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Magnesium-based alloys were more prevalent in automobile applications owing to their mechanical properties, low mass, and
density. However, its poor mechanical properties are restricting its applications. Therefore, the present study focuses on improving
the mechanical properties of AZ31D alloy by reinforcing silicon carbide (SiC) and graphite (Gr) nanoparticles with weight
fractions of 2%, 4%, and 6% using stir-casting technique. The microstructure analysis was performed using a scanning electron
microscope. The elemental analysis was confirmed using energy-dispersive spectroscopy, and X-ray diffraction was used to study
various phases in the nanocomposites. Further, the mechanical properties, such as microhardness, ultimate tensile strength, yield
strength, and compression strength of the nanocomposites, were significantly improved by 53%, 59%, 62%, and 82%, respectively,
as compared with base alloy.

1. Introduction

Nowadays, substantial research outcomes concentrate on the
advancement of product demand for designingmaterials with
low specific gravities, lightweight materials, and with high
strengths [1]. It was brought on by technical advancements,
particularly in the aviation designing field. Magnesium alloys
(specific gravity: 1.7 g/cm3) appear to meet these standards.
The exploration of magnesium (Mg) was a substitute for iron,
polymers, and aluminum [2, 3]. Due to its low weight, Mg and
its alloys have become popular materials for usage in pro-
ducts, including computer parts, recreational goods, aircraft
components, home appliances, and vehicles, in recent years.
Zinc and aluminum are alloyed with Mg material to enhance
their mechanical properties and form group Mg–Al–Zn [4].
AZ31 is widely used in Mg–Al alloys. This structural material
has a lot of potential for the aviation sector because of its less
density and strongmechanical characteristics [5, 6]. However,
the improvement in properties for AZ31 alloys is still chal-
lenging. Therefore, the nanocomposites play a vital role to

enhance the mechanical, corrosion, and wear properties.
Different methods were used to fabricate the nanocomposites
[7–9]. Among different methods, stir casting is easy and
economical compared to other methods to fabricate the metal
matrix composites (MMC’s) [10].

Several researchers have fabricated MMC’s using stir-
casting technique by mixing the various reinforcements.
Khandelwal et al. [11] studied various weight proportions of
(Al2O3)np on AZ31 and concluded that there was improvement
in the tensile properties of nanocomposites. Torabi Parizi et al.
[12] fabricated AZ80/calcium/aluminum oxide nanocomposite
through stir-casting method. The results reveal that stir com-
posite had more agglomerated particles than rheo composite
and that stir composite had higher mechanical characteristics.
Singh et al. [13] studied friction stir welding joint made of
AZ61 alloy and reported that the microhardness of AZ61 is
more in the thermo-mechanically impacted zone but lower in
the stir zone. Rogal et al. [14] fabricated AZ91 nanocomposites
by injection technology. The nanocomposites had hardness
and compressive strength that were raised by 29% and 18%,

Hindawi
Journal of Nanomaterials
Volume 2023, Article ID 6553200, 9 pages
https://doi.org/10.1155/2023/6553200

https://orcid.org/0000-0001-9381-6575
https://orcid.org/0000-0003-1890-3040
https://orcid.org/0000-0001-9988-0500
mailto:anjimech@gmail.com
mailto:srikanth.karumuri@mtu.edu.et
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/6553200


respectively. Subramani et al. [15] studied themicrostructure of
AZ31 alloy and the effect of SiCnp in composites. Further, the
authors reported significant changes in mechanical properties
with lamellar structure. Themechanical characteristics ofmetal
matrix nanocomposite were investigated by Nourbakhsh et al.
[16], and the findings revealed that the nanocomposites exhib-
ited better qualities than base alloys. The effectiveness of com-
posite materials reinforced with nanoscale and microscale
graphene was studied by Vahedi et al. [17]. The results are
shown that the particles are uniformly distributed and
improved the mechanical properties. Huang et al. [18] investi-
gated WS2 reinforcement with different matrix materials and
concluded that they reduced the secondary phases and
enhanced the properties of 0.2wt% WS2. Huang et al. [19]
studied Al2O3 and Sic nanoparticles in hybrid composites.
The results have improved the ultimate tensile strength
(UTS), yield strength (YS), and hardness. Silicon carbide par-
ticles were utilized as support in the magnesium network,
which improves hardness, and strength in composites. By
strengthening different particles, some researchers have been
investigating unique techniques to enhance the properties of
aluminum zinc series alloys [20, 21]. However, still enhancing
the mechanical properties is challenging.

