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Abstract

A hybrid magnesium matrix composite reinforced with
aluminum, zinc, and multiple particulates was developed
through liquid stir casting to enhance tribo-mechanical
performance for potential applications in automotive
housings and structural frames. However, conventional stir
casting often results in reinforcement agglomeration,

porosity due to gas entrapment and oxide formation, and
non-uniform particle distribution, which limit composite
performance. This study aims to enhance the functional
characteristics of an AZ91 magnesium alloy by incorpo-
rating nanoscale silicon carbide (SiC, 50 nm) and gra-
phene (0.5 lm in length, 30 nm thick) as reinforcements. A
vacuum-assisted stir casting process was employed, with a
constant stirring rate and argon shielding to minimize
oxidation and promote uniform dispersion of the material.
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The synthesized AZ91-based composite contained 0.5 wt.%
graphene and 2–6 wt.% nano-SiC. The effects of vacuum-
assisted casting and hybrid reinforcement on the
microstructure (as observed via scanning electron micro-
scopy), mechanical properties (including tensile strength,
elongation, Vickers hardness, and energy absorption), and
density/porosity were evaluated and compared with those
of the unreinforced AZ91 alloy. Microstructural analysis
revealed improved dispersion and interfacial bonding
between SiC and graphene within the matrix under vac-
uum. The AZ91–0.5 wt.% graphene 6 wt.% SiC

nanocomposite exhibited superior properties, including a
tensile strength of 303 MPa, hardness of 105 HV, energy
absorption of 13.7 J, and a reduced porosity level of 0.7%.
These enhancements demonstrate the potential of the
developed hybrid nanocomposite for applications like
structural components in the automotive sector.

Keywords: AZ91 alloy, hybrid reinforcements,
microstructure, porosity, stir cast

Introduction

With key benefits including lightweight properties,

increased yield and tensile strength, higher energy

absorption, and improved tribological behaviour, magne-

sium alloy composites are utilized for automotive housing,

structural, and aerospace cabin parts.1,2 Conventional stir

casting was employed for magnesium alloy composites due

to its ease of processing, economic viability, suitability for

complex design preparation, and scalability.3 However,

oxide and entrapped gas formation led to higher porosity,

which reduced the composite’s functional behaviour.4 It

was overcome by an argon shield gas approach used

throughout the process.5 Moreover, a magnesium alloy

with an aluminum–zinc composition, embedded with

nanoceramic particles via liquid-phase stir casting at a

constant stir speed (400 rpm) in a semi-solid state, exhib-

ited uniform reinforcement dispersion and superior func-

tional behaviour.6

Venkatesh et al. 7 investigated the functional characteristics

of AZ91 series alloy hybrid composites composed of 3%

BN (boron nitride) and varying percentages of TiO2 (tita-

nium dioxide) nanoparticles, using a two-step stir casting

process. Semi-solid stir-processed AZ91 series alloy hybrid

nanocomposites with 3% and 5% BN/TiO2 combinations

exhibit improved microstructural behaviour, accompanied

by enhanced tensile, impact, and hardness properties. The

titanium (Ti)/silicon carbide (SiC) particles embedded in

the AZ91 composite were produced via the stir casting

route. The applied argon shield gas and uniform blending

action resulted in a homogeneous Ti/SiC dispersion, lead-

ing to superior compression and tensile strength behaviour,

exceeding that of monolithic AZ91.8 The AZ91 hybrid

composite was developed and evaluated for its functional

and microstructural behaviour. The combined action of SiC

and fly ash resulted in a higher tensile stress. More than 3%

of fly ash leads to agglomeration and reduces the tribo-

mechanical behaviour of composites.9 The ZE41 series of

magnesium alloy composites was developed using gra-

phene nanoparticles via the stir cast technique, and its

functional characteristics were investigated.

The composite contained 12% reinforcement, which

exhibited the greatest compression strength behaviour, and

a stir speed of 400 rpm with a 15-minute blending time,

providing homogeneous reinforcement distribution.10

Kumar and Sozhamannan 11 synthesized and investigated

the hardness, energy absorption, and tensile stress beha-

viour of a magnesium alloy composite prepared with

0.5–1.5% graphene particles via the stir cast technique. The

composite, composed of 0.5% graphene, showed higher

energy absorption, better hardness, and enhanced tensile

stress behaviour than the monolithic AZ91D. Using the

ultrasonic-assisted stir cast technique, an AZ91/Al2O3

(alumina)/TiB2 (titanium diboride) hybrid composite was

developed, and its functional properties were investigated.

