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Abstract 

 

This thesis evidences Magnesium-Boron Carbide Metal Matrix Composites as vital 

material for numerous tribological applications. Magnesium alloy (AZ31 Alloy) acts as matrix metal 

being one of the lightest structural materials. Magnesium alloy offers distinct advantages like ease of 

manufacturing, good machinability and lower latent heat of fusion. Consequently, AZ31 is considered 

as base matrix. Boron carbide (B4C) submicron particle is chosen as reinforcement as it possesses 

excellent hardness (3500kg.mm-2), high melting point (2450°C), good elastic modulus (460 GPa), 

excellent wear resistance even at elevated temperature, justifiable thermo-chemical stability and 

superior thermal expansion coefficient, good wettability and viable shock absorbing capability. AZ31-

B4C composites are fabricated through ultrasonic vibration assisted stir casting technique due to its 

ability of effective and uniform dispersion of submicron size particles in magnesium alloy melt. Later 

on, synthesized cast composites are observed under optical microscopy (OM) and scanning electron 

microscopy (SEM) along with energy dispersive x-ray analysis (EDAX) and X-ray diffraction (XRD) 

study. Furthermore, micro-hardness of all submicron-composites is also investigated along with base 

matrix alloy.  

Tribological behaviour of matrix alloy and composites is examined at various operating 

conditions including varied load, speed, sliding distance at ambient as well as elevated temperature. 

Nanoindentation and scratch tests are also performed to estimate nano hardness, elastic modulus and 

scratch behaviour of developed composites. Subsequently, composites and base alloy are inspected 

in 3.5% NaCl solution to evaluate corrosion characteristics. In addition, both SEM micrographs and 

EDAX spectra are analysed for worn and corroded surfaces of alloy and composites. In brief, 

tribological behaviour, nanoindentation response and corrosion characteristics of AZ31-B4C 

composites are investigated. Characterization results validate inclusion of submicron particles (B4C) 

along with good interfacial bonding between matrix phase and reinforcement phase. Hard ceramic 

B4C particles improve load bearing capacity of composites and results in enhanced tribological 

properties at all operating conditions. Nano-hardness and elastic modulus upgrade continuously with 

incorporation of B4Cparticles. Corrosion behaviour of AZ31 alloy enhances due to incorporation of 

B4C particles. Incorporation of 1 wt.% of boron carbide particles effectively strengthen corrosion 

behaviour of AZ31 alloy but additional incorporation may result in deleterious consequences. It is 

anticipated that the results dispensed in the thesis will be beneficial to both academic and industrial 

community. 
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Chapter 1 

Introduction and Literature Review 

1.1 Magnesium Matrix Composites 

Magnesium matrix composites have gained demand as multifunctional materials for 

a variety of applications mostly at the commercial level. Magnesium matrix composites have 

been investigated worldwide in recent years [Friedrich et al., 2006; Kainer and Mordike, 2000]. 

Magnesium matrix composites are preferred as structural material in transport / automobile 

industries owing to their light weight, good specific strength and stiffness properties. These 

factors are vital in design of weight saving components in automobile and aerospace 

applications. Other benefits of using magnesium matrix composite include manufacturing of 

energy efficient vehicles with control over emissions leading to cleaner transportation [Gupta 

and Ling, 2011, Lin et al., 2014]. Moreover, magnesium composites can be tailor made in 

specific applications as like other composites. Such a customized option is very limited in pure 

magnesium alloys. 

In recent scenario, the transport sector consumes more than one fourth of the world’s 

total energy and is responsible for about one third of total greenhouse gas emissions [Blawert 

et al., 2004; Kumar et al., 2021; Joost, 2012]. Such a trend can’t be sustainable in the future 

owing to concerns over environmental issues and fossil fuel scarcity. As a result, transport 

sectors have focused mainly on lightweight, good strength materials for the automobile and 

aerospace industries [Lin et al., 2014; Joost, 2012]. Use of magnesium matrix composites in 

transport vehicles may reduce the legislative and environmental concerns to some extent. In 

aerospace industries, most typical objective is weight reduction which would aid to bring down 

operational cost by lowering fuel consumption. Magnesium matrix composites find 

applications in civil and military aircraft, electronic, sports as well as medical fields [Song et 

al., 2020; Kim and Do, 2008; Kulekci et al., 2008., Blawert et al., 2004]. Hence, many 

researchers, scientists and industries are in search of this advanced variety that will help to 

reduce the weight of the vehicles and harmful emissions along with customized option. 

Composites usually correlate properties of matrix phase and reinforcement. Accordingly, 

matrix and reinforcement materials need to be sensibly chosen in order to customize attributes 

of final application. Existing literature discloses that frequently used matrix materials are 



  

2 
 

aluminium (Al), copper (Cu), iron (Fe), titanium (Ti) and magnesium (Mg). In this regard, 

magnesium and magnesium alloys are most commonly utilized due to their light weight, lower 

weight to strength ratio, easy formability, good availability and stability at room temperature.  

 Magnesium and its alloys have density around 1.74-1.77 g/cm³, which is very close 

to structural plastic (1.7g/cm³) and quite lower compared to widely used metallic materials like 

steel (7.2 g/cc), aluminum (2.75 g/cc), and titanium (4.52 g/cc) respectively [Gupta and ling, 

2011; Joost and Krajewski, 2017]. These values advocate that pure magnesium is around 33% 

lighter than Aluminium and 75% lighter compared to steel. Magnesium alloys have 

considerable advantage as a structural material too among existing alloys and is useful in 

applications like automobile, aerospace, electronics, orthopaedic and sports industries 

[Kulekci, 2008; Cole and Sherman, 1995; Kumar et al., 2015]. Additionally, magnesium alloys 

possess combination of distinct properties such as good castability, excellent manufacturability, 

machinability and recyclability [Mordike and Ebert, 2001; Song et al., 2020]. Moreover, 

magnesium being soft material can be machined 1.25 -1.5 times faster than aluminium resulting 

in considerable saving in power consumption. Lower latent heat of fusion is another attribute 

that helps to increase rate of solidification and eventually produce maximum numbers of 

castings per unit time. Hence, magnesium could produce up to 1.5 times more numbers of 

castings than aluminium [Mallick, 2020].  

 In the past, magnesium is extensively found applications in Volkswagen (VW) beetle 

after 1930, as used about 20 kg of magnesium in transmission housing and crankcase. 

Automobile manufacturers like Audi, VW, M. Benz, Kia Motors, Toyota, Jaguar, and Hyundai 

have replaced steel parts used in automobiles with magnesium and its alloys [Blawert et al., 

2004; Gupta and Ling 2011; Joost and Krajewski, 2017]. Magnesium materials have been 

frequently utilized by manufacturers in gearbox housing (Audi), steering wheels (Toyota), fuel 

tank cover (M. Benz), seat frame & steering column housing (Hyundai / KIA). The KIA Motors 

achieved about 6 kg reduction in weight of seat frame just by using magnesium instead of steel. 

Magnesium has got application in aerospace where weight reduction is the most important 

objective to reduce emission and increase fuel efficiency. Reduction in weight of aerospace 

causes fuel-saving and reduce overall operating cost [Khan et al., 2025; Kainer and Mordike, 

2000; Gupta and Seetharaman, 2017; Nie et al., 2021].  

 Most commonly used magnesium alloys are AZ31 (Al-3%, Zn-1%), AZ61A (Al-

6%, Zn-0.9%), AZ91 ((Al-9%, Zn-0.7%), AM50 & AM60 (Al-4.9-6.0%, Fe-0.005%, ZN-0.22 
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max) etc. It is found that AZ31 has a good combination of properties and is widely used in 

casting [Avedisian and Baker, 1999; Song et al., 2020]. However, magnesium alloy still has 

few bottlenecks like poor creep resistance, inferior abrasion resistance, poor tribological 

properties, high corrosion susceptibility, and low elastic modulus in the target applications 

[Gupta and Ling, 2011; Song et al., 2020]. In industrial applications, components may have 

frequent contact with other harder material during the process of energy transfer. Accordingly, 

life of component gets affected due to wear between interacting surfaces and resulting in an 

obvious consumption of energy [Banerjee et al., 2019a]. Thus, tribological aspects become a 

vital domain to be focused in order to justify magnesium alloy in industrial usage. 

 Existing literature suggests that these limitations of magnesium alloys can be 

overcome by successfully incorporating micron or sub-micron sized reinforcements. Properties 

of metal matrix composites are primarily dependent on the selection of reinforcement size, its 

type and amount, matrix material and fabrication technique utilised. Normally particulate 

reinforcement is preferred over whiskers and fibres owing to its economical aspect, ease of 

fabrication and isotropic properties. The particulate reinforcement utilised so far in magnesium 

matrix are oxides, carbides and nitrides. A review of existing literature reveals that SiC [Lan et 

al., 2004; Wang et al., 2014; Nie et al., 2011a], TiC [Contreras et al., 2004; Hasan and Gupta, 

2002], WC [Banerjee et al., 2019c; Banerjee et al., 2020; Praveenkumar et al., 2020], Al2O3 

[Khandelwal et al., 2017; Shanthi et al., 2010; Paramsothy et al., 2012], ZnO [Tun et al., 2012], 

BN [Sankaranarayanan et al., 2014; Kavimani et al., 2017; Kaviti et al., 2018], TiB2 [Xiao et 

al., 2018], Y2O3 [Tun and Gupta, 2007] etc. have been utilized as reinforcement to enhance 

tribo-mechanical properties of Mg-based alloys.  

 Recent literatures reported that particle size is an important aspect to achieve 

desirable properties. Dey and Pandey (2015) reveals that reinforcement having lower particle 

size in nano scale helps to achieve better specific properties. Gopal et al. (2025) investigated 

the role of quantity and size of reinforcement on mechanical and tribological characteristics. It 

was observed that reinforcement having nano particle size possesses better result. Rudimentary 

properties like corrosion resistance, hardness, tribological properties, strength etc. improve 

noticeably with the incorporation of reinforcing phase. But property improvement of metal 

matrix composites occurs up to a certain threshold limit of reinforcement amount, after which 

properties tend to drop [Gupta and Ling, 2011]. Casati and Vedani (2014) reported that 

incorporation of sub-micron sized reinforcement around ≤ 2 wt.% is enough to provide 

noticeable improvement in properties like hardness, tensile strength, toughness etc. Hassan and 
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Gupta (2006) investigated the impact of incorporation of different length scale reinforcement 

and reported that composites with sub-micron or nano-scale reinforcement possess far better 

mechanical characteristics compared to micro-composites. Even fortification of micron 

reinforcements may have certain fabrication related issues like generation of voids, clustering, 

cracking of particles, and decreased ductility etc. [Hassan and Gupta, 2002]. Hence, composites 

having sub-micron sized reinforcements are favourable than micron sized reinforcements. 

Moreover, addition of ceramic particles like SiC, Al2O3, MWCNT, B4C, ZnO, BN, ZrO2, Y2O3, 

TiC, TiB2 etc. are widely observed in literature to enhance mechanical properties, corrosion 

characteristics, tribological properties, and microstructural properties due to their high 

hardness, high melting point, good oxidation resistance, higher elastic modulus, noticeable 

shock observing capability etc. [Banerjee et al., 2019d, Casati and Vedani, 2014; Nie et al., 

2011b]. Thus, judicious selection of matrix material, reinforcement and fabrication technique 

is a prerequisite in development of magnesium matrix composites. 

1.2   Review of Magnesium Matrix Composites 

1.2.1 Fabrication Methods 

Development of metal matrix composites (MMCs) mainly depend on selection of 

three parameters: (a) matrix material, (b) reinforcement and (c) fabrication method [Kumar et 

al., 2021; Banijamali et al., 2022]. Moreover, development of MMCs through conventional 

casting process generally faces two main challenges: i) issues related to the homogeneous 

distribution of submicron or nano size particles due to their high surface-to-volume ratio or 

high viscosity of melt ii) attaining a strong interfacial bonding due to poor wettability of 

nano/submicron-sized ceramic particles. Magnesium (Mg) is very reactive at elevated 

temperature. Thus, its fabrication is carried out normally in an inert atmospheric condition to 

avoid oxidation with surrounding environment. The most challenging task is to synthesis the 

metal matrix nano composites due to higher surface area of submicron or nano particles. 

Literature on magnesium composites have shown that uniform distribution or appropriate 

wetting ability of ceramic particles in matrix is required to improve different properties. 

Accordingly, selection of appropriate synthesis process is essential to limit agglomeration of 

submicron-sized particles. So far various methods have been suggested by research fraternity 

for metal matrix composites. In this regard, widely utilized processes are powder metallurgy 

[Bharathi and Sampath Kumar, 2023], stir casting [Nirala et al., 2020; Kumar et al., 2019; 
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Kumar et al., 2022], disintegrated metal deposition (DMD) technique [Gupta et al., 2000], 

ultrasonic stir casting [Banerjee et al., 2021a] etc.  

 Different methods of fabrication have been identified and utilized over time to 

produce Mg-MMCs. The processing techniques utilized for composites are broadly classified 

as solid and liquid metallurgy methods. However, every fabrication method is having some 

advantages and limitations over other. Thus, with the outcome of variety of literature published 

till date, it is observed that the size of reinforcement, industrial scalability, ease of production 

and cost effectiveness specifically affect the selection of particular fabrication method. It is 

found that liquid metallurgy is generally preferred as commercially accepted technique and has 

the capability to fabricate large and complex designed product. Furthermore, the results of 

thermal expansion coefficient measurement signify that the dimensional stability of Mg-MMCs 

is significantly improved by liquid state processing over solid state processing [Bharathi and 

Sampath Kumar, 2023, Monish et al., 2023]. Accordingly, liquid metallurgy is normally 

preferred technique for nano composites [Idrisi and Mourad, 2019; Dieringa, 2018].  

 Liquid metallurgy processing includes stir casting, ultrasonic stir casting (USC) and 

disintegrated melt deposition (DMD) techniques. Stir casting is commonly utilized in liquid 

metallurgy technique to synthesize composite materials [Jutanaiman and Syahrial, 2020; Zhou 

et al., 2014; Hashim et al.,1999; Veeranjaneyulu et al., 2023]. It is considered as economical 

and simplest technique and is mainly suitable for development of particulate reinforced metal 

matrix composites. Stir casting allows the production of big sized, complex geometry products 

and suitable to carry out volume production [Mussatto et al., 2020]. Many researchers choose 

stir casting technique to assimilate metal oxides, nitrides and carbide micron size particles in 

magnesium matrix. But very few literatures are available to incorporate nano size particles in 

magnesium matrix considering stir cast route. In conventional stir casting, several factors need 

considerable attention: lacking ability to have uniform distribution of nano sized particulate 

reinforcement in matrix metal, wettability between to different materials, porosity in produced 

composites etc. Zhou and Xu (1997) have reported that mechanical stirring alone cannot solve 

the issue of poor wettability and recommended that it is essential to break the layer of gas 

surrounding the particles to improve wettability. Hashim et al. (1999) have mentioned that 

vortex development in mechanical stirring is essential for pouring slurry of particles into matrix 

melt due to pressure difference between the inner and outer surface of the melt which sucks the 

particles into liquid. But air-gas bubbles and other impurities are also get sucked with this 
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mechanism resulting in porosity and inclusions in the cast product. Jutanaiman and Syahrial 

(2020) have developed Mg-B4C composite through stir casting and noticed porosity and 

agglomeration issue in fabricated Mg-4%B4C composite under microscopic investigation. The 

tendency of cluster and porosity is likely to get increased with the inclusions of nano particles 

in magnesium matrix. 

 Above mentioned limitations in the fabrication of nano composites can be overcome 

in ultrasonic-assisted stir casting. This process avoids issues of non-uniform dispersion, 

porosity, wettability, and agglomeration in the fabricated casting. Recently, Banerjee et al. 

(2019d) synthesized nanocomposites by incorporation of WC (50 nm) as reinforcement in 

magnesium alloy. Ultrasonic assisted stir casting process shows considerable improvement in 

hardness and wear resistance due to uniform dispersion of nano particle in the matrix. Lan et 

al. (2004) have incorporated SiC nano particles in magnesium matrix through ultrasonic stir 

casting. It is confirmed that intense ultrasonic waves are sufficient in uniformly disbursing nano 

size SiC particles in the matrix alloy. However, small clusters (300 nm) are noticed in the 

developed composite. Similarly, Wang et al. (2003), Liu et al. (2014) and Sardar et al. (2017) 

have also utilised ultrasonic assisted stir casting technique for nanocomposite fabrications. 

Ultrasonic vibration or transient cavitation and acoustic streaming have been proved to be 

effective technique for uniform dispersion of nanoparticles. Ultrasonic process applies high 

frequency cyclic ultrasound waves through ‘sonotrode’, which results in generating alternate 

positive (collapse) and negative (expansion) pressure cycle in molten metal. The generated 

pressure cycle is sufficient in breaking the clusters of nanoparticles and is termed as ‘acoustic 

cavitation’. The transient temperature at micro hotspots during ultrasonic treatment is also 

sufficient for improving wettability. Repeated acoustic cavitation effect helps in de-

agglomerating or forming nanoparticles in the form of small clusters or individual particles. 

Similar observations are reported by Mohanty et al. (2020) and Nie et al. (2012). Idrisi and 

Mourad (2019) have examined the physical and mechanical characteristics of composites 

fabricated through both stir casting and ultrasonic stir casting route. Investigation of 

microstructure displayed that SiC micro particles were homogeneously dispersed with the use 

of ultrasonic probe. As a result, mechanical and physical properties (tensile and compressive 

strength, density and hardness) were improved significantly with USC process. Kumar and 

Thakur (2023) have utilised ultrasonic stir cast route to fabricate AZ91-Al2O3 composite and 

observed improved mechanical and wear performance. It is concluded that the incorporation of 

1 wt.% alumina in AZ91 alloy through ultrasonic stir cast caused noticeable improvement in 
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impact toughness and ductility with reduction in porosity. Moreover, significant reduction in 

grain size was visible with ultra-sonication which resulted in grain refinement of composite. 

Thus, ultrasonic vibration aids in the destruction of dislocations and the manifestation of the 

recrystallization process. 

 Disintegrated melt deposition technique (DMD) is an expensive and complex 

process compared to other processing methods. DMD process utilizes benefit of conventional 

casting and spray forming. This process is invented in the National University of Singapore in 

1994 [Gupta and Wong, 2015]. For fabrication of magnesium metal or alloy, the desired wt% 

of reinforced material and mg alloy are placed in graphite crucible. The materials are 

superheated to over 650 ̊C in resistance furnace under inert argon environment. After the 

temperature reached superheated range, the composite slurry is stirred with mechanical stirrer 

to facilitate the incorporation and uniform distribution of reinforcement material in the metallic 

matrix. The mechanical stirrer (rotated 450 rpm for 5 min) is coated with water-based zircon 

wash to avoid any Fe content in the composite melt slurry. The crucible has arrangement at 

bottom for pouring melt through the orifice placed at its base for releasing melt. The composite 

slurry is disintegrated by two jets of argon gas normal to stream of molten metal. The flow rate 

of Ar is maintained approx. 25 lit/min. Disintegrated composite melt gets deposited into 

metallic substrate placed at the base approx. 500 mm distance from the location or point 

[Nguyen et al., 2015; Shanti et al., 2010; Gupta et al., 2000]. Shanti et al. (2010) has fortified 

Al2O3 in magnesium alloy and fabrication is carried out under DMD route. Nguyen et al. (2015) 

fabricated AZ31B Magnesium matrix with Al2O3 through DMD process and reported equiaxed 

grains in developed composites along with good interfacial strength. Gupta and Seetharaman 

(2017) fabricated Mg-SiC through DMD and observed good distribution of SiC in magnesium 

matrix. Uniform distribution of reinforced particles directly improves mechanical properties of 

composites like ductility, tensile strength etc. Lim et al. (2005) synthesized mg with AL2O3 (50 

nm) reinforcement through the DMD route. The mechanical and tribological properties of nano 

composites are improved due to the addition of nano-Al2O3. DMD process also improves 

mechanical and wear properties and the main advantage is that it allows wt. % of nanoparticle 

more than 2% which is not possible in other processes.  

 Solid metallurgy route of composite fabrication includes powder metallurgy (P/M) 

technique. It requires the proper size of matrix material and reinforcement powder to have a 

homogeneous composite without any agglomeration. Fabrication of composites through P/M 

includes preparation of powders from matrix material and reinforce phase. The next step 
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involves mixing or blending via ball mills to ensure good interfacial bonding between matrix 

and reinforced phase. In subsequent step, a blended powder is compacted in dies or mould to 

obtain the desired shape. Next step is sintering, a most critical step in P/M processing. During 

sintering, solid-state diffusion takes place, resulting in bonding of particles together. This leads 

to densification, eliminate pores and form solid or strong composites. Finally, post-processing 

(hot working or treatment) is scheduled to improve grain refinement and overall mechanical 

properties.  

 P/M route dependency is more on particle aspect ratio as its size and particle 

brittleness may create cracks during processing. Again, powder cost, handling of powders, 

lower fracture toughness, and ductility are some limitations of P/M [Majzoobi and Rahmani, 

2020; Lim et al., 2003]. Refined microstructural features, superior strength are some advantages 

of solid processing [Yao and Chen, 2014]. Satish and Satish (2018) have prepared magnesium 

metal matrix composites using SiC and Al2O3
 as reinforcement phase. Density improvement is 

noticed for all reinforced composites (5-15 wt.%) before and after sintering process. Similarly, 

composites produced are found to be good wear resistant material. Jiang et al. (2005) have 

fabricated magnesium metal matrix composites incorporating micron size B4C particles in 

range from 10-30 vol.% via P/M technique. Improved hardness and wear resistance is detected 

for composites. Rajkumar et al. (2020) has fortified micro (5-10 wt.%) and nano (5-10 wt.%) 

B4C separately through powder metallurgy technique. Increase in B4C content in magnesium 

alloys, typically improves relative density, formability stress index parameter and workability 

in composites. 

