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A B S T R A C T   

With excellent mechanical properties and distinct solidification, the AZ31B series magnesium 
alloy has great potential for targeting engineering applications and synthesized via die casting 
process found a drawback on oxidation results porosity and reduced mechanical properties. Here, 
the magnesium alloy AZ31B series nanocomposite was synthesized with varied weight percent-
ages of zirconium dioxide nanoparticles through a liquid metallurgy route with an applied stir 
speed of 200 rpm under an argon nature. With the help of a scanning electron microscope, the 
distribution of particles in the composite surface was found to be homogenous and void-free 
surface, which output results in less percentage of porosity (<1 %), and the composite con-
tained 6 wt% ZrO2 offers superior yield strength (212 ± 3 MPa), tensile strength (278 ± 2 MPa), 
and impact strength of 16.4 ± 0.4 J/mm2. In addition, 8 wt% ZrO2 blended composite showed the 
maximum microhardness value (78.3 ± 1 HV). The best-enhanced result of NC3 (AZ31B/6 wt% 
ZrO2) is suggested for lightweight to high-strength structural applications.   

1. Introduction 

Nanocomposite materials were a significant choice for replacing conventional materials due to their unique characteristics, 
including good mechanical, wear, and thermal behaviour [1–3]. Due to the weight reduction, the automotive industries focused on 
magnesium alloy nanocomposite [4,5]. In past decades, aluminium alloy composite was used in automotive and aerospace applica-
tions due to its high ductility and good strength [6–8]. The magnesium-based alloy was found to have a 36 % reduction in weight 
compared with aluminium materials [9,10]. Its characteristics were enhanced by the additions of organic (fly ash), inorganic (ceramic 
particles), and fiber-based reinforcements [11–13]. Generally, solid state [14,15], liquid state [16–18], and vapour state processing 
[19]. 
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Due to the economical, efficient, and simple process, liquid metallurgy (stir cast) was referred to Refs. [20–23]. The wear behaviour 
of TiC particles blended magnesium alloy (AZ31) composite was processed via stir cast route under ultrasonic nature. The output 
results of the tested composite with higher content of TiC proved high wear resistance compared to conventional cast AZ31alloy [24]. 
Most recently, Kumar et al. [25] prepared and studied the microstructural and mechanical performance of aluminium alloy composite 
blended with zirconium dioxide nanoparticles via stir casting. They reported that the composite contained 6 wt% of ZrO2 and recorded 
a maximum tensile strength of 174.9 MPa, and compared to cast alloy, it was hiked by 44 %. In addition, the cryogenic treatment was 
one of the surface modification processes. It resulted in increased mechanical strength of the material [26]. The effect of ceramic 
particles on the microstructural and mechanical behaviour of mechanical stir cast developed AZ61 alloy composite and reported that 
the uniform stir speed leads to uniform particle distribution, which results in good mechanical properties of composite [27]. Stir cast 
fabricated AZ31/SiC composite microstructural, fractography and mechanical behaviour were studied. The surface morphology 
proved the presence of SiC as a homogenous distribution in the AZ31 matrix. The results showed that 4 % SiC facilitated maximum 
compression strength and hardness value compared to cast AZ31 alloy [28]. 

In addition, magnesium alloy composite’s characteristics varied due to the casting process parameters, reinforcement percentage, 
and geometric shape. Generally, the magnesium matrix composites were developed with alumina, graphite, titanium carbide and 
carbon nanotube through the stir cast process. They found good wettability results in increased particle distribution with good 
interfacial bond strength reported by Sheikh et al. [29]. Several research articles addressed the optimum stir-casting process parameter 
for obtaining the porosity-free homogenous structure composite [30]. As reported, 700 ◦C melting temperature with 200 rpm stir speed 
developed magnesium alloy composite with uniform particle distribution makes a homogenous structure with the highest tensile 
strength [31,32]. The AZ91D alloy composite was synthesized using different mass fractions of nanoglass particles through stir casting. 
The effect of glass particles on microstructural and mechanical properties was measured experimentally and reported that the com-
posite has better mechanical performance. 

Recently, Thakur et al. [33] experimentally evaluated the mechanical properties of AZ31B/alumina for biomedical applications. 
The 0.5 % alumina nanoparticles and 0.3 % hydroxyapatite showed the highest compression strength, hardness, and corrosion 
resistance. Based on the various literature related to magnesium alloy composite process selection, reinforcement significance in 
magnesium alloy, limitations, and enhancement of mechanical and wear properties were discussed. The problem on conventional stir 
cast was porosity/void formation due to oxide formation. Due to this, the research attempts to synthesize the magnesium alloy (AZ31B) 
nanocomposite developed with ZrO2 under argon nature via stir cast route and evaluated the influences of argon atmosphere on AZ31B 
alloy nanocomposite with ZrO2 behaviour was experimentally studied. The composite containing 6 wt% ZrO2 offers the highest yield 
strength, tensile strength and impact toughness compared to cast AZ31B alloy. The optimum result of the NC3 sample (AZ31B/6 wt% 
ZrO2) is suggested for lightweight to high-strength structural applications. 

