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 This article evaluates the impact of nano silicon carbide (nSiC) addition (0, 1, 2, 3, and 4 wt.%) 
on the surface of AZ31 magnesium alloy towards improvement in wear resistance for different 
applied load (AL) and sliding distance (SD). Friction stir processing (FSP) is performed on the 
surface of AZ31 to create a weld pool to disperse the nSiC particles utilizing a cylindrical tool 
in a computerized controlled machine tool. The study objective is to enhance the wear 
resilience of the lightweight soft AZ31 through this procedure. The G99 standard of ASTM was 
adopted for performing the experimentations. nSiC added to the surface lowers the wear rate 
(WR) of the FSPed specimens subjected to different AL and SD. The coefficient of friction (CoF) 
and WR tend to drop with the inclusion of nSiC till 3 wt.% above which a negative trend is 
observed due to the improper bonding and agglomeration of nSiC particles that impart lesser 
strength and hardness on the surface. As compared with an AL of 10 N, the AL of 50 N produces 
a 171.43% higher WR for as received alloy, for AZ31+3%nSiC, the WL is increased by 337.5% 
whereas the CoF is increased by 14.93% for as received alloy and 15.15% for AZ31+3%nSiC 
composite. Similarly, increasing the SD from 250 to 1250m, the WR is doubled for as received 
alloy and 181.82% for AZ31+3%nSiC, the CoF is increased by 0.41%. 
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1. Introduction  
 

Surface modification (SM) is a common way to 
improve a substrate's surface characteristics. SM 
techniques can help lightweight alloys meet their specific 
needs in various applications. Light alloys are used in 
many industries, including the military, automotive, 
aerospace, sports, electronics, and biomedical sectors 
[1]. SM techniques can improve surface properties like 
wear and corrosion resistance, inhibit oxidation, 
promote adhesion of further coatings, construct an anti-
corrosion layer with good surface biocompatibility, and 
enhance mechanical integrity, biodegradation, and 
biocompatibility [2-4]. Magnesium and its alloys are 
susceptible to corrosion and wear under harsh 
environments; hence, surface treatments or 

modifications are needed to improve its performance 
without altering its core properties [5].  

The techniques used for surface coatings include 
chemical conversion coating, electrodeposition, laser 
surface modification, calcium phosphate surface 
coatings, plasma electrolytic oxidation, and magnetron 
sputtering [6]. Friction stir processing (FSP) is a 
procedure used for solid-state welding and surface 
engineering. It can enhance various properties of metals, 
such as formability, durability to corrosion, elasticity, 
strength, hardness, and resistance to abrasion [7]. FSP 
has the potential to enhance various properties, 
including eliminating casting defects, refining 
microstructures, improving strength and ductility, 
increasing resistance to corrosion and fatigue, and 
enhancing formability. The FSP process ensures a 
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consistent distribution of reinforcement particles, 
eliminating porosity and preventing undesired 
interfacial reactions between the matrix and the 
particles.  FSP produce a fine-grained microstructure in 
the processed zone, which significantly improves 
mechanical properties such as strength, hardness, and 
wear resistance. Unlike traditional methods that may 
involve high temperatures or chemicals, FSP is a solid-
state process, which does not melt the material, thereby 
avoiding porosity, cracking, or thermal distortion. 
Additionally, FSP is highly controllable and localized, 
allowing for precise modification of specific areas 
without affecting the entire component. Moreover, FSP is 
environmentally friendly, as it requires no harmful 
chemicals or extensive post-processing [8]. 

Subramani et al. [9] prepared AZ31 composites 
reinforced with nano silicon carbide (nSiC) particles 
using a stir casting procedure. The microstructure 
investigation exposed the presence of discontinuous 
Mg17Al12 phases and a well-distributed population of 
nSiC nanoparticles. The fabricated nanocomposites 
exhibited improvements in hardness and yield strength. 
The mechanical possessions and wear resistance 
progressively improved as the nSiC content in the 
nanocomposite increased. The wear behavior of the 
fabricated nanocomposites exhibited an inverse 
relationship with their hardness. In their study, Shen et 
al. [10] examined the tribological features of SiCp-
reinforced Mg composite under various loads and sliding 
velocities. The addition of SiCp effectively inhibits grain 
evolution and enhances the composite's mechanical 
properties. As the sliding speed or load increases, the 
composite's wear rate (WR) gradually rises. When 
compared to the alloy, there is a significant reduction in 
the wear, specifically under high load conditions. 
Padmavathi et al. [11] examined the effects of BN and SiC 
blending ratios, interfacial activities, metallography, and 
mechanical properties of an AZ31 composite. The 
squeeze stir cast method was used to produce the 
composite. The composite exhibits a homogenous 
distribution of particles, with a composition of 5wt% BN 
and 7.5wt%. The material SiC demonstrated superior 
tensile strength, optimal strain, improved impact 
resistance, and increased hardness. Abdollahzadeh et al. 
[12] investigated the AZ31-nSiC composite mechanical 
and microstructural characteristics. The findings suggest 
that the size of the matrix grain and nSiC play crucial 
roles in determining various characteristics. Adjusting 
rotation and traverse speed leads to significant heat 
generation and uniform dispersion of nSiC. 