 Friction stir processing is another solid-state material processing evolved from 

friction stir welding. Friction stir processing (FSP) has materialized as a particularly 

encouraging and efficient technique for fabricating metal matrix composites (MMC), mostly 

surface MMC. It holds the unique solid-state material flow and severe plastic deformation 

characteristics of the friction stir principle to uniformly distribute reinforcement particles 

within a metallic matrix. The basic theme is to incorporate reinforcing particles into a localized 

region of a metallic workpiece and then use the FSP tool to forcefully mix and distribute these 

particles within the softened matrix. FSP involves creating grooves on surface of cast work 

piece. The size of grooves depends upon required depth and weight percentage of reinforced 

phase. Powdered form (nano or micro size) reinforced particles are carefully introduced in 

generated grooves or holes. In next step, “pin-less” FSP pass is processed to pre-consolidate 
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the particles. FSP tool geometry is key for efficient materials flow and particle dispersion. The 

rotating FSP tool is pitched into the metallic workpiece, with pin extended into the workpiece 

and shoulder touching the surface. Thus, there occurs plastic deformation by pin and friction 

between contacting surfaces. This phenomenon generates local heat spots. This heat softens the 

matrix material to plastic or visco-plastic state well below its meting point. Once the material 

is completely plasticized, the tool is traversed horizontally along the groove or across the filled 

holes. As the tool traverses, the softened matrix flows vigorously around the rotating pin. Such 

intense stirring act mechanically mixes the pre-placed reinforcement particles into plasticized 

matrix. Overall, FSP represents a powerful and versatile solid-state route for manufacturing 

advanced MMCs, offering superior microstructural control and mechanical properties 

compared to many conventional techniques. However, process is complex and not economical 

compared to other liquid processing of MMC. Recently, Tomar et al. (2023) have utilised FSP 

to reinforce MoS2 particles (13.6 wt.%) in AZ31 alloy. The FSP sample is processed at 1000, 

2000 and 3000 rpm and tool traverse speed is kept as 70 mm/min. Wear resistance and hardness 

improvement is evaluated for all composite samples.  

1.2.2 Mechanical Properties 

 The main aim of incorporating submicron and nano size reinforcement in magnesium 

matrix is to improve mechanical and tribological properties of composites. Typical mechanical 

properties include hardness, yield stress (YS), ultimate tensile strength (UTS), compressive 

strength and creep characteristics etc. Accordingly, researchers have incorporated different 

nano/micro particles (SiC, Al2O3, Y2O3, AIN, TiB2, WC, CNT) in magnesium matrix. 

Meenashisundaram et al. (2015) have synthesized dense Mg-TiO2 nano composite through 

disintegrated melt deposition technique with hot extrusion as end process. It reported around 

47% reduction in grain size with the addition of 2.5 vol.% of nano size TiO2. Furthermore, 

proof stress, ultimate tensile strength and fracture strain are improved by 37%, 9% and 31% 

respectively. Jutanaiman and Syahrial (2020) have developed Mg-B4C composites through stir 

casting. B4C is fortified in 2, 4, 6 and 8 vol. % in magnesium matrix. Magnesium composites 

with 8 vol.% B4C show improved hardness of 72.8 HRH, reduced wear rate of 0.0023 mm3 and 

better impact value of about 0.11 J/mm2 than pure magnesium. Comparatively high density and 

low porosity is observed in composite. UTS and % elongation values are optimal for 8 vol.% 

B4C. Meenashisundaram et al. (2014) developed Mg-TiB2 nanocomposites which are prepared 

through DMD route. It is noticed that Mg-1.98 % TiB2 nano-composite shows good room 
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temperature tensile property. While other mechanical properties such as yield strength (55%), 

UTS (16%), fracture strain (78 %), compressive strength (48%), ultimate compressive strength 

(11%) and fracture strain (10%) are improved compared to pure magnesium. Ponappa et al. 

(2013) introduced yttria (Y2O3-5μm) in AZ91D through stir casting process. Fortification of 

yttria particles improved hardness, Young’s modulus and yield strength of pure magnesium and 

AZ91D alloy. Precipitate hardening, grain refinement and lower cracking tendency are the main 

reasons for improved mechanical properties. 

 Dalmis et al. (2016) have developed ZA27-Gr nano composites. Density values of 

nanocomposites decrease with increasing graphite rate while porosity ratio increases. Also, the 

ultimate tensile strength and Brinell hardness values decreased with increase in graphite 

content. Hasan and Gupta (2006) fortified submicron & nano size Al2O3 particulates in 

magnesium alloy through disintegrated melt deposition (DMD) processing route and reported 

improved hardness values as 64%, 47%, and 40% respectively for 50 nm, 300 nm and 1 μm 

sized Al2O3. Goh et al. (2007) studied physical and mechanical properties of Mg-1.0 vol.% 

MgO composite. There is an improvement in thermal stability, macro hardness, yield and 

tensile strengths, and modulus of the nano-composites relative to pure magnesium. Goh et al. 

(2008) fabricated Mg-1.3CNT through DMD process and noticed improved ductility and 

fatigue behaviour. Thakur et al. (2007) fortified nano SiC and CNT in magnesium alloy through 

powder metallurgy (P/M) route. It is noticed that the presence of silicon carbide particles led to 

a progressive reduction in coefficient of thermal expansion for a constant overall number of 

reinforcements. Similarly, improved micro-hardness, 0.2% YS and UTS values are noticed for 

Mg-SiC composites.  

1.2.3 Tribological Behaviour 

 Tribology plays an important role in modern machinery involving sliding and rolling 

surfaces. All mechanical elements in an automobile such as brakes, clutches, bolts, nuts, driving 

wheels etc. utilize friction in very productive way. At the same time, wear is also considered to 

be productive in case of cutting, machining, shaving, and writing with pencil. In contrast, 

friction and wear considered to be unproductive in gears, engines, bearings, and seals. Friction 

and wear cause significant energy loss in machineries as well as replacement of spares. In that 

context, productivity of equipment decreases as well as monetary burden on industries yields. 

Accordingly, studies related to tribology is essential in order to prevent extra capital investment 

on maintenance or repairs, breakdowns and frequent replacement of spares in industries. 
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Researchers are finding ways to minimize friction and wear through new technologies in 

tribology. Now a days, researchers are involved in fabrication of variety of nano and submicron 

composites with the incorporation of different ceramic reinforcements in magnesium alloy. 

Similarly, research focus is to improve tribological properties at room temperature, elevated 

temperature, abrasive and corrosion environment. Also, evaluation of microhardness, 

nanoindentation characteristics and scratch resistance of produced composites is in active 

research focus. Based on these research opportunities, related literature is reviewed here. 

 Raghav et al. (2018) studied wear resistance of Mg-Co composites synthesized using 

ultra sonic associated stir casting. The coefficient of friction (COF) is found to reduce compared 

to pure magnesium and increase with increase in applied load. Mg-Co composites show 

significant decline in friction values with increase in sliding distance. Wear resistance gets 

improved with increase in wt. % of Co. Hardness improvement is around 30 % for Mg-25 wt.% 

Co compared to pure mgnesium. Similarly, Zhang et al. (2018) scrutinized wear characteristics 

of Mg-SiC composites and asserted that Mg- 15% SiC composite exhibits the twenty-three 

times lowest wear rate than pure magnesium alloy. Composite worn surfaces exhibit oxidation 

as a dominant wear mechanism. The produced oxide layer is quite stable due to presence of 

SiC particles in composites. Seenuvasaperumal et al. (2017) investigated tribo-mechanical 

behaviour of calcium hexaboride (CaB6) reinforced Mg composite on a pin-on disk tribo meter 

at room temperature. Improved mechanical property and wear resistance is reported for the 

composite. Nguyen et al. (2015) examined wear mechanism of Mg-Al2O3 fabricated through 

DMD method. Composites exhibit better wear behaviour at high sliding speed and load than 

AZ31 alloy. The dominant wear mechanisms were abrasion with oxidative wear sporadically 

and delamination at sliding speeds of 1-3 m/s and loads of 10-30 N. Adhesion occurred at 

intermediate speeds of 5-7 m/s with similar load range. Mainly, adhesion occurred at high 

speeds and loads of 10-30 N range. 

 García-Rodríguez et al. (2017) have fabricated AZ91-SiC (5 and 10 %) composite 

through semisolid route. Alloys and composites are studied for dry sliding at 10-250 N load 

and sliding speeds of 0.1, 0.3, 0.5 and 1.0 m/s against steel disc counter body. AZ91 composites 

shows excellent wear resistance comparatively at low sliding speed up to 0.3 m/s and medium 

load range of 40-80 N. While wear rate enhanced at higher load range of 90-250 N for 

composite in spite of presence of SiC particles. Kaviti et al. (2018) investigated wear behaviour 

of Mg-BN composite fabricated through P/M technique followed by hot extrusion.  Dry sliding 

tests are conducted at different sliding speed (0.6, 0.9 and 1.2 m/s) and loads (5,7 and 10 N) at 
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room temperature. Composite exhibits improved wear resistance till medium range of load and 

speed and lacks thereafter. Aatthisugan et al. (2023) fabricated magnesium composites 

(AZ91D-B4C) and hybrid composites (AZ91D-B4C-Gr) via stir casting method. Tribological 

and mechanical properties of produced composites were examined. It is reported that with the 

addition of B4C, hardness and wear resistance improved while ultimate tensile strength 

declined. Under dry sliding test, wear loss increases with the rise in load for both alloy and 

composite. In brief, addition of B4C strengthens material, resists plastic deformation and 

increases load bearing capacity.  

 Shanthi et al. (2011) had fabricated AZ31B-1.5Al2O3 & AZ31B-1.5 Al2O3-Ca. Wear 

test carried out at sliding velocities 1-10 m/s at load 10 N. Transition in wear mechanism is 

assessed from abrasion to adhesion with increase in sliding velocity. Aydin et al. (2018) 

fortified B4C particles (10, 20 and 30%) in magnesium alloy through P/M. Significant increase 

in hardness and wear resistance was achieved by incorporating B4C. Mg-30 wt.% B4C 

composite possess the highest wear resistance for all loads (5, 10 and 20 N) at 64 mm/s and 

500 m sliding distance. It is observed that abrasive and oxidative wear are dominated 

mechanisms for composite. Habibnejad–Korayem et al. (2010) fortified nano- Al2O3 (2 wt.% 

Al2O3,100 nm) in Mg and AZ31 alloy using ultra sonic stir casting route. Wear test conducted 

under stress 0.5, 1.0, 1.5 MPa at sliding speed 0.5 and 1.5 m/s at 2000 m sliding distance and 

at 12, 24 and 36 N load range. Composite materials show much lower wear rate mainly due to 

strength improvement with the addition of hard nano particles. Improved hardness, grain 

refinement, higher load bearing capacity are some contributions to the overall wear resistance.  

 Gopal et al. (2017) developed Mg-CRT-BN (CRT: 5, 10 and 15 wt.%) with BN 

particle (size 10, 30 and 50 µm) with 2 wt.% utilizing P/M. Increase in reinforcement content 

and particle size reduces the wear rate whereas the opposite trend is recorded for coefficient of 

friction. Lim et al. (2005) has investigated Mg-Al2O3 composite where wear rate shows 

decreasing trend up to sliding speed of 7 m/s and a reverse trend at 10 m/s. At low speeds up 

to 3 m/s, abrasion is the dominant wear mechanism. At high speed of 10 m/s, adhesion 

mechanism dominates along with the consequences of thermal softening and melting. 

Saravanan and Surappa (2000) have prepared Mg-30 vol.% SiC composite using melt stir 

technique. Fabricated composite exhibits a finer grain structure compared to unreinforced 

magnesium. Sliding test is carried out for sliding distance of 1.5 km with loads varying as 5, 

10 and 50 N and at a sliding velocity 0.5 m/s. Sliding wear rate of the Mg-30 vol.% SiCP 

composite is found to be less compared to pure magnesium. Wei et al. (2013) developed Mg-
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SiC (20-40 μm) and Mg-MWCNT (40 nm dia. and 10-30 μm length) composite through P/M 

route. Vicker’s hardness values of magnesium composites are found to be improved. Dry 

sliding test is conducted at 40 N load with sliding velocities of 0.5, 1.5, 3.5 m/s for a sliding 

distance of 5 km. Low specific wear rates at 3.5 m/s for magnesium composites are obtained 

which signifies the good wear resistance ability of MMC. Adhesion and delamination are the 

dominant wear mechanisms at 0.5-1.5 m/s, while adhesive wear dominates at 3.5 m/s. Banerjee 

et al. (2019a) conducted dry sliding test on AZ31-WC nanocomposite. Hardness values of 

composites enhanced with increased wt.% of WC. Wear resistance of fabricated composites 

show improvement with increasing amount of WC nanoparticles. COF values of composites 

depict decreasing trend with increase in load and speed.  

 Deng et al. (2010) utilised stir casting to synthesize AZ91-SiC (submicron and 

micron) bimodal size composite. Distribution of bimodal particles depends upon size on 

particle size. Micron size SiC particles mainly distribute at grain boundaries and submicron 

sizes distribute at grain boundaries as well as at interior of grains. Considerable improvement 

in mechanical properties occurs due to significant grain refinement of Mg alloy with 

incorporation of bimodal size SiC particles. Sharma et al. (2000) have synthesized AZ91-(1-5) 

% feldspar of size 30-50 µm through liquid metallurgy vortex method. It is observed that 

feldspar particle-reinforced composites exhibited reduced wear rate than the unreinforced alloy 

specimens. Wear rate gets decreased with increasing feldspar content. The wear rate of the 

composites as well as the matrix alloy increases with the rise in applied load. Abrasion and 

delamination wear mechanisms are detected respectively at low and high loads. Thakur and 

Dhindaw (2001) fabricated SiC reinforced Al/Mg composites through vacuum infiltration 

technique. Magnesium composites show better wettability compared to Al composites. Coating 

of SiC reinforcements with Ni and Cu generally leads to good quality interface characteristics 

in composite as both micro-hardness and wear properties are improved. 

 Lim et al. (2003) synthesized Mg-SiC composite through powder metallurgy route. 

Composites exhibit slightly superior wear resistance under the lower load, but the influence of 

the SiC particulate reinforcements on wear resistance are not as conclusive under the higher 

load. The suggested useful range for Mg-SiC composites appears to be limited to loads and 

speeds below 30 N and 5.0 m/s, respectively. Mondal and Kumar (2009) have synthesized 

AE42-Saffil Fibre-SiC composite through squeeze casting. The test is conducted at sliding 

velocity of 0.837 m/s and 10-40 N load for sliding distance of 2.5 km. Wear rate of the alloy 

is found to be 71% higher than saffil composite at 10 N. Wear rate progressively decreased 
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with the partial replacement of saffil short fibre with SiC particles. Liang et al. (2014) studied 

sliding wear of AZ31Mg alloy at applied load range of 5-360 N and sliding speed range of 0.1-

0.4 m/s. At high sliding speeds, transition from mild to severe wear occurred. Oxidation, 

abrasion and delamination in the mild wear regime whereas thermal softening and melting in 

severe wear regimes are identified as mechanism of wear. Zhang et al. (2009) fabricated AZ91-

0.8Ce-Al2O3-Gr hybrid composite through squeeze-infiltration technique. It is noticed that 

with increasing graphite content, the micro-hardness of the composites decreases but the wear 

resistance increases. The graphite which works as lubricant during dry sliding process 

decreases the wear loss. At low load, the wear mechanism of the composite is mainly abrasive 

wear and oxidation wear. At high load, the wear mechanism of composites changes to 

delamination wear.  

 Prabhu et al. (2016) studied AZ81 reinforced with synthetic graphite/activated 

charcoal. Tensile strength and ductility increase with increasing carbon content. Wear tests are 

conducted at speed 5.37 m/s and load 20-30 N. Wear rate decreases with the increase of carbon 

content in the alloy. The activated charcoal with 0.98 wt.% C is found to be a better grain 

refiner in improving tensile behaviour and wear resistance. Wear surface morphology depicts 

abrasive and delamination wear mechanisms. These mechanisms are responsible for the wear 

loss in the AZ 81 alloy. Qi (2006) fabricated AZ91-(5-20) wt.% Gr and noticed that the wear 

loss and coefficient of friction are decreased to low level. Wear rate increases quite slowly 

under a certain range of load and fiction coefficient reaches the minimum especially for the 

composite with graphite particle content. A continuous black lubricating film forms 

progressively on the worn surface along sliding, which effectively limits the direct interaction 

between the composite tribo surface and the counterpart, and remarkably delays the transition 

from mild wear to severe wear for magnesium alloy composite.  

Thirugnanasambandham et al. (2019) studied the influence of load and sliding speed 

on dry sliding wear behaviour of Mg-Al2O3 (50 nm) nanocomposite. Dry sliding tests were 

carried out for fixed sliding distance at varying loads and speeds. It is observed that the wear 

rate gets increased with load and decreased with increasing wt. % Al2O3 in nano composites. 

Thirugnanasambandham et al. (2021) fabricated Mg-SiC nanocomposite and investigated 

tribological behaviour at different loads and sliding speeds. It is revealed that Mg-SiC nano 

composite exhibits superior wear resistance at almost all ranges of sliding conditions. 

Ravichandran et al. (2022) developed Mg-B4C composite through powder metallurgy route. It 
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has been reported that Mg-B4C composite possesses excellent hardness, tribological properties 

and compressive strength. Narayanasamy et al. (2018) prepared a magnesium composite by 

reinforcing TiC particles (size: 25-35 µm) through powder metallurgy technique. Superior 

microhardness, low wear loss and higher coefficient of friction were observed for Mg-TiC 

composite. 

  Selvam et al. (2014) studied wear behaviour of Mg-ZnO nanocomposite produced 

through P/M route. The wear rate and friction coefficient variation were analysed at different 

loads (5, 7.5, 10 N) and sliding velocities (0.6, 0.9, 1.2 m/s) at room temperature. Wear rate 

was found to increase with load and sliding velocities. COF decreased with the increased 

sliding velocity for a particular sliding distance. Zafari et al. (2012) examined wear behaviour 

of AZ91D alloy under varying loads of 5, 20 and 40 N at varying temperature from 25 to 

300ºC with a sliding speed of 0.4 m/s and for a fixed sliding distance of 1 km. The 

investigation of worn surfaces depicts abrasive wear at 25ºC and 40 N load. The wear loss 

increases with rise in temperature. At 20 N and 100ºC, wear rate gets decreased about 58%. 

With further increase in temperature to 250ºC, wear of alloy increases due to softening and 

dissolution of β-Mg17Al12. Wang et al. (2010) investigated wear behaviour of AZ91D alloy at 

temperature of 25-200ºC. Load of 25 N is observed as a critical value, below which the wear 

resistance of alloy increases even though temperature is increased. Recently, Sunu Surendran 

and Gnanavelbabu (2022) have examined tribological properties of AZ91D alloy and its 

composites fortified with Ti-based reinforcements. Superior tribological performance is 

observed for composites at elevated temperature. Plastic deformation followed by 

delamination, oxidation and thermal softening are identified as dominant wear mechanisms at 

elevated temperature.  

 Banerjee et al. (2019c) investigated wear behaviour of AZ31-WC composites at 

elevated temperature. Wear and friction behaviour gets significantly enhanced with addition of 

WC particles in Mg alloy. At 20 N and 200ºC, wear rate and COF decreased about 75% and 

15% respectively with respect to the base alloy. Formation of harder surface layer due to nano-

hard particles incorporation resulted in delay in thermal softening effect. Das et al. (2010) 

investigated AZ31 alloy at 5 N load at 400 ºC and sliding speed of 0.01 m/s. It is reported that 

surface grains are re-crystallized and coarse grains are observed below the recrystallization 

zone. Labib et al. (2016) studied elevated temperature behaviour for Mg-SiC composites with 

5, 10 and 15 vol.% of SiC. Wear behaviour is investigated at 5-60 N, sliding speed of 0.4 m/s 

and temperature varying between 25-200ºC. At higher temperatures of 100, 150 and 200°C, a 
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significant lower wear rate was observed for the composites compared to the pure magnesium. 

Increase in the normal load resulted in a transition from mild to severe wear at all wear 

temperatures. Below the transition load, oxidation was the dominant wear mechanism, while 

above that severe plastic deformation and adhesion contributed majorly to wear. Gnanavelbabu 

et al. (2022) have investigated AZ91D alloy reinforced with different ceramic particles (TiB2, 

TiC and TiN). Wear test is conducted at temperature range of 50-200⁰C, sliding speed of 0.25 

-1 m/s and normal load of 10-50 N. It is found that wear rate and friction values are significantly 

reduced for composites. It is inferred that presence of hard particles can cause localized 

deformation and resist plastic yielding. 

Moheimani et al. (2022) have prepared AZ31-B4C composite through stir casting 

and observed higher wear under high load irrespective of sliding speeds. Adaveesh et al. (2017) 

investigated the wear behaviour of stir cast ZA43-B4C composite. Influence of applied load 

and sliding distance on wear behaviour of composites is investigated for a sliding distance 

varying up to 6 km at a constant speed. The wear resistance is effectively increased with the 

fortification of B4C particulate reinforcement. The wear rate typically shows increasing trend 

with reference to increasing sliding distance. Rahmani and Majzoobi (2019) have fortified B4C 

particles in Mg matrix through compaction method and examined the effect of compaction 

loading rate on wear characteristics of Mg-MMC. It was reported that wear resistance was 

enhanced around 70% and coefficient of friction (COF) was reduced around 43% compared to 

base alloy. Oge et al. (2019) have incorporated varying amount of B4C particles in AZ91 matrix 

through powder metallurgy and hot pressing. It was reported that AZ91-10B4C possessed 

lowest wear volume and COF. 

1.2.4  Corrosion Behaviour 

 Material selection for any component depends on various factors like strength, 

corrosion resistance etc. Strength and stiffness furnish requisite functions and safety. Higher 

strength to weight ratio helps to achieve higher payload while durability is dependent on 

corrosion characteristics. Being lightweight structural material, magnesium alloys extend 

distinctive and unique properties. Magnesium offers excellent machinability, noticeable 

damping capability, better stiffness and good castability. Consequently, magnesium materials 

are drawing attention of scientific community. In automotive and aerospace industry, 

magnesium alloys are found to be a possible potential replacement of aluminium due to low 

density. 
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 Still, application of magnesium is hindered owing to high corrosion rate of 

magnesium alloys. Basically, magnesium alloys are highly susceptive to galvanic corrosion 

which disturbs the steadiness of the set-up [Esmaily et al., 2017]. Accordingly, researchers are 

trying to improve the corrosion behaviour of magnesium alloys by either incorporating ceramic 

based reinforcements or using high purity alloying components. Use of high purity alloying 

element may enhance corrosion behaviour of magnesium. But that much enhancement is 

inadequate to resolve galvanic corrosion related issues of magnesium alloys. Accordingly, 

researchers have incorporated different ceramic-based particles (Al2O3, Y2O3, ZnO, TiC, SiC, 

CNT, WC etc.) in magnesium matrix and examined the effect of fortified particles on corrosion 

behaviour of Mg matrix. However, literature reveals that scientific community have different 

observations regarding corrosion behaviour of Mg-MMCs. Researchers also observed that Mg-

MMCs do not follow any particular trend. 

