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Abstract. The challenges faced in the development of light materials, motivate researchers to 

produce materials with improved characteristics, which have wide applications in the 

biomedical, automotive, defense, and aviation industries. The limited availability of 

monolithic or natural materials on the earth can be another reason to develop a newer version 

of metals, alloys, and composites. These developed materials should have enhanced physical, 

mechanical, and tribological properties. The present article discusses the effect of numerous 

reinforcements with different weight/volume percentages on the hardness, tensile strength, 

corrosion, and wear resistance of Mg-based metal matrix composites (Mg-MMCs).  

It has been observed that the hardness and tensile strength of Mg-MMCs range from  

34-152.7 HV and 45-240 MPa, respectively, and its corrosion current density reduces from 

549.21-1.923 µA cm-2. This research paper also focused on the effect of various wear and 

friction process parameters such as applied load (10-80 N), sliding distance (100-2000 m), 

sliding velocity (1-3 m/s), sliding time (5-30 minutes), and the effect of different 

weight/volume reinforcement percentages (0-25%) on the performance of Mg-MMCs during 

wear and friction phenomenon. The material loss during wear measurement and coefficient of 

friction (COF) of Mg-MMCs ranges from 0.0174 -0.09 g and 0.90-0.0234, respectively. 
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1. Introduction 

Over the recent years, rapid transformation in social inevitabilities and requirements 

contributes to the various progressive genera of materials through enhanced properties 

achieved from alloys, metals, and non-metals [1]. Material adoption is a vital part of our 

everyday needs and in the advancement of every nation [2]. As of now, how materials are 

being utilized for the betterment of our daily needs is genuinely enough to know the 

significance of designing that material in our life [3]. 

New materials have to create with quick production and assembly needs among 

worldwide industries [4]. The evolved material should have improved properties over 

monolithic materials [5]. The necessity for enhanced properties can be fulfilled with 
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composites [6]. The combination of two or more materials is identified as a composite.  

Matrix and reinforcements can be called two portions of the composites. The matrix material 

should be metal, whereas reinforcement can be metal or non-metal [7]. When the metal and its 

alloy are used as matrix material, then the fabricated composite is known as metal  

matrix composite (MMC). Metal matrix composites have mostly improved properties by 

adding some reinforcement weight/volume percentage [8]. The types of composites are 

represented in Fig. 1. The pictorial view of the constituents of the hybrid metal matrix 

composite is shown in Fig. 2. 

 

 
Fig. 1. Classification of composite materials 

 

 
Fig. 2. Constituents of hybrid composites [9] 

 

Iron (Fe), zinc (Zn), aluminum (Al), copper (Cu), titanium (Ti), and magnesium (Mg) 

are being utilized as matrix materials in MMCs. Each metal matrix has its importance 

regarding its application. Mg is the most used lightweight material for various applications. It 

is the eighth most abundant material in the earth’s crust and one-third and one-sixth lighter 

than aluminum and titanium, respectively [10]. The Mg applications include biomedical (such 

as orthopedic, cardiovascular, and other transplants) [11], automotive (like gearbox, steering 

column, seat frames, drivers' airbags, and fuel tank covers) [12], and other (laptops, cameras, 

luggage storage products, power tools, and household) [13]. The Mg-MMC's demand 

consistently increases due to artificial implants. To fulfill this demand for patients with bone 

injuries and degeneration caused by the normal process of aging, injuries, and accident, we 

required biomedical materials to bring back into the functionality of the part [14-16]. 

Mg-MMCs have shown tremendous potential in orthopedic and other implant 

applications to address the problems. The elastic moduli of Mg-MMCs closer to natural bone 

is also the main reason for its adaptation in bio-medical industries [17]. The Mg-MMCs also 

have enhanced mechanical properties (like hardness, tensile strength, compressive strength, 

flexural strength, etc.) and tribological properties (Corrosion, friction, and wear) compared to 

base Mg and it's alloy [17-19]. The high strength stiffness and light-in-weight makes Mg an 
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important material for use in aviation and automotive applications [20], however, its high 

manufacturing cost restricts the use of Mg as a matrix material. To overcome these factors, 

homogeneity and reinforcement are used and tried to make an inexpensive using fast 

dispersion process to manufacture Mg-MMCs composites. Metal and ceramic particulates are 

among the furthermost traditionally used reinforcements in composites [21,22].  