Kumar et al. [13] investigated the wear 
characteristics of composites fortified with 15 vol.% 
Zirconium dioxide (ZrO2) in AZ31 matrix. The 
enhancement in both hardness and tensile strength was 
ascribed to the grain size reduction, leading to Orowan 
strengthening. A clear relationship was observed 
between the WR and speed, characterized by an initial 
rise and subsequent decline. It is clear from the 
micrographs that the particular WR increases as the 
particles are higher. Abrasion is also the main process 
that removes materials. Kumar et al. [14] examined a 
surface composite's dry sliding wear properties with 
FSPed AZ31 and AZ31/ZrC particles dispersed 

throughout at 5, 10, and 15 vol.%. Abrasion, 
delamination, oxidation, material softening, and plastic 
deformation are the primary wear processes. The wear 
resistance of AZ31 alloy was observed to greatly enhance 
with an increased volume of ZrC, irrespective of the 
speed and load conditions.  

In their study, Xiong et al. [15] performed laser 
alloying of SiC-316L powder on the AZ31 surface. The 
results suggest that the surface of the alloying layer was 
smooth and well-bonded, showing no signs of defects like 
pilling, pores, or cracks. The alloying layer comprises 
elements such as MgO and SiO2 and the initial phases of 
Fe, SiC, and Mg. The grain boundary faces the alloyed 
layer and runs perpendicular to the interface. The 
magnesium alloy substrate lies at its base, where the 
alloyed layer and interface zone are located. In their 
study, Jiang et al. [16] employed the gas tungsten arc 
technique to apply SiC particles onto the AZ31 alloy 
substrate. Grain size inside the composite layer was 
significantly reduced due to the method. The composite 
layer establishes enhanced hardness and wear resistance 
compared to the original magnesium alloy AZ31. The 
material's properties are affected by various factors, 
including the process parameters and the concentration 
and distribution of SiC particles. Arora et al. [17] utilized 
FSP to develop a nanocomposite using AZ31 as the base 
material and TiC as the reinforcing agent. The 
experiments were conducted under various cooling 
conditions. The study found that the examined Mg alloy 
underwent substantial wear due to abrasion, 
delamination, and oxidation. 

The literature survey presents that SM technique can 
be utilized effectively to modify the surface of the 
lightweight alloy without changes in the core properties. 
Magnesium alloys are preferably used in FSP to improve 
its wear and corrosion resistance. Including 
nanoparticles is done in lower quantities to make it more 
economical and avoid accumulation. This work deals 
with the FSP of AZ31 alloy incorporated with nSiC 
particles in varying proportions to achieve better 
dispersal and wear durability and subsequent wear 
analysis on the surface, which is the novelty of the 
present study. An analysis was conducted on the WR and 
CoF of the FSPed specimens. The wear tests involved 
varying the axial load (AL) and sliding distance (SD). The 
objective was to determine the optimal proportion of 
nSiC on the surface of AZ31. 

 

2. Method 
 

AZ31 is a frequently utilized magnesium alloy in 
various non-automotive applications. This magnesium 
alloy is highly favored for its lightweight behaviour and 
impressive mechanical qualities. The AZ31 consists of 
3% aluminum, 1% zinc, and 0.5% manganese; the 
remaining balance is magnesium [18]. AZ31 is a 
magnesium alloy known for its favorable strength and 
flexibility at room temperature. In addition, it possesses 
excellent corrosion resistance and can be easily welded. 
It is a viable substitute for aluminum alloys because of its 
remarkable strength-to-weight proportion, lightweight 
nature, and superior machinability [19]. Nano silicon 
carbide (nSiC) is a semiconductor material known for its 
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high-temperature oxidation resistance. The material 
exhibits excellent thermal conductivity, stability, purity, 
and wear resistance. The use of nanoparticles extends to 
high-temperature spray nozzles and sealing valves [20]. 
nSiC surface-modified magnesium alloys have significant 
potential in various high-performance applications like 
aircraft frames and engine components, more durable 
and lightweight engine blocks, transmission cases, and 
other critical parts, contributing to fuel efficiency and 

performance. Additionally, in biomedical applications, 
ideal for use in biodegradable implants and medical 
devices, and heat sinks in electronics. The AZ31 alloy is 
purchased from M/s. Bhandari metals and alloys, 
Chennai and nSiC is purchased from Nanoshel, India Pvt. 
Ltd. The average size of nSiC considered is about 45-65 
nm. Figure 1 presents the SEM micrographs of as 
received AZ31 alloy, nSiC and X-ray diffraction (XRD) of 
nSiC obtained. 