 Raghav et al. (2018) investigated corrosion behaviour of Mg-Co composites (5,10, 

15, 25 Vol.%) in 5 % NaCl solution for 1 hour. Potentiometric polarization analysis indicates 

that Mg-25Co composite exhibit better corrosion resistance compared to magnesium alloy. 

Banerjee et al. (2019b) studied AZ31-nWC (0-2 wt.%) in 3.5% NaCl solution. Effect of 

amount of WC particles and roughness of composite surface was examined through 

potentiodynamic polarisation test. It was identified that Mg-0.5 wt. %WC is the most corrosion 

resistant one followed by AZ31 alloy. 

 Endo et al. (2008) studied corrosion behaviour of AZ91-(0-5wt.%) MWCNT, in wet 

condition and salt water (3 wt.% NaCl, 293 K). A drastically improved anticorrosive 

characteristic of magnesium composites is observed with the introduction of MWCNTs. 

Falcon et al. (2011) analyses corrosion behaviour of AZ91E reinforced with TiC particles in 

3.5% NaCl through electrochemical technique. It is observed that composites exhibit better 

corrosion resistance compared to unreinforced alloy. The tendency to suffer from pitting 

corrosion is higher in base alloy than composites. Zhang et al. (2015) studied corrosion 

characteristics of AM60-Al2O3 in 3.5wt.% NaCl medium. Effect of Al2O3 volume fraction on 

corrosion behaviour is examined. No evidence of galvanic corrosion is revealed for composite 

surface. Bakkar and Neubert (2007) investigated corrosion behaviour of magnesium matrix 

composites in NaCl solution through electrochemical potentiostat set up. Comparable 

corrosion resistance is observed for pure alloy and composites. The corrosion potential didn’t 

show increased trend with the addition of Al2O3 fibres. It reported the absence of galvanic and 
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interfacial corrosion due to presence of Al2O3 fibres. This phenomenon indicates the improved 

corrosion resistance for magnesium matrix composites. Hihara et al. (1993) investigated Mg-

SiC and ZE41A- SiC in nitrate, sulphate and chlorine solution. High galvanic corrosion rates 

were noticed in the presence of oxygen. It was also observed that magnesium composites 

exhibit better corrosion resistance than pure magnesium. Lei et al. (2012) studied corrosion 

behaviour of AZ91-(0.1, 1, 5) MWCNT in 3.5% NaCl. A good dispersion of MWCNTs leads 

to even higher corrosion rates on the composite surface.  Chan et al. (1997) studied corrosion 

behaviour of AZ91C-20 % Al2O3 in 3.5% NaCl. Investigation indicated that in alkaline 

solution containing chloride ions, the presence of A12O3 short fibres in the alloy did not 

drastically alter the corrosion behaviour, but significantly reduced its corrosion resistance. 

Corrosion current density value reached three times higher than that of matrix alloy. Zucchi et 

al., (2004) studied corrosion behaviour of AZ80A-SiC and ZK60A-20SiC, in 0.1N Na2SO4, 

1N Na2SO4 and NaCl solution respectively. The corrosion resistance of SiCp/AZ80A MMC 

was slightly lower than that of ZK60A/ 20% SiCp in 0.1 N and 1 N Na2SO4 solutions. The 

corrosion voltage of both MMCs increased about tenfold by increasing the sulphate 

concentration from 0.1 N to 1 N. Chloride solutions were much more corrosive toward both 

MMCs, but the influence of the anion concentration was not so evident. Impedance spectra 

revealed the difficulty in formation of protective magnesium hydroxide. Funatsu et al. (2013) 

studied corrosion characteristics of AZ61B-CNT (heat treated at 823 K) for 10h in salt water. 

Salt water immersion test indicated that the corrosion rate of AZ61B-CNT composite materials 

was reduced to less than 30% with the reduction in heat treatment temperature. Gobara et al. 

(2015) studied corrosion behaviour of AZ91-TiC-Ti2AlC-TiB2 in 3.5% NaCl solution. EIS and 

potentiodynamic polarization results indicated that the reinforcing particles significantly 

improve the corrosion resistance of the reinforced alloy in 3.5% NaCl solution. Hamid et al. 

(2011) studied AM50-5/10 ZrO2 in 5% NaCl. The presence of ZrO2 decreases the corrosion 

rate of AM50. 

 Mindivan et al. (2014) developed Mg-CNT composites and revealed that the addition 

of CNT content possesses detrimental effect on corrosion performance. Tiwari et al. (2007) 

examined corrosion characteristics of Mg-SiC composites in NaCl solution and yielded that 

composite shows higher corrosion rate compared to base alloy. Turan et al. (2017) investigated 

effect of incorporating graphite particles in magnesium matrix on corrosion characteristics. It 

is observed that corrosion behaviour of composites was negatively affected with increase in 

graphite content. Nunez- Lopez et al. (1995) examined corrosion rate of ZC71-12%SiCp 



  

19 
 

composite. It is reported that composites possess three times higher corrosion rate than that of 

matrix alloy due to formation of less protective corrosion layers.  

  Nunez -Lopez et al. (1996) studied corrosion performance of high purity Mg-SiC 

metal matrix composites and noticed absence of micro galvanic corrosion in the vicinity of SiC 

particles. Ma et al. (2014) fabricated β-TCP-MgCa composite material for biodegradable bone 

implant using suction casting route. Compressive strength of about 1000-fold higher than that 

of MgCa bulk alloys is reported. The corrosion potential of the composite is found to be higher 

than that of bulk alloy. Thus, β-TCP-MgCa composite exhibits superior corrosion resistance 

than MgCa bulk alloy. Pardo et al. (2008) carried out study on Mg-Al-Zn alloy and inferred 

that corrosion severity is mainly caused by formation of corrosion layer of Mg (OH)2. It is also 

noticed that fine β-Mg17Al12 network and enhancement of amount of Al limits the progression 

of the corrosion attack. Toptan et al. (2016) examined corrosion properties in 9 g/L NaCl for 

Ti-B4C composites mainly for orthopaedic implants. Corrosion tests conducted are 

electrochemical impedance spectroscopy and potentiodynamic polarisation under open circuit 

potential. Incorporation of B4C particles (16-53 micron) in titanium (Ti) shows comparatively 

lower affinity to corrosion than pure matrix phase. Ti and its alloys are usually utilised in dental 

and orthopaedic implants due to its corrosion resistance characteristics. With the addition of 

B4C in Ti alloys, the composite shows improvement in tribo-corrosion behaviour.  

Lv et al. (2022) incorporated submicron SiC particles (0.5, 1 and 2 vol.%) in magnesium 

alloy (AZ91) through ultrasonic assisted semi solid stir cast route. Corrosion test is performed 

on magnesium composites by employing electrochemical impedance and potentiodynamic 

polarisation techniques. It is reported that addition of traces of SiC (0.5 vol. %) notably 

increases the corrosion resistance of AZ91 alloy due to presence of lamellar (α+β) phase. Most 

specifically, Mg17Al12
 phase acts as a barrier for corrosion in lamellar form. Further, increase 

in SiC considerably reduces corrosion resistance due to development of Mg17Al12
 phase in 

globular form. Pardo et al (2009) conducted corrosion test of SiC reinforced magnesium 

composites and reported increase of corrosion rate of the composite with incorporation of SiC 

that promotes cracking and spalling of the corrosion layer. 

1.2.5 Nanoindentation and Scratch Resistance 

 Nanoindentation is an indispensable tool for research and development of MMCs. It 

moves beyond average bulk properties to provide localized, nanoscale insights into the 

mechanical behaviour of the matrix, reinforcement, and their interfaces, enabling a deeper 
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understanding of strengthening mechanisms and tailoring of MMCs for diverse, high-

performance applications. Accordingly, nanoindentation is carried out to understand behaviour 

of different materials.   

  Recently, Banerjee et al. (2021a) have carried out nanoindentation study for AZ31-

WC-Gr hybrid composites. The mechanical behaviour is determined for both base alloy and 

nanocomposites. It is concluded that AZ31-2WC-1Gr exhibits better mechanical properties. 

Further addition of Gr content slightly deteriorates the mechanical properties. Similarly, Balikai 

et al. (2022) conducted nanoindentation test on AZ91D-Si3N4 composites. Four different 

compositions were prepared with varying range of Si3N4 wt.% (2.5-10%). Load displacement 

plot obtained for composites is slightly irregular, due to structural changes and varying strength 

of composites. The varying strength or structural changes are resulted with the addition Si3N4 

wt.%. It is concluded that the improved elastic modulus and nano hardness is obtained for 

composites due to contribution of Si3N4 wt.%. Haghshenas et al. (2020) carried out work on 

magnesium-samarium oxide nanocomposites. Nanohardness and elastic modulus increase with 

the increase in wt.% of samarium oxide reinforcement. Ghasemi et al. (2018) also conducted 

nanoindentation analysis of Mg-SiC nanocomposites synthesized through mechanical milling. 

Mg-SiC nanocomposites resulted a lower load-displacement linked to higher resistance to the 

indenter. Evaluated values of nanohardness and elastic modulus of nanocomposites are 

improved remarkably due to addition of SiC nanoparticles. Thus, reinforced particles produce 

improved strengthening capacity of the Mg matrix. He et al. (2015) have investigated 

nanohardness and elastic modulus of different thermoelectric materials using nanoindentation 

technique with indentation depth of 1000 nm. 

  Scratch investigation is a practical methodology for assessment of process 

parameters in dry machining. It is notable that there has been a recent boost in bio medical 

fields for magnesium alloys. Scaffolds and implants made of magnesium alloy have proved to 

be biocompatible. Such bio devices are prone to surface wear due to biological entities in the 

body. Thus, to analyse mechanical behaviour of materials, knowledge of scratch resistance is 

essential to justify life span of bio devices in human bodies [Zhao et al., 2009; Aronson, 1995; 

Li and Zheng, 2013; Nautiyal et al., 2016]. Sinha et al. (2006) studied the effect of submicron 

SiC and SiC+Ti particulate addition in Mg matrix on scratch behaviour. The tests confirm the 

increase in scratch hardness of Mg composites. With the increase in wt.% of SiC and SiC+Ti 

particulates, the scratch hardness and elastic modulus increase monotonically. COF values also 

increase for composites and enhances with the increase in wt.% of reinforcement compared to 
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base Mg alloy. Banerjee et al. (2019d) have investigated scratch resistance of Mg-WC nano 

composites. The scratch volume of Mg-WC nano composites decreases with the increase in 

wt.% of WC. COF values for composites remain almost constant but show increasing trend 

with wt.% of WC. Worn surface morphology reveals mostly abrasive mechanism during 

scratch deformation.  

1.3   Scope of Present Work   

  In the current study, boron carbide (B4C) particles are fortified in AZ31 magnesium 

alloy through ultrasonic stir casting process. Metallographic tests of fabricated composites are 

conducted to identify homogeneous distribution of B4C particulates, grain size refinement, 

overall microstructure stability and agglomeration if any. Tribological studies are performed at 

both room temperature and elevated temperatures for varying sliding parameters using pin-on-

disc tribometer. Similarly, abrasive wear tests are also conducted under varying grit size and 

sliding distance. Corrosion behaviour of composites and AZ31 alloy is studied through 

potentiodynamic polarization tests and electrochemical impedance spectroscopy. Finally, 

nanoindentation testing is performed to evaluate nanohardness and elastic modulus. Moreover, 

scratch resistance behaviour is evaluated using dedicated scratch tester for ramp loading. 

 

1.4  Structure of Present Thesis 

  The present thesis consists of 9 chapters. Chapter 1 introduces magnesium-based 

metal matrix composites and reports literature survey of magnesium matrix composites. 

Chapter 2 focuses on fabrication methods and characterization of fabricated composites. This 

chapter deals with results of density evaluation, microhardness tests and overall 

characterizations. Chapter 3 mainly concentrates on detailed results of dry sliding behaviour of 

fabricated composites at room temperature under varying sliding parameters like sliding load, 

speed and distance etc. Chapter 4 provides in-depth analysis of the effect of higher sliding 

speeds and distances on tribological performances of the composite. Chapter 5 includes results 

of abrasive behaviour of prepared composites for varying abrasive grit size and track distance. 

Elevated temperature sliding behaviour of composites is discussed in Chapter 6 and results are 

presented for varying temperatures, loads and speeds. Chapter 7 is devoted to corrosion 

behaviour of composites. Both potentiodynamic polarisation and electrochemical impedance 

spectroscopy are utilised to investigate corrosion characteristics. Chapter 8 reports 
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nanoindentation behaviour and scratch resistance characteristics of AZ31-B4C composites. 

Finally, Chapter 9 concludes the present work and discusses the future scope of work. 

1.5   Summary 

 This chapter has presented the general discussion on magnesium-based metal matrix 

composites. It explains the dominance and requirement of magnesium matrix composites in 

different weight sensitive applications. The chapter focuses on the type of matrix materials, the 

effect of ceramic reinforcement and the importance of fabrication techniques in the preparation 

of magnesium matrix composites. It includes literatures based on different magnesium alloys, 

variety of ceramic reinforcements and different fabrication routes for magnesium matrix 

composites utilized till date. Review pertaining to mechanical properties, tribological 

behaviour, corrosion characteristics, nanoindentation and scratch characteristics of magnesium 

matrix composites are mainly assessed. Finally, the objective of the present work and structure 

of thesis is presented.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

23 
 

Chapter 2 

Preparation and Characterization 

2.1  Selection of Base Alloy and Reinforcement 

  It is well established in literature that the characteristics of composites mainly depend 

on matrix material, reinforcing phase and synthesis technique. Accordingly, selection of matrix 

phase, reinforced phase and fabrication technique is of prime importance for composite 

preparation. In this study, magnesium alloy (AZ31), a category of Mg-Al-Zn alloy, is employed 

as base alloy. AZ31 alloy is typically selected owing to its lighter density (1.74 g/cc), 

formability at different working temperatures, adequate specific strength, good castability and 

excellent dimensional stability [Gupta and Ling, 2011, Dey and Pandey, 2015]. AZ31 has 

comparable compressive strength (180 MPa), good tensile strength (220 MPa), sufficient 

elongation (15%), good shear strength (160 MPa) and significant hardness. AZ31 alloy 

characteristics involve good room temperature strength and ductility, corrosion resistance, 

excellent weldability, good thermal and electrical conductivity. Chemical composition of AZ31 

alloy is shown in Table 2.1.  

  Boron carbide (B4C) in 99% pure form with average size of 500 nm is utilized as 

reinforcement particles. B4C nano ceramic particles is purchased from Hongwu International 

Group, China in powdered form with product code k-520. Chemical composition of B4C is 

shown in Table 2.2. Submicron sized boron carbide particles are utilized in this study as a 

ceramic reinforcement in AZ31 alloy. B4C is mainly chosen here due to its non-reactivity with 

molten AZ31 alloy, moderate density (2.52 g/CC), excellent hardness (3500 kg.mm-2), good 

elastic modulus (460 GPa), high melting point up to 2450°C, excellent wear resistance, good 

wettability and high thermo-chemical stability. It has good interfacial bonding and flexural 

strength with Mg alloy. Boron carbide has got rhombohedral structure and consists of a 

covalently bonded distorted B11C icosahedra with linear chain of C-B-C atoms. Such a peculiar 

structure creates a series of appreciable properties like high melting point, light density, high 

hardness and low thermal expansion coefficient [Thevenot, 1990; Zhang et al., 2021]. Thus, 

B4C acts as a suitable particulate ceramic reinforcement in the production of MMCs. Boron 

carbide also acts as elevated temp semiconductor and can be exploited in making novel 

electronics applications [Domnich et al., 2011]. Few researchers have fortified B4C in 
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magnesium matrix and observed enhanced mechanical, microstructural and tribological 

properties [Aatthisugan et al., 2017; Aydin et al., 2018; Jutanaiman and Syahrial, 2020].  

Table 2.1 Chemical composition of AZ31 alloy 

Element Al Zn Mn Fe Si Mg 

Wt.% 3.1-3.3 1.1-1.3 0.28 0.004-0.005 0.08-.10 Balance 

Table 2.2 Chemical composition of boron carbide powder 

Product Boron carbide (B4C) Powder 

Crystal Structure Rhombohedral 

Purity 99 percentage 

Average Particle Size 500 nm 

Color Grey 

Composition of B4C B-77.48 % and C-21.52% 

However, tribological literatures related to B4C particles reinforcement in magnesium matrix 

are very few. Detailed tribological investigations of AZ31-B4C composites are thus planned in 

the present study. It attempts to fulfil the literature gap by performing tribological studies at 

different experimental conditions. 

2.2   Selection of Fabrication Method 

  It is well documented in literature that particle size and composition as well as 

fabrication process affects the mechanical and tribological properties of Mg-MMCs. 

Successfully utilized technique for fabrication of Mg based sub-micron composites is ultrasonic 

stir casting due to its effectiveness in particle distribution and handling wettability issue. In the 

current research, the submicron B4C/AZ31 composites are produced by ultrasonic vibration 

assisted stir casting technique (USC). Figures 2.1 and 2.2 illustrate the schematic and pictorial 

view of the USC set up respectively. The fabrication unit has different special attachments like 

mechanical stirrer, particle preheating unit, die heating set up, bottom pouring hole and inert 

gas supply arrangement. This special type of furnace has stainless steel crucible where weighted 

amount of AZ31 ingot is placed and heated at 750°C. A thermocouple is inserted inside the 

furnace to observe the temperature. At the same time, selected wt.% of B4C particles are 

preheated at 300° C in preheating furnace in order to exhibit sufficient wettability with 
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magnesium alloy by removing moisture. After certain time, a sudden drop is noticed in the melt 

temperature. Drop in temperature indicates that ingot gets melted.  

 

Figure 2.1: Schematic of ultrasonic assisted stir cast furnace 

 

Figure 2.2: Pictorial view of a) stir cast furnace b) ultrasonic transducer (Probe) 

 

Initially, the ranges of stirring speed and time are selected from available literature [Dey and 

Pandey, 2015, Banerjee et al., 2019a]. Afterwards, hit and trial method is followed to get the 
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optimal condition of speed and time. In hit and trial method, different set of experiments were 

performed and microstructural characterizations were done to find particle distribution along 

with microstructural integrity. Based on those studies, the optimal condition of stirring speed 

and time has been selected in this study. Thus stirrer rotation is maintained in molten AZ31 

alloy inside furnace at 500 rpm for 4-6 minutes so as to form vortex. Preheated particles are 

then continuously injected into the vortex. Then, the speed of stirrer is increased to 600 rpm 

and continued for about 8 minutes to uniformly distribute particles in the molten AZ31 alloy.  

  After that, mechanical stirrer is removed and ultrasonic ‘sonotrode’ is inserted in the 

resistance heating furnace. This ultrasonic ‘sonotrode’ is inserted up to 2/3rd depth of molten 

alloy to transfer the ultrasonic cavitation for 3-5 minutes at 20 kHz frequency in the melt. By 

this time, a metallic split type die is preheated to 300°C. The melt is then poured into metallic 

die through a bottom opening switch of the furnace under strict vacuum condition (10-2 mbar). 

The molten slurry in metallic die is then allowed to solidify by natural convection in air. The 

solidified cylindrical cast of size Φ 50 mm x 150 mm length is then removed by disengagement 

of the split die. The entire process is carried out in inert atmosphere by supplying Argon-SF6 

in 9:1 ratio.  The process is repeated for fabrication of composites with varying amount of 

reinforcements. Wt.% of B4C is varied as 0.5, 1.0, 1.5 and 2.0. The cylindrical cast samples of 

composites and base alloy are then machined into required dimension for executing 

metallurgical and mechanical characterisation. The experimental parameters are mentioned in 

Table 2.3. 

Table 2.3 Experimental parameters of ultrasonic assisted stir cast unit 

Unit Specifications 

Mechanical stirrer Stainless steel 

Blade angle 45° 

Ultrasonic frequency  20 kHz 

Vibration period 3-5 mins 

Furnace temperature 750° C 

Die dimensions Ø 50 mm ×300 mm (Split type) 

Particle preheating temperature 300° C 

Die preheating temperature 300° C 

Mechanical stirring time 8-10 min 
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2.3  Metallographic Tests 

2.3.1  Sample Preparation 

  Microstructural characterization of any material is of immense importance as 

material properties highly rely on microstructure. Before conducting characterization, sample 

preparation is required. At first, the as-cast bars are parted and sequence of operations like 

shaping, turning, grinding and polishing are done to get required dimensions. All samples are 

cleaned before and after test using acetone to avoid any introduction of foreign particles on 

sample surface. AZ31 alloy and AZ31-B4C composite specimens are prepared as cylindrical 

pins (Φ 6 mm x 30 mm) and square pieces (15 x 15 x 10 mm3). The square samples are utilised 

to measure hardness and density. Again, these samples are used for characterisation studies of 

composites (AZ31- B4C) and base alloy (AZ31). Pictorial view of AZ31-1.0B4C ingot and 

samples is shown in Figure 2.3. Cylindrical pin samples are utilised for tribological studies to 

discussed in latter chapters. 