 

2. Material used and methods of fabrication 

The study focuses on magnesium and its alloy used as a matrix material for the fabrication of 

composites. Due to the high damping and vibration coefficient, low density, and high strength 

of the magnesium, the Mg-based composites have great potential to use in structural elements 

in automotive, aerospace, and bio-medical industries [23]. The various kinds of 

reinforcements in different proportions can be added during the synthesis of Mg-MMCs [24]. 

The commonly used composite fabrication methods are:  

1. Stir Casting 

2. Powder Metallurgy (PM) 

3. Friction stirs processing (FSP) 

Stir casting. The fabrication of discontinuous particle reinforced MMCs use the stir 

casting technique. The process is affected by many influencing parameters on which the 

mechanical and microstructure of the composite depends. The two-step stir casting technique 

was used to produce a composite of aluminum alloy and alumina oxide by Alaname et al. The 

Al6063 was preheated at 250°C, then the preheated form of matrix material is put into a 

graphite furnace and heated up to 750°C to convert into a molten state. Then the stirrer with 

300 rpm for 10 minutes was used for uniform dispersion of the reinforcement into the molten 

matrix. After that, the molten metal was poured into a sand mould for solidification [25]. 

Figure 3 describes the stir casting setup. 

 

 
Fig. 3. Stir Casting Setup [26] 

 

Meher et al. adopted a stir casting process to fabricate the magnesium composite for 

manufacturing the components of the automotive and aerospace sectors. The 4, 6, and 8 

weight percentage of TiB2 was added to the RZ5 magnesium alloy. The mechanical properties 

were enhanced with TiB2 at 8 weight percentage addition in the base metal [26]. Kumar and 

Sozhamannan discuss the characterization of magnesium-based matrix composites in the 

study. The stir cast samples of graphene 0.5, 1 and 1.5 wt.% and magnesium alloy were 

prepared. The preheating of the die was done at 300ºC and the stirrer speed was used at 450-

500 rpm to avoid the casting defects in the samples. The strong interfacing between graphene 

and magnesium alloy was observed during microstructure analysis [27]. 
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Powder metallurgy. Sintering, blending, and compacting are the three steps involved 

in powder metallurgy. First of all the base metal or compound powders are blended 

appropriately then afterward passed through the high-pressure die then at high temperature it 

was sintered for the legitimate holding of particles [28]. Singh et al. concluded in their study 

that the heating of the magnesium powder and Sic powder was done at 400ºC thereafter 

desired shape was given by passing the material through the die and punch for 60 minutes at 

150 rpm, then room temperature was maintained at the molten metal [29]. The extruded rods 

were cut into a length of 150 mm and after that using a muffle furnace the internal stress was 

released from the prepared rods. Ghasali et al. observed the higher bending strength and 

microhardness of the sintered magnesium/ B4C composites [30]. Kumar et al. studied the 

influence of sintering temperature, milling time, and compaction pressure on magnesium-

based composite during powder metallurgy processing technique. The improvement was 

noticed in the hardness and density of the composite [31]. The graphical representation of 

powder metallurgy process is mentioned in Fig. 4. 

 

 
Fig. 4. Powder Metallurgy [32] 

 

Friction stir processing. When the modification in surface property is required during 

the manufacturing of metal matrix then the friction stir technique is utilized. The structural 

advancement by plastically deformation during the advancement of non-consumable 

apparatus into the work-piece is done by this process [33,34]. During the progression, a 

turning or rotating pin type of tool is progressed on the surface of the work-piece. Due to 

frictional resistance, heat is generated which is the main reason for plastic deformation 

between the surface of the work-piece and tool pin [35]. Dinaharan et al. utilized FSP to 

fabricate Mg MMC's of AZ31/Ti-6Al-4V. The H13 steel material cylindrical shaped tool of 

diameter 24 mm was used in the processing of composite fabrication. The height of the tool 

tip was 5.7 mm with the threaded profile. The effect of transverse speed, tilt angle, and tool 

rotation speed was studied on the mechanical properties of the composite [36]. 

Pandey et al. studied the influence of FSP on the strength and wear of magnesium and 

SiC nano-composites. The enrichment was seen in the mechanical and metallurgical 

properties of the produced nano-composite. The homogenous mixture of the SiC  

was observed in SEM analysis [37]. The 19.72% and 77.5% increment was noticed for the 

micro-hardness and compressive strength of the AZ31/graphene/MWCNT composites.  
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The MWCNT with 1.6 vol.% and 0.3 vol.% of graphene was found optimized at the rotation 

speed of 1400 rpm [38]. Figure 5 shows the process parameters and response parameter of 

friction stir processing. 

