraction pat-
tern, signifying the presence of this hard ceramic phase.
These peaks’ position, intensity, and breadth provide essen-
tial information regarding the size, distribution, and preferred
orientation of the SiC nanoparticles within the AZ31 matrix.
A well-dispersed and oriented SiC phase can significantly
contribute to the alloy’s mechanical strength, stiffness, and
wear resistance, making its characterization through XRD
vital for optimizing composite performance. An equally
critical aspect of XRD analysis is the potential detection
of interfaces or interactions between Al17Mg12, and SiC,
phases. These interfaces may manifest as new diffraction
peaks or shifts in existing ones, highlighting any bonding
or chemical interactions between the elements. Understand-
ing these interactions is fundamental to predicting the alloy’s
mechanical behavior, as they can influence the composite’s
load transfer mechanisms and overall performance [42–45].

EDS analysis of AZ31 magnesium alloy with 3% and 7%
SiC and Graphite reinforcement was revealed in Fig. 4(a,
b), focusing on major alloying elements Mg, Si, Al, and Zn
provides valuable insights into the alloy’s composition and
distribution of reinforcing particles. In AZ31, Mg is the pri-
mary constituent, and EDS precisely quantifies its content
while revealing the presence and dispersion of Si, Al, and
Zn. When reinforced with SiC and Graphite, EDS discerns
changes in the elemental composition due to incorporating
these reinforcingmaterials. This analysis allows for a quanti-
tative assessment of the alloy’s composition, confirming the
desired reinforcement content and ensuring the alloy’s suit-
ability.It can assume that therewas no audible reaction during
casting between the materials.

3.2 Taguchi analysis

Tables 3 and 4 indicate that the S/N ratio of the response
table is smaller the better for the WR and COF. The WR

Table 4 Response table for COF

Level Load L (N) Speed S (rpm) Distance D (m)

1 15.02 12.67 12.66

2 10.86 13.41 13.72

3 10.87 10.67 10.37

Delta 4.16 2.74 3.35

Rank 1 3 2

was most significantly affected by the load (rank 1), fol-
lowed by distance (rank 2) and speed (rank 3). Figure 5 and
6 represents the S/N ratio plot of WR and COF, respectively.
These graphs showed that the highest values are the optimum
process parameter setting. Finally, it was concluded that the
load (15 N), speed (136 rpm), and distance (450 mm) had
been the maximum mean of the S/N ratio; therefore, the pre-
dicted optimum process parameter setup for obtaining low
WR using the taguchi method is L1-S1-D3. Similarly, the
optimum process parameter setup for obtaining low COF is
L1-S2-D2. The change in optimum setting is due to surface
cracks in the nanocomposite; because of this, the speed has
been enhanced to 273 rpm, and the distance has to 300 mm.
48,49This method is used to analyze the outcomes of exper-
iments. It was conducted for a level of confidence at 95%.
ANOVA investigated the order of influencing parameters on
WRandCOF [26, 27]. The results ofWRare listed inTable 5,
whereas COF is listed in Table 6. The number of levels minus
one obtained the degree of freedom (DF), the total consid-
ering three factors at three levels, so that error got 2. The
contribution percentage is declared that the load contributes
more to WR and COF, with 66.73% and 47.41%, respec-
tively. The speed and distance have been less contributing to
WR and COF than load. This value is determined using the
Eq. (2).

Percentage of contribution �
(
Seq SS

Total
× 100

)
(2)

In the same way, the high-affecting parameters were also
recognized based on the P value and F value [46, 47]. Finally,
it recognizes that the load was the outstanding parameter
influencing WR and COF.

3.3 Impact of process variables onWR and COF

The surface and contour plots of WR and COF are shown in
Figs. 7, 8, 9 and 10. The optimum process parameter for low
wear rate and COF was L1-S1-D3 and L1-S2-D2, respec-
tively. Therefore, the plots were drawn at this condition. The
surface plots of WR and COF vs. parameters are shown in
Figs. 7a and b. In contrast, the curved line in Fig. 8a and b
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Fig. 4 EDS analysis of AZ31 hybrid composite reinforced by SiC/Graphite, (a) 3%, (b) 7%,

Fig. 5 Mean S/N ratio of wear
rate

contour plots show the impact of the point where the SiC/Gr
concentration meets the volumetric wear rate. The research’s
surface and contour plots showed that the volumetric wear
ratewasminimal, at least under load [20, 22]. The presence of
Gr particles that have been stripped from the composite and
formed a thin coating at the edge of the opposite face, enhanc-
ing WR, is the main reason why the wear rate is reduced at
a load of 15 N, speed of 136 rpm, and distance of 450 m. It
can be seen that COF decreases as Parameters increase. The
primary cause of COF falls may be due to the load increases,
which causes the composites to soften, and as a result, COF
has decreased due to lubricant. Here, the graphite serves as
a lubricant [16].