The application of 400 rpm and 20 kW results in uniform

dispersion of Al2O3/TiB2 particles, leading to increased

hardness, energy absorption, and tensile strength proper-

ties, exceeding those of AZ91.12 The vacuum-aided stir

cast technology adopted for AZ80 hybrid composite fab-

rication and the composite processed with 1x105 pa vac-

uum pressure leads to improved composite quality and

reduced porosity, with hiked bonding strength between the

matrix and SiC/basalt fiber (BF), resulting in superior

hardness, better energy absorption behaviour, hiked tensile

strength, and improved wear resistance property.13 The Al-

Zn-Mg alloy composite was fabricated using nano-silicon

nitride (Si3N4) and boron nitride (BN) via a vacuum-aided

stir casting method. It analyzed its microstructural and

mechanical properties, including hardness, tensile, com-

pression, and impact strengths. The composite of Al-Zn-

Mg with 6% Si3N4 and 9% BN exhibited superior hardness,

impact, compression, and tensile stress behaviour.14

Moreover, the advanced stir cast process, with optimal

process parameters and a suitable reinforcement content,

influenced the quality and functional properties of the

composite.15 The vacuum-assisted stir casting technique

offers a trade-off between mass production and is suit-

able for fabricating magnesium hybrid composites.16,17

Kaliyannan et al. 18 developed and investigated the

microstructural and functional characteristics of an LM25

alloy composite containing graphite and breadfruit seed

husk ash, produced by squeeze casting. The contribution of

husk ash could reduce the composite’s density and, when
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combined with graphite particles, provide high stress

concentration behaviour with superior tensile and corrosion

resistance compared to the monolithic alloy. However,

nano-sized silicon carbide particles could provide better

interfacial behaviour and be used in lightweight polymer-

based composite applications.19,20 Not only does a polymer

matrix, which plays a crucial role in metal matrix com-

posites, influence the interfacial action between the rein-

forcement and the base matrix, but an effective stir casting

process also enhances this interaction.21 The magnesium

alloy composite of AZ31/silicon carbide (SiC)/boron car-

bide (B4C) was synthesized via stir casting and evaluated

for its machinability and mechanical behaviour. The inte-

gration of SiC and B4C into AZ31 magnesium alloy

resulted in high microhardness, improved tensile strength,

and reduced elongation behaviour for the combinations of

hard ceramic particles, which influence hard machining and

tool wear.22

Furthermore, the AZ31 alloy hybrid composite was syn-

thesized via stir casting using SiC and graphite particles.

The presence of SiC/graphite in the AZ31 alloy matrix is

identified as exhibiting maximum tensile and hardness

behaviour. However, the presence of hard ceramic particles

results in a marginal decrease in elongation behaviour.23

The AZ91D magnesium alloy hybrid composite, composed

of graphite and SiC particles, was produced via stir casting

and evaluated for its functional behaviour in accordance

with the ASTM standard. The outcome showed that the

composite containing 1 wt.% graphite and 5 wt.% SiC

exhibited a marginal increase in yield and tensile stress.24

Moreover, the fabrication of AZ91 alloy hybrid composites

and their properties, as discussed in the context of earlier

literature, are presented above. The formation of oxides

and the creation of entrapped gas bubbles during the

melting and stirring of the magnesium alloy were the major

challenges to limiting the overall composite behaviour. The

key role of current research is enriching the composite

quality with agglomeration and porous free structure,

enhancing the particle dispersion, and functional properties

like tensile, hardness, and energy absorption behaviour of

AZ91 series magnesium alloy hybrid nanocomposite with

0.5 % of a single layer of carbon atom featured graphene

filler and 2–6 % of silicon carbide nanoparticles via vac-

uum-aided stir cast route under argon shield gas, with

constant stir speed. The effects of composite processing

and the actions of multi-reinforcements on the

microstructural, mechanical, and density/porosity beha-

viour of composites are evaluated and compared with those

of the AZ91 cast. Finally, the optimum composite prop-

erties are compared with those in earlier literature to

highlight the novelty of the current research and the role of

hybrid reinforcements in AZ91 alloy.