 

 
Fig. 5. Friction stir process [10] 

 

3. Effects of different reinforcements on mechanical properties of Mg-MMCs 

Effect on hardness. The resistance to indentation and abrasion of the material is called 

hardness. The Brinnel, Rockwell, and Vickers are commonly used machines for testing 

hardness. The experimental work concluded that increment in the hardness of Mg-MMCs  

of 10 wt.% titanium carbide (TiC) when reinforced in the matrix of RZ5 magnesium  

alloy, fabricated using the self-propagating high-temperature technique [39]. Authors have 

produced Mg-MMCs with reinforcement of 0.5 wt. % of Al2O3 and 8 wt. % of Tio2 with 

AZ61 Mg alloy using laser cladding (LC). It has been observed that hardness increases  

as wt.% of reinforcements increases due to the particle grain size refinement of Al2O3 and 

Tio2 in matrix material [40]. 

The research work concluded that the increase in value of Vickers hardness (HV) for 

Mg alloy AZ91 fabricated using stir casting technique when reinforced with TiO2 having 

2 wt.% and graphene 0.5 wt.%. The increment in hardness of Mg-MMCs was due to the solid 

lubrication behavior of graphene for consistent mixing in a matrix material [41]. In this work, 

the effect of calcium reinforcement (0.2 Vol.%) in Mg alloy matrix when fabricated with 

friction stir processing (FSP) was studied. It was also noticed that the hardness increased to 

73.7 ± 9.9 HV from 60.98 ± 5.3 HV. The grain refinement and texture effect are the main 

reasons behind the hardness value increment [42]. 

The value of Vickers hardness increased to 106 from 34 when pure magnesium is 

reinforced with SiC using FSP at tool pin rpm of 1300 was observed. The reason behind that 

was reduced grain size and low dislocation movement. The SiC has hard particles, which 

increases the high load-bearing capability of the composite [43]. The fabrication of Mg-

MMCs when reinforced with 5wt.% Al2O3and 8 wt.% SiC particles in AZ31 Mg alloy. The 

hardness value was reported to increment 75.16 HV from 64.53 HV, which principally 

increases the load-bearing capability due to SiC particles present in the Mg-MMCs [44]. 

Figure 6 shows the comparison of different Mg-MMCs. 

When matrix metal AZ91 was reinforced with 10 wt% Al2O3 and 5 wt.% SiC,  

the hardness value expanded by 25% compared to without reinforcement, the Mg-MMC  

was fabricated using the powder metallurgy (PM) technique. The increment in hardness was 

observed from 36.3 HV to 45.39HV, as reported in this work [45]. The authors observed  

the increase in hardness when ZrO2 was reinforced in the matrix of Mg alloy AZ91D.  

The authors concluded that hardness increased to 31% compared to Mg alloy due to uniform 

strain deformation and proper distribution of reinforcement particles [46]. The 28% 

improvement in the hardness was noticed when stir-cast Mg-MMCs reinforced with zinc 

oxide (0-5 wt.% ZnO) to Mg alloy [6]. 143.6 HV was reported in Mg-MMC and 112.3 HV in 



444  Dinesh Kumar, Satnam Singh , Surjit Angra 

 

Mg alloy [47]. Table 1 shows the summary sheet for the hardness of some researchers for 

magnesium-based composites. 

 

 
Fig. 6. Hardness of different Mg-MMCs [44] 

 

Table 1. Hardness summarized sheet of Mg-MMCs 

S No Reinforcement Method 
Hardness 

Ref. 
Mg Alloy Mg-MMC 

1 
Nano Y2O3 

0.7 Wt. % 
Microwave Sintered 35 HV 45 HV [21] 

2 B4C 9 Wt.% Stir Casting 42 HR 78 HR [48] 

3 
Nano BN 

2.5 Wt. % 
Microwave Sintered 48±1 HV 57±2 HV [49] 

4 B4C 5 Wt. % Stir Casting 88±10 HV 61±11 HV [32] 

5 
Nano CNT 

0.1 Wt. % 
Microwave Sintered 48±1 HV 61.8±8.6 HV [50] 

6 
TiO2 

15 Wt. % 
Stir Casting 55.9 BHN 72.4 BHN [51] 

7 
Nitip 

10 Vol. % 
Friction Stir Processing 35±5 HV 152.7 HV [52] 

 

Effect on tensile strength. In industries, mechanical testing has great importance 

before producing or developing any material. The testing also leads to cost reduction without 

comprising the quality during production. The tensile strength concludes the functionality of 

the manufactured products. Jayabharthy et al. and Mehra et al. also reported the enhancement 

of tensile strength increment in the stir-casted Mg-MMCs. The values of Tensile strength of 