3.4 Modeling

The linear regression analysis used Minitab to create the
predictive equations in the current study. The dependent vari-
ables are WR and COF, which have a function of load,
velocity, and distance, respectively. The linear regression
equation was as shown in the Eq. (3) for WR and Eq. (4) for
COF of hybrid composite, respectively.The developed mod-
els were checked by using the R2 value. Usually, it varies
from zero to 100%. If this value is close to 100%, it fits the
variables well. The regression analysis concluded that R2 for
WR has better results than COF. Therefore, the evolved R2

value for WR and COF was 91.49% and 56.04%, respec-
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Fig. 6 Mean S/N ratio of COF

Table 5 ANOVA for WR
Source DF Seq SS F-value P-value % of contribution

Load (N) 2 92.977 114.95 0.009 49.01

Speed (rpm) 2 26.787 33.12 0.029 14.12

Distance (m) 2 69.124 85.46 0.012 36.44

Error 2 0.809 0.43

Total 8 189.697 100

Table 6 ANOVA for COF
Source DF Seq SS F-value P-value % of Contribution

Load (N) 2 34.583 4 0.200 47.41

Speed (rpm) 2 12.078 1.4 0.417 16.56

Distance (m) 2 17.653 2.04 0.329 24.19

Error 2 8.637 11.84

Total 8 72.951 100

tively. The residual plot was used to assess the significance
of the coefficients in the projected model; if it is straight, the
errors are usually distributed. Figure 9(a) and Fig. 9(b) show
the residual properties and noticed that the residual shown
around the straight line, which gives the developed model
was appreciable [7].

Regression Equation:

WR � 24.1 + 6.87 Load + 0.214 Speed

− 0.277 Distance
(
R2 � 91.49%

)
(3)

COF � 0.029 + 0.00467 Load + 0.000183 Speed

+ 0.0002 Distance
(
R2 � 56.04%

)
(4)

3.5 Wear analysis

Figure 10 illustrates the worn surface of the generated
AZ31-SiC-Gr hybrid nanocomposite specimen examined
at various magnification settings. The illustration clearly
showed grooves, delamination, pits, micro-cracks, ridges,
and abrasive wear mechanisms [32] on the worn surfaces.
Ridges were created as a result of the roughness of the
counter disc. Pits are created as a result of the loss of rein-
forcing particles. The micro crack is seen on the surface in
a few places because of the low stress (15 N). However, the
mechanically mixed layer (MML)was formed, which lowers
the WR and COF, resulting from material transfer between
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Fig. 7 a 3D Surface plot of wear rate, b 3D Surface plot of COF

the counterpart and pin surface [18, 35]. AZ31 alloys are
strongly predisposed toward oxidation, which significantly
impacts wear rates. Oxidative wear manifests when surfaces
in contact, heated through friction, undergo oxidation. Frag-
ile magnesium oxides break into fragments during repeated
sliding movements, creating a protective oxygen layer on the
surface. Direct metal-to-metal contact between the sliding
surfaces is effectively avoided by this layer. The rate of wear
decreases as the oxide layer on the surface thickens over time.
As shown in Fig. 4, the oxygen concentration on worn sur-
faces was measured using EDS. The thickness of the oxide
layer plays a pivotal role in influencing wear mechanisms,
with this particular form of wear being termed "oxidation
wear," typically categorized as mild wear. The reduction in
wear rates is attributed to this unique mechanism. It has been
proposed that a threshold velocity must be reached to initiate
the formation of a protective oxidation film. This protective
film’s structural support comes from the underlying speci-
men. Oxidation wear tends to be most prominent within a
limited range of applied load and sliding speed, as under
more severe conditions, the protective oxidation layer ceases
to exist.