Materials and Methods

Material and Its Composition Details

Here, the hybrid nanocomposite is designed by the com-

binations of AZ91 series magnesium alloy as the base

matrix of 10 mm length and 20 mm diameter (ingots), and

a single layer of carbon atom featured graphene filler (99%

purity) and silicon carbide nanoparticles (99.9% purity) is

selected as hybrid reinforcements, its size is 0.5 lm length

and 30 nm of thickness and 50 nm, respectively. As

reported by Kumar et al. 11, graphene is selected at 0.5%

due to its wide surface area, which provides better load

transfer, increased tensile strength, and leads to grain

refinement. According to earlier research 13, nano-SiC is

fixed at 2, 4, and 6%, and SiC above 6% shows agglom-

eration; the composite has higher hardness, which influ-

ences the limiting tensile strength.23 With respect to

scanning electron microscope with energy-dispersive X-ray

spectroscopy (SEM-EDS) analysis, the composition of

AZ91 alloy is confirmed, and its SEM-EDS is presented in

Figure 1A–a. Similarly, the SEM-EDS of SiC and graphene

is shown in Figure 1b–B and c–C. Table 1 presents the

properties of AZ91 series alloy, graphene, and SiC. Both

matrix (AZ91) and reinforcements (graphene and SiC) are

received from the research and development department,

MS. Saveetha University, Chennai, Tamil Nadu, India,

which are procured from Coimbatore Metal Mart, Coim-

batore, Tamil Nadu, India, and Royal Scientific Supplier,

Trichy, Tamil Nadu, India.

Preparation of Composites

In current research, the vacuum-aided stir casting route is

preferred to minimize casting defects and enhance com-

posite quality.15,16 Based on earlier research by Karthik

et al. 3 and Krishnakumar et al. 13, the optimized stir cast

process parameters for the fabrication of magnesium alloy

composites are detailed in Table 2.

A step-by-step flow process for the production of AZ91

alloy, AZ91/0.5% graphene, and AZ91/0.5% graphene/

2–6% of nano-SiC composites is presented in Figure 2.

According to the composite compositions listed in Table 3,

the composites are prepared, and the development proce-

dure for AZ91/0.5% graphene/6% SiC is elaborated.

Before the fabrication process, the weights of the base

matrix (AZ91) and hybrid reinforcements (graphene/SiC)

are measured using a Shimadzu-made AUW220D model

anti-vibration digital weighing setup with an accuracy of

±0.01 mg. The moisture content of an ingot-formed AZ91

series alloy was removed through a preheating process

(550 �C) conducted in an electrical furnace, with tem-

perature monitored and controlled via a control panel

attached to the vacuum-aided stir cast setup. Similarly, the

moisture behaviour of graphene and SiC is removed by a
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Figure 1. Surface morphology of (B) SEM and (b) EDS of SiC. Surface morphology
(SEM-EDS) of A-a) AZ91 alloy, (B–b) SiC and (C–c) Graphene.
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preheating process (300 �C), which is performed using a

muffle furnace. With the control panel, the electrical fur-

nace temperature is increased to 597–638 �C and main-

tained until the AZ91 alloy melts, as monitored by a PID

temperature controller. To limit the oxide formation, the

argon shield gas is used throughout the process.15

After the process, the temperature of the molten metal is

reduced to 600 �C, and the hybrid reinforcement (pre-

heated) is added to it. It helps limit viscosity and air

entrapment during stirring.6 The 400 rpm rated stir speed is

maintained for 10 minutes, leading to homogeneous par-

ticle dispersion.13,15 The twin-blade designed stir blade

provides better blending behaviour and minimizes cluster

formation, resulting in improved bonding strength between

the base matrix and reinforcements. The blended composite

mixtures are transferred to a 300 �C heated titanium-coated

tool steel rectangular die, which leads to minimizing the

casting shrinkage and 1X105 Pa vacuum pressures are

applied, which helps to limit the porosity formation and

enhance the quality of composites. Fabricated AZ91 alloy

composites are cooled by natural convection to ambient

temperature.

Characteristics of Composites

The fabricated composites are examined for their charac-

teristics. Table 4 presents details of the composite char-

acteristics study, including the test instrument make and

model, the ASTM standard, test details, and the number of

replicates.

The AZ91 alloy composites (15 cm in length, 10 cm in

width, and 1.5 cm in thickness) were machined to prepare

test samples for surface morphology and mechanical test-

ing. During the preparation of the mechanical test sample,

it was extracted along the longitudinal axis of the com-

posite ingot at the midpoint of the plane; surface mor-

phology samples were also extracted.

Results and Discussion

Scanning Electron Microscope
with Energy-Dispersive X-Ray Spectroscopy
(SEM-EDS)

The rated stir speed, argon shield gas, and vacuum-aided

stir casting all contributed to improved composite quality

and uniform distribution of graphene and SiC. Here, Fig-

ure 1 A–a shows the SEM-EDS-analyzed microstructure of

the AZ91 alloy, which clearly reveals the a phase (Mg) and

the b phase (Mg17Al12). During solidification, secondary

phase grains form, thereby limiting the solubility of alu-

minum 9. Its grain size is 120±8 lm. Moreover, effective

process parameters and applied vacuum pressure resulted

in better composite quality, with reduced oxide layers and

porosity. With respect to EDS peaks, the presence of the

element in the AZ91 alloy is confirmed and highlighted,

along with its weight percentage (wt.%) of elements, in the

right corner of each EDS peak. This is illustrated in

Figure 1A.