Mg-MMCs were 149.1 MPa and 195 MPa as compared to Mg alloy (84.3 MPa and 179 MPa 

respectively) [39,41] 

The microwave sintering process was used to produce a composite with 2 wt.% of nano 

Y2O3 reinforcement in the Mg alloy matrix. The study reported that tensile strength was 

increased to 85% (130 MPa to 240 MPa) with 2 wt.% nano Y2O3 in the matrix material. The 

enhancement of tensile strength was attributed to uniform particle dispersion, grain 

refinement, and increment in extrusion ratio [21]. The effect of variation with B4C particles in 

pure Mg on tensile strength was studied by fabricating samples of Mg-MMCs using the stir 

casting technique. The authors observed that tensile strength increased from 45 MPa to 

55 60 65 70 75 80

87% AZ31 + 5% Al2O3 + 8% SiC

88% AZ31 + 5% Al2O3 + 7% SiC

89% AZ31 + 5% Al2O3 + 6% SiC

90% AZ31 + 5% Al2O3 + 5% SiC

91% AZ31 + 5% Al2O3 + 4% SiC

92% AZ31 + 5% Al2O3 + 3% SiC

93% AZ31 + 5% Al2O3 + 2% SiC

94% AZ31 + 5% Al2O3 + 1% SiC

95% AZ31 + 5% Al2O3 + 0% SiC

Hardness (HV)
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84 MPa with an increment of reinforcement in Mg matrix. The decrement in porosity, grain 

size, and nearly uniform distribution of B4C particles can be the reason for the increment in 

the tensile strength of MMC's[48]. 

 

 
Fig. 7. Ultimate tensile strength of Mg-MMCs at different Reinforcements [53] 

 

The fabrication of MMC's was completed using SiC (0.5 vol.% and 1 vol.%) in pure Mg 

by powder metallurgy. The maximum tensile strength was reported at 1 vol.% of SiC particles 

in Mg-MMC. The increment in tensile strength was 18% (172 MPa to 203 MPa) compared to 

monolithic magnesium. The smaller size and lower volume fraction of reinforcement in the 

MMC are attributed to the enhancement of tensile strength [54]. The powder metallurgy 

technique was utilized for the fabrication of MMC's by submicron and nano Al2O3 (4 to 

4.5 vol.% and 0.5 to 1 vol.% respectively) in pure Mg using the powder metallurgy technique. 

The increment in tensile strength was observed to be 26% (168 MPa to 211 MPa) as 

compared to pure magnesium (as shown in Fig. 7) [53]. Table 2 shows the summary sheet for 

the tensile strength of some researchers for magnesium-based composites. 

 

Table 2. Tensile strength summarized sheet of Mg-MMCs 

S. No Reinforcement Percentage Method 

Tensile Strength (MPa) 

 Ref. 

Mg Alloy Mg-MMC 

1 2 Y2O3 Microwave sintered 130 240 [21] 

2 5 B4C Microwave sintered 65 112 [30] 

3 5 B4C Spark plasma sintered 65 191 [30] 

4 10 Tic Stir casting 179 195 [39] 

5 
1 TiO2 + 0.5 Gr 

2 TiO2+ 0.5 Gr 
Stir casting 84.3 149.1 [41] 

6 B4C Stir casting 45 84 [48] 

7 
0.5 SiC 

1 SiC 
Powder metallurgy 172 203 [54] 

8 4 (Al2O3)m + 0.5 (Al2O3)n Powder metallurgy 168 211 [55] 

9 0.66 TiO2 Powder metallurgy 194 197 [56] 

10 0.7 Y2O3 + 0.3 nano Cu  Microwave sintered 244 270 [57] 

11 0.7 SiC + 0.3 nano CNT Powder metallurgy 155.8 195.4 [58] 

12 1 CNT + 1.5 TiB2 Stir casting 213.96 389.67 [59] 

100% Mg

95% Mg + 4.5 (Al2O3)m + 0.5 (Al2O3)n

95% Mg + 4.25 (Al2O3)m + 0.75 (Al2O3)n

95% Mg + 4.0 (Al2O3)m + 1.0 (Al2O3)n

0

50

100

150

200

250

168

187
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211
Ultimate Tensile Strength (MPa) 
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The Mg-MMCs with 5 vol.% of B4C reinforcement in magnesium matrix using 

microwave sintering (MS) and spark plasma sintering (SPS) process were prepared. The 

comparative analysis for tensile strength reported that 191 MPa tensile strength was observed 

in SPS process and 112 MPa in MS process. The study also shows that a 71% increment of 

tensile strength was reported using SPS process as compared to MS process. The presence of 

pores and microcracks formation decreases the tensile strength of microwave-sintered Mg-