 

Figure 2.3: Pictorial view of samples 

2.3.2  Optical Microscopy and Scanning Electron Microscopy 

  Microstructural characterization is done by utilizing optical microscope (Leica 

Model: DM2700M) and Scanning electron microscope (FESEM Version 5.09, Carl Zeiss 

microscope Ltd., United Kingdom). The pictorial view of optical microscope (OM) and field 

emission scanning electron microscope (FESEM) is shown in Figure 2.4. Compositional 
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analyses of samples are carried out through energy dispersive X-ray analysis, EDAX (Make: 

AMETEK, Model: Element, United States of America). The characterisation process mainly 

examines B4C particle distribution in the matrix alloy, different phases in the fabricated alloy 

and composites and accordingly grain structure refinement in the composites. Before 

characterisation, all samples are polished by SiC emery paper of different grades. Prepared 

specimens are finally polished by using diamond paste (1µ) on velvet cloth. The surfaces of 

these samples are finally etched using acetic acid solution (90 ml acetic acid and 10 ml H2O) 

as etchant for 3-4 sec. 

 

Figure 2.4: Pictorial view of a) optical microscope (OM) b) field emission scanning electron 

microscope (FESEM) 

  Optical micrograph (OM) helps to examine microstructure while field emission 

scanning electron microscope (FESEM) provides a clear view of particle distribution in matrix 

metal. The optical micrographs of AZ31 alloy and AZ31-B4C submicron composites are shown 

in Figure 2.5. Typically, no noticeable defects are observed in the fabricated composite surfaces. 

However, unavoidable minimal agglomeration was found at the grain boundaries of Mg alloy 

due to high surface area of submicron particles. Figure 2.5 depicts that microstructure of all 

samples typically contains α-Mg phases and plate like β-Mg17Al12 phases. Excellent interfacial 

bonding is revealed within matrix and reinforced phase. Presence of β-phase is well 

acknowledged in microstructures of all AZ31-B4C composites resulting in restricted grain 

growth. Ceramic B4C reinforcement nucleates at grain boundaries and blocks the dislocation 

movement. 
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Figure 2.5: Optical micrographs of base alloy and composite variants 

 

  These effects of pinning exhibit grain refinement in composites with the addition of 

hard and non-deformable B4C particles. It is also observed that the pinning effect is 



  

30 
 

significantly more in submicron composites having higher content of B4C particulates. FESEM 

micrograph of boron carbide is presented in Figure. 2.6. FESEM micrograph of boron carbide 

nanoparticles approximately justifies the average particle size to be 500 nm.  

 

 

Figure 2.6: FESEM image of boron carbide 

 

  The morphology of AZ31 alloy and AZ31-B4C submicron composites are scrutinized 

under FESEM and depicted in Figure 2.7. Accordingly, FESEM image of bulk Mg alloy 

fabricated through USC shows mainly α-Mg phases and β-Mg17Al12 phases present in grains 

and grain boundary respectively. Phase α-Mg is soft one while intermetallic compound, i.e., β-

phase is comparatively harder phase at room temperature. Base alloy shows peculiar α-Mg 

equiaxed grain structure while β-phase settles surrounding soft phase in grain boundaries. The 

morphology is depicted in ascending order of wt. %. of B4C.  
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Figure 2.7: FESEM Image a) AZ31 alloy, b) AZ31-0.5B4C c) AZ31-1.0 B4C  

d) AZ31-1.5 B4C e) AZ31-2.0 B4C 

 

  Figure 2.7 depicts that incorporation of B4C doesn’t show any considerable defect 

on surface of composites indicating that reinforcements are homogeneously distributed 

throughout the matrix and presence of B4C particles increases with increase in incorporated 

amount of B4C. Hence, FESEM micrograph justifies the successful incorporation of B4C 

particles in AZ31 matrix. The additions of B4C particles have restricted grain growth of 

composites and its refinement clearly enhances with the increase in wt. % of B4C particles. As 
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such, no noticeable agglomeration is identified in FESEM images which justify that 

homogeneous distribution of B4C has taken place during fabrication. Composites fabricated 

through ultrasonic assisted stir casting method have avoided noticeable cluster formation. 

 

2.3.3  Energy Dispersive X-ray and X-Ray Diffraction Analysis  

 Furthermore, typical composition analysis should be performed to confirm the presence 

of B4C particles and successful fabrication of AZ31-B4C composites. Energy dispersive X-ray 

analysis (EDAX) spectra are specifically used to evaluate compositional details of samples. 

Accordingly, EDAX spectra of AZ31 alloy and AZ31-B4C are shown in Figure 2.8.  
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Figure 2.8: EDAX spectra a) AZ31 alloy, b) AZ31-0.5B4C c) AZ31-1.0B4C  

d) AZ31-1.5B4C e) AZ31-2.0 B4C 
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 EDAX spectra of all samples are presented. EDAX spectra of composite samples depict 

presence of Mg, Al, Zn, O, C and B. Typically, EDAX spectra of all tested samples suggest that 

basic elements of AZ31 are present in all samples. EDAX spectra of AZ31-B4C composites 

shows presence of Boron (B) along with all other elements of base alloy. Similarly, it is depicted 

that boron weight percentage gets increased with increase in wt.% of B4C. These findings 

justify incorporation of B4C in AZ31 matrix. However, accurate wt. % of all constituents do 

not match with EDAX spectra because of sub-micron level particle size and small amount (wt. 

%) of particles. Even, a very small area of sample is scanned. Furthermore, elemental mapping 

of composites is done to affirm the homogeneous distribution and formation of AZ31-B4C 

composites. EDAX spectra and elemental mapping of B4C particles is depicted in Figure 2.9. 

The wt.% of Boron and Carbon are individually depicted in EDAX spectra and mapping too. 

 

 

 

Figure 2.9: EDAX spectra and elemental mapping of boron carbide 
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Figure 2.10: Elemental mapping of AZ31alloy 

  Elemental mapping of AZ31 alloy and AZ31-1.5B4C composite are presented in 

Figures 2.10 and 2.11 respectively. Elemental mapping spectra clearly disclose that all related 

elements are well distributed in the alloy and composites. SEM micrograph, EDX spectra and 

lastly elemental mapping confirms successful development of composites. Thus, all composites 

exhibited good interfacial bonding between matrix and reinforcement phase. Similarly, results 

of point EDAX of AZ31-1.5B4C is presented in Figure 2.12. Point EDAX spectra is done at 

few locations. Almost similar results are obtained for all selected locations. Figure 2.12 

discloses that the wt.% of B and C are around 26.8% and 38.5% respectively at selected point. 

Thus, presence of boron carbide particles is revealed under EDAX analysis. X-ray 

diffractometer (machine) is shown in Figure 2.13(a). X-Ray diffraction (XRD) plots are 

obtained at scanning rate of 0.02⁰/min for 2-Theta degree values from 10⁰ to 100⁰ (boron 

carbide) and 5⁰ to 80⁰ (base alloy and composite). XRD analysis of boron carbide (B4C) particle 

is provided in Figure 2.13(b). It represents major intensity peaks at 19.65°, 21.90°, 23.35° 

31.90°, 34.75° and 37.65°. However, small scattered peaks are not considered. 
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Figure 2.11: Elemental mapping of AZ31-1.5B4C composite 

 

 

Figure 2.12 Point EDAX spectra of AZ31-1.5B4C composite 
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Figure 2.13: a) Pictorial view of X-ray diffractometer b) XRD spectra of boron carbide 

 

 

Figure 2.14: XRD spectra of a) AZ31 alloy and b) AZ31-2.0 B4C composite 
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  XRD spectra of AZ31 and AZ31- 2.0B4C are presented in Figure 2.14(a, b). Peaks 

of Mg alloy (AZ31) is revealed at 2θ values of 32.30º, 34.53º, 36.10º, 36.75º 47.93º, 57.46º, 

63.17º and 68.75º. In case of AZ31- 2.0B4C composites, XRD pattern has not clearly 

represented B4C peaks. This may be either due to incorporation of low-density submicron B4C 

particles or relatively lower wt. % of boron carbide particles (<=2 wt.%) in composites 

[Sankaranarayanan et al., 2014; Banerjee et al., 2021b; Guleryuz et al., 2012]. However, 

analysis conducted through crystallographic (Search-Match version 2) ‘Match-3’ software, 

displays presence of B4C peaks for 2 thetas at 19.60º, 21.85° 23.67º, 32.08°, 34.72º, 37.79º etc. 

XRD analysis is represented by JCPDS card number 1-1141(Mg alloy) and 1-1163 (composite) 

respectively. While ‘Match 3’ software analysis report represented Mg composite with entry 

number 96-901-3056/57/58. 

 

2.3.4  Density and Hardness Measurement 

  Samples after cast usually possess defects (blow holes, subsurface cracks etc.) due 

to inadequate optimum processing conditions and may lack requisite compatibility. In order to 

justify the expected soundness of composites and base alloy, density and porosity tests are 

carried out initially. Fabricated cast bars are machined to produce samples of 15 x15 x10 mm3 

as shown in Figure 2.3 and are utilized for density and porosity measurement. Density of all 

composites is measured experimentally by Archimedes principle. Mass of each composite 

sample is measured through sensitive electronic balance (Afcoset ER-182A). Volume of 

samples comes out to be approx. 2.25 cm3. The experimental density is then calculated utilizing 

mass to volume relation. The theoretical density of magnesium alloy (AZ31) and boron carbide 

is considered as 1.77 g/cc and 2.52 g/cc respectively. Applying the rule of mixture, theoretical 

density is determined Rule of mixture: 𝛒c= 𝛒m wm+ 𝛒r wr. Symbols 𝛒 and w denote density and 

weight fraction of phases involved, subscripts c, m and r indicate composite, matrix and 

reinforced phase respectively. Experimental and theoretical densities are used to calculate the 

porosity of fabricated samples using the following formulae: 

%Porosity =
Theoretical Density - Experimental Density

Theoretical Density
 x 100 (2.1) 
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Figure 2.15: a) Schematic of hardness measurement b) Microscopic view of indentation 

marks 

Hardness measurement is done using Vickers micro-hardness tester (UHL, Technische 

Mikroskopie). ASTM standard E384-99 is used to measure hardness with a diamond indenter 

using 50 gm load for fixed dwell time of 10 s. The hardness tester is well equipped with a digital 

camera and dedicated computer. The micro hardness indentation is taken at five different 

locations on the samples. The indentation marks are carefully analysed to estimate micro 

hardness of composites (AZ31-B4C) and base alloy. Microhardness values are computed from 

indentation marks and microscopic view of indentation mark is shown in Figure 2.15. Table 2.4 

lists the values of density, porosity and microhardness for AZ31 alloy and composites. The 

variation of density and microhardness are shown with the help of bar chart in Figure 2.16.  

Table 2.4: Density, Porosity and Microhardness values 

Samples Material  Density (g/cc) Porosity (%) Microhardness 

(HV0.5) 

1 AZ31 Alloy 1.7483 1.129 58.3±3 

2 AZ31-0.5 B4C 1.7558 1.183 63.0±5 

3 AZ31-1.0 B4C 1.7586 1.238 69.6±3 

4 AZ31-1.5 B4C 1.7602 1.291 79.4±5 

5 AZ31-2.0 B4C 1.7664 1.411 90.3±6 
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Figure 2.16: a) Density plot, b) Micro-hardness plot 

  Density plot depicted in Figure 2.16 (a) shows increasing trend with increase in wt. 

% of B4C particles. Addition of B4C particles in magnesium alloy has noticeably increased the 

density of composites. Similar results were already reported in literature [Aydin et al., 2018; 

Sankaranarayanan et al., 2014; Aatthisugan et al., 2017]. The porosity values are evaluated as 

1.129%, 1.183%, 1.238%, 1.291% and 1.411% for AZ31, AZ31-0.5B4C, AZ31-1.0B4C, AZ31-

1.5B4C, and AZ31-2B4C respectively as mentioned in Table 2.4. Figure 2.16 (b) discloses that 

composite possesses significantly higher hardness than unreinforced alloy. It is also found that 

microhardness gets improved with increase in wt.% of B4C particles. The improvement in 

hardness is due to incorporation of submicron sized B4C particles and its uniform dispersion in 

AZ31 alloy. Ceramic based B4C particles are contributing mainly in strengthening the bond 

between base alloy and reinforcement. Incorporation of B4C particles also hinders the 

dislocation movement which in turn increases the hardness of composites Similar results are 

also reported by other researchers [Sankaranarayanan et al., 2014, Nguyen et al., 2015; 

Majzoobi and Rahmani, 2020; Aydin et al., 2018]. Atthisugan et al. (2017) have investigated 

the effect of addition of micron sized B4C in AZ91D and observed enhancement in density 

values (0.59%-1.18%) for composites. It was reported that B4C particles blocks the dislocation 

fraction and thereby increases the mechanical properties of Mg matrix. Similar trend for 

hardness and density plot is also suggested in the study of Banerjee et al. (2019a) while 

incorporating WC reinforcement in AZ31 matrix. 
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2.4 Summary 

  This chapter exclusively provided the detailed insight about the preparation of AZ31-

B4C composite and its mechanical and microstructural characterization. AZ31 alloy exhibits 

coarse grain structure compared to the composite variants. Thus, composite exhibits superior 

mechanical properties with the reinforcement of B4C particles in AZ31 alloy. The 

microstructure depicts good interfacial bonding between AZ31 alloy and B4C particles. No 

significant cluster formation was observed in SEM images of composites due to small wt.% of 

B4C in AZ31 alloy. The microhardness values are measured for base alloy and composites and 

a typical linear trend with increase in wt.% of B4C is observed. Density of composite specimens 

increase as expected with the increase in wt.% of B4C. Minimal porosity is observed with or 

without addition of the respective wt.% of B4C in AZ31 alloy during fabrication. 
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Chapter 3 

Dry Sliding Tribological Behaviour 

3.1  Introduction 

  The present chapter deals with the tribological behaviour of AZ31-B4C composites 

synthesized through ultrasonic vibration associated stir casting route. B4C particles with 

varying weight percentage (0.5-2.0 wt.%) are reinforced in magnesium alloy to produce the 

composites. The present research focuses on evaluating tribological behaviour of Mg-B4C 

composites at dry conditions at room temperature. The wear and friction characteristics are 

experimentally studied for AZ31 alloy and B4C reinforced composites. Tribological study is 

vital in most mechanical engineering applications such as in bearings, engine parts and gears 

etc. Wear is a dominant problem which disturb surface finish or fine tolerances and cause 

complete failure of industrial components. Hence, wear and friction characteristics are 

important domain to be focused, as it directly affects the durability of machine component.  

  In the previous chapter, utilization of optical microscope (OM), field scanning 

electron microscope (FESEM) and energy dispersive X-ray analysis (EDAX) is already 

discussed in order to thoroughly characterize fabricated AZ31 alloy and AZ31-B4C composites. 

Initial characterization illustrates the presence of boron carbide (B4C) and its effect on the grain 

refinement of composites. Vicker’s micro hardness test is already conducted to determine the 

hardness of all materials. It is found that, AZ31-B4C composites exhibit better hardness 

compared to AZ31 magnesium alloy. Micro-hardness improvement justifies uniform dispersion 

of B4C particles in magnesium alloy. Extensive review of available literature reveals that 

tribological investigation on AZ31-B4C composite using ultrasonic treatment assisted casting 

is scanty [Banerjee et al., 2021c]. The present research focuses on developing Mg composites 

reinforced with sub-micron B4C particulates using ultrasonic vibration associated stir casting 

process and evaluating tribological behavior of AZ31-B4C composites at dry sliding conditions. 

The wear and friction characteristics are experimentally studied for AZ31 alloy and B4C 

reinforced composites. Attempt is also made to identify the dominant wear mechanism of 

AZ31-B4C composites and AZ31 alloy tested at different loading and sliding conditions. 

Accordingly, characterisation of worn-out surface is done by utilizing SEM micrograph and 

EDAX pattern.  
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3.2  Experimental Details 

  Pin-on disc tribometer (DUCOM, India) is utilised to carry out tribological tests 

following ASTM G-99-05 at room temperature. Pictorial view of the tribometer is shown in 

Figure 3.1. Pin specimen of diameter Ф6 mm and length 30 mm is mounted perpendicular to 

counter face steel disk (EN-8, 58-62 HRC). Tribo-tests are conducted at four different loads 

from (10N, 20N, 30N and 40N) and speeds (0.1 m/s, 0.2 m/s, 0.3 m/s and 0.4 m/s). These ranges 

are chosen based on capacity of tribometer and geometry of specimen [Banerjee et al., 2021c; 

Srinivasan et al., 2012]. The tribo tests are done at 40 mm track diameter and sliding time of 

10 min duration.  

 

Figure 3.1: Pictorial view of a) pin-on-disc tribo-tester b) monitor and control panel for 

wear-friction measurement 
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The pin-on-disk tribo-tester is attached to dedicated computer and electronic measurement 

system for controlling duration of all experiments. The electronic control panel cum 

measurement system displays wear and friction parameters which are used to determine wear 

rate and coefficient of friction. The pin-on disk tribo-tester is first mounted with pin specimen 

in a pin post attached to the lever parallel to the horizontal plane of pin-on disk tribo-tester and 

required weights are mounted on loading pan. The beam type load cell acts as force sensor for 

measuring frictional force. The capacity of the load cell is 1000 kgf and the reading of frictional 

force is displayed directly. After the test is over, mass loss is measured with reference to initial 

and final weight in a dedicated digital weight balance machine with high accuracy. The wear 

rate is determined based on obtained mass loss and sliding distance. The worn surface analysis 

is done using SEM images and EDAX spectra to find out the dominated wear morphology at 

varying load and speed. 

3.3  Result and Discussion 

3.3.1   Wear Behaviour 

  In this study, wear behaviour of developed materials is examined under varying loads 

(10N - 40N) and varying speeds (0.1m/s - 0.4m/s). Typically, base alloy and composites behave 

differently at same operating conditions. Contribution of load on typical wear behaviour of 

AZ31 and AZ31-B4C composites are presented in Figure 3.2(a). Figure 3.2(a) discloses that 

AZ31-B4C composites possess better wear performance than AZ31 alloy. For AZ31- B4C 

composites, wear rate increases linearly with increase in applied load. However, slope of wear 

rate of AZ31 is quite steeper compared to all composites. Additionally, slope of wear rate of 

composites gets milder with increase in wt.% of B4C particles. AZ31-B4C composites having 

higher wt.% of B4C particles exhibits lower wear rate for experimental range at applied load 

10N-40 N. Thus, Typical values of micro hardness can be directly correlated with wear rate. As 

it is already mentioned that microhardness values of AZ31-B4C composites enhanced linearly 

with increase in wt. % of B4C. This result is related to the findings of Archard’s wear law 

[Archard, 1953; 1957].  

Typically, fortification of hard B4C particulates in softer AZ31 matrix helps to 

enhance load bearing capacity in AZ31-B4C composites which in turn trap the dislocations and 

amplify the work hardening ability of fabricated composites. This phenomenon of ceramic 

based hard particles helps to possess positive wear behaviour. At lower load range of 10-20 N, 

contact pressure between sample surface and counter disc is less compared to that of higher  
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(a) 

(b) 

Figure 3.2: Variation of wear rate for AZ31 alloy and composites a) load and b) sliding 

speed 

 

loads range of 30N-40N. Additionally, friction heating helps to generate oxidized wear debris 

which fill the contact surface and generate a positive tribo-layer between sample surface and 

counter face. As a result, wear rate gets decreased. However, with enhancement in load, contact 

pressure enhances and high temperature generates in between contact interfaces of pin sample 

and counter disc. High temperature causes plastic deformation and thermal softening, which 
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results in a high wear rate [Srinivasan et al., 2012; García-Rodríguez et al., 2017; Banerjee et 

al., 2019c; Guleryuz et al., 2013]. In case of AZ31 alloy, this thermal softening produces severe 

wear. However, AZ31-B4C composites can resist hard penetration of counter face asperities and 

thermal effect due to presence of ceramic particles. High surface area of B4C particles and 

strong interfacial bonding between Mg matrix and ceramic reinforcement helps to counter the 

thermal effect and penetration even at higher load. Accordingly, AZ31-B4C composites yield 

better wear resistance compared to AZ31 alloy. Moreover, the load bearing capacity enhances 

and thermal effect can also be delayed with increase in wt. % of B4C. As a result, AZ31 - 2B4C 

exhibits best wear resistance among tested materials within experimental range.  

  It is well established in current literature that sliding speed is an important parameter 

to control wear behaviour of any material. Hence, judicious investigation on wear behaviour 

w.r.to sliding speed is highly solicited. Accordingly, typical effects of sliding speeds (0.1m/s-

0.4m/s) at 20N load on wear behaviour of AZ31 and AZ31-B4C composites are presented in 

Figure 3.2(b). It is evident that AZ31 shows highest wear rate among all samples and wear rate 

reduces continuously with enhancement in wt.% of B4C particles. Figure 3.2 (b) also exhibits 

that wear rates of AZ31 alloy and AZ31-B4C composites enhance continuously with increase 

in sliding speed. For base alloy, slope of increment of wear rate is steeper and that slope 

decreases continuously with increase in wt.% of B4C particles. It is observed in Figure 3.2 (b) 

that AZ31-2B4C possesses moderate slope. AZ31-2B4C composite possesses highest wear 

resistance among all tested samples. Usually, duration of asperity contact between sample 

surface and counter-face is higher at low-speed range (0.1m/s-0.2m/s). At higher speed range 

(0.3m/s-0.4m/s), duration for asperity-to-asperity contact is less and oxide layer formation 

becomes easier due to frictional heating. These oxide layers protect the sample surface from 

counter-face asperities. Consequently, wear plots of all samples exhibit steeper increasing trend 

at low speed. Similar trend is also observed in literature [Banerjee et al., 2019a; Banerjee et al., 

2019b]. The interfacial bonding of AZ31 alloy is weaker to withstand ploughing of counter-

face asperities. With incorporation of B4C particles, load carrying capacity increases and 

effective contact area between softer matrix and counter-face decreases. 

  Even protection of oxidative layer is also present. Combined effect of load carrying 

ability, protection of oxidative layer and lesser contact area help to achieve better wear 

resistance for composites compared to base alloy. Consequently, moderate slope of wear rate 

with respect to sliding speed is observed for composites. Similar trend is also reported in 

literature [Banerjee et al., 2019a; Nie et al., 2011a; Nie et al., 2011b; Aydin et al., 2015]. 
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3.3.2  Friction Behaviour 

  Effect of process parameters (load and sliding speed) on coefficient of friction (COF) 

of AZ31 and composites are depicted in Figure 3.3. It is obvious from Figure 3.3(a) that all  

(a) 

 

(b) 

Figure 3.3: Variation of coefficient of friction for AZ31 alloy and composites a) load and 

b) sliding speed 
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developed AZ31-B4C composites yields far better friction behavior than AZ31 alloy. It is found 

that COF values increased continuously with increase in wt.% of B4C among composites. 