Table 1. Properties of Matrix And Reinforcements3,11

Materials Size Density
in g/cm3

Melting point
temperature
in �C

Hardness
in HV

AZ91 10mm
length
and
20mm
diameter

1.81 595–640 65–80

Graphene 0.5lm
length
and 30nm
of
thickness

2.26 3500–3690 1000

SiC 50nm 3.21 2700 2450

Table 2. Optimized Vacuum-Aided Stir Cast Process
Parameters3,13

Descriptions Parameters Values

AZ91 alloy Preheat
temperature

550 �C

Melting
temperature

597–638 �C

Process
temperature

600 �C

Graphene/SiC Preheat
temperature

300 �C

Stir Temperature 580 �C
Speed 400 rpm

Time 10 min

Feed 0.8 g/cc

Impeller 1

Number of blades 2 (stainless steel)

Blade angle 29 degree

Inert gas/shield
gas

Argon Throughout the
process

Die Preheat
temperature

300 �C

Material Titanium-coated tool
steel

Dimension 15 cm X 10 cm X
1.5 cm
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Based on the analysis of SEM-EDS, the detailed

microstructure analysis of AZ91/0.5% graphene and AZ91/

0.5% graphene/2–6% SiC is highlighted in Figure 3A/a—

D/d.

Similarly, the microstructure of AZ91 embedded with

0.5% graphene, obtained via vacuum-aided stir casting, is

presented in Figure 3b. A high stir speed leads to a wide

dispersion of graphene particles. It makes an efficient

bonding with the AZ91 matrix, resulting in enhanced stress

concentration behaviour and limiting the dislocation of

graphene,11 which leads to higher tensile stress behaviour.

The EDS peaks of AZ91/0.5% graphene are shown in

Figure 3B. It reached the highest Mg level, and the con-

tributions of other elements, including Al, C, Zn, Mn, and

O, are noted. Moreover, the presence of graphene improves

nucleation sites, leading to coarse-grain boundaries with an

average grain size of 90 ± 6 lm.

Figure 3C/c depicts the SEM-EDS peaks of AZ91/0.5%

graphene with 2 % SiC particles, and it is noted that the

SiC particles are distributed homogeneously in the AZ91

matrix due to the even stir speed under reduced processing

temperature. It helps minimize particle agglomeration and

Figure 2. Step-by-step flow process layout for magnesium alloy composite fabrications.

Table 3. Composite Composing Details and Their
Weight %

Identification of composites Weight percentage (wt.%)

AZ91 Graphene SiC

AZ91 100 0 0

AZ91/0.5% Graphene 99.5 0.5 0

AZ91/0.5% Graphene/2% SiC 97.5 0.5 2

AZ91/0.5% Graphene/4% SiC 95.5 0.5 4

AZ91/0.5% Graphene/6% SiC 93.5 0.5 6

International Journal of Metalcasting



shear.10,13 The combined action of SiC and graphene pro-

vided a wide surface contact and better pinning in the base

matrix, resulting in enhanced hardness and energy

absorption behaviour. Moreover, vacuum pressure helps

minimize major casting defects and enriches composite

quality by providing a better-interfaced structure. The

concentration of SiC is confirmed via EDS (Figure 3C), as

the elements of Si and C. Similarly, Figure 3D/d and

Figure 3E/e provide the clear microstructure and EDS

peaks of AZ91/0.5% graphene/4 and 6 % of SiC compos-

ites. It was found that graphene and SiC could occupy a

wide surface area, and an increased SiC content leads to

more nucleation sites, which strengthen the microstructural

bonding, resulting in higher tensile strength behaviour in

the composites. Moreover, the variation in graphene and

SiC particle size in the AZ91 matrix ensures maximum

surface contact and strong adhesion to the base matrix. It

increases the mechanical behaviour of composites.3,17

Furthermore, the composite made with a constant weight

percentage of graphene and improved SiC nanoparticle (2,

4, and 6 wt.%) yields more nucleation sites with the

Mg17Al12 intermetallic phase, resulting in fine grain

boundaries with reduced grain sizes of 68 ± 5, 50 ± 6, and

35 ± 2 lm, respectively. However, optimized vacuum-

aided stir casting parameters and variations in particle size

improved composite quality, enhancing hybrid surface

contact and resulting in higher functional behaviour.

Physical Characteristics

According to the investigation, density plays a major role

in determining the composite’s weight and its actual/cal-

culated density behaviour, as shown in Figure 4. Based on

Archimede’s principle and the rule of mixture, the actual

and calculated densities were measured. Using Eqn. 1,3,13

the composite’s porosity was then calculated.