MMCs [30]. Hassan et al. used the powder metallurgy method to fabricate the Mg-MMCs of 

nano TiO2 (0, 0.58, and 0.66 Vol.%) reinforcement in pure magnesium powder. The tensile 

test samples were prepared according to ASTM E8M-15a standard. Results reported that 2% 

(194 MPa to 197 MPa) increment of tensile strength by adding 0.66 vol.% nano TiO2 in the 

Mg matrix material [56]. Authors reported the effect on tensile strength of reinforcements 

(Y2O3 0.7 Wt.% Nano Cu 0.3 Wt.%) hybrid microwave sintered in Mg powder at different 

temperatures. The 270 MPa value of ultimate tensile strength was achieved at 25ºC in 

(Mg/0.7 Y2O3/0.3 Cu) MMC [57]. The powder metallurgy technique was used to produce 

Mg-MMCs with reinforcements of Sic 0.7 Wt.% / Nano CNT 0.3 Wt.%. The 25.4 % 

increment in tensile strength (155.8 MPa to 195.4 MPa) was noticed compared to monolithic 

magnesium [58]. The 7% increment in tensile strength was reported for AZ91D/1.5wt.% 

CNTs/1.5 wt. % TiB2 hybrid composite [59]. 

From the literature, it can be concluded that the increase in grain particle size causes 

porosity which reduces the load-bearing capacity. The chances of non-uniform dispersion of 

reinforcement particles are also there which causes high surface roughness, hence reducing 

the mechanical properties of the Mg-MMCs [56-60]. 

 

4. Effect of different reinforcements on tribological behavior of Mg-MMCs 

Effect on corrosion characteristics. From a technical point of view, the proper selection of 

the process and material for the particular product cannot be decided without corrosion 

testing. The corrosion testing calculates the failure and life of the material. Thus, in order to 

find the corrosion rate of the Mg-MMCs, the corrosion current density (μA cm−2)/current 

potential (V) was noted, the greater the corrosion current potential/density greater the 

corrosion rate in the fabricated Mg-MMCs. 

The immersion test was performed on the base and AZ91D-ZrO2 composite material 

samples ranging from 72 to 168 hours. Initially, at 72 hours, the increment in corrosion starts, 

and after immersion of 168 hours, it was found that the corrosion rate was reduced. The 

corrosion potential in the samples was decreased due to the fine dispersion of the 

reinforcement in the composite. The corrosion current density of MMC was increased to 

1.05% (MMC corrosion current density 1.923 μA cm−2) compared to the base metal. This 

enhancement of corrosion resistance makes the MMC biodegradable [46]. 

The investigation of Mg-Al2O3-SiC hybrid composite in which Al2O3 and SiC were 

used as reinforcement with magnesium matrix using powder metallurgy method. The effect 

on corrosion resistance was examined under the anodization and immersion process, and 

surface treatment was carried out using cerium oxide. The authors concluded that surface 

treatment enhances the corrosion resistance in both the MMCs, but Al2O3 particles help in 

achieving better corrosion resistance compared to SiC particles [61]. 

The liquid state processing (Stir casting) was used to fabricate Mg-MMCs of AZ41-

samarium (sm) (x = 0%, 1%, 2%, and 3%) as alloy and reinforcement, respectively. The 

electrochemical impedance spectroscopy (EIS) and Tafel polarization (TP) methods were 

used to analyze corrosion behavior under NaCl solution in 3.5 wt. %. The research concluded 

that the corrosion resistance was increased due to an increment in the sm reinforcement 

compared to AZ41 Mg alloy. At 1wt.% of sm, the corrosion rate was 18.7 μA cm−2 which has 

been reported the best compared to AZ41, sm 2 wt.%-AZ41, and sm 3 wt.%-AZ41 (34.6, 
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25.7, and 23.2 μA cm−2 respectively). This enhancement was due to hydrogen evolution, 

which increases the soaking time and enhances the corrosion resistance of Mg-MMCs 

compared to Mg alloy [62]. 