Similar findings are also noticed in literature by incorporating WC, Al2O3 and BN particulates 

in Mg matrix [Banerjee et al., 2019b, Kaviti et al., 2018, Nguyen et al., 2015]. Figure 3.3(b) 

depicts effect of sliding speed on COF of AZ31 and AZ31-B4C composites. It is evident from 

Figure 3.3(a) and Figure 3.3(b) that COF decreased reasonably with continuous increase in 

sliding speed and load. Typically, flash temperature comes into play when either sliding speed 

or load is enhanced. Flash temperature is produced due to frictional heating between sliding 

interfaces. As a result, typical oxide tribo layer forms in between in between sample surface 

and counter-face resulting generation of lubricating effect. However, Overheating may occur 

with further enhancement in load and speed value. Accordingly, sample surface becomes weak 

resulting easy shearing of sample surface. Even sign of plastic flow in whole contact surface 

becomes prominent because of melting and thermal softening [Shanti et al., 2011, Lim et al., 

2003; Banerjee et al. 2019a, Banerjee et al. 2019b]. Consequently, COF possesses detrimental 

effect with enhancement of speed and load for AZ31-B4C composites. Similar observations are 

reported in literature [Banerjee et al., 2019b; Lim et al., 2003; Kaviti et al., 2019; Prakash et 

al., 2016, Arora et al., 2013; Selvam et al., 2014; Moheimani et al., 2022]. Effect of sliding 

distance on COF is depicted in Figure 3.4 for a load of 40 N and sliding speed of 0.4 m/s. AZ31 

alloy shows highest COF value compared to all composites. However, moderate change in COF 

with respect to sliding distance for all samples. 

 
Figure 3.4: Variation of coefficient of friction with respect to sliding distance for base alloy 

and composites 
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3.3.3  Wear Mechanism 

   To justify the wear characteristics of AZ31 alloy and AZ31-B4C composites, 

intensive studies of wear morphology are essential. It was observed that wear rate is getting 

affected due to variation in wt.% of B4C, load and speed. Thus, samples surfaces are needed to  

 
 

   

 

Figure 3.5: Worn surface morphology a) AZ31 b) AZ31-0.5 B4C c) AZ31-1.0 B4C 

d) AZ31-1.5 B4C e) AZ31-2.0 B4C at 40 N and 0.4 m/s 
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be examined under SEM and EDAX to investigate possible wear morphology at different 

experimental conditions. The SEM images of worn surfaces of AZ31 and AZ31-B4C 

composites tested at 40N and 0.4m/s sliding speed are shown in Figure 3.5(a-e). Figure 3.5 

helps to understand the role of wt.% of B4C particles on wear mechanisms. It is quite evident 

from figure 3.5 that different types and degrees of wear have happened in AZ31 and AZ31-B4C 

composites. Figure 3.5(a) depicts the SEM micrograph of worn surface of AZ31 alloy. Abrasive 

groove parallel to sliding direction and sign of ploughing is visible in worn surface. Figure 

3.5(b) depicts the SEM micrograph of worn surface of AZ31-0.5B4C composite. 

   Comparatively smoother surface having series of parallel grooves are visible in 

Figure 3.5(b). Sign of oxidation and re-solidified layers are also distinct in the worn surface of 

AZ31-0.5B4C composite. Additionally, some sheet like delaminated flakes, sign of craters is 

also visible. Hence, abrasion, oxidation and delamination are main wear mechanisms. Figure 

3.5 (b-e) illustrate that worn surface is getting smoother with continuous enhancement in wt.% 

of B4C particles. Deep grooves and sign of delamination are gently replaced by sign of 

oxidation, plastic deformation and re-solidified layers which clearly yield that abrasion and 

delamination are transformed into adhesion and oxidation. Typically, this trend is mainly 

because of enhancement in grain boundary density and ductility of developed composites 

[Banerjee et al., 2019; Nguyen et al., 2015]. It is well known that ductile materials generally 

adhere to the surface plastically instead of deforming completely. On the other hand, high 

interfacial energy is usually generated due to high grain boundary which makes the material 

adhesive in nature [Banerjee et al., 2019a,b]. 

    

Figure 3.6: Worn surface of AZ31-2B4C composite tested at (a) 20N load and 0.4 m/s 

sliding speed (b) 40N load and 0.2 m/s sliding speed 
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   In Figures 3.5(b-e), sign of oxidized debris is prominent and amount of fractured 

oxidized debris has increased with increase in wt.% of B4C. Increase in amount of oxidized 

debris suggests that oxidized tribo-layer has generated in among sample surface and counter-

face. This tribo-layer protects the sample surface and results in lower wear rate for composites 

than base matrix. Figure 3.6(a) shows worn surface of AZ31-2B4C composite analysed at 20N 

load and 0.4m/s sliding speed. Figure depicts the contribution of load on worn surface. It is 

observed that the sample surface is majorly filled with parallel abrasive grooves. Oxide debris 

is present on sample surface. Micro-cracks and cracks are also visible in SEM micrographs. 

   Hence, it can be said that abrasion and oxidation are main wear mechanisms for this 

experimental condition. Figure 3.6(b) shows the worn surface of AZ31-2B4C composite tested 

at 40N load and 0.2m/s sliding speed. It depicts the role of sliding speed on worn surface. 

Abrasive grooves, sign of ploughing and oxide debris are mainly present in the sample surface. 

Welded debris are also present in some sections. Hence, it can be concluded that abrasion and 

oxidation are main wear mechanisms at low-speed conditions. Figure 3.7 represents EDAX 

spectra of worn surfaces of AZ31 and AZ31-B4C composites analyzed at 40 N load and 0.4 m/s 

sliding speed. EDAX spectra of worn surfaces of AZ31-2B4C tested at 20 N load and 0.4 m/s 

sliding and 40 N load and 0.2 m/s sling speed are shown in Figure 3.8(a) and 3.8(b) respectively. 

Corresponding SEM micrographs and table containing wt.% of elements are also incorporated 

in the EDAX spectra.  

   In each EDAX spectra, presence of noticeable oxygen peaks is distinct. Presence of 

noticeable oxygen peaks confirms that oxidation has taken considerable role in controlling wear 

behavior. Typically, presence of oxygen yields formation of oxide layer in between sample and 

counter face. These layers protect the sample surface from penetration of counter face asperity. 

Intensity of that oxide layer helps to understand about the level of protection. However, it is 

also observed in Figure 3.8(a) and 3.8(b) that percentage of oxygen is increasing continuously 

with increase in wt.% of B4C and maximum amount of oxygen is present for AZ31-2B4C 

composite Careful observation of EDAX spectra also reveals significant presence of Fe and its 

amount enhances with increase in wt.% of B4C and it again depends upon operating parameters 

(such as speed and load). Presence of Fe yields that mechanically mixed layer (MML) is formed 

and this MML helps to protect the sample surface from getting worn out [Prakash et al., 2016; 

Arora et al., 2013]. Accordingly, AZ31-2B4C possesses least wear rate as the oxide layer and 

MML protect the sample surface. This result is in line with the observations reported in 
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literature [Banerjee et al., 2019a, Selvam et al., 2014; Suh, 1977; Sharma et al., 2000; Lim et 

al., 2005]. 
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Figure 3.7: EDAX spectra of worn Surfaces a) AZ31 b) AZ31-0.5 B4C c) AZ31-1.0 B4C 

d) AZ31-1.5 B4C e) AZ31-2.0 B4C at 40N and 0.4 m/s 

 

3.4 Summary 

   Dry sliding tribological behavior is also carried out in a pin-on-disc tribotester at 

varying loads and sliding speeds. Wear resistance of AZ31-B4C composites enhances due to 

addition of B4C ceramic particles in AZ31 alloy. Wear resistance of AZ31-B4C composites 

enhances continuously with increase in wt.% of B4C particles. For AZ31- B4C composites, 

wear rate increases linearly with increase in applied load. However, slope of wear rate of AZ31 

is quite steeper compared to all composites. Wear rate of AZ31 and AZ31- B4Ccomposites 

increases continuously with increase in sliding speed. For base alloy, slope of increment of 

wear rate is steeper and that slope decreases continuously with increase in wt.% of B4C 

particles. AZ31-B4C composites yield far better friction behavior than AZ31 alloy but COF  
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Figure 3.8: EDAX spectra of worn surfaces of AZ31-2B4C tested at (a) 20N load 

and 0.4m/s, (b) 40N load and 0.2m/s 

 

values increased continuously with increase in wt. % of B4C among composites. Abrasion, 

plastic deformation and delamination are main wear mechanisms for AZ31 alloy while 

oxidation is the dominant wear morphology for AZ31-B4C composites. 
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Chapter 4 

Dry Sliding Behaviour At Higher Speeds and Distances 

4.1 Introduction 

   The safe operation of mechanical components at high speeds is critical in advanced 

engineering applications. The friction and wear behaviour of the composite has been studied in 

the earlier chapter at low sliding speeds and loads. Speed is the most influential parameter for 

the kinetic energy of systems and has notable impact on many processes. The ranges of such 

processes include charging speed-dependent battery life, plasticity of materials and 

recrystallization processes [Eder et al., 2022]. Sliding velocity has an impact on friction and 

contacting interface behaviour. Moreover, sliding velocity is a crucial parameter where 

interacting surfaces have complex geometry, along with other factors like material pairing, 

applied stresses, environment, etc. According to Coulomb law of friction, kinetic friction is 

independent of velocity. This rule shows divergence.at high sliding speed. There are a few 

aspects that contribute to such divergence. Lot of metals gain strength with increased strain 

rates, leading to a smaller actual area of contact and reduced friction. Conversely, high sliding 

speeds could cause the interface temperature of the frictional contact to rise, which would lower 

the material's shear strength or possibly lead to localised melting [Molinari et al., 1999; Lim et 

al., 1989]. Moreover, tribological studies are normally required for components in continuous 

sliding contact for a prolonged time duration. Engine components have lower contact stresses 

and their wear depends mostly on sliding speed, sliding distance, and sliding time [Adaveesh 

et al.,2017; Shen et al.,2022]. However, there are fewer tribological investigations at higher 

range of sliding distances and speeds for magnesium composites. Thus, the present chapter is 

focused on investigating the wear and friction behaviour of AZ31-B4C composite at higher 

sliding speeds and distances. This investigation is restricted to a single variety of composite, 

namely, AZ31-1.5B4C and a comparison is made with the behaviour of base alloy AZ31.  

For the present tribological investigation, sliding speeds and sliding distance are 

considered in the range of 0.25-1.25 m/s and 300-3000 m respectively in order to cover different 

ranges of load-speed (FV) factors typically considered in design of high speed machine 

components. Accordingly, the assessed minimum sliding duration is 6.67 minutes, and the 

maximum sliding duration is 40 minutes respectively for 0.25 m/s and 1.25 m/s. 
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4.2 Experimental Details  

The same pin-on-disc tribometer ((DUCOM, India) as described in the previous 

chapter is used to measure friction and wear of base alloy and composite samples following 

ASTM (G-99-05) standard at room temperature. The same pin geometry is used here. The 

specific difference is that the ranges sliding speeds and distances are significantly higher. Pin 

specimens (Ф6 mm x 30 mm) are mounted normally to the counter disc (EN-8, 58-62 HRC). 

Tribo-tests are carried out on pin samples under two different conditions: 

(a) Varying sliding speeds where speed varies from 0.25 to 1.25 m/s at varying load-speed 

(FV) factors (5-25 N-m/s) over a fixed sliding distance of 500 m and at 20 N load. 

Sliding duration is evaluated as 6.67 min to 33.33 min respectively. 

(b)  Varying sliding distances at different load-speed (FV) factors, speed variation of 0.25-

1.25 m/s for sliding distances from 300-3000 m and sliding duration is estimated to be 

between 10 and 40 min.  

The FV factors are selected based on prior literature, the capacity of the tribometer and the 

geometry of the specimen [Banerjee et al., 2021a; Wang et al., 2003; Shinde and Sahoo, 2022]. 

The tribo-tests are thus performed at 100 mm track diameter for varying sliding durations 

ranging from 6.67 minutes to 40 min over a fixed load of 20 N. The worn surface analysis is 

done using FESEM and EDAX spectra to find out the dominated wear mechanisms at different 

sliding speeds and distances for fixed applied load. 

4.3 Wear and Friction Behaviour 

4.3.1  Effect of Sliding Speed Variation 

  Wear rate of base alloy and composite are examined for five different sliding speeds 

(0.25-1.25 m/s) keeping sliding distance as 500 m and load as 20N. Figure 4.1(a) demonstrates 

the wear behaviour of AZ31 alloy and AZ31-1.5 B4C composite for range of sliding speed at 

constant sliding distance of 500 m and fixed load of 20 N. Typically, both alloy and composite 

proclaimed similar wear rate trends with varying sliding speed. Initially, a moderate decrease 

in wear rate is noticed up to a transition speed of 0.5 m/s for both alloy and composite. On the 

contrary, a significant increase in wear rate is illustrated after that transition speed and 

maintained up to 1.25 m/s. AZ31-1.5B4C composite reveals a considerably lower wear rate 

almost at all sliding speeds compared to base alloy.  
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Figure 4.1: a) Wear rate versus sliding speed b) Coefficient of friction versus sliding speed 
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  The improved wear resistance could be due to an increase in the hardness of the 

composite. It is also worth noting that the composite possesses better wear behavior during the 

speed range of 0.75-1.25 m/s. It may be because of high work hardening capacity and enhanced 

thermal stability provided by ceramic based B4C particles. Shen et al. (2022) have identified a 

similar trend for AZ31-SiC nanocomposites at 0.5 m/s and 20 N and noticed improved wear 

behavior for composites. Moreover, Habibnejad-Korayem et al. (2010) put forth the illustration 

between the work-hardening effect and net flow stress. Work hardening capacity of composites 

is observed between 0.5-1.0 MPa. Accordingly, specific wear rate of AZ31-Al2O3 

nanocomposites was found to be decreased at 0.5 m/s and 20 N load. Al2O3 and Mg12Al17 

effectively act as a barrier to restrict subsurface deformation.  

  Subramanian et al. (1991) observed different phenomenon acting at a time for 

composites at higher speed. At higher speed, strain rate increased leading towards enhanced 

flow strength of sliding surface. Enhanced flow strength typically helps to deplete actual 

contact area which results in reduced wear rate for composites. Similar results are present in 

literature [Moheimani et al., 2022; Subramanian et. al., 1991; Shinde and Sahoo et al., 2022]. 

Moheimani et al. (2022) have discovered that composite samples exhibit more strain hardening 

during later-stage of sliding than they do at the beginning. A delay in the transition to the 

delamination wear mechanism is also observed for composite material. Thus, the competing 

effects of work or strain hardening and temperature rise were suggested in literature. It was 

mentioned that, up to a critical speed, the strain rate effectively predominates the temperature 

effect, after which the temperature effect dominates. As a result, beyond the critical speed of 

0.5 m/s, a notable increase in the wear rate of the composite and base alloy is displayed in 

Figure 4.1(a).  

  Figure 4.1(b) demonstrates friction behaviour of AZ31 alloy and AZ31-1.5 B4C 

composite for range of sliding speed at constant sliding distance of 500 m and fixed load of 20 

N. It shows a decreasing trend of COF with increase in sliding speed for base alloy and 

composite after a transition speed. COF initially increased till 0.5 m/s sliding speed. However, 

composite sample possesses lower COF compared to base alloy. At lower speed (0.25-0.5 m/s), 

both materials offer higher resistance resulting in increase in COF. Above that critical velocity, 

frictional heating induces a temperature potential between the contact surfaces. Accordingly, 

the pin sample at high sliding speed conditions offers less resistance during sliding over the 

counter face due to frictional heating. Frictional heating generates oxidized debris and 

possesses thermal softening of contact surface, leading towards reduced frictional resistance. 

Thus, COF shows a decreasing trend with an increase in speed. The composite pin offer 
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comparatively lower COF may be due to the better load-bearing capacity of B4C particles or 

minimal contact point over the steel counter face. Moreover, lubricating effect provided by sub-

micron B4C particles also helps to reduce COF of composite sample compared to base alloy. 

 

Figure 4.2: Friction profile at 1.25 m/s and 500 m for AZ31 alloy and AZ31-1.5B4C 

 

Similar observations are present in literature [Lan et al., 2004; Shen et al., 2022; Habibnejad-

Korayem et al., 2010]. Zhang et al. (2022) have also observed lower COF values with 

incorporation of B4C particles in magnesium matrix composite. The real time friction profile 

at varying sliding durations for both the samples at 1.25 m/s sliding speed and 500 m sliding 

distance is depicted in Figure 4.2. The decrease in friction in the composite is attributed to the 

presence of hard ceramic based B4C particles.  

4.3.2  Effect of Varying Sliding Distance at 0.5 m/s 

  Previously, it was observed that wear rate possessed minimum and maximum value 

at sliding speed of 0.5 m/s and 1.25 m/s respectively. Hence these two speeds are considered 

to investigate the effect on tribological characteristics of developed alloy and composite by 
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varying sliding distance. In the current study, maximum sliding duration is taken as 40 min 

which generate different sliding distances. Consequently, both cases are presented separately. 

Figure 4.3(a) presents the effect of sliding distance (300 m – 1200 m) on wear rate for sliding 

speed of 0.5 m/s keeping load as constant at 20N. Figure 4.3(a) depicts that AZ31 alloy 

possesses considerably higher wear rate compared to AZ31-1.5 B4C composite. However, wear 

rate of both samples initially decreases (up to 600m) with increase in sliding distance, 

afterwards, wear rate tends to increase with further increase in sliding distance. At initial stage 

of sliding, significant metal to metal contact exists which results in higher wear rate. However, 

further sliding produces oxidized wear debris which helps to produce lubricating tribo-layer as 

well as mechanically mixed layer (MML). These tribo-layer and MML reduces metal to metal 

contact and exhibits reduced wear rate. This phenomenon exists till a transition limit. After 

which, due to repetitive loading, action of oxidative layer nullifies as rate of removal of 

protective layer surpasses rate of formation and metal to metal contact increases again. As a 

result, increment in wear rate is observed for both samples. However, the wear rate for 

composite is considerably lower compared to the base alloy. This is mainly due to the presence 

of ceramic (B4C) particles which delayed possible plastic deformation and thermal softening 

of the composite even during higher runs [Aatthisugan et al., 2023; Nguyen et al., 2015; Paider 

et al., 2021]. Similar findings were suggested by Rahmani and Majzoobi (2019) for Mg-B4C 

composites.  

  Figure 4.3(b) represents the variation of coefficient of friction (COF) with the sliding 

distance at a speed of 0.5 m/s. Mostly, an equivalent trend is identified for AZ31 and AZ31-

1.5B4C. COF trend reveals significant improvement in friction behaviour for AZ31-1.5B4C 

than base alloy with the increasing sliding distance at 0.5 m/s at 20N. An obvious decrease in 

COF with increased sliding distance was noticed for both base alloy and composites. This is 

attributed to frictional heating between contact asperities over longer sliding durations. 

However, for an initial sliding distance of 300 m, there may be more metallic contact and results 

in moderate increase in COF. After sliding distance of 600 m, sharp decrease in COF is 

observed. Such phenomenon occurred owing to frictional heating between counter-faces, 

resulting into the formation of a tribo-oxide layer. Exhibited oxide layer produces better 

protection for the composite material. Additionally, B4C particles provide better stability to the 

tribo layer due to their inherent strength and high hardness even at high temperatures. Thus, 

composite depicts better friction behavior than base alloy. Similar trends are also noticed in 

previous literatures [Zhang et al., 2022; Behnamian et al., 2022]. 
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Figure 4.3: a) Wear rate versus sliding distance at 0.5 m/s b) Coefficient of friction versus 

sliding distance at 0.5 m/s 
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4.3.3  Effect of Varying Sliding Distance at 1.25 m/s 

  Figure 4.4(a) depicts the wear behaviour of AZ31 alloy and AZ31-B4C composite 

with the respect to varying sliding distances ranges from 750 m to 3000 m at 1.25 m/s sliding 

speed and 20N load. Figure also discloses that wear rate trend of both AZ31 alloy and AZ31-

B4C increases linearly with increased sliding distances. The increased wear rate at 750 m for 

both alloy and composite are mainly associated with metallic contact between sliding 

interfaces. However, the lowest wear rate at 750 m may be correlated to a reduced sliding 

duration of 20 min between the asperities. Sliding at 1.25 m/s and 40 min gradually increases 

the wear rate for sliding distances up to 3000 m. Such an increase in wear rate is caused by 

temperature rise between sliding interfaces due to prolonged sliding. This phenomenon causes 

thermal softening or plastic deformation of the pin sample resulting in easy sharing of the slip 

plane of the material [Zhang et al., 2022; Lim et al., 2003; Zhang et al., 2018]. However, it is 

observed that AZ31 alloy possesses higher wear rate compared to AZ31-B4C composites for 

all experimental conditions in current study. Greater wear resistance of composite sample may 

be attributed to strong interfacial bonding between matrix and reinforcement developed due to 

uniformly dispersed sub-micron sized B4C particles. Almost 15% improvement in wear 

resistance is observed for whole sliding distance only due to fortification of B4C particles. The 

incorporation of B4C particles in AZ31 alloy effectively increased the load-bearing capacity 

and thermal stability of the matrix even at the highest FV ratio of 25 N-m/s. Guleryuz et al. 

(2013) reported increased wear rate with the increasing sliding distance for Mg-B4C 

composites. Moreover, Mg-B4C discloses significant wear resistance compared to the base 

alloy. Similarly, investigations are presented in earlier literatures [Adaveesh et al., 2017]. 