SEMmicrographs illustrating the worn surface under ele-
vated conditions of an average load (35 N) and maximum
sliding distance (450 m) are presented in Figs. 10. These
images depict a reduced WR for the composites subjected to
the increased load. Figure 10 shows surface fractures caused

by the dissociation of nanoparticle clusters on the worn sur-
face of the untreated composite pin. Increased sliding speed
and average load cause plastic deformation on the pin’s sur-
face, which forms a layer that is work-hardened and reduces
wear loss [36]. Evidence of delamination wear under these
extreme conditions can be seen in the surface cracks and
patches. The development and spread of cracks cause the
surface to delaminate, resulting in thin sheets or flake-like
formations that reduce wear resistance. Severe surface oxi-
dation is indicated by an increase in oxide particle presence.
The oxide particles in the grooves increase lubrication and
wear resistance, which lowers the composites’ coefficient of
friction (COF) [37, 41].

The fluctuation of average COF values to sliding distance
is seen in Fig. 11. These numbers show a recurrent pattern
in which COF decreases as average load and sliding speed
rise. All sliding situations result in a significant COF for the
untreated composite. The primary cause of this large COF is
the sliding-induced separation of aggregated nanoparticles
from the pin surface. This third-body abrasion results in the
detachable nanoparticles becoming trapped between the slid-
ing surfaces and further abrading the pin surface, raising the
COF [39].

The COF rises at slower rotating speeds as a result of
the enormous exposure of the pin surface to the counterface
brought on by the applied average load [40]. On ther side,
as the sliding speed increases, COF values decrease. This
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Fig. 8 a Contour plot of wear
rate, b Contour plot of COF

drop can be due to the pin’s and counterface’s shorter con-
tact times as sliding speed increases, which in turn reduces
COF. Frictional heating with higher average loads and faster
sliding rates is responsible for the increase in COF. It is possi-
ble to link the decrease in COF with increasing average load
and sliding speed to the formation of an oxide layer, which
improves lubrication [40, 46, 47]. Additionally, frictional
heating causes bulk softening and plastic flow, which serve
to smoothen the pin surface and lessen adhesion between the

pin and counterface surfaces [10, 39].The wear rates of the
composites as a function of sliding distance under various
loads are shown in Fig. 12. The wear rate rises as the sliding
distance rises, which is one obvious tendency.With increased
normal loads, the composites’wear rate increases. Even if the
volumeofSiCandgraphite nanoparticles is the same through-
out all composites, it is important to note. Under all sliding
situations, the untreated composite continually displays low
wear resistance.
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Fig. 9 a Residual plots for WR,
b Residual plots for COF

Fig. 10 SEM micrographs of
nanocomposite at different
magnification

4 Conclusions

• Taguchimethod determined that the optimumcombination
for obtaining lowWR was found as load 15 N, speed rpm,
and distance 450 m (L1-S1-D3), and for low COF, it was
seen as load 15 N, speed 273 rpm, and distance 300 rpm
(L1-S2-D2) because the addition of Gr particles boosted
bonding strength and reduced material dislodging.

• The ANOVA results show that load, followed by dis-
tance and speed, is the most critical determinant of wear
loss—the wear rate increases as the sliding distance
increases. The wear rate of the composites exhibits an
increase with higher normal loads. The maximum wear
rate (320 µm) was observed at a load of 35N, speed of
409 rpm with a sliding distance of 300 m, while the mini-
mum wear rate (79 µm) was found at a load of 15N, speed
of 136 rpm with a sliding distance of 150 m.

• The linear regression equation was developed for WR and
COF and checked with the R2 value. Hence, the developed
model fits WR well, as the acceptance level is 95%.

• After the wear test, SEM analysis of the worn surface
showed that micro-cracks and abrasive wear mechanisms
were observed in the hybrid nanocomposite. The solid
lubricant graphite in the hybrid nanocomposite increased
wear resistance by establishing a lubricant layer over the
sliding counterparts.

• At lower rotational speeds, the COF increases due to the
enormous exposure of the pin surface to the counterface
under the influence of the applied average load. The COF
values decline as the sliding speed escalates. This reduc-
tion canbe attributed to the decreased contact timebetween
the pin and counterface as sliding speed advances, ulti-
mately leading to diminished COF.
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