The authors reported in their study that Mg Alloy/ 4wt.% of glass microsphere (GM), 

MMC was fabricated using stir casting to analyze the effect of corrosion behavior. EIS 

technique was utilized in the presence of 0.5m H2SO4 solution for corrosion characteristics of 

the developed Mg MMC's. The corrosion rate was enhanced by reinforcing the GM particle to 

the Mg alloy. The potential corrosion value (-1.16 V) and corrosion resistance (2.61 μA cm−2) 

have been reported in the study. The deterioration and large crack formation decrease the 

corrosion resistance of the fabricated Mg MMC's [63]. The investigation was accomplished 

for the corrosion behavior of Mg/ zinc oxide (ZnO). ZnO powdered particles (5, 10, and 

20 wt.%) were mixed with pure Mg metal matrix to form Mg-MMC's samples.  

The immersion test and electrochemical surface measurement were done to evaluate the 

corrosion behavior through Hank's solution. During the trial, reinforced particles were 

uniformly dispersed in the Mg matrix, which enhance corrosion resistance and mechanical 

properties in the developed Mg-MMC. The corrosion resistance of Mg-MMC was noticed as 

95.02 µA cm-2, which was one-sixth of Mg alloy (549.2l µAcm-2) [64]. 

Effects on wear and coefficient of friction. The interaction between two surfaces 

causes material loss. The loss and deformation are the results of mechanical action. It can be 

determined by the volume and mass loss of the material element. 

Ting lei et al. investigated the COF and wear behavior of Mg/ zinc oxide (ZnO). The 

loss of material and COF in Mg-based MMC has been observed to be lower as compared to 

Mg alloy. The intense binding action of ZnO particles and low porosity is the reason for the 

enhancement of COF and wear resistance in Mg-MMCs. The analysis was done and found 

that Mg alloy had an average material loss of 0.85 mg and 0.18 mg was found in Mg-MMC 

sample. Figure 8 shows the wear loss comparison between the Mg alloy and Mg-MMC [64]. 

Khatkar et al. fabricated the AZ91D-xSiC-xGr hybrid composite, AZ91 alloy as matrix and 

reinforcements were SiC (3 and 5 wt. %) and Gr (0, 3, and 5 wt. %) with stir casting 

technique. The wear test had been performed on a pin on disc apparatus and concluded that 

the wear rate has been decreased as the percentage of Sic and Gr particles increased. The 

0.0079 mm3/m wear rate of Mg-MMC has been achieved at Sic-5 wt. % and Gr-5 wt. % as 

reinforcement in the Mg alloy. The delamination and oxidation of SiC particles increase the 

wear rate in Mg-MMC and decrease the coefficient of friction (COF) [65]. The effect of Sic 

and graphene oxide (Go) on Mg AZ91 alloy was studied. The wear damage was reduced due 

to fewer cracks and debris on the worn surfaces by adding Sic and GO particles in the Mg 

alloy. The graphene oxide gives the best result for wear loss; the volume loss of GO/Mg alloy 

has been reduced to 0.31 times compared to Mg alloy [66]. 

The powder metallurgy method was adopted to fabricate Mg-B4C (0, 1.5, 3.5, and 

10 wt. %) MMC's samples. The increment in wear resistance has been seen as the percentage 

of the B4C reinforcement (0 to 10 wt. %) increases. The wear resistance was improved by 

33 % with 10 wt.% of B4C in the Mg-MMCs. This is due to the strong bonding of particles 

and the higher hardness of Mg-MMC's [67]. The wear resistance has increased 5.7 times in 

the Mg-SiC-Al2O3 composite. This increment in the wear resistance was due to the 

homogenous and uniform dispersion of SiC and Al2O3 particles in the fabricated composite. 

The Al2O3 particle gives  better results compared to SiC particles in the composite [68].  
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Fig. 8. Material loss determines the COF of Mg alloy and Mg-MMC [64] 

 

The spark plasma sintering techniques were adopted to fabricate Mg-Ni composite. The 

wear resistance was low because of the softness present in the Mg-alloy. The enhancement in 

the wear resistance has been noticed just by adding 1.5 wt.% of Ni micro-sized particles in the 

Mg-alloy [69]. The study shows the improvement of wear resistance and COF at 3 wt. % of 

Sic particles present in Mg alloy-xSiC (x= 1, 3, and 5 wt. %) composite. The wear loss of 

0.0174 g and 0.90 COF was noticed in Mg-MMCs and 0.0218 g (wear loss) and 0.24 (COF) 

in Mg alloy as shown in Fig. 9. The enhancement of particle distribution and breaking of the 

intermetallic phase was the reason for improved friction and wear properties in the Mg-MMC 

[70]. The research work shows the 150% and 350% increment to wear resistance in the 

fabricated Mg-SiCp (Nano and Micro) MMC as compared to Mg alloy. The COF values are 

0.0248, 0.0242, and 0.0234 for Mg alloy, Mg micro-composite, and Mg nano-composite, 

respectively. Due to nano SiC particles present in Mg nano-composite, strong bonding and 

uniform dispersion are the reason for the COF's decrement and increment in wear resistance 

[71]. The adhesive and abrasive wear was analyzed in AZ91-B4C (15 Vol. %) Mg-MMCs. 