2. Material and methods 

2.1. Details for matrix and reinforcement materials 

The magnesium alloy (AZ31) was selected as a matrix base due to its significant mechanical properties, good solubility, and good 
machinability [34–36]. Table 1 shows the constitution weight percentage details for AZ31B. 

The 50-nm zirconium dioxide (ZrO2) was considered a reinforcement particle adapted to AZ31B alloy by stir casting route. The 
ZrO2 has good resistance against corrosion, high hardness and heat resistance, and high strength and durability [37]. In addition, 
Table 2 shows the physic-mechanical behaviour of AZ31B & ZrO2 [38,39]. 

2.2. Preparation of magnesium alloy nanocomposites 

Here, the preparation of magnesium alloy with and without ZrO2 was followed by (weight ratios) Table 3 and its fabrication 
technical details are addressed in Table 4. Accordingly, a digital balancing machine weighted the AZ31B alloy ingots and ZrO2 
nanoparticles. After the AZ31B alloy ingots were placed in a graphite crucible, as shown in Fig.1and, the ZrO2 was kept in a muffle 
furnace at 300 ◦C for 30 min. The graphite crucible was placed over the electrical furnace setup, and the magnesium alloy was pre-
heated at 600 ◦C for 10 min. A thermocouple monitored the temperature of the furnace. The initial preheating process helps to remove 
the moisture content [4,5]. 

Then, the temperature of the furnace was increased to 700 ◦C for 10 min under argon nature, which helps to limit the oxidation [17, 
18]. During this process, the AZ31B alloy was fully melted like a liquid stage, and its temperature was reduced to 550 ◦C like a 
semisolid stage to add the externally preheated ZrO2 nanoparticles. Finally, the AZ31B alloy and ZrO2 were mixed via mechanical stir 
action of 200 rpm for 20 min, which helped to uniform particle distribution reported by Hanizam et al. [31]. Finally, the mixed molten 
metal was poured into a preheated (300 ◦C) tool steel rectangular (150 mm × 50 mm x 20 mm) die and cured by natural convection. 

Table 1 
Chemical composition of Z31B series magnesium alloy.  

Constitutions Al Fe Si Mn Zn Mg 

wt% 2.92 0.005 0.1 0.3 1.09 95.58  
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2.3. Technical details for testing of developed composites (Characterization study) 

The concept of Archimedes & rule of mixture measured the actual and theoretical density of developed composites. High-Tech 
make ZEISS model SEM was utilized to examine the surface morphology of cast AZ31B alloy and its nanocomposite prepared with 

Table 2 
Physio-mechanical properties of AZ31B and ZrO2.  

Material/Properties Density Ultimate tensile strength Yield strength Hardness Thermal conductivity Melting point 

g/cc MPa MPa VHN W/mK ◦C 

AZ31B 1.77 260 200 66 84 605–630 
ZrO2 5.89 – – 1300 1.675 2681–2847  

Table 3 
Weight percentages of AZ31B and ZrO2 nanoparticles.  

Composite 
Identification 

Weight of matrix and reinforcement in wt% 

Magnesium alloy (AZ31B) Zirconium dioxide (ZrO2) 

Cast AZ31B 100 0 
NC1 98 2 
NC2 96 4 
NC3 94 6 
NC4 92 8  

Table 4 
Technical descriptions for composite preparation.  

S.No Technical descriptions Unit and dimensions 

1 Crucible capacity 5 kg 
2 Furnace operating temperature 100 to 1000 ◦C 
3 Preheating temperature (AZ31B) 600 ◦C 
4 Melting temperature (AZ31B) 700 ◦C 
5 Semisolid state temperature (AZ31B) 550 ◦C 
6 Medium of inert gas Argon 
7 Type of stirrer Twin blade-SS 
8 Speed of stirrer 200 rpm 
9 Time to stirrer 20 min 
10 ZrO2 preheating temperature 300 ◦C 
11 Die preheating temperature 300 ◦C 
12 Size of Die 150 mm × 50 mm X 20 mm  

Fig. 1. Flow process layout for AZ31B alloy and its nanocomposite preparations.  
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ZrO2 nanoparticles. The composite samples were cut as 10 mm × 10 mm ×10 mm cubic surfaces polished via various emery grades and 
glass polish made with a mechanical rotating polishing machine [4,5]. 