Porosity% ¼ ðcalculated� actualÞdensity
calculated density

� 100 Eqn: 1

Here, Figure 4 represents the density of actual and

calculated porosity percentages for AZ91, AZ91/0.5%

graphene, and AZ91/0.5% graphene/2–6% SiC composites.

Due to unavoidable porosity, the actual density is lower

than the calculated density. The measured density

behaviour of AZ91, AZ91/0.5% graphene, and AZ91/

0.5% graphene with 2, 4, and 6% SiC is 1.79, 1.80, 1.82,

1.85, and 1.88 g/cm3, respectively.

The incorporation of SiC and graphene into the AZ91

matrix is responsible for the increase in density and obeys

the rule of mixtures. An optimized stir casting process,

along with an improved content of nano-SiC and 0.5%

graphene, resulted in a significant enhancement in density

behaviour. Additionally, the porosity of the magnesium

alloy without reinforcement decreased from 1.05% to

0.70% when compared to composites with 0.5% graphene

and 2-6% SiC particles. The varying sizes of graphene and

SiC particles can fill voids and enhance bonding quality,

leading to finer grain boundaries and reduced porosity in

the composite.5. Furthermore, the increased content of

nano-SiC leads to a greater number of nucleation sites

during solidification, refining the structure and reducing

porosity.7 Furthermore, a higher content of nano-hybrid

reinforcements within the magnesium matrix improved

surface contact. The application of vacuum pressure also

minimized porosity, resulting in enhanced bonding

strength.1

Table 4. Characteristics Evaluation Details

Test details Instrument make and
mode

Standard Testing conditions Dimension No of
replicate

Test significance

SEM-EDS FESEM-Quattros ASTM
E1508

10 mm distance
with high
resolution (12 kV
power)

10 mm 910 mm 9

10 mm (glassy
polished samples)

1 Confirmed with
distribution,
binding and its
elements

Tensile
strength

Instron made the 5982
model UTM

ASTME8 5 mm/min cross-
head speed

100 mm 9 10 mm 9

6 mm
3 Yield, tensile, and

elongation (5 %
allowable error)

Vickers
hardness
number

Mitutoyo make the HM
210 model Vickers
hardness tester

ASTM
E92-17

1 kgf load for 10 s
dwell time

50 mm 9 50 mm 9

10 mm
3 Resistance to

indentation (5%
allowable error)

Charpy
impact
strength

Zwick made IT30 a
model pendulum-
type impact tester

ASTM
E23

V-notch (150�
swing angle) with
40 mm span

55 mm 9 10 mm 9

10 mm (45� V-notch
at 2 mm depth)

3 Energy absorption
behaviour (5%
allowable error)
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Figure 3. SEM-EDS microstructure of (A–a) AZ91/0.5% graphene, (B–b) AZ91/0.5% graphene/2% SiC, (C–c) AZ91/
0.5% graphene/4% SiC, and (D–d) AZ91/0.5% graphene/6% SiC.

Figure 4. Density (actual/theoretical)/ porosity percentage of developed samples.
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Tensile Stress–Strain Performance

Stress–strain performance of AZ91, AZ91/0.5% graphene,

and AZ91/0.5% graphene/2-6% of SiC composites are

presented in Figure 5. Table 5 indicates the average values

of yield, tensile strength, elongation %, and elastic modulus

behaviour of the tested composite samples.

It is observed from Figure 5 that the combined actions of

graphene and SiC nanoparticles in AZ91 alloy result in an

optimum tensile stress behaviour, which is greater than that

of the AZ91 series alloy. The rated stir speed and applied

vacuum pressure significantly influenced the dispersion of

wide graphene and SiC particles, and an effective interface

led to a higher load-carrying capacity, resulting in an

enhanced tensile stress behaviour. The wide graphene/SiC

particle dispersion in the AZ91 matrix is shown in Fig-

ure 3b–d.

Figure 5. AZ91 alloy, AZ91 alloy/0.5% graphene, and AZ91/0.5% graphene/2-6% of
SiC composite’s stress–strain curve.

Table 5. Average Values of Yield and Tensile Strength, Elongation % and Elastic Modulus Behaviour of Composites

Identification of
composites

Yield
strength (YS)

Error in
YS

Tensile strength
(UTS)

Error in
UTS

Elongation
(%)

Error in
Elongation

Young’s
modulus (E)