  Figure 4.4(b) depicts friction behaviour with respect to varying sliding distance and 

durations at sliding speed of 1.25 m/s and load 20N. COF is decreased continuously with 

increase in sliding distance for both AZ31 alloy and AZ31-B4C composite. However, AZ31-

B4C results better friction behavior compared to AZ31 alloy. Typical reduction in COF with 

increased sliding distance may be because of formation of typical oxide layer due to increased 

frictional heating between the counter face and pin surface of the sample. In addition to this, 

repeated sliding for long periods may cause overheating and eventually softening of the pin 

surface against the counter face. This phenomenon may cause easy shearing of the sample 

surface or even plastic flow in some cases. Accordingly, the decline COF trend is illustrated by 

the increased sliding distance and durations. Similar trend is observed in literature. AZ31-

1.5B4C composite shows improved friction behavior than AZ31 alloy due to reduced contact 



  

63 
 

area between the contacting asperities with the presence of B4C particles along with the 

lubricating effect provided by reinforcement.  

 

 

Figure 4.4: a) Wear rate versus sliding distance at 1.25 m/s b) Coefficient of friction versus 

sliding distance at 1.25 m/s 
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Figure 4.5: Friction profile at 1.25 m/s and 3000 m for AZ31 alloy and AZ31-1.5B4C 

 

  Figure 4.5 depicts friction profile for base alloy and composites. The composite 

exhibits considerably lower COF than AZ31 alloy for 1.25 m/s at a sliding distance of 3000 m. 

The COF for composite shows significant variation for initial sliding durations of 1000 sec and 

finally gets stable up to 2400 sec (40 min). However, AZ31 alloy shows higher COF compared 

to composite at a sliding speed of 1.25 m/s over a sliding distance of 3000 m. Prolonged sliding 

(40 min) induces overheating heating due to temperature rise between sliding interfaces. This 

causes softening of both AZ31 alloy and AZ31-1.5B4C pin surface which resulted into 

decreased COF. 

4.4  Worn Surface Morphology 

4.4.1  Effect of Sliding Speed on Wear Morphology 

  For disclosing wear morphology, worn surfaces are scrutinized under FESEM and 

EDAX. FESEM micrographs worn-out surfaces of AZ31 and AZ31-1.5 B4C pin samples are 

represented in Figure 4.6(a-d). FESEM and EDAX spectra are illustrated to investigate the 

possible wear morphology at varying sliding speeds (0.5 m/s and 1.25 m/s) for constant normal 

load (20N) and sliding distance (500 m).  
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Figure 4.6: Worn surface Morphology (a, b) AZ31 alloy at 0.5 m/s and 1.25 m/s, (c, d) 

AZ31-1.5B4C at 0.5 m/s and 1.25 m/s 

The surface morphology of base alloy at 0.5m/s in Figure 4.6(a) shows features of 

oxidation, abrasive grooves, craters and mild delamination along the direction of sliding. 

Typically, grooves are formed by hard counter asperities of the steel disc counter-face. Thus, it 

resulted in wear by the removal of small fragments of soft magnesium matrix material from the 

pin surface. Little displacement of material along the sides of grooves indicates that the abrasion 

took place basically through ploughing. The already fragmented wear debris during abrasions 

or micro-cutting also carries iron particles of steel discs into the interfaces due to the transfer 

and back transfer of materials. As the sliding progresses for a longer time (16.66 min), 

impounded wear debris or particles got oxidized and pulverized into tiny sizes. These wear 

debris fill out the shallow grooves or cavities over the worn surface in the form of craters. Thus, 

adhesive and oxidative wear mechanisms were found to be dominated along with abrasive 

mechanisms. However, direct metal-to-metal contact could not be fully avoided just with the 

presence of oxide layers. Hence, traces of mild delamination and plastic deformation in the 
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form of welded, detached debris and deformed layers found over the pin subsurface. The 

present examinations are in accordance with earlier investigations, which suggest the 

occurrence of an abrasive wear mechanism at lower and intermediate speeds [Selvam et al., 

2014; Arora et al., 2013]. 

  However, sliding at a high speed of 1.25 m/s took 6.67 min to overcome the distance 

of 500 m, the alloy sample depicts the mode of abrasion, oxidation, and delamination 

mechanism individually or in combination (mixed wear mode). With the increase in speed, the 

flash temperature of pin surface gets increased which results in greater ductility of a sample. 

Accordingly, the softened pin undergoes increased loss of material. Frictional heating between 

sliding interfaces may facilitate the formation of oxidized areas over the worn surfaces. The 

worn surface morphology of AZ31-B4C at 0.5m/s sliding speed for 16.66 min is mentioned in 

Figure 4.6(c) and looks featureless compared to AZ31 alloy. Only trace of strain hardened layer 

and wear debris is visible. This may be due to the thermal stability and load-bearing capability 

of hard ceramic B4C particles along with strain hardening of the composite pin at critical speed 

(0.5m/s). Such consequences offer strong resistance to the counter face. It is observed that the 

presence of B4C delayed the transition to delamination wear. Atthisugan et al. (2023) and 

Rahmani and Majzoobi (2019) have noticed similar results. Worn surface morphology depicted 

for AZ31 and composite pin sample at 1.25 m/s, involves the presence of ploughing, traces of 

oxidative, adhesive and delamination wear as presented in Figure 4.6(b, d). However, the 

composite pin sample appears to be smooth compared to base alloy. The presence of B4C 

particles improved the thermal stability of the composite pin sample and avoids further damage 

to the pin surface. It can be justified from the worn surface that the dominant mechanism at the 

mentioned range of speeds involves abrasive and oxidative wear mechanism with traces of 

adhesion (craters) and delamination. A similar agreement is put forth by earlier researchers 

[Zhang et al., 2022; Moheimani et al., 2022; Nguyen et al., 2015; Behnamian et al., 2022]. 

  Figure 4.7(a)-(d) depicts EDAX spectra for base alloy and composites at speeds of 

0.5 m/s and 1.25 m/s at 20 N load for a fixed sliding distance of 500 m. EDAX spectra of base 

alloy shows Mg, Al, Zn, Fe, Si, Mn and O. Significant amount of oxygen (O) in the EDAX 

spectra indicates the dominance of oxidative wear due to increased sliding duration (17 min) at  
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Figure 4.7 Continued 
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Figure 4.7: EDAX spectra: (a, b) AZ31 alloy at 0.5 m/s and 1.25 m/s, (c, d) AZ31-1.5B4C 

at 0.5 m/s and 1.25 m/s 
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0.5 m/s. The formation of oxide layer (MgO) is justifiable from the worn-out surface and EDAX 

spectra of the base alloy. It is found that the formation of an oxide layer dominates the process 

of its removal, resulting in less loss of material and eventually lower wear rate. At a higher 

sliding speed (1.25 m/s) with the same operating condition displays similar elements in the 

EDAX spectra. The sliding between interacting surfaces lasts only for approx. 7 min, indicating 

the formation oxide layer. The amount of oxygen (O) got reduced may be due to the removal 

or fracture of the oxide layer. At this condition, the rate for formation of the oxide layer got 

reduced and the scope of transition to metallic wear may have occurred, resulting in an 

increased wear rate at a higher speed due to delamination. Such agreements are also presented 

by other researchers in prior literature [Moheimani et al., 2022; Shen et al., 2022; Habibnejad-

Korayem et al., 2010]. Thus, the dominant wear mechanism is abrasion, oxidation along with 

delamination. 

  Figure 4.7(c) depicts the EDAX spectra for AZ31-1.5B4C which presents similar 

elements to base alloy, except boron and carbon. The presence of boron and carbon is detected 

in EDAX spectra which represents B4C inclusion in AZ31 alloy. The presence of hard boron 

particles in the composite reduces the area of contact at sliding interfaces. With the increased 

speed at 1.25 m/s (for 40 min), a significant amount of oxygen (O) is depicted in EDAX spectra 

(Figure 4.7(d)). Thus, the existence of oxidative wear can be depicted in EDAX spectra in 

Figure 4.7(d). The presence of B4C particles provides extra resistance to wear that may occur 

due to adhesion and delamination. Because of the presence of Fe in EDAX, it is assumed that 

hard B4C particles commence cutting on the counter face material. Accordingly, B4C 

effectively delays the mode of adhesive and delamination wear compared to the base alloy. 

Presence of B4C particles distributes the stresses equally and resists the wear by avoiding 

particle free region on the entire periphery of the pin surface. This result is in line with 

observations in available literature. 

4.4.2  Effect of Sliding Distances on Wear Morphology 

  Figure 4.8(a)-(d) depicts wear morphology of base alloy and composites at 0.5 m/s 

over sliding distances of 300 m and 1200m. Wear morphology shows extensive grooves over 

the surface of pin samples of AZ31 and AZ31-1.5B4C along the sliding direction, indicating 

wear caused mainly via abrasion. Moreover, base alloy and composite surfaces show the 

presence of wear debris, traces of oxide layer and delaminated areas typically on all sliding 

distances at 0.5m/s. Figure 4.8(a, b) reveal the worn morphology of AZ31 alloy and composite 



  

70 
 

at 0.5 m/s at 300 m under the load of 20N. Both SEM images exhibit abrasive grooves parallel 

to the sliding direction. The grooves are mainly produced via hard counterface that has 

ploughed into the soft matrix of the pin sample. However, for composite the wider ploughing 

marks are evident, indicating that hard counterface loses its cutting ability to protrude into the 

composite matrix. Moreover, Oxide layer is revealed over both base alloy and composite, but 

the composite worn surface is more wear-resistant in relation to unreinforced alloy. Again, mild 

delamination was also noticed over the surface of both unreinforced alloy and composites due 

to the detachment of flakes perpendicular to the sliding direction. Re-solidified layers are also 

depicted indicating the detachment in the form of layers. Thus, abrasive wear is mostly a 

dominant wear mechanism at 0.5 m/s under intermediate load and lower sliding distance. 

Similar findings are reported in literature [Chinthamani et al., 2020; Paider et al., 2021]. 

 

Figure 4.8: Worn surface morphology: (a, b) AZ31 alloy at 300 m and 1200 m, 

(c, d) AZ31-1.5B4C at 300 m and 1200 m 
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  Figure 4.8(c, d) depicts worn surfaces of AZ31 alloy and AZ31-1.5 B4C respectively 

at 0.5 m/s sliding speed and 1200 m sliding distance for 40 min. With repeated and continuous 

sliding for 40 min up to 1200 m may induce frictional heating between the contacting interfaces. 

Frictional heating may cause (i) a sudden increase in temperature between interfaces and (ii) 

rapid growth of oxide film between the contacting surfaces. During the initial run, wear 

morphology exhibited oxidation along with abrasions on both alloy and composites. 

Consequently, progressive sliding for more time may result in the rupture of the oxide layer. 

Eventually, the oxide film formed over the worn surfaces may get fractured under applied 

stresses, attributed to fracture of the typical tribo-layer, which exhibits metallic contact and 

eventually enhances wear rate. However, the tribo layer formed on the surface of the composite 

consists of fractured B4C and Fe particles which may provide extra stability to tribo layer. 

Consequently, improved surface morphology is observed for composites. Similar phenomenon 

was identified by earlier researchers [Arora et al., 2013; Sankaranarayanan et al., 2015; Shinde 

and Sahoo, 2022].  

  Figure 4.9(a)-(d) depicts EDAX spectra of the worn-out surface of AZ31 alloy and 

AZ31-1.5B4C at 0.5 m/s for a sliding distance of 300 m to 1200 m at a normal load of 20 N. 

AZ31 alloy displays chemical compositions of various elements as mentioned in the earlier 

section with slightly varied proportion. The increased amount of Fe and O indicates the 

dominance of abrasive wear and oxidative wear. The wear debris found on the worn-out surface 

also indicates of the presence of MgO. Furthermore, as the sliding continued for a longer 

duration (40 min or 1200 m), it may cause the removal of oxide fragments. The fragmented 

oxide debris in powdered form can be noticed in the worn-out surface at multiple locations 

under SEM. With progressive sliding, oxide debris fills out the abrasive grooves and improves 

wear resistance by preventing metallic contact [Lim et al., 2003; Srinivasan at al., 2012]. EDAX 

spectra of AZ31-1.5 B4C tested at sliding speed of 0.5m/s and sliding distances of 300 m and 

1200 m for sliding duration of 10 min and 40 min are presented in Figure 4.9c and 4.9d 

respectively. Examination as mentioned for the base alloy is applied to the composite pin 

sample. 

  The presence of B4C can be depicted in both EDAX spectra mentioned in Figure 4.9 

(c) and (d). The increased amount of Fe and O was noticed over the worn surface of composite 

sample. In comparison to base alloy, a relatively increased amount of Fe on the surface of the 

composite is attributed to abrading of the steel counter-face by B4C particles. However, the 
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abrading of the counter-face is relatively less severe in the case of submicron particles 

compared to micro-particles [Lim et al., 2003; Srinivasan at al., 2012]. EDAX spectra for a 

distance of 1200 m at a speed of 0.5 m/s show more amount of Fe. The presence of iron and 

oxygen indicates typical features of abrasive and oxidative wear. For longer durations,  

 

 

Figure 4.9 Continued 
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Figure 4.9: EDAX spectra: (a, b) AZ31 alloy at 300 m and 1200 m, 

(c, d) AZ31-1.5B4C at 300 m and 1200 m 

 

transferred iron particles get oxidized and mixed with wear debris and fractured B4C particles. 

All these particles may get compacted in the abrasive grooves and cavities so form due to 

repeated sliding and may result in generation of MML [Srinivasan at al., 2012]. 
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4.5  Summary 

  The present chapter presents the in-depth investigation of tribological behaviour at 

varying sliding distances and speeds for ranges of load-speed (FV) factor. The wear rate of 

AZ31-1.5B4C composite is significantly improved compared to AZ31 alloy at all ranges of 

sliding velocities at a fixed sliding distance (500 m) and load (20 N). Moreover, the wear rate 

depicts a typical increasing trend after a transition limit with the increased sliding velocity for 

both AZ31 alloy and AZ31-1.5B4C composite due to increased frictional heating between 

sliding interfaces. The wear rate illustrated for AZ31 alloy and AZ31-1.5B4C depicts an 

increasing trend for varying sliding distances of 300 m -1200 m and 750 m - 3000 m 

respectively for sliding velocities of 0.5 m/s & 1.25 m/s. AZ31-1.5B4C composite material 

represents improved wear resistance at all sliding distances over AZ31 alloy. The influence of 

sliding velocity and sliding distance brings a notable change in the wear behavior of both AZ31 

alloy and AZ31-1.5B4C. Furthermore, it is also confirmed that composite exhibits superior 

friction behavior for all experimental conditions. Worn surface morphology detected abrasion, 

oxidation, adhesion and delamination as dominant wear mechanisms with respect to 

experimental parameters. However, the composite surface appears to be relatively smooth and 

surely exhibit better wear behavior at all ranges of operating conditions. 
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   Chapter 5 

Abrasive Sliding Tribological Behaviour 

5.1  Introduction 

  Scrutiny of literature reveals that tribological characteristics of Mg-MMCs are 

majorly examined either in dry sliding condition or elevated temperature conditions. But it is 

well acknowledged that 63% of total wear is caused by abrasive conditions. Recently, Banerjee 

et al. (2020) scrutinized the abrasive wear behaviour of AZ31 and AZ31-WC composites for 

different abrasive grit size and sliding distance. It was reported that wear resistance was 

enhanced around 56% by incorporating only 2wt.% of WC particles in AZ31 matrix. Similarly, 

several other researchers [Kaviti et al., 2018; Zhang et al., 2018; Labib et al., 2016; Nguyen et 

al., 2015] have fortified different ceramic-based particles like BN, SiC, B4C, Al2O3 etc. in 

magnesium matrix and examined dry sliding wear characteristics. 

  In the context of tribological applications like cylinder heads, piston, power train, 

housings etc., investigation of abrasive wear behaviour is of equal importance as these 

applications involve typical contact with foreign particulates. Thus, it is quite obvious that 

detail examinations of abrasive wear behaviour of magnesium matrix composite are essential 

to establish them as necessary replacement of conventional materials. Extensive study of 

available literature clearly reveals that study on abrasive wear behaviour of magnesium matrix 

composite is scanty. To overcome this literature gap, the present chapter concentrates on 

examination of abrasive wear behaviour of AZ31-B4C composites synthesised through 

ultrasonic treatment associated stir casting technique. Effects of varying wt.% of B4C, sliding 

distance and abrasive grit size on wear and friction characteristics are thoroughly investigated. 

Furthermore, worn surfaces are also examined under SEM and EDAX to ascertain the possible 

wear morphology.  

5.2  Experimental Details 

  The abrasive wear tests are performed on pin-on-disk type tribotester (DUCOM, TR- 

20LECHM-400) at ambient temperature. Tests are carried out for all four variants of the 

composite and the base alloy. Abrasive papers of required grit size are attached on counter-

surface of tribotester during experimentation. The EN31 steel disc (60 HRC, Φ160 mm and 8 

mm thick) is used as counter face. Initially, pin samples (Φ6 mm x 30 mm length) are properly 
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wiped with acetone to remove foreign particles. Afterwards wiped samples are fastened at the 

stationary attachment, perpendicularly on the counter-disc. Schematic diagram of tribotester is 

presented in Figure 5.1. In current study, experiments are performed on different SiC abrasive 

grit papers (400, 600 and 800 grit). The wear testes are conducted at varying track diameter 

(40, 50 and 60 mm) and constant speed of 100 rpm for 5 min duration. The varying track 

diameter justifies variations in sliding distance. In present investigation, sliding distance is 

represented by track diameter (TD). A dead weight of 30 N is placed on loading pan for each 

experiment. 

 

Figure 5.1: Schematic of pin-on-disc test rig 

  The wear values of samples are evaluated based on initial and final weight of pin 

measured via digital weighing balance (Afcoset, accuracy ±0.001 mg). The controller unit helps 

to analyze experimental parameters. In this investigation, wear depth of samples is evaluated 

from the following relations. 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑝𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (∆𝑊) = 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑊𝑓𝑖𝑛𝑎𝑙                               (5.1) 

Where, W=Weight of Pin samples at initial and final conditions. 

Specific wear rate (𝑊𝑠𝑝) is expressed as,  

𝑊𝑠𝑝 =
∆𝑊

𝐿 𝑆
                                                                                                             (5.2) 

Where, L= Applied load (N) and S= Sliding distance (m). 
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Wear Coefficient (K) is given as, 

𝐾 =
∆𝑊 𝐻

𝜌𝐿 𝑆
                                                                                                           (5.3) 

Where, 𝐻 = Micro-hardness of Pin sample and 𝜌=Density of Pin sample (g/cc). 

Wear depth (𝑊𝑑) is calculated as, 

𝑊𝑑 =
𝐾 𝐿 𝑆

𝐴𝐻
                                                                                                        (5.4) 

Where, 𝐴= Cross sectional area of Pin sample.  

5.3  Results and Discussion 

5.3.1   Abrasive Wear Behaviour 

  In the current investigation, experiments are carried on different grit (400, 600 and 

800 grit) SiC abrasive papers and considering three different sliding distances. For 

experimentation, track diameters (TD) are varied (40, 50 and 60 mm) to compute sliding 

distances keeping the sliding speed constant at 100 rpm and experiments are continued for 5 

minutes. Figure 5.2 shows the effect of incorporation of amount of B4C particles on wear rate 

of base alloy and composite samples for different track diameters under 800 grit abrasive paper. 

It is quite clear from Figure 5.2 that the wear rate of AZ31 alloy (base matrix) is maximum for 

selected range of sliding distances. Figure 5.2 also yields decreasing trend of wear rate with 

increase in amount of B4C particles. AZ31-2B4C possesses highest wear resistance among 

developed composites. Typically, good interfacial bonding of matrix and reinforcement 

interface enhances basic mechanical properties like hardness which results in increased load 

carrying capacity compared to base alloy. Accordingly wear resistance enhances with 

increasing amount of B4C particulates. It is quite obvious from literature that hardness and wear 

rate possess inverse relation. In present investigation, AZ31-2B4C is found to have highest 

hardness while AZ31 shows minimum hardness. Usually, penetration of counter asperity is 

dependent on applied load, speed, sliding distance, hardness and other factors. In base alloy, 

major load due to sliding is on matrix phase whereas the same for composite is governed by 

B4C particles. Similar phenomenon is also observed in literature [Banerjee et al., 2020; 

Canakci, 2011]. 

  Due to the enhanced load carrying capacity of composites, amount of worn-out 

material is less for composites compared to AZ31 alloy. Figure 5.2 also discloses that wear rate 

of all the developed materials increases with increase in sliding distance. For increased sliding 

distance, typical contact time of mating surfaces increases resulting generation of intensified 
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heat. This heat leads the sample surface towards thermal softening. As a result, material 

removal from sample surface becomes easier. In AZ31 alloy effect of this phenomenon is more 

compared to composites. In composites, presence of B4C particles helps to minimize this 

thermal effect to a certain extent. Consequently, composites exhibit better wear resistance at all 

experimental conditions. 

 

Figure 5.2: Wear rate versus wt.% of B4C at varying sliding distance (TD) 

  Effect of variation of abrasive grit size (AGS) on wear rate of AZ31 alloy and AZ31-

B4C composites for 60mm TD is shown in Figure 5.3. Figure 5.3 depicts that initially wear 

rates of base alloy and composites decreases sharply coarse abrasive grit and then follow 

moderate trend for fine grit. Coarse grit to fine grit size varies from AGS 400 to 800. Basically, 

enhancement in number of grit size suggests the appearance of smoother surface (i.e., lesser 

grit size means presence of coarse asperity which penetrates faster and deeper). Thus, material 

removal should be more for 400 grit (coarse) compares to 600 or 800 grit (fine). As a result, 

steeper slope is observed in the initial range (400-600) of abrasive grits. In base alloy, matrix 

phase directly come across the counter-asperity (SiC grit) which easily penetrate the matrix 

phase resulting easy material removal. On the other hand, for composite samples, counter-

asperities come across the reinforced B4C particles which protect the matrix phase by 

preventing direct contact. Additionally, the bonding of matrix-reinforcement interface and 

higher microhardness of MMC safeguard the pin surface from the penetration of abrasive grits. 
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These effects enhance with increase in wt.% of B4C. Accordingly, MMC possess lesser wear 

rate compared to base alloy and wear rate decreases with increase in wt.% of B4C. This result 

is in line with literature [Kulekci et al., 2008]. 