The novel feature of the work is the use of stir casting to
reinforce SiC/Gr particles in AZ31D nanocomposites,

improving their mechanical properties. As far as we are
aware, stir casting has rarely been used in the manufacturing
of nanocomposites. The mechanical properties of reinforced
nanocomposites and evaluations of the microstructure were
investigated using different techniques. All these results were
compared with the AZ31D magnesium alloy. Overall, the
present results are potential for the biomedicine and aviation
industry.

2. Materials and Methods

2.1. Materials and Fabrication of Composites. In the experi-
ment, AZ31D was employed as the matrix material, and
silicon carbide and graphite particles with an average sizes
of 75 and 53 nm, respectively, were used as reinforcements.
Figure 1 illustrates the manufacturing of nanocomposites
using the stir-casting technique. Figure 2 depicts the sche-
matic view of the stir-casting setup. Table 1 provides the
AZ31D alloy’s chemical composition. AZ31D alloy makes
into small pieces, poured in a muffle furnace, and set in a
graphite crucible to overcome the chemical reactions while
matrix material is in the liquid state. The raw materials and
crucibles are heated to eliminate different gases and defects
in castings. The crucible is preheated to 400°C in the muffle
furnace and stacked with the material by increasing the
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FIGURE 1: Stir-casting set up.
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temperature to 650°C. To prevent atmospheric oxidation,
argon gas was used to create a vacuum environment in the
furnace [22].

The flux 1wt% of the matrix is used to prevent oxidation.
The vortex made by a traditional stirrer worked at a speed of
700 rpm, and the stirring time is 15min, which was run by an
electronic variance. The prewarmed (200°C) reinforcements
are included in the pool’s center created by the moving
process.

After increased sustenance, the liquid metal was filled in
the preheated die. The specimens are quenched at room
temperature for homogenization. Homogenization was car-
ried out 24 hr to relieve stress. The designation of specimens
is presented in Table 2.

2.2. Density and Porosity Measurement. The density of alloy
and nanocomposites were evaluated using an experimental
kit according to the ASTM: B962-13 standard [23] and it
referred to Equation (1). The rule of the mixture method
was applied to calculate the samples theoretical density using
Equation (2). The percentage porosity of specimens was

calculated using Equation (3) [24].

Measured density  g=ccð Þ ¼ Weight of  specimen in air
Loss of  weight in water

;

ð1Þ

Theoretical density  ρtð Þ ¼ ρmwm þ ρrwr; ð2Þ

Porosity  %ð Þ ¼ 1 −
Measured density
Theoretical density

� �
× 100; ð3Þ

where ρm = matrix density, ρr = reinforcement density,
wm =weight fractions of matrix, wr = weight fractions of
reinforcement.

2.3. Microstructure Characterization. The specimens were
polished using different grades (500–2,000) of polishing
paper by a disc polishing machine. Later, the samples were
etched using a solution for 10–20 s. The microstructure of
the base alloy and nanocomposites were investigated using a
scanning electron microscope (SEM) (TESCAN and Model:
VEGA3 SBH). Energy-dispersive spectroscopy (EDS) was
used to know the existence of elements in the fabrication of
the samples. X-ray diffraction (XRD) (Shimadzu, XRD-7000,
and Japan) analysis was performed on the specimens to know
the existence of different phases.

2.4. Mechanical Properties. Microhardness of the S1, S2, S3,
and S4 were measured using Vickers’s microhardness tester.
During the testing, a load of 100 g for 10 s was applied to the
specimen through a square-based diamond indenter, and
the hardness readings were taken in a standard manner. The
specimen was prepared (shown in Figure 3) as per the ASTM:
E384 standard [25]. The experiment was repeated three times
for each specimen and noted the average of three values.

Tensile and compressive properties are evaluated using
UTM (INSTRON-E1025) with a strain rate of 3mm/min.
The specimen was prepared as per ASTM: E8 standard
[26], and compression testing specimens were prepared as
per ASTM: E9 standard [27], as shown in Figure 4. To get
standardized values, the experiment was run three times for
each specimen.