FIE make UT40 model 40-ton capacity universal testing machine was used to evaluate the tensile performance of the developed 
AZ31 alloy and its nanocomposites with 5 mm/min cross slide speed. The ASTM E08 standard (104 mm × 10 mm x 6 mm) was 
followed [17]. FIE-made VM50 model, microhardness tester, was involved in hardness evaluation. ASTM E92 standard (50 mm × 10 
mm x 10 mm) prepared sample was tested by 100 g load for 10 s with diamond tip indenter. The Charpy impact test machine made by 
FIE of the IT30 model was utilized to estimate composite impact strength, followed by ASTM E23 (55 mm × 10 mm x 10 mm). In 
mechanical evaluation, three tests were conducted from each composite, and an average of three was taken as the final value (see 
Fig. 1). 

3. Results and discussions 

3.1. Density (actual and theoretical) and porosity percentage 

Here, the (actual/theoretical) density and percentage of porosity of cast magnesium alloy (AZ31B) and NC1, NC2, NC3, and N4 are 
shown in Fig. 2. With compared to theoretical density, the actual density of fabricated composite was low due to voids and micro-
porosity [4]. The actual density of AZ31B cast alloy was 1.75 g/cc. At the same time, the additions of 2 wt% ZrO2 were recorded as 1.7 
6 g/cc. It was due to the effect of a blended mixture that obeys the rule of mixture [10,11]. Further inclusions of ZrO2 as 4, 6, and 8 wt% 
in AZ31B matrix noted by progressive improvement and composite containing maximum weight percentages of ZrO2 proved their least 
weight gain as 4 % compared to cast AZ31B alloy. 

However, the porosity of cast magnesium alloy (AZ31) was identified by 1.13 %, and the additions of ZrO2 for 2, 4, 6, and 8 wt% 
showed a marginal downtrend and varied from 1.12 % to 1.09 %, respectively. The variation in the porosity of the composite was due 
to thermal mismatch during the fabrication of the composite [13,16]. In previous research, the composite was fabricated by stir cast 
process with applied vacuum pressure to limit the casting defects [18]. At the same time, the porosity of developed composites didn’t 
exceed 2 % due to the uniform stir speed of 200 rpm for 20 min. More than 5 % of porosity changes to structural failure and low 
mechanical behaviour [31]. 

3.2. Surface morphology studies 

The scanning electron microscope recorded surface morphology of magnesium alloy (AZ31B) nanocomposites prepared with 0, 2, 
4, 6, and 8 wt% is shown in Fig. 3(a–e). These images proved the presence of ZrO2 nanoparticles in the AZ31B matrix. The slag-free fine 
grain microstructure with little micro-porosity was noted by cast AZ31B alloy and illustrated in Fig. 3 (a). The thermal mismatch was 
the reason for the microporosity reported by Baraniraj et al. [4]. 

Fig. 3(b) indicates the surface morphology of AZ31B alloy nanocomposite developed with 2 wt% ZrO2 (NC1). The presence of ZrO2 
was identified as a white dot field, and its identification was detailed in Fig. 3(b). However, the particle was strongly dispersed in the 
AZ31B alloy matrix and made uniform particle distribution due to the applied uniform stir speed of 200 rpm for 20 min. Previous 
research [18] reported that the uniform stir action leads to homogenous particle distribution, increasing composite tensile strength. 

THE AZ31B alloy nanocomposite prepared with 4 wt% ZrO2 nanoparticle is represented in Fig. 3(c). The white dot indication of 
ZrO2 in the AZ31B alloy matrix is uniform and distributed throughout the matrix, increasing the tensile strength of the composite. 
Earlier, Ratna Sunil et al. [14] obtained homogenous particle distribution due to the applied uniform stir speed under a semisolid state 
of molten metal. In addition, the agglomerate particle formation in the base matrix was noted. The solidification temperature exceeded 
the AZ31B melting temperature found in agglomerate particles reported by Thakur et al. [33]. 

Fig. 3(d) illustrates the surface morphology of NC3 composite containing 6 wt% of ZrO2 nanoparticles. This microstructure showed 
a coarse aggregate structure with uniformly distributed particles. There were no casting defects and scratches due to improper 

Fig. 2. Actual/theoretical density and percentages of porosity of developed AZ31B/ZrO2 nanocomposite.  
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polishing of test samples. However, the ZrO2 presence in AZ31B alloy was proved, and its defect-free microstructure is shown in Fig. 3 
(d). 