Error
in E

MPa MPa % GPa

AZ91 165 6.60 205 10.25 5.4 0.216 43 1.5

AZ91/0.5%
Graphene

188 7.52 232 6.96 5.2 0.26 48 2.5

AZ91/0.5%
Graphene/2% SiC

198 7.92 254 10.16 4.7 0.188 52 2

AZ91/0.5%
Graphene/4% SiC

212 10.60 278 13.9 4.4 0.22 58 1

AZ91/0.5%
Graphene/6% SiC

236 11.80 303 12.12 4.2 0.168 61 3
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Here, the tensile stress–strain behaviour of AZ91 cast is

found to be 205 MPa and 5.4%, respectively, which is

nearly identical to the actual tensile stress–strain beha-

viour.25 While the AZ91 alloy embedded with 0.5% gra-

phene exhibits a tensile stress of 232 MPa and a strain of

5.2%, it shows tensile stress–strain behaviour. The pres-

ence of 0.5% graphene in AZ91 alloy improves stress

concentration behaviour and enhances interfacial adhesion

with the base matrix, thereby limiting the displacement of

reinforcement particles under higher tensile loads.10 This is

the reason for the enrichment of tensile stress behaviour.

Moreover, the contribution of graphene enables it to endure

the maximum load and may influence brittle failure,

resulting in reduced elongation behaviour, as shown in

Figure 5. Moreover, the tensile stress performance of the

AZ91/0.5% graphene/SiC composite is significantly

improved, from 254 to 303 MPa, with an increase in SiC

content from 2% to 6%. The highest tensile stress of 303

MPa is observed in the AZ91/0.5% graphene/6% SiC

composite. The increased content of SiC particles in AZ91/

0.5% graphene composite exposed more nucleation sites

due to the rated stir speed and applied vacuum pressure.

The resulting fine grain boundaries facilitate efficient

bonding between the base matrix and reinforcement,9,13

withstand the maximum stress concentration, and lead to

superior tensile stress behaviour.

However, the improved contribution of SiC particles in

AZ91 alloy/0.5% graphene led to reduced ductility,

resulting in a marginal reduction in strain percentage.13

The AZ91/0.5% graphene/2-6% SiC composite exhibits

strains of 4.7%, 4.4%, and 4.2%. However, the tensile

stress behaviour of AZ91/0.5% graphene/6% SiC com-

posite is noted to be 47.8%, 10%, and 73% better than the

AZ91 cast alloy without graphene and SiC, AZ91/10% fly

ash 3, and Al-Zn-Mg with 6% Si3N4/95 BN composites.14

According to the investigation of tensile stress behaviour of

composites, the fracture surface of AZ91 alloy, AZ91 alloy

/0,5 % graphene, and AZ91/0.5 % graphene and 2–6 % of

SiC is shown in Figure 6a–e.

Here, Figure 6a presents the tensile fracture surface of

AZ91 alloy and ductile fracture is noted due to the presence

of soft magnesium without filler material has plastic

deformation. The composite containing 0.5 wt.% graphene

exhibited localized failure. However, the presence of gra-

phene particles improves stress concentration behaviour

and minimizes plasticity. Furthermore, the combination of

SiC and graphene exhibits better stress concentration

behaviour, and an increasing content of SiC leads to a

greater number of nucleation sites, thereby strengthening

the bonding, which results in high stress concentration

cleavage planes being observed. Based on the tensile

stress–strain performance, the AZ91/0.5% graphene/6%

SiC hybrid composite exhibited the optimal stress beha-

viour (303 MPa), which was higher than that of the other

composite samples.

Regarding the optimum tensile stress behaviour, the AZ91/

0.5% graphene/6% SiC hybrid composite undergoes tensile

fracture analysis via SEM-EDS, and its microstructure is

presented in Figure 6e–f. The elongated failure mechanism

is noted in Figure 6, and the elongated dimples are high-

lighted. The presence of SiC particles in the AZ91 matrix

acts as a better barrier, limiting the crack propagation and

enduring the maximum stress concentration behaviour.

However, most of the short dimples seen in Figure 6 could

endure the maximum load and failure at their contact point

due to the improved content of SiC. They may act as

brittle, resulting in reduced elongation behaviour of the

composite. It is represented in Figure 5. However, the

combined action of graphene and SiC with varying particle

sizes could fill the void gap and strengthen the interface,

resulting in superior tensile stress behaviour.13 The con-

tribution and microstructural images of AZ91/0.5% gra-

phene/6% SiC are provided in Figure 3D.

Vickers Hardness Number

According to the references in Figure 7, the Vickers

hardness results for AZ91, AZ91/0.5% graphene, and

AZ91/0.5% graphene/2–6% SiC composites are presented

with error bars.