 

 
Figure 1. SEM micrograph of AZ31, nSiC and XRD of nSiC 

 
For performing FSP, the CNC vertical machining 

center (VMC) is used with a cylindrical tool made from 
H13 alloy that is surface hardened to 55 HRC, including a 
24 mm shoulder diameter, a 6x5 mm pin diameter, and 
length as shown in Figure 2 [21]. The VMC is YCM-EV 
1020A with 45-1,000 rpm spindle speed, BT40 nose 
taper, and 5.5 kW motor is utilized. Initially, micro-sized 
drills were made on the surface of the AZ31 plate of size 
100x100x10 mm for a depth of 4 mm. A pin-less tool was 
used to close the groove, and the holes were stuffed with 
nSiC according to the required weight proportion [22]. 
The next step is to execute the FSP at 500 rpm of rotation 
speed, 50 mm/min traverse speed, and 5 kN AL [23]. 

 

 
Figure 2. CNC machine, tool, and FSPed specimen 
 
ASTM G99 is a widely recognized standard method 

used to conduct wear testing on a pin-on-disk (PoD) test 
apparatus. This method is commonly employed in 
academic and research settings to evaluate the materials' 
wear features. The quantification of wear is primarily 
influenced by various factors in the system, including the 
AL, such as material qualities, environmental factors, 
sliding speed, SD, and machine parameters [24]. For 
testing purposes, we will evaluate specimens made from 
the FSPed surface. These specimens consist of 9 mm 
diameter cylindrical pins with a length of 15 mm. We will 
also use a surface-hardened EN31 disc as the counterface 

material. [25]. Figure 3 shows the PoD apparatus with an 
attachment of a pin. 

 

 
Figure 3. PoD apparatus and pin setup 

 
3. Results and Discussion 
 

With constant process parameters FSP is performed 
on the AZ31 substrate for incorporating nSiC to improve 
its properties. The performance of the AZ31 alloy as 
received and that of the surface-modified AZ31 alloy are 
examined. Figure 4 presents the scanning electron 
microscopic images of the as-received and FSPed 
samples with different nSiC content. Inferences show 
that material fusion occurs due to extreme heat produced 
due to the friction developed by the rotating tool on the 
sample surface [26]. Grain refinement occurs during 
solidification, which influences the mechanical strength 
and hardness of the surface composites. The fine grain 
refinement continues until the addition of 3 wt.% of nSiC, 
and higher addition leads to aggregation of nanoparticles 
to micron-sized particles that produce lower strength 
than their lower counterparts [27]. 
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Figure 4. SEM micrographs of specimens 

 
The WR was calculated based on the wear loss 

method by measuring the volume before and after the 
fabricated FSPed samples were subjected to wear tests 
[28]. The DAQ system attached to PoD is used to capture 
the CoF. Irrespective of the nSiC inclusion on the surface 
of AZ31 alloy, the WR tends to rise with higher AL on the 
cylindrical pin, as presented in Figure 5. As the nSiC wt.% 
increases on the surface of AZ31, better strength and 
hardness is obtained, which resists deformation and 
wear. Lower WR is received till the inclusion of 3 wt.% of 
nSiC; adding more nSiC results in reduced strength and 
hardness due to nanoparticle aggregation, leading to 
higher WR [29, 30]. 

 

 
Figure 5. Impact of AL on WR 

 
Figure 6 presents the change in WR for different 

conditions of SD. With an increase in SD there is a 
substantial increase in WR. Higher sliding velocities can 
soften the surface of an alloy or composite, which can 
decrease shear strength and increase WR. Increasing 
sliding speeds can cause changes in strain rate and 
friction heating, which can slightly increase WR over time 

[31]. Sliding over long distances can also harden the 
surface layer composition of waste debris, reducing 
wear; hence, a flattened curve is seen over higher values 
of SD [32]. When the amount of reinforcing particle 
material increased gradually, the WR was significantly 
reduced because high hard phases formed [33].  