The surface morphology of AZ31B alloy composite synthesized with ZrO2 as 8 wt% is shown in Fig. 3(e). The reinforcements 
showed random distribution with agglomerated particle formation. This was due to the nature of the higher temperature above the 
melting temperature of the base matrix [22]. It changes to reduce the tensile strength of the composite [23,24]. However, the AZ31B 
alloy and its ZrO2-filled nanocomposites proved their distribution along the AZ31B alloy matrix and showed a few agglomer-
ation/microporosity. Based on the past literature, the optimum particle distribution was achieved, and its mechanical performances 

Fig. 3(a). Surface morphology of cast AZ31B alloy.  

Fig. 3(b). Surface morphology of NC1.  

Fig. 3(c). Surface morphology of NC2.  
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are explained below. 

3.3. Microhardness number 

Here, the effect of resistance against the indentation for developed AZ31B alloy nanocomposite with and without ZrO2 nanoparticle 
is shown in Fig. 4. Cast AZ31B alloy microhardness was 62.3 ± 1.1 HV and the inclusions of ZrO2 as 2, 4, and 6 wt% recorded the 
significant improvement in hardness value compared to cast AZ31B alloy. Composite hardness was enhanced because ZrO2 can 
withstand the maximum indentation load without failure [26]. The hard ceramic particle in a soft magnesium matrix has good 
hardness and tribological characteristics [7,10]. The composite contained maximum weight percentages of ZrO2, proving their po-
tential for a 25.68 % improvement in hardness. The mechanism for better pinning effect between the matrix and reinforcement was the 
reason for maximum hardness [18]. 

Moreover, the hardness of NC4 nanocomposite containing 8 wt% ZrO2 was identified as the highest hardness (78.3 ± 1 HV) owing 
to homogenously distributed particles proved in Fig. 3(e). In addition, the choice of reinforcement and the selection of stir casting 
parameters was one factor deciding the hardness of the composite [24]. The maximum hardness of the NC4 sample compared with past 
reported values [25] showed a 6.5 % improvement in hardness. Previous reports of magnesium alloy (AZ31) composite synthesized 
with SiC recorded higher hardness values than cast AZ31 alloy [28]. 

3.4. Stress-strain behaviour 

Here, the tensile behaviour of AZ31B alloy composite synthesized with 0, 2, 4, 6, and 8 wt% of ZrO2 nanoparticle is shown in Fig. 5. 
During the evaluation, the stress-strain plot was generated via an electronic tool with various fields of yield, ultimate, and elongation. 
The details are represented in Table 5. 

The stress-strain behaviour of cast AZ31B cast alloy was noted in Fig. 5. The yield strength and ultimate tensile strength of AZ31B 
cast alloy were 194 ± 4 MPa & 250 ± 3 MPa with elongation of 5.28 mm. 

Generally, the AZ31B alloy has good tensile and deformation properties [2,10]. While the additions of 2 wt% ZrO2 nanoparticle in 

Fig. 3(d). Surface morphology of NC3.  

Fig. 3(e). Surface morphology of NC3.  
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AZ31B alloy found an increased yield strength (YS) & ultimate tensile strength (UTS)of 201 ± 3 MPa and 261 ± 5 MPa. The 
improvement in tensile strength of the composite was the reason for uniform particle distribution (Fig. 3(b)), with an effective bonding 
leading to withstand high tensile force. The interfacial bonding strength between the matrix and reinforcement offered maximum 
tensile strength before breaking the tensile specimen [14]. Moreover, further inclusions of ZrO2 as 4 and 6 wt% showed superior tensile 
strength behaviour, and the ultimate strength of NC2 and NC3 was 275 ± 3 MPa and 278 ± 2 MPa, respectively. While compared to 
AZ31B cast alloy, the NC3 nanocomposite recorded the highest UTS and increased by 11.2 %. The composite enhancement was due to 
the solid strengthening mechanism between magnesium alloy and nano ZrO2, which restricted particle movement’s dislocation during 
high tensile force. 

Moreover, the better adhesive nature between magnesium alloy and its reinforcement makes for better tensile strength [17]. Based 
on the content of reinforcements, the tensile strength was varied [18]. The maximum wt% of ZrO2 nanoparticle in the matrix found 
decreased YS and UTS of 202 ± 4 and 261 ± 4 MPa. It was due to the microporosity inside the casting and agglomerated particle, 
evidenced in Fig. 3(e). It was due to the nature of reinforcement [20]. Generally, hard ceramic particles with maximum content offered 
high hardness results in decreased tensile strength [22]. 