The friction stir processing was used in the fabrication of Mg-MMC. The outcome showed 

the enhancement of abrasive and adhesive wear in AZ91-B4C composite due to delamination 

and oxidation of the reinforcement. In Mg-MMC, wear and friction resistance of 60% and 

40% (respectively) were observed compared to Mg alloy [72]. 

 

 
Fig. 9. Wear loss & COF of Mg alloy and Mg-MMCs [70] 

 

The wear loss in RZ5-TiB2 composite has gradually decreased due to the presence of 

TiB2 reinforcement in Mg-MMCs. The strong bonding and wettability of TiB2 particles 
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increased the wear resistance and decreased the friction coefficient in the fabricated 

composite. The wear loss and COF were noticed as 306.87 mg and 0.469 respectively for RZ5 

alloy and 183.23 mg (wear loss) and 0.402 (COF) in the Mg-MMCs with 8 wt. % of TiB2 

reinforcement particles [73]. The Mg-xB4C-xMoS2 composite using the powder metallurgy 

method was fabricated. The reinforcements were taken as 0, 5, and 10 wt.% each. The best 

results for wear resistance have been achieved on B4C-10 wt. % and MoS2- 5 wt. %. The 

optimization of reinforcement stated that B4C-10 wt. % contribute 78.06 % to the increment 

of wear resistance and decrement in COF in the Mg-MMC [74]. 

The common reasons for the reduction in surface characteristics are:  

oxidation, adhesion, abrasion, erosion, delamination, and ploughing formation on  

Mg-MMCs samples [72-75]. 

However, the effect of process parameters also affects the wear and friction of the 

fabricated MMC. The critical process parameters in measurements of friction and wear are; 

applied load, sliding velocity, sliding time, sliding distance, and reinforcement percentage. 

The effects of the parameters are discussed below: 

 

 
Fig. 10. COF with different applied loads [41] 

 

Applied load effect on wear and friction. The friction and wear are predominantly 

dependent on the load applied during the testing of the composite. The outcomes indicate that 

the co-efficient of friction and wear resistance has increased as the average load was increased 

during analysis on the pin and disc wear test apparatus. The typical range for applied load is 

10-80 N during COF and wear resistance measurement[51,76-80]. Figure 10 shows the COF 

of Mg-MMCs at different applied loads. 

Sliding velocity effect on wear and friction. The friction and wear are also affected by 

sliding velocity during testing. The literature reported that sliding velocity could be in the 

range of 1-3 m/s and decrement in the wear rate happens by increments up to 3 m/s sliding 

velocities. On the other hand, the wear rate increases as we increase the sliding velocity 

beyond 3 m/s in the Mg-based composite [41,78,81-83]. 

Sliding time effect on wear and friction. The sliding time also affects the wear and 

friction in the composite material. As the sliding time increases, the material loss and higher 

friction also take place in the mg-based composite. The sliding time can be from 5 minutes to 

30 minutes during the wear test of Mg-MMCs [39,65,84,85]. 

Sliding distance effect on wear and friction. The wear characteristic of the  

Mg-based composite had been analyzed. It was noticed that the increment in the sliding 

distance also increases the friction and wear in the composite as shown in Fig. 11. The sliding 
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distance was listed to be in the range of 100-2000 m and correspondingly increased the wear 

rate and COF [86-88]. 

 

 
Fig. 11. Wear loss of Mg-MMC with sliding distance [89] 

 

Reinforcement percentage effect on wear and friction. The weight percentage of the 

reinforcements affects the physical and mechanical properties of the composite. However, the 

reinforcement weight percentage also influences tribological properties like friction and wear. 

The decrement in the wear rate has been observed as the weight percentage of the 

reinforcement increases in the Mg-based composite. The excessive increment in the weight 

percentage of reinforcement leads to crack formation and deterioration, which causes wear 

and friction increment [89-91]. 