 

Figure 5.3: Wear rate versus abrasive grit size (AGS) for base alloy and composites 

 

 

Figure 5.4: Wear depth versus wt.% of B4C at varying sliding distance (TD) 
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  Figure 5.4 shows the role of varying wt.% of B4C on wear depth for different track 

diameter tested under 800 grit SiC abrasive paper. In current study, wear depth is calculated by 

considering equation (5.4). Figure 5.4 depicts that wear depth of AZ31 alloy is maximum for 

all experimental conditions and wear depth decreases simultaneously with increase in amount 

of B4C. However, value of wear depth increases with increase in track diameter. Occurrence of 

this phenomenon is mainly due to homogeneous distribution of B4C particles in AZ31 matrix. 

Strong interfacial bond between matrix and reinforcement helps to enhance hardness and load 

bearing capacity of AZ31-B4C composites. 

5.3.2  Friction Behaviour 

  Friction behaviour of AZ31 alloy and AZ31-B4C composites in abrasive sliding are 

depicted in Figure 5.5. Figure 5.5 discloses the variation of COF w.r.to different wt.% of B4C 

particles for different sliding distance under 800 AGS counter-body. It is clearly observed that 

COF possesses detrimental trend with increase in amount of B4C particles in AZ31 matrix. 

Additionally, it is also found that COF increases with increase in sliding distance. Similar 

observations are also reported in literature for other composites [Oge et al., 2019; Meher et al., 

2019; Banerjee et al., 2020]. In case of composites, abrasive asperities of counter-body will 

come in contact with reinforced B4C particles during sliding. Composites also possess higher 

hardness compared to base alloy. Consequently, contact area in between composites and 

counter-surface will be lesser than that of base matrix. As a result, COF decreases. 

 

Figure 5.5: COF versus wt.% of B4C particles for different sliding distance 
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In the contrary, increased sliding distance leads to more time of contact which initiates 

formation of local hot-spots due to the action of frictional heating. Due to frictional heating, 

shearing as well as bulk softening of pin surface may occur quite easily. Thermal softening 

leads towards easy penetration of counter asperity and increased area of contact between sample 

and counter-face [Kulekci et al., 2008]. As a result, value of COF shows incremental trend. 

 

Figure 5.6: Fluctuations of COF versus time for all synthesized materials 

 

Fluctuations of COF w.r.to time are presented in Figure 5.6 for all synthesized materials tested 

at 800 AGS and 50 mm TD. In Figure 5.6, moderate increment in COF is observed w.r.to time 

for all samples whereas COF possesses continuous decreasing trend with increase in amount of 

B4C. Basically, effect of frictional heating enhances with increase in duration of contact which 

in turn enhances the thermal softening effect on surface of AZ31 alloy. Consequently, COF 

value enhances. On the other hand, presence of B4C particles in MMC subsidizes the thermal 

effect and reduces the fluctuation of COF. 

  Figure 5.7 presents the role of AGS on COF of AZ31 and AZ31-B4C composites for 

60 mm TD. Figure 4.7 discloses that COF decreases moderately with increase in abrasive grit 

size. Here higher AGS refers finer abrasive surface. Moreover, COF value decreases 

continuously with increase in wt.% of B4C. Typical interaction of coarse particles with material 

surface produces greater friction force compared to the force generated by interaction of finer 

particles and material surface. 
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Figure 5.7: Variation of COF versus abrasive grit size for AZ31 and AZ31-B4C 

composites 

 

5.3.3  Wear Mechanism 

  Wear and friction behavior of AZ31 alloy and AZ31-B4C composites clearly 

suggests the presence of different wear mechanisms during abrasive wear tests. In addition, 

different tribolayer may have formed and tribomechanical reactions may have occurred during 

experimentations. Hence further investigations are required on worn surfaces to understand the 

effect of wt.% of B4C, AGS and sliding distance on surface morphology and protective 

tribolayer formation. Therefore, worn surfaces of samples are scrutinized with the help of SEM 

images and EDAX spectra. Effect of wt.% of B4C particles on wear morphology of speciments 

experimented under 800 grit abrasive counter-surface and 60 mm TD is depicted in Figure 5.8. 

It is quite clear from Figure 5.8 that concentration and nature of wear for base metal and AZ31-

B4C composites are completely different. Figure 5.8(a) shows the SEM image of base alloy. 

Sign of grooves, ploughing, plastic deformation, delamination, press-in particle and craters are 

visible in SEM image. Basic nature of base matrix is softer which allows the harder counter-

asperity to remove material quite easily either by ageing or by ploughing. As a result, different 

types of grooves (shallow or deep) are observed in the SEM micrograph. Furthermore, craters, 

press-in particles and sign of delamination are also found because of repetitive loading. In SEM 

micrograph, adhesion is also distinct which suggests the presence of adhesive wear. 

Additionally, craters and torn grooves are present along the sliding direction. These are sign of 
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delamination wear. Thus, it can be said that typical wear mechanisms behind wear of base 

matrix are abrasion, adhesion and delamination. Similar phenomenon is reported in literature 

[Kulekci et al., 2008; Banerjee et al., 2020].  

  Figure 5.8(b) and (c) depict SEM micrographs of worn surfaces of AZ31-1B4C and 

AZ31-2B4C composites respectively. In Figure 5.8(b), abrasive groove, sign of oxidation and 

delamination are clearly visible. However, presence of grooves are shallower due to the 

presence of B4C particles. Welded debris are also present in the micrograph. Hence it can be 

said that along with abrasion and delamination, oxidation has also happened during 

experimentation for AZ31-1B4C composite. Figure 5.8(c) discloses the presence of ploughing 

and spalled over oxidized debris along with small amount of welded debris. In this case, 

intensity of ploughing is quite lesser compared to the micrographs of base matrix and AZ31-

1B4C. Consequently it can be said that, higher wt.% of B4C as well as higher hardness of 

composites have resulted in reduced penetration depth. Presence of small amount of welded 

debris suggests that B4C particles have successfully reduced the effect of heat. However, 

abrasion along with oxidation is found to be as dominant wear morphology of AZ31-2B4C 

composite. Moreover, it is of immense importance to investigate the effect of abrasive grits on 

wear morphology. Consequently, worn surface of AZ31-2B4C sample tested at 60 mm TD and 

400 grit SiC paper is thoroughly examined. Figure 5.9 presents the FESEM micrograph of 

above mentioned condition. Figure 5.9 and 5.8(c) are compared to distinguish the function of 

abrasive grits. Figure 5.8(c) represents the FESEM micrograph of AZ31-2B4C sample tested at 

800 grit at 60 mm TD and Figure 5.9(a) depicts the FESEM image AZ31-2B4C samples tested 

at 400 grit and 60 mm TD. Figure 5.9(a) contains more number of deep abrasive grooves, 

delamination patch and rows of furrows. Typical presence of deeper grooves and rows of 

furrows in sample surface are mainly because of rubbing with coarser counter particles. 

Rubbing of coarser particles with sample surface generates more heat which in turns generate 

welded debris which also make the surface uneven. Presence of welded debris and rows of 

furrows also justify the existence of adhesive wear. Additionally, repeated loading creates the 

traces of delamination. Hence, it can be observed that abrasion as well as delamination and 

adhesion are dominant wear mechanism in this case. Moreover, effect of varying track diameter 

on wear morphology should also be examined. Figure 5.9(b) shows the FESEM image of worn 

surface of AZ31-2B4C sample tested at 800 grit and 40 mm TD. 
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Figure 5.8: FESEM micrograph of worn surface of (a) AZ31, (b) AZ31-1B4C and (c) 

AZ31-2B4C for 800 grit abrasive counter-surface and 60 mm TD 

 

Comparision between Figure 5.8(c) and Figure 5.9(b) helps to distinguish the function of TD. 

Figure 5.8(c) represents the FESEM micrograph of AZ31-2B4C sample tested at 60 mm TD 

keeping all other experimental conditions same. Figure 5.9(b) clearly shows lesser grooves and 

more oxidized debris compared to the sample tested at 60 mm keeping all other conditions 

same. For the sample tested at 40 mm TD, the duration of contact is less compared to the sample 

tested at 60 mm TD. As a result chances of repeatitive loading is lesser resulting in less surface 

damage. Along with SEM micrograph, EDAX spectra need to be examined to evaluate 

composition details of worn-out surface during abrasive sliding. Accordingly, EDAX spectra 

of worn-out surfaces are presented in Figure 5.10. 
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Figure 5.9: FESEM micrograph of worn surface of AZ31-2B4C sample (a) 400 grit and  

60 mm TD (b) 800 grit and 40 mm TD 

 

The compositional analyses are carried out for base alloy, AZ31-1B4C and AZ31-2B4C 

composites tested with 800 grits SiC paper at 60 mm TD, 30N load and 0.3 m/s sliding speed. 

Figure 5.10(a) depicts the EDAX spectra of AZ31 alloy. In Figure 5.10(a), all the base elements 

of base matrix are present but wt.% of Si is comparatively higher which indicates transfer of 

ruptured particles from SiC emery paper. During sliding on abrasive SiC emery paper, SiC 

particles ruptures and may have increased the wt.% of Si. Typically, these fractured hard Si 

particles also left some scars over the worn surface during sliding. The continual sliding over 

abrasive surface cause frictional heating between interfaces which results in thermal softening 

of pin surface. The softened pin easily got penetrated by counter asperity and thus plastically 

deformed easily. However, EDAX spectra of AZ31-1B4C and AZ31-2B4C composites in 

Figure 5.10 (b) and (c) discloses significant reduction in wt. % of Si compared to AZ31 alloy 

which results in protection to pin surface from abrasive particles. Moreover, presence of 

protruding boron particles also restricts contact area between soft Mg matrix and abrasive 

particles. Accordingly, relatively less wear than base alloys is justified. The EDAX spectra of 

composite samples also depicts strong oxygen peak which indicates the generation of protective 

oxide tribo-layer over the worn-out surface. These layers are typically formed due to thermal 

heating between counter-face and pin surface during repeated sliding and loading. Thus, 

composite pin samples show relatively better wear behaviour at all experimental conditions 

than base alloy. 
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Figure 5.10: EDAX spectra of worn-out surfaces of (a) AZ31 alloy, (b) AZ31-1B4C 

(c) AZ31-2B4C composites tested with 800 grits SiC paper at 60 mm TD 
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5.4   Summary 

  A pin-on-disc tribo-tester is utilised to investigate abrasive wear characteristics of 

base matrix and AZ31-B4C composites. Experimentations are performed under different grit 

(400, 600 and 800 grit) SiC emery paper and for different track diameters (40, 50 and 60mm). 

The composites possess better abrasive wear characteristic than base Mg alloy due to addition 

of B4C particles. Wear rate values of AZ31 alloy is about 1.3-1.5 times more than AZ31-

2.0B4C. Accordingly, submicron composite offers better wear resistance at all experimental 

conditions. The increase in sliding distance enhances wear rate for all materials. However, 

composite material shows better load bearing capacity than base alloy even at higher sliding 

distance.  Coarser grit abrasive paper removes material easily from pin surface resulting in 

higher wear rate compared to fine grit for base alloy and composites. Fine abrasive grade (800 

AGS) illustrates lower wear rate compared to coarse grit SiC paper for all experimental 

conditions. Friction behaviour of composite material is significantly enhanced due to 

incorporation of B4C particles in AZ31 alloy. COF values decreased with the increase in wt. % 

of B4C. Worn surface morphology of AZ31 alloy depicts series of grooves, press in particles, 

furrows, crater and plastic deformation over the range of tested conditions. Wear mechanisms 

of AZ31 are found to be abrasion, adhesion and plastic deformation while abrasion, mild 

delamination and oxidation are dominant for composites. 
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Chapter 6 

Tribological Behaviour At Elevated Temperatures  

6.1  Introduction  

  Metal matrix composites have gained prominence as critical material in terms of 

trade as well as technology. Metal matrix composites offer higher strength, enhanced wear 

resistance, fracture toughness, stiffness and withstand elevated temperature. As a result, 

utilization of MMC has gained wide acceptance in transportation industries like automobile, 

railways and aerospace etc. [Guan et al., 2022; Bharathi et al., 2023]. Nowadays, magnesium 

(Mg), titanium (Ti), aluminum (Al) and nickel (Ni) alloys are widely used as matrix material 

because of their specific applications in aircraft, missiles, automotive and electronics 

applications. In this context, magnesium based composites have emerged as better alternative. 

Nowadays, magnesium composites are quickly displacing aluminium and other metals as a 

structural material in automotive and transportation industries owing to their elevated stiffness, 

specific strength etc. [Miracle et al., 2005; Nirala et al.,2020].  

  With the addition of suitable ceramic reinforcement particles, Mg composites are 

produced as a unique aspirant for wear–friction applications even in strident environments like 

in dry friction clutch, brake disc applications etc. Thus, improving properties of magnesium 

matrix composites in addition to their outstanding light weight feature can make them a possible 

choice for challenging tribological applications [Behnamian et al., 2022]. Main efficacy of wear 

resistant material depends on intrinsic and extrinsic parameters. Intrinsic parameters include 

type of material, microstructure and counterpart material. While extrinsic parameters are 

difficult to replace as they depend on equipment design. It includes applied load, wear 

environment, sliding speed and distance, wear environment including high temperature 

applications. Accordingly, investigation of elevated temperature tribological behaviour of 

magnesium matrix composites having thermally stable reinforcement is also a matter of 

inquisitiveness for researchers. However, magnesium and its alloys have notable restrictions 

when utilised in elevated-temperature applications. Such restrictions are primarily originated 

from the material’s elemental properties, including its low melting point and susceptibility to 

creep. Due to this, magnesium is inappropriate in applications requiring long-term structural 

soundness (integrity) in elevated-temperature environment. Thus, the current investigation tries 
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to remit the mentioned research gap through examining the tribological performance of AZ31-

B4C composites at elevated temperatures. 

6.2  Experimental Details 

   The elevated temperature dry sliding tests are performed on a pin-on-disc type 

tribotester (DUCOM, TR-20-M56) as per ASTM-G99-05. The test set up is shown in Figure 

6.1. Pin samples (Φ6 mm x 30 mm length) are used against EN31 alloy steel disc (60 HRC, 8 

mm thick and Φ160 mm) that act as counter material. It has induction heater (beryllium copper 

coil of 15 kVA heating capacity) for heating the counter-disc during experimentation. 

Noncontact type pyrometer (maximum capacity 975±1ºC) is oriented to record temperature of 

counter disc. Figure 6.1(a) presents tribotester view and Figure 6.1(b) depicts pin material flow 

(approx. at 300⁰ C) on the wear track diameter.  The pin samples are sequentially mounted 

perpendicularly and brought in conformal surface contact against the counter face. Force of 

friction is evaluated utilizing button type load cell. 

 

Figure 6.1: Pictorial view of (a) pin-on disc tribo-tester (top view) (b) wear track 

diameter and thermal softening of pin sample at elevated temp 300⁰ C (c) temperature 

indicator (d) front view of elevated temperature pin-on disk  
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Experiments are performed for different loads (20-40 N) and constant velocity (0.4 m/s). The 

tribotester relates to computerized interface which helps to obtain the wear and friction 

characteristics. Wear rate is calculated by wear loss method and COF is directly recorded in the 

system. Worn surfaces of samples after scratch tests and elevated temperature tribological tests 

are analysed by employing Field emission scanning electron microscope (Carl Zeiss, Model: 

Sigma, Smart SEM). 

6.3  Result and Discussion 

6.3.1  Wear Behaviour  

  The wear rate of AZ31-B4C MMC and AZ31 alloy under varying temperatures (50-

250°C) and varying load (20N-40N) of wear testing are reported in Figure 6.2. Figure 6.2(a) 

depicts the wear rate variation at fixed load of 40 N as a function of temperature. It is noticed 

that rate of wear of AZ31 alloy and AZ31-0.5B4C composite rise continuously with the elevated 

temperature at constant load. However, wear behaviour of other composite materials does not 

possess significant change up to a transition temperature. That specific transition temperature 

for AZ31-1B4C is 100°C whereas the same for AZ31-1.5B4C and AZ31-2B4C is 200°C. 

However, Figure 6.2(a) discloses that as-cast composites exhibit better wear behaviour 

compared to AZ31 alloy at all testing environments and rate of wear decreases with rise in 

quantity of B4C particles. Typical enhancement in wear resistance of composites is elementally 

due to enhanced microhardness. This is also in compliance with Archard’s wear law [Archard, 

1953]. For AZ31 alloy, the inter-dendritic secondary β-phase (β-Mg17Al12) possesses poor 

strength at high temperature and results in quick plastic deformation. Subsequently, AZ31 

shows continuous increment in wear rate w.r.to increased temperature. Gokalp and Incesu 

(2023) reported that hot hardness of Mg-alloy deteriorates significantly with increased 

temperature which hinders generation of protective tribo-layer. As a result, wear resistance 

decreases continuously with increased temperature. The same mechanism is not adhered for 

composite materials. Moreover, trends of composite samples are completely different from base 

alloy, which may be due to the capability of composites to retain hot hardness up to a transition 

temperature and ability of composite samples to generate stable tribo-layer in the contact 

surface. Similar phenomenon is observed in literature [Sunu surendran and Gnanavelbabu, 

2021; Gokalp and Incesu, 2023; Labib et al.,2016]. Most of mentioned literatures identified the 

lower rate of wear of composite correlated to pure alloy at elevated temperature. It was further 
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mentioned that improved hardness and strength levels of composites could cause more 

constrained flow of matrix and resist plastic deformation of matrix.  

 

 

Figure 6.2: (a) Wear rate versus temperature (b) Wear rate versus applied load 
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  Figure 6.2(b) represent the tribological behaviour of AZ31-B4C composites and 

AZ31 alloy under varying loads (20N-40N) at elevated temperature of 2000 C. Wear rate shows 

linear increment with the increase in applied load for all materials. Highest wear rate is depicted 

at 40 N whilst lowest wear rate at 20 N for all materials. Moreover, AZ31 alloy exhibit highest 

wear rate and AZ31-2.0B4C possesses lowest wear rate at all experimental conditions. 

Furthermore, it is identified that all composite material exhibits improved resistance to wear 

compared to monolithic alloy. Increment of wear rate expeditiously with rise in enforced load 

advocates that a transition in nature of wear (mild to severe) happens. However, this transition 

is more prominent for base matrix while this transition diminishes due to incorporation of B4C 

particles. Similar trend is reported in other literature [Labib et al., 2016; Gokalp and Incesu, 

2023]. Typically, presence of B4C particles in AZ31 matrix effectively restricts the deformation 

and improves hot hardness which in turn enhances wear resistance. Thus, all composites show 

comparatively lower wear rate than AZ31 alloy. 

6.3.2  Friction Behaviour  

  Figure 6.3(a) illustrates the correlation between temperature and friction coefficient 

(COF) of AZ31 matrix and AZ31-B4C composites. Friction characteristics are reported at 40 N 

load against varying temperatures (50-2500C). It is observed from Figure 6.3(a) that COF 

shows modest decreasing trend as compared to increasing temperatures for both AZ31 alloy 

and MMCs. However, composite material shows improved friction behaviour compared to base 

alloy at all conditions. Similar observation is also present in literature [Surendran and 

Gnanavelbabu, 2021; Mansouri et al., 2022]. This reduction of COF may be attributed to 

generation of stable tribo-oxide layer due to frictional heating in between contacting surfaces. 

At high temperature and load, generated heat energy at the interfaces amidst sliding softens the 

pin surface, making local shearing of the asperity contact at the interface simpler. Consequently, 

thermal softening decreases friction at the contact surface. Gokalp and Incesu (2023) have 

detected similar tribological behaviour of magnesium-based materials at elevated temperature. 

  Figure 6.3(b) depicts the variation of COF w.r.to applied load at elevated temperature 

of 2000C. It is depicted that COF decreases continuously with increasing load. However, the 

gradient of AZ31 alloy is slightly different from composites. For AZ31 alloy, gradient of COF 

line is sharp throughout the loading region while the same for composites are sub-divided into 

two regions. The gradient of line between 20N-30N is steeper while the same for 30N-40N is 

moderate. In low load region (20N-30N), effect of friction heating is lower, and condition of 

contact surface is better which provides more resistance resulting in steeper slope. On the other 
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hand, in high load region (30N-40N), thermal softening becomes conspicuous which reduces 

the friction resistance in between contact surfaces. As a result, counter asperities can easily 

invade the sample surface. Consequently, COF becomes lower. Similar phenomenon is reported 

in literature by Banerjee et al. (2019c) for AZ31-WC nanocomposites. 

 

 

 

Figure 6.3: (a) Coefficient of friction versus temperature (0C) (b) Coefficient of 

friction versus applied load (N) 
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6.3.3  Wear Mechanism 

  It is obvious from wear and friction behaviour that samples have encountered 

different wear mechanism during experimentation under different conditions. To examine those 

probable wear mechanisms, samples are investigated under FESEM. Figure 6.4 depicts the 

wear track of AZ31-2B4C composite experimented under different temperatures (50-2500C) at 

40N load. Worn surface morphology at 500 Cin Figure 6.4(a) depicts series of abrasive grooves 

which indicates ploughing as dominant mechanism at lower temperature. Along with abrasive 

wear, oxidative and delaminated wear are identified over worn-out surface. Worn out oxide 

debris over the surface signifies the domination of oxidative and abrasive wear. Sign of 

delamination in the wear track is typically because of combined eventualities of temperature 

and high load. Moreover, presence of oxidized debris on wear track suggests the existence of 

oxide tribo-layer in between pin surface and counter-body. Similar phenomenon is observed by 

Banerjee et al. (2019c) and Zafari et al. (2014). At 1000C (Figure 6.4(b)), moderately smoother 

surface and work hardened layers are observed.  

  Presence of work hardened layer justifies the prevention of sample surface from 

major change in wear rate as this tribo-layer protects the pin surface. In wear track of sample 

tested at 150°C in Figure 6.4(c), depicts flow of material, crack initiation and sign of 

delamination. Flow of material suggests the happening of thermal softening of sample surface. 

Further sliding carried out at 200°C as mentioned in Figure 6.4(d), shows lips of flow of 

material, heavy delamination and deformed layers. Such mechanism happens mostly due to 

delamination and thermal softening of pin against counter face under high load (40 N). 