However, the elongation performance of AZ31B alloy nanocomposite consists of 0, 2, 4, 6, and 8 wt% ZrO2 showed marginal 
decrement. The deformation of cast AZ31B was 5.28 mm, while the inclusions of ZrO2 as 2 wt% showed 4.44 mm. Similarly, increased 
ZrO2 content has recorded increased tensile with decreased elongation rate due to the presence of ZrO2 nanoparticles. It withstands the 

Fig. 4. Microhardness of developed AZ31B/ZrO2 nanocomposites.  

Fig. 5. Stress-strain curve for developed AZ31B/ZrO2 nanocomposites.  

Table 5 
Tensile behaviour of AZ31B alloy nanocomposites.  

S.No Composite 
Identification 

Strength in MPa Rate of elongation 

Yield Ultimate tensile δ in mm 

1 Cast AZ31B 194 ± 4 250 ± 3 5.28 
2 NC1 201 ± 3 261 ± 5 4.44 
3 NC2 209 ± 2 275 ± 3 4.32 
4 NC3 212 ± 3 278 ± 2 4.08 
5 NC4 202 ± 4 261 ± 4 3.96  
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maximum load before breaking a tensile specimen. Most of the research proved the significance of tensile strength by adding hard 
ceramic particles, and the ductility was limited [24–28]. 

3.5. Impact strength 

The impact strength of developed AZ31 alloy with and without ZrO2 nanoparticles is shown in Fig. 6. The impact strength of the 
nanocomposite was higher than that of casted magnesium alloy. The impact strength of composite without ZrO2 was 13.1 ± 0.5 J/ 
mm2, and adding 2 and 4 wt% ZrO2 in AZ31B alloy found progressive increment in impact strength and was 14 ± 0.3 and 15.9 ± 0.2 J/ 
mm2. 

The enhancement of impact strength of nanocomposite was due to a better coupling effect between ZrO2 nanoparticles and AZ31B 
alloy matrix. Baraniraj et al. [18] reported an effective interfacial strength between AZ31B/ZrO2 leads to high impact strength. In 
addition, the nanocomposite containing 6 wt% of ZrO2 recorded maximum impact strength and found a 25.19 % improvement 
compared to cast AZ31B alloy. During the maximum impact load, ZrO2 resists and absorbs the maximum energy due to the higher 
pinning effect between ZrO2 and AZ31B alloy. Moreover, the impact strength of the nanocomposite was reduced to 15.5 ± 0.2 J/mm2 

on the maximum content of ZrO2 as 8 wt%. It was due to agglomerated particle dislocation during the high-impact force. 
Finally, present experimental outcome results were compared with past literature, as shown in Table 6. It was shown that the recent 

literature related to AZ31 magnesium alloy-based composite and ZrO2 blended with aluminium alloy composite. Based on the 
availability of reported value for an existing system, the main key findings were compared and discussed below. 

The results of AZ31B alloy nanocomposite developed with 6 wt% showed a 36 % improvement in yield strength compared to the 
reported value of composite prepared with AZ31/6 wt% TiC [12]. In addition, the ultimate tensile strength of nanocomposite found 
maximum value and increased by 17.7 %, 53.59 %, and 58.94 % as compared to the past reported value of AZ31/6 wt% TiC [12], 
AZ31/2 wt% alumina [23], and Al6061/6 wt% ZrO2. While compared to past literature of Al6061/6 wt% ZrO2 composite, the present 
composite hardness was improved by 11.2 %, and weight was saved by 57.45 %, respectively. 

Based on this investigation, the higher content of ZrO2, more than 6 wt%, limits the mechanical behaviour of nanocomposite. 
However, more than 6 wt% of ZrO2 offered maximum microhardness value and was suitable for resistance against wear. So, future 
research plans to study the wear characteristics under different loads and speeds. 

4. Conclusions 

Here, the AZ31B alloy nanocomposite was made with 0, 2, 4, 6, and 8 wt% of ZrO2 via liquid metallurgy stir cast method under 
argon nature. The applied uniform stir speed of 200 rpm proved their significance on AZ31B alloy nanocomposite, found uniform 
particle distribution with few agglomerated particles due to high solubility temperature more than the melting temperature of AZ31B 
alloy. Among the various combinations, the AZ31B alloy nanocomposite synthesized with 6 wt% (NC3) found superior hardness, yield 
strength, tensile strength and impact toughness, which was hiked by 21 %, 9.2 %, 11.2 %, and 25.19 % compared to casted AZ31B 
alloy. Moreover, the AZ31B alloy nanocomposite with 6 wt% recorded optimum experimental results compared with cast AZ31B alloy 
and past reported literature. According to this, it was suggested to lightweight to high-strength structural applications. 
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