 

 
Figure 6. Impact of SD on WR 

 
The CoF obtained during the wear test of AZ31-nSiC 

surface composite for various ALs is presented in Figure 
7. As the load increases there is a substantial increase in 
CoF initially and then tends to lower, whereas higher 
inclusion of nSiC provides lower CoF. The CoF decreases 
with increasing normal load [34]. This is because greater 
loads and higher speeds cause a larger force-bearing area 
and smaller local stress, which reduces the CoF. A higher 
load causes more friction heat, softening the material and 
lowering the CoF [35]. 
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Figure 7. Influence of AL on CoF 
 
The change in CoF for varying SD is shown in Figure 

8. Higher inclusion of nSiC on AZ31 presents lower CoF 
due to the hardness imparted by the reinforcements on 
the surface. The test pin surface's thermal softening 
causes the CoF to drop as sliding velocity increases. The 
pin specimen experiences a decrease in hardness due to 
thermal softening, causing the CoF to fall [36]. However, 
a higher testing period can lead to more tribo-oxides, 
which can decrease WR and CoF. Pin substance and 
sliding counter disc adhere to one another; breaking 
their contact requires a larger frictional force, increasing 
CoF to be seen initially in all specimens [37]. 

 

 
Figure 8. Influence of SD on CoF 

 
Figure 9 and Figure 10 present the optical images of 

worn-out surfaces taken from each tested samples 
subjected to different loads and SD. The wear track is 
visible with higher wear debris on all the specimens. The 
4 wt.% nSiC surface composite shows higher wear depth 
due to improper dispersal of nSiC and agglomeration. 
The nanoparticles serve to strengthen the matrix 
through mechanisms like load transfer, grain refinement, 
and the pinning of dislocations. During wear, the 
nanoparticles act as barriers that inhibit the direct 
contact between sliding surfaces, reducing adhesion and 
material loss. Additionally, these particles can form a 
protective tribolayer on the worn surface, which further 
minimizes wear by providing a low-friction interface. At 
high loads and SDs, the wear mechanisms that are seen 
are plastic deformation, delamination, and abrasion [38].  

 

 
Figure 9. Worn surfaces of specimens subjected to 

varying AL 
 

 
Figure 10. Worn surfaces of specimens subjected to 

varying SD 
 
The plowing-type wear mechanism is also visualized 

in all the specimens. At higher loads and until moderate 
SDs, oxidation is also observed due to higher frictional 
heat developed at the interface of the pin surface and 
rotating disc counterface [39, 40]. During abrasive wear, 
hard particles scratch or plow the surface; in adhesive 
wear material transfer occurs between contacting 
surfaces; and in oxidative wear, a protective oxide layer 
is formed and subsequently worn away [41, 42]. 
 
4. Conclusion  
 

The PoD wear tests are adopted to investigate the 
wear performance of FSPed AZ31-nSiC surface 
composites subjected to various ALs and SDs. 
Observation shows that; 

• Microscopic images revealed grain refinement 
during solidification, which influences the 
mechanical strength and hardness of the surface 
composites. The fine grain refinement continues 
until 3 wt.% of nSiC is added, and higher 
addition leads to agglomeration of nanoparticles 
to micron-sized particles that produce lower 
strength than their lower counterparts. 

• The WR is lower till the inclusion of 3 wt.% of 
nSiC; adding more nSiC results in reduced 
strength and hardness due to nanoparticle 
accumulation, leading to higher WR. With an 
increase in SD there is a substantial increase in 
WR. Higher sliding velocities can soften the 
surface of an alloy or composite, which can 
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decrease shear strength and increase WR. The 
creation of high hard phases led to a progressive 
rise in the amount of reinforcing particle 
content, significantly reducing the WR. 

• With higher ALs, there is a substantial increase 
in CoF initially and then tends to lower, whereas 
higher inclusion of nSiC provides lower CoF. A 
higher load causes more friction heat, softening 
the material and reducing the CoF. Higher 
inclusion of nSiC on AZ31 presents lower CoF 
due to the hardness imparted by the 
reinforcements on the surface. The test pin 
surface's thermal softening causes the CoF to 
drop as sliding velocity increases. The pin 
specimen's hardness decreases due to this 
thermal softening, which lowers CoF. 

• The optical images show clear wear tracks with 
higher wear debris, 4 wt.% nSiC surface 
composite shows higher wear depth due to poor 
dispersal of nSiC and agglomeration. Various 
wear mechanisms are abrasion, delamination, 
and plastic deformation. 

• As compared with an AL of 10 N, the AL of 50 N 
produces a 171.43% higher WR for as received 
alloy, for AZ31+3%nSiC, the WL is increased by 
337.5% whereas the CoF is increased by 14.93% 
for as received alloy and 15.15% for 
AZ31+3%nSiC composite. Similarly, increasing 
the SD from 250 to 1250m, the WR is doubled for 
as received alloy and 181.82% for 
AZ31+3%nSiC, the CoF is increased by 0.41%. 
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