Moreover, sliding at 250°C in Figure 6.4(e) results in severe deformation, heavy delamination, 

typical adhesive craters and furrows. Thus, AZ31-2B4C composite pin losses its strength and 

resistance at elevated temperature. All materials including composites experienced severe wear 

because of temperature rising further. The β -phase of the alloy may lose strength critically and 

generate plastic deformity in the base alloy after 1000C. Accordingly, grain boundary sliding 

may have happened in between 100-2500C, which notably reduce material strength [Labib et 

al., 2016; Banerjee et al., 2019c; Gnanavelbabu et al., 2022]. 

  Worn surface morphology of AZ31 alloy and AZ31-2.0B4C at constant temperature 

(2000C) and varying load (20N and 30N) is presented in Figure 6.5. It illustrates the effect of 

applying load on as-cast material at elevated temperature. Worn surface of AZ31 alloy at 20N 

load, depicted in Figure 6.5(a) possesses sign of ploughing, craters, delaminated crack and 

traces of oxide debris. Worn surface of AZ31 alloy reveals delamination and abrasion as 
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Figure 6.4: Worn surface morphology at 40 N of AZ31-2.0B4C a) 500C b) 1000C c) 1500C d) 

2000C e) 2500C 

 

primary wear mechanisms, whereas worn surface of AZ31-2.0B4C in Figure 6.5(b) mainly 

consists of sign of oxidation and ploughing. However, intensity of ploughing in composite 

sample is to a lesser degree compared to AZ31 alloy. Hence, for composites, oxidation is the 

primary wear mechanism for composite sample at elevated temperature and low load. With the 
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increase in load to 30N, worn surfaces of AZ31alloy in Figure 6.5(c) represents sever 

delamination, presence of furrows (adhesive patches) and cracks. Worn surface reveals that 

mode of wear has shifted to from mild to severe wear at 30N compared to 20N. Conversely, 

worn surface of AZ31-2.0B4C in Figure 6.5(d) is mainly covered with signs of oxidation and 

mechanically mixed layer. Additionally, it is also found that the wear surface of AZ31-2.0B4C 

is less damaged compared to base alloy. Typically, composite samples possess much higher 

hardness and better load carrying capacity correlated to base alloy. Thus, composite sample 

shows lower wear than base alloy. Archard’s wear law agrees with this finding [Archard, 1953]. 

Additionally, the presence of compacted mechanical mixed layer (MML) in composite helps in 

protecting the pin surface. Mansouri et al. (2022) have shown that MML noticeably affect the 

contact conditions and rates of wear. This may be attributed to increased hardness and stiffness 

of MML in comparison to the substrate. 

 

 

 

Figure 6.5: Worn surface morphology tested at 2000C and varying load: a) AZ31 alloy at 20 N 

b) AZ31-2.0B4C at 20 N c) AZ31 alloy at 30 N d) AZ31-2.0B4C at 30 N 
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6.4  Summary 

  In the current chapter, elevated temperature behaviour of AZ31-B4C composite is 

investigated. Scrutiny of elevated temperature wear behaviour of AZ31-B4C is of immense 

importance to recognise its usage in different practical applications. AZ31-B4C composites are 

fabricated through ultrasonic vibration assisted stir casting process by reinforcing varying 

amount of boron carbide (0.5-2 wt. %) in AZ31 alloy. AZ31 alloy possesses around two times 

more wear rate than AZ31-2B4C at high temperature zone. Enhancement in applied load results 

in higher rate of wear for all samples. Although, composite samples show enhanced wear 

resistance at all testing conditions mainly due to presence of oxide and mechanical mixed layer. 

This layer effectively increases the load bearing capacity of magnesium matrix due to presence 

of B4C ceramic reinforced phase. COF also reduces with elevation in temperature and 

reinforcement amount for all experimental conditions. 
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Chapter 7 

Corrosion Behaviour 
 

7.1  Introduction 

  In this chapter, influence of boron carbide (B4C) particles on the corrosion behaviour 

of magnesium metal matrix composite is examined. As mentioned earlier, AZ31- B4C 

composites are fabricated through ultrasonic vibration assisted stir casting process by 

reinforcing varying amount of boron carbide (0.5-2 wt. %) in AZ31 alloy. Electrochemical 

corrosion tests are carried out on AZ31-B4C composites in 3.5 % NaCl solution. Corrosion 

morphology of the samples is scrutinized under SEM and EDAX. 

  Extensive scrutiny of literature as presented in Chapter 1 reveals that Mg-MMCs do 

not follow any particular trend so far as corrosion characteristics are concerned. Esmaily et al. 

(2016) fabricated AZ91-SiC composites by rheocasting technique and reported that AZ91-SiC 

MMCs are more susceptible to corrosion than monolithic alloy due to interfacial reaction in 

MMC, impurity in SiC particles and lesser degree of protective character of β-Mg17Al12. On 

the other hand, Ganguly et al. (2020) reinforced SiC nano particles in magnesium alloy 

(AZ91D) through squeeze casting and reported that AZ91D-2SiC possesses better corrosion 

resistance than magnesium base alloy in NaCl solution. Recently, Banerjee et al. (2021a) 

investigated corrosion characteristics of AZ31-WC-Gr nanocomposites and reported that 

AZ31-2WC-Gr possesses better corrosion resistance compared to base alloy. Existing literature 

reveals the corrosion characteristics of Mg based MMCs decide the acceptability of the material 

for varied applications involving corrosive environments. However, research on corrosion 

characteristics of Mg-B4C is not unfolded yet. Thus, the present chapter tries to scrutinize the 

corrosion characteristics of AZ31-B4C composites which are synthesized through ultrasonic 

vibration associated stir casting technique. In this study, corrosion characteristics of AZ31-B4C 

composites are evaluated in 3.5% NaCl solution. Corrosion characteristics are examined by 

performing electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 

tests. After corrosion tests, transition of corrosion morphology of corroded samples is also 

examined using SEM and EDS spectra. 
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7.2  Experimental Details 

  Corrosion performance of AZ31 alloy and AZ31-B4C composites are examined in 

3.5% NaCl solution (electrolytic solution) at room temperature. The experiments are carried 

out using three electrodes with a potentiostat (Gill AC, ACM Instruments, UK). Potentiostat set 

up used to determine the corrosion performance of all samples through potentiodynamic 

polarization (PP) test and electro-chemical impedance spectroscopy (EIS). Magnesium alloy 

and composite samples of specific size (10 mm x 15 mm x 15 mm) act as working electrode, 

 

Figure 7.1: (a) Flowchart of corrosion test, (b) Pictorial view of corrosion set up 
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saturated calomel electrode as reference electrode as reference electrode and platinum electrode 

as auxiliary electrode. All electrical connections are made ready with a potentiostat. Flow chart 

of the experimental procedure and pictorial view of corrosion test rig is presented in Figure 7.1. 

A dedicated Gill AC software installed computer is interfaced with potentiostat to record all 

experimental data. Stable potential is typically obtained through calomel electrode and 

auxiliary electrode provides alternant path to connect applied current. These electrodes are 

placed in an electrolyte-filled glass cylinder and a 10 mm2 area of the sample is in contact with 

the electrolyte solution. Afterwards, the system is kept in that condition for 15 min to get stabled 

and settled down the OCP (open circuit potential). The interfaced computer controls, the 

potentiostat and scrutinizes obtained curves with the help of installed Gill software. Potentiostat 

helps to obtain output curves such as Tafel plot and Nyquist plot. Extrapolations of anodic as 

well as cathodic parts of Tafel plot generate values of output parameters [corrosion potential 

(Ecorr) and current density (Icorr)]. Corrosion tests are controlled between two potential +250 mv 

and -250 mv and scan rate of 1 mV/s in both directions. Similarly, EIS results generate detailed 

data of corrosion characteristic of examined samples by providing values of different 

parameters. 

7.3  Result and Discussion 

7.3.1   Corrosion Test 

  Corrosion test includes two studies: (1) Potentiodynamic Polarization study (PP) and 

(2) Electrochemical Impedance Spectroscopy study (EIS), explained in subsequent sections. 

PP test performed to determine corrosion behaviour of material in corrosive environment. It 

establishes a relation between corrosion potential (Ecorr) and corrosion current density (Icorr) for 

each material. This graphical relation developed is known as polarization curve or Tafel plot. 

Tafel plot actually controls the sweeping voltage and measures the resulting current. The 

current behaviour provides the insight into the electrochemical process happening on the 

surface of materials. Similarly, EIS study is dynamic and non-destructive technique to assess 

corrosion rate and corrosion mechanism. EIS actually compute impedance (opposite to current) 

of electrochemical system. In this study, gill ac voltage is applied to samples in electrolyte 

(3.5% NaCl) solution. Current trend is estimated across the range of frequencies from mHz to 

KHz. All results are graphically interpreted in the form of Nyquist plot. 
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7.3.1.1  Potentiodynamic Polarization Study 

  Evaluation of corrosion behaviour is very important to understand the durability of 

any material. In this study corrosion behaviour of AZ31-B4C composites are evaluated by 

conducting potentiodynamic polarization study, i.e., Tafel plot and EIS study, i.e., Nyquist plot. 

Tafel plot of AZ31 alloy and AZ31-B4C composites are shown in Figure 7.2(a). Tafel plot shows 

the relation between corrosion potential (Ecorr) and corrosion current density (Icorr) for each 

material. Tafel plots mainly consist of cathodic and anodic regime. Hydrogen evolution is the 

main electrochemical reaction of cathodic regime whereas anodic part attributes dissolution of 

magnesium. Thus, study of anodic regime is more important to understand corrosion behaviour 

as well as corrosion morphology of AZ31 alloy and AZ31-B4C composites in electrolytic 

solution. Figure 7.2(a) discloses that wt. %B4C and corrosion performance is not showing a 

linear trend. Literature reveals that such a trend is mainly because of variation in scanning 

responses of cathodic as well as anodic regime for different amount of reinforcement. Hence, 

proper evaluation of Ecorr and Icorr values is highly essential for each Tafel curve. Corrosion 

current density and potential values can be obtained from extrapolation of Tafel plots. Results 

obtained are presented in Table 7.1. 

Table 7.1: Electrochemical corrosion parameters of base alloy and composites 

Samples   Material  Icorr (mA/cm2) Ecorr (V) 

A AZ31 Alloy 0.0007915 -1.5745 

B AZ31-0.5 B4C 0.0004996 -1.6251 

C AZ31-1.0 B4C 0.0004067 -1.5043 

D AZ31-1.5 B4C 0.0004896 -1.6499 

E AZ31-2.0 B4C 0.0004944 -1.5683 

  It is observed in literature for obtaining better corrosion characteristics, lowest value 

of Icorr and highest value of Ecorr is desirable [Banerjee et al., 2019b; Banerjee et al., 2021a]. 

Table 7.1 discloses that AZ31- 1.0 B4C is most corrosion resistant material followed by AZ31-

2.0B4C, AZ31, AZ31-0.5B4C and AZ31-1.5B4C. Table 7.1 also shows that corrosion potential 

of AZ31 is -1.5745 V in electrolytic solution (3.5% NaCl) whereas the same for AZ31-1B4C is 

-1.5043 V. Values of corrosion potential yields that incorporation of 1 wt.% of B4C significantly 

enhances corrosion resistance of AZ31 alloy. Moreover, Ecorr values of AZ31-0.5B4C, AZ31-
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1.5B4C and AZ31-2.0B4C are -1.6251 V, -1.6499 V and -1.5683 V respectively. This result 

attributes that corrosion resistance decreases when 0.5% and 1.5 wt.% of B4C are fortified in 

AZ31 alloy. Figure 7.2(a) also discloses an abrupt increase in current density values after a 

transition point for every sample. This nature is mainly due to initiation of pitting and severe 

corrosion. But slope of that sudden increment is comparatively slower for AZ31-1B4C and 

AZ31-2B4C than AZ31, AZ31-0.5B4C and AZ31-1.5B4C. 

 

(a) 

(b) 

Figure 7.2: (a) Tafel plot, (b) Nyquist plot 
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7.3.1.2   Electrochemical Impedance Spectroscopy Study 

  Figure 7.2(b) depicts Nyquist plot of EIS study of AZ31 and AZ31- B4C composites 

in 3.5% NaCl solution. EIS study is conducted with ±250 mV potential in both directions. All 

the obtained EIS plots consist of one high and one medium frequency capacitive semicircle 

along with one low frequency inductive loop. It is also observed in Figure 7.2(b) that nature of 

EIS plots is almost same for all materials except diameter. Similar nature is also observed by 

Turhan et al. (2011) and Falcon et al. (2011). The literature reveals that polarization resistance 

is directly related to diameter of capacitance loop and higher value yields greater corrosion 

resistance. [Turhan et al., 2011; Pathak et al., 2010; Song et al. 2016; Thirumalaikumarasamy 

et al., 2014; Wang et al., 2008]. Accordingly, it can be inferred from Figure 7.2(b) that AZ31-

1.0B4C exhibit higher corrosion resistance followed AZ31-2.0B4C, AZ31 alloy, AZ31-0.5B4C 

and lastly AZ31-1.5B4C. Literature reveals that capacitive loop having higher frequency 

explains interfacial condition between surface and electrolyte whereas medium frequency 

capacitive loop signifies ion diffusion between produced film and material interfaces. Low 

frequency inductive loop signifies the presence of electrolyte diffusion at material–film 

interfaces resulting localized corrosion [Bakhsheshi et al., 2017; Kavimani et al., 2017]. 

Moreover, Nyquist plot depicted in Figure 7.2(b) implies that the incorporation of 1.0 and 2.0 

wt. % B4C particles increases the diameter of capacitive semicircle significantly compared to 

AZ31 alloy. Thus, it can be interpreted that more protective surface film has formed at materials 

– electrolyte interface with increasing value of impedance which helps to protect the material 

surface from corrosive attack. On the other hand, incorporation of 0.5 and 1.5 wt.% B4C results 

in decrease in diameter of capacitive arc and produces prominent inductive loop due dominance 

of anodic potential. It is also found that size of capacitive arcs getting diminished with increased 

anodic potential which is an indication of electrolyte diffusion resulting attack of corrosive ions 

on sample surface. EIS plot is analysed through best fit semicircle method using Gill software. 

Finally, the order of corrosion potential for materials can be summarized as AZ31-1.0B4C, 

AZ31- 2.0B4C, AZ31, AZ31-0.5B4C and AZ31-1.5B4C. Thus, it can be attributed that AZ31-

1.0B4C is most corrosion resistance material among tested materials. 

7.3.2  Corrosion Morphology 

  SEM micrographs of corroded surfaces of AZ31 alloy and AZ31-B4C composites are 

presented in Figure 7.3. Visual inspection of SEM micrographs of corroded surfaces shows non 

uniform corrosion products. SEM micrographs depict presence of voluminous volcano like 
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deposits on corroded surface. Similar observations are also reported in literature [Kavimani et 

al., 2017; Ascencio et al., 2014]. Figure 7.3 also depicts cracks at corroded surface. Literature 

reveals that these cracks are mainly formed due to dehydration of deposited layers at 

atmospheric condition [Bakhsheshi et al., 2017]. Typically, these cracks provide safe passage 

to electrolyte solution to reach the matrix surface and expedite the corrosive attack. 

Accordingly, corrosion behaviour of AZ31 and AZ31-B4C composites can be directly 

correlated with the nature and number of cracks [Turan et al., 2017; Banerjee et al., 2019b]. It 

is obvious from Figure 7.3 that surfaces of AZ31-1B4C and AZ31-2B4C contains smaller 

number of cracks compared to AZ31 alloy). Moreover, addition of 0.5wt.% and 1.5wt.% of 

B4C forms pits and larger cracks. This observation is correlated with corrosion rate of base 

alloy and composites. Similar observations are noted by Ganguly et al. (2020) and Wang et al. 

(2008). Corrosion morphology of AZ31 alloy and AZ31-B4C composites are further analysed 

by performing energy dispersive x-ray spectroscopy (EDS) study of corroded surfaces. SEM 

micrographs of corroded surfaces are mainly comprised of porous inside layer along with 

loosely bonded outside layers. EDS spectra of corroded surface of AZ31 and AZ31-B4C 

composites are presented in Figure 7.4 depicts main elements of corroded surfaces as Mg and 

O. Percentages of Mg and O are maintaining atomic ratio around 2:1 which yields formation 

of either magnesium oxide (MgO) or magnesium hydroxide [Mg (OH)2]. Literature also 

supports the formation of MgO and Mg (OH)2 in corroded layers. The magnesium di-hydroxide 

layer acts as filter/barrier to electrolyte solution trying to percolate the surface of matrix 

material. Thus, Mg (OH)2 prolongs the serious effect of corrosion [Song et al., 2016; Banerjee 

et al., 2021a]. Banerjee et al. (2019b) elucidated electrochemical reaction of magnesium alloy 

and its composites under corrosive environment. The dissolution mechanism in NaCl expressed 

through following reactions as: 

Mg + 2H2O → Mg(OH)2 + H2  (7.1) 

Mg(OH)2 + 2Cl− →  MgCl2 + 2OH−    (7.2) 

  In Figure 7.4, presence of peak of chlorine is also noticed and noticeable change in 

percentage of chlorine is also present. Literature yields that chlorine peak in EDS spectra 

signifies formation of MgCl2 in corroded layers. EDS spectra of AZ31, AZ31-1B4C and AZ31-

2B4C shows reduced intensity of chlorine peak whereas larger intensity of chlorine is present 

for AZ31-0.5B4C and AZ31-1B4C. The presence of high amount of chlorine may speed up 

corrosion process as chlorine ion has tendency to percolate through the cracks on corroded layer 
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and spoil the surface of matrix metal. Percentage of chlorine remains in the order of AZ31-

1B4C < AZ31-2B4C < AZ31 < AZ31-0.5B4C < AZ31-1.5B4C. Same order is also observed in 

crack generation in SEM micrographs. Thus, it is obvious that aggressive Cl- ion infiltrates 

through those cracks and disturbs the sample surface. Similar observations are also reported in 

literature [Banerjee et al. (2019b); Thirumalaikumarasamy et al. (2014)]. 

 

Figure 7.3: SEM images of corroded surface (a) AZ31, (b) AZ31-0.5B4C, (c) AZ31-1B4C, 

(d) AZ31-1.5B4C, (e) AZ31-2B4C 
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Figure 7.4: EDS spectra of corroded surface a) AZ31, b) AZ31-0.5B4C, c) AZ31-1.0B4C, 

d) AZ31-1.5B4C, e) AZ31-2.0B4C 

 

7.4  Summary 

  In the current study, corrosion behaviour of base alloy and developed composites 

is investigated using potentiodynamic polarization test and electrochemical impedance 

spectroscopy (EIS). Tafel extrapolation analysis reveals that AZ31- 1.0 B4C is most corrosion 

resistant material followed by AZ31-2.0B4C, AZ31, AZ31-0.5B4C and AZ31-1.5B4C. The 

electrochemical impedance spectroscopy (EIS) also ascertains that AZ31-1.0 B4C has higher 

value of impedance. 
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Chapter 8 

Nanoindentation and Scratch Resistance Characteristics 

8.1   Introduction 

  A broad range of applications of Mg based MMCs has raised the demand for typical 

analytical tools like nanoindentation test to understand the nature of deformation as well as 

failure by measuring elementary properties of matrix and reinforcement. Basically, 

nanoindentation test is a very useful technique to quantify elastic modulus and nanohardness. 

In this perspective, Oliver and Pharr method (1992) is widely accepted method among 

researchers. Banerjee et al. (2021a) have analysed the nanoindentation behaviour of magnesium 

matrix composite containing WC reinforcement. It was noticed that the incorporation of 

ceramic reinforcement significantly controls the elastic modulus and nano-hardness of 

composites. 

Moreover, the scratch resistance of a material is of equal importance. Scratch test 

typically helps to achieve sufficient flexibility for various applications by changing tip 

characteristics (kinetics and material) in both single and multiple systems. In this context, the 

examination of the scratch resistance of Mg-MMC is of immense importance. But few 

literatures are available on the scratch resistance behaviour of Mg-MMCs. Recently, Banerjee 

et al. (2019d) have examined scratch resistance of AZ31-WC nanocomposites and concluded 

that Mg-MMC have highest scratch resistance under all loading conditions. Kumar et al. (2018) 

have evaluated wear and friction properties of Mg-0.4Ce-ZnO/Y2O3 nanocomposites using 

scratch tests at different loads. It was reported that mechanical and tribological performance of 

ZnO reinforced composites is quite satisfactory and better than Y2O3
 reinforcement. 

From comprehensive review of existing literature, it is comprehended that methodical 

study on nanoindentation test and scratch test of Mg-MMCs is scare. Power trains, pistons, 

steering shaft, housings, brake components and transmission cases are some applications, 

where MMCs can be utilized. Current investigation tries to remit that research gap by 

examining the mechanical and tribological performance of AZ31-B4C composites by carrying 

out scratch and nanoindentation tests. Effect of addition of varying quantities of B4C particles 

on nano-hardness and elastic modulus is computed by conducting nanoindentation tests 

following the constant indentation depth technique. Effects of varying ramp load and amount 
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of B4C on scratch characteristics (COF and wear) are scrutinized. Finally, worn surface 

morphology of scratch tests is thoroughly examined through FESEM micrographs to identify 

possible mechanism of wear. 

8.2  Experimental Details 

8.2.1  Nanoindentation Test 

Nanoindentation helps to examine mechanical properties of as-cast materials. In the 

current study, a nanoindentation tester (NHTX-55-0019, CSM) having Berkovic indenter is 

used. Berkovic indenter is selected because of its flexibility to quantify nano-hardness as well 

as elastic modulus. The pictorial view of nanoindentation set up is presented in Figure 8.1. The 

nanoindentation tester is attached with a computerized setup having preloaded Nanotest 

Platform software. This test is conducted by using CSM method (Continuous stiffness 

measurement) which assists to systematically collect load-displacement dataset. Constant depth 

(400 nm) technique is exercised to conduct tests. Constant loading-unloading rate of 10 

mN/min is maintained while hold time is 2 s. 

 

Figure 8.1: Pictorial view of Nanoindentation set up 
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8.2.2  Scratch Test 

   Scratch tester (TR-101-IAS) pictorial view presented in Figure 8.2. Scratch tests of 

as-cast samples are performed in a scratch tester (TR-101M4, DUCOM) following ASTM 

G171-03. During scratch tests, diamond tip indenter (Flank angle = 120°, R = 200 μm, 

Hemispherical) is