3. Results and Discussion

3.1. Microstructure Analysis. Figure 5 shows the microstructure
analysis of AZ31D alloy and nanocomposites. Figure 4(a)
represents α-Mg dendritic structure and the secondary phases
surrounding grain boundaries [28]. Figure 5(b)–5(d) were
shown the SEM images of nanocomposites with reinforcing
of 2%, 4%, and 6% in weight fraction of SiC/Gr.

During the stirring process, it was noticed that SiC/Gr
particles were evenly dispersed into the Mg matrix. There
were no agglomerations occurred in the nanocomposites.
Furthermore, the presence of reinforcements allowed for
grain refining. A stronger mixing effect is produced by nano-
particles than by micron particles. Dendritic structures show
a consistent distribution of particles with minimal porosity
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FIGURE 2: Schematic view of stir-casting method.

TABLE 1: Elements of AZ31D in wt%.

Elements Al Zn Mn Cu Fe Si Mg

wt% 3 0.98 0.01 0.02 0.001 0.01 Rest

TABLE 2: Designation of specimens.

S. no. Specimens Compositions

1 S1 AZ31D
2 S2 AZ31D+ 2% SiC + 2% graphite
3 S3 AZ31D+ 4% SiC + 4% graphite
4 S4 AZ31D+ 6% SiC + 6% graphite
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and strong bonding between the AZ31D base alloy matrix
and reinforcement. The reason for the little reduction in
strength of the S4 nanocomposite was the porosity of the
sample was increased compared to other nanocomposites.

EDS analysis revealed the presence of elements in
AZ31D base alloy and nanocomposites, shown in Figure 6.
Figure 6(a) shows the presence of aluminum (Al), zinc
(Zn), and magnesium (Mg) elements in the AZ31D alloy.

S1 S2 S3 S4

50 mm

50
 m

m

Standard hardness test specimen
ASTM E384

FIGURE 3: Specimens for microhardness test.

Standard tensile test specimen Standard compression 
test specimen

ASTM E9All dimensions are in “mm”

30 25
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10

12
 m
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FIGURE 4: ASTM standards of tensile and compression test.

FIGURE 5: SEM images of (a) S1, (b) S2, (c) S3, and (d) S4 specimens.
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FIGURE 6: EDS analysis of (a) S1, (b) S2, (c) S3, and (d) S4 specimens.
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Figure 6(b)–6(d) shows the peaks of Al, Zn, Si, C, and Mg
of the nanocomposite. The formation of magnesium oxide
during the solidification process resulted in the peak of
oxygen [29]. The impingement of the argon gas during
the casting process prevents oxidation.

The XRD spectrums of the four specimens are illustrated
in Figure 7. This analysis was used to identify the different
phases and it indicates that α-Mg is the primary element that
exists in the nanocomposite. The primary diffraction peaks
(2θ) identified for α-Mg are 38.05°, 44.81°, 65.12°, and
78.23° [30], and the planes assigned for α-Mg peaks were
(101), (102), (112), and (110). The peak intensity varies with
varying weight fractions of SiC/Gr. Peak intensity increases
with an increase in SiC/Gr wt% in AZ31D alloy. The base
material is mainly composed of Mg in matrix form; the large
peaks correspond to the parent AZ31D alloy.

3.2. Density and Porosity. The densities of the four specimens
are illustrated in Table 3. The density of nanocomposites
increased with decreased porosity as the increase particulates
[24]. Here, the measured density was lower values as com-
pared with the theoretical density due to the dispersion of
atoms in the nanocomposite, as is represented in Figure 8.
The S3 specimen exhibited less porosity than other nano-
composites. Therefore, it helps to improve the mechanical
properties.

3.3. Mechanical Properties. The mechanical properties of
AZ31D alloy and nanocomposites are shown in Table 4. The
microhardness of AZ31D alloy and nanocomposites are shown
in Figure 9. The microhardness of the nanocomposite of the
S4 specimen consists of a higher hardness value (110VHN) as
compared to AZ31D magnesium alloy (71.89VHN). It shows
clearly that the microhardness of nanocomposites exhibits
53% higher than the base alloy. The increase in hardness is
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FIGURE 7: XRD spectrum of S1, S2, S3, and S4 specimens.