The combined action of graphene and SiC particles in the

AZ91 matrix improved the composite’s indentation resis-

tance. The improved SiC nanoparticle content in the AZ91/

0.5% graphene composite was reflected in a significant

increase in Vickers hardness, exceeding that of the other

samples. The varied particle sizes of graphene and SiC

could fill the void gap and provide strong bonding with the

matrix, thereby improving resistance to the applied

load.9,10 This mechanism is responsible for the optimal

enhancement in the Vickers hardness value of the com-

posites. Moreover, the AZ91 cast alloy without graphene

and SiC particles measured a Vickers hardness value of 72

HV, and when embedded with 0.5% graphene, it increased

to 75 HV. It shows the upward trend in Vickers hardness

values (85 HV) due to graphene efficiently pinning the

AZ91 matrix, limiting the applied load and enhancing

resistance to scratching.11

At the same time, the AZ91/0.5% graphene with 2, 4, and

6% SiC content exhibited significant increases in hardness

values, reaching 92, 98, and 105 HV, respectively. The

combination of 30 nm graphene and 50 nm SiC particles,

treated with constant stirring under an argon shield gas,

provided more nucleation sites, resulting in a reduced

particle gap and a stronger pinning mechanism, thereby

increasing the hardness of SiC-embedded AZ91/0.5%

graphene composites. Furthermore, the AZ91/0.5% gra-

phene with 6% SiC has found an optimum value, which is

46%, 10%, and 21% greater than the AZ91 alloy without
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Figure 6. Tensile fracture surface morphology of (a) AZ alloy, (b) AZ91/0.5% graphene, (c) AZ91/0.5%
graphene/2% SiC, (d) AZ91/0.5% graphene/4% SiC, and (e) SEM-EDS image of AZ91/0.5% graphene/6%
SiC.
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graphene/SiC, AZ91/10wt.% fly ash 3, and AZ91/35 BN/

5% TiB2 composites.7

Charpy Impact Toughness

The energy absorption performance (Charpy impact

toughness) for AZ91, AZ91/0.5% graphene, and AZ91/

0.5% graphene/2-6% SiC composites, with their average

values, is presented in Figure 8. Better graphene/SiC pin-

ning in an AZ91 matrix results in higher energy absorption

than in monolithic and 0.5% graphene-embedded com-

posite samples. The selection of particle size and process

parameters improves the composite’s microstructural

quality. It shows the efficient interface-bonded surface

result, ensuring the maximum energy absorption beha-

viour.7 Here, the Charpy impact strength (energy absorp-

tion) behaviour of AZ91 alloy without hybrid

reinforcement is found to be 11.6 J/mm2, and the base

matrix of the AZ91 series alloy, incorporated with 0.5%

graphene, exhibits a marginal increase in energy absorption

behaviour (12.1 J/mm2). The graphene particle exhibits

better intrinsic behaviour and an efficient pinning mecha-

nism, which explains its enhanced energy absorption.

Furthermore, incorporation of 50 nm SiC into the AZ91/

0.5% graphene composite is noted to progressively

enhance energy absorption behaviour, with 12.6, 13.2, and

13.7 J/mm2 observed for 2, 4, and 6 % SiC in the AZ91/

0.5% graphene composite.

The increased SiC content at the rated stir speed resulted in

a homogeneous particle distribution. It strengthened the

AZ91 structure with improved SiC surface contact (Fig-

ure 3D), promoting the structure through fine grain

boundaries, resulting in improved energy absorption

behaviour. However, the AZ91/0.5% graphene/6% SiC

hybrid composite exhibited optimal energy absorption

behaviour and 18% better performance than the AZ91 alloy

fabricated without reinforcements.

Regarding the energy absorption behaviour, the AZ91/

0.5% graphene/6% SiC composite exhibits enhanced

energy absorption, as shown in its fracture surface in Fig-

ure 9A–a. The combined action of graphene/SiC and

optimized stir cast process parameters yielded a balanced

energy absorption behaviour with enhanced load transfer,

resulting in higher energy absorption. With EDS mapping,

it clearly indicates that the SiC and graphene particles

contribute to an efficient bond with the base matrix, with

clear peaks of Si and C highlighted in Figure 9A–a. Effi-

cient bonding of graphene and SiC to AZ91 delays crack

propagation and maximizes energy absorption.11,12 How-

ever, the contribution of SiC leads to a fine grain structure

with improved interfaces, providing higher toughening in

Figure 7. AZ91 alloy, AZ91 alloy/0.5% graphene, and AZ91/0.5% graphene/2-6% of
SiC composite’s Vickers hardness number.
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Figure 8. AZ91 alloy, AZ91 alloy/0.5% graphene, and AZ91/0.5% graphene/2-6% of
SiC composite’s Charpy impact toughness.

Figure 9. Microstructure of impact fracture surface (SEM-EDS)—AZ91/0.5% graphene/6% SiC composite.
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the composite and influencing its superior impact strength.

The crack deflection, SiC, and graphene interface bonding,

which limits crack propagation, are highlighted in

Figure 9A.