 

 
Fig. 12. SEM images represent the worn-out mechanisms for wear and corrosion 
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Mechanisms controlling the tribological behavior of Mg-MMCs. The current review 

article discusses the tribological behaviors of Mg-based composites. The degradation factors 

like delamination, oxidation, adhesion, abrasion, plastic deformation, erosion, cracks, and pit 

holes occurred during wear and corrosion examination. Figure 12 shows the graphical 

representation of degradation factors as reported in different research articles. Dey and 

Pandey observed the wear defects of AZ91 alloy reinforced with 2wt.% of Praseodymium as 

a rare earth element. The abrasion, oxidation and delamination were observed as primary wear 

mechanisms during the investigation as represented in Fig. 12 (a) [92].  

 Figure 12 (b) shows the plastic deformation, cracks, and holes during the dry sliding 

wear test of ZE41alloy as casted magnesium alloy [93]. The dimple, voids, and shear zone as 

major wear mechanisms were reported by Gupta and Wong in magnesium nano-reinforced 

composites as mentioned in Fig. 12 (c) [94]. Jiang et al. prepared a composite of AZ91D/ZnO 

to observe the corrosion behavior under NAOH solution. The microstructure behavior after 

the salt spray test was shown in Fig. 12 (d). The micropores and dendritic structure were the 

main corrosion mechanism observed during the investigation of Mg-MMCs surface [95]. The 

erosion, thermal softening, and melting of Mg-MMCs surface were shown as the mechanism 

in Fig. 12 (e) and 12 (f), respectively [96][97].  

 However, these degradation factors can be controlled by implementing the following 

suggestion in various studies. Moharana and Senapati suggested introducing a lubricant film 

and separating the mating surfaces in the study [98]. The wear defects can also be controlled 

with the help of heat treatment and making the wear surface hard. Various processes such as 

ion implantation, vapor deposition, hard chromium plating, and diffusion heat-treatment are 

developed for hard-facing surfaces [99-101].  

 The wear surface should be made fracture resistant because fracture resistance plays a 

significant role in the wear resistance of the material. In many cases, the fracture was the 

reason for wear progress. Also, the use of ceramic and carbide, etc. reinforcement addition led 

to fracture problems and causes higher material loss in the magnesium matrix composite 

surface [67,70,102]. Flores et al. concluded that surface erosion led to corrosion in the Mg-

MMCs [103]. The liquid erosion, slurry erosion, and cavitation damage the surface and result 

in corrosion on the surface of the Mg-MMCs [104]. So, it is necessary to make the surface of 

Mg-MMCs erosion-resistant.  

 Abhijit and Krishna reported delamination wear caused due to metal-to-metal 

interfacing of two materials during sliding [92]. This type of wear can be avoided by 

providing some plating and diffusion hardening between the interfacing surfaces of Mg-

MMCs [105]. The wear surfaces should also be fatigue resistant. The surface fatigue also led 

to wear in rolling elements and power transmission devices, where repeated line and point 

contact is made [106]. This causes stress between the interfacing surfaces and causes pits and 

cracks on the Mg-MMCs surface. The use of flame induction casing, electron beam casing, 

and laser hardening of the Mg-MMCs prevents stress formation and enhances the fatigue 

resistance, and correspondingly, improves the wear resistance of the Mg-MMCs [39]. 

 

5. Conclusion 

In this research paper, the effect of different reinforcements on mechanical and tribological 

properties are discussed, and based on the discussion following conclusion are drawn: 

• Magnesium has wide applications in the automotive and bio-medical industries due to its 

low density and high in strength to weight ratio. In general terms of manufacturing, the 

Mg-MMCs are more flexible, reliable, economical, eco-friendly, and biodegradable 

materials. 

• Stir casting, friction stir processing, and powder metallurgy are the common processes to 

fabricate these composites.  
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• The hardness and tensile strength of Mg-MMCs largely depend upon uniform dispersion 

and grain refinement of the reinforcement particles. The hardness and tensile strength for 

commonly used Mg-MMC's range from 34-152.7 HV and 45-240 MPa respectively.  

• The corrosion resistance of Mg-MMCs can be enhanced with the proper homogenous 

distribution of reinforcement particles. The corrosion current density is directly 

proportional to corrosion resistance and it reduces in the range of 549.21-1.923 µA cm-2 

for different Mg-MMCs. 

• In Mg-MMCs the amount of wear and friction depends upon its process parameters like; 

applied load (10-80 N), sliding distance (100-2000 m), sliding velocity (1-3 m/s), sliding 

time (5-30 minutes) and various weight/volume percentage reinforcement (0-25%). The 

material loss during wear measurement and coefficient of friction (COF) of Mg-MMCs 

ranges from 0.0174-0.09 g and 0.90-0.0234, respectively. 
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