TABLE 3: Density and porosity results.

Specimens
Theoretical density

(g/cc)
Measured density

(g/cc)
Porosity
(%)

S1 1.8 1.799 0.05
S2 1.82 1.816 0.22
S3 1.84 1.838 0.11
S4 1.85 1.837 0.7
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FIGURE 8: Variation of density for specimens.

TABLE 4: Mechanical properties of AZ31D magnesium alloy and
nanocomposites.

Specimens Microhardness UTS (MPa) YS (MPa) CS (MPa)

S1 71.89 102.3 65.09 173.42
S2 93.36 142.32 86.56 256.35
S3 98.89 162.94 105.25 315.56
S4 110 160.21 103.42 308.47
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FIGURE 9: Microhardness of specimens.
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attributed due to the addition of reinforcement particles in the
matrix. The grain refinements of nanocomposites were
improved due to the uniform distribution of the reinforcement
particles, and it was confirmed by the SEM images. During
solidification, the functioning of grain boundary anchors and
nucleation locations for new grains will occur [22]. The result
of an increase inmicrohardness was limiting themobility of the
dislocations [31].

UTS, YS, and compression strength (CS) of nanocompo-
sites are shown in Table 4. The tight interfacial connection
between the matrix and reinforcement is crucial for improv-
ing the tensile properties. Figures 10–12 show a little reduc-
tion in the strength of the S4 nanocomposite compared to
the S3 nanocomposite. It was due to the formation of fewer
voids and cracks in the microstructural image of the S4
nanocomposite. Another reason was the reinforcements
overstrained the lattice. The grain size of the reinforcements
bonding between the reinforcements and matrix may affect
the composite’s strength [24, 29]. The increased weight frac-
tions of reinforcement will lead to enhance in the mechanical
properties of S2 and S3 nanocomposites. Overall, the UTS

and YS were enhanced by 59% and 62%, respectively, as
compared with the base alloy.

The nanocomposite’s compressive strength varies depend-
ing on the particle size and how well the reinforcement bonds
to the matrix [28, 32]. The superior strength is attained due to
microstructural modifications. The reinforcement and matrix
have a sufficient surface-to-surface bond, and the applied stress
changes the matrix’s interactions with the reinforced particles.
The compressive strength of the alloy is 173.42MPa, whereas
improved compressive property was observed for the S3 nano-
composite because of the surface–surface bonding between
reinforcement and matrix. Finally, by addition of SiC/Gr par-
ticles make more compressive strength, whereas the flexibility
may reduce. Overall, the CS of nanocomposite was enhanced
by 82% as compared with base alloy.

4. Conclusion

The results of the present investigation can be summarized as
follows:

(i) AZ31D magnesium alloy and AZ31D-SiC-Gr nano-
composites with (2, 4, and 6wt%) have been success-
fully fabricated using the stir-casting technique.

(ii) The microstructure analysis of AZ31D magnesium
alloy and nanocomposites was performed. SEM
images revealed the distribution of reinforcements
in the matrix material, dendritic structure, grain
boundaries, and defects in nanocomposites.

(iii) EDS analysis examined all the elements (Al, Zn, C, Si,
and Mg) and their wt% and at% of the nanocompo-
sites. XRD analysis provided complete information
about phases of constitutes in the nanocomposites
and indicated α-Mg was the primary element in the
nanocomposite.

(iv) Microhardness of the nanocomposites was enhanced
due to the presence of reinforcements. Finally, it
was concluded that the nanocomposites were stabi-
lized, and the load transformed equally to the entire
nanocomposite.
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(v) The porosity of the S3 specimen was exhibited less as
compared with other nanocomposites. Therefore,
the S3 specimen has shown better mechanical prop-
erties than other specimens.

(vi) UTS, YS, and CS were significantly enhanced by 59%,
62%, and 82%, respectively, due to the presence of
SiC/Gr particles in the matrix. Perfect interfacial
bonding and little clustering of reinforcement particles
were attributed to improvement in tensile properties.

Based on the microstructure analysis and experimental
investigations, concluded that the S3 nanocomposite has
exhibited less porosity and better mechanical properties as
compared to all other nanocomposites. The result of the
present study was promising for the biomedicine and avia-
tion industry.
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