Regarding investigation outcomes, the AZ91/0.5% gra-

phene/6% SiC hybrid composite exhibited optimal func-

tional behaviour and improved microstructural quality. For

highlighting the novelty of the present research on AZ91/

0.5% graphene/6% SiC hybrid composite, related to past

literature, as presented in Table 6.

The combination of 0.5% graphene and 6% SiC in the

AZ91 matrix resulted in lower density and porosity. Its

density is 2% higher than that of the AZ91/3% BN/5 %

TiO2 hybrid composite.7 Likewise, the porosity percentage

is reduced by 11% and 17% compared to the two-step stir

cast developed AZ91/3% BN/5 % TiO2 hybrid composite 7

and the vacuum-aided developed Al-Zn-Mg with 6%

Si3N4/9% BN hybrid composites.14 Combined actions of

SiC and graphene in AZ91 matrix hybrid composite tensile

strength is enriched by 22.6%, 63%, 73%, 14.3% and 77%

better than the two-step stir caste fabricated AZ91/3% BN/

5% TiO2,
7 Ultrasonic-aided stir cast prepared AZ91/1.5%

Al2O3/5 % TiB2,
12 vacuum-aided stir cast Al-Zn-Mg with

6% Si3N4/9% BN composites,14 the AZ31/5 % SiC/ 5 %

Graphite synthesized via bottom pouring stir cast,23 and stir

cast made AZ91D/ 5 wt.% SiC/ 1 wt.% Graphite.24 Simi-

larly, the Vickers hardness value of the AZ91/0.5% gra-

phene/6% SiC hybrid composite is 21% and 7% better than

that of the two-step stir cast fabricated AZ91/3% BN/5%

TiO2
7 and AZ31/5% SiC/5 % Graphite.23 The additions of

SiC content into AZ91/0.5% composite found a progres-

sive hike in energy absorption behaviour, and 341% better

than the vacuum-aided stir cast Al-Zn-Mg with 6% Si3N4/

9% BN composites.14

Conclusion

The magnesium alloy series of AZ91 hybrid composites

was composed of 0.5% graphene and 2–6% nano-silicon

carbide (SiC) particles via a vacuum-aided stir cast route,

which was maintained by a rated stir speed and argon

shield gas used throughout the process. The effect of vac-

uum-aided stir processing and hybrid (graphene and SiC)

on surface morphological, mechanical and density/porosity

behaviour of hybrid composites was investigated, and its

outcomes were compared with AZ91 and AZ91/0.5%

graphene composites. Based on the investigation out-

comes, the AZ91/0.5% graphene/6% SiC composite

exhibited the best functional behaviour among the com-

posites. Important key findings are concluded below.

• With optimized vacuum stir cast process param-

eters and a range of graphene and SiC sizes, a

homogeneous graphene and SiC dispersion with

improved composite quality was confirmed via

scanning electron microscopy with energy-disper-

sive X-ray spectroscopy (SEM-EDS) analysis.

The role of vacuum pressure was found to

improve bonding quality and minimize casting

defects.

• The tensile stress, Vickers hardness, and energy

absorption behaviour of the AZ91/0.5% graphene/

6% SiC hybrid composite were identified as

having maximum values, which were 48%, 46%,

and 18% higher than those of AZ91 without

graphene or SiC particles.

Table 6. AZ91/0.5% Graphene/6% Sic Hybrid Composite Behaviour Related to Earlier Research

Composite details Fabrication details Density Porosity Grain
size

Tensile
strength

Hardness Energy
absorption

Reference

g/cm3 % lm MPa HV J/mm2

AZ91/0.5% Graphene/6%
SiC

Vacuum-aided
stir cast

1.883 0.7 35 303 105 13.7 Current
research

AZ91/3% BN/ 5% TiO2 Two-step stir
cast

1.917 0.78 43 247 87 17.1 7

AZ91/1.5% Al2O3/5 %
TiB2

Ultrasonic-aided
stir cast

– – – 185 171 1.36 12

Al-Zn-Mg with 6% Si3N4/
9% BN

Vacuum-aided
stir cast

– 0.82 – 175 145 3.1 14

AZ31/5 % SiC/ 5 %
Graphite

Bottom type stir
casting

1.85 2 41 265 98 – 23

AZ91D/ 5 wt.% SiC/ 1
wt.% Graphite

Stir cast 1.89 – – 171 – – 24
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• Furthermore, the actual density of the AZ91/0.5%

graphene/6% SiC hybrid composite is noted as

1.883 g/cm3, with a reduced porosity of 0.7%.

• With its improved density and enhanced mechan-

ical behaviour, the AZ91/0.5% graphene/6% SiC

hybrid composite offers potential for automotive

structural frame applications and for further

research into dry sling wear performance under

varied loads, sliding speeds, and distances, as well

as for the composite’s recycling with considera-

tion for environmental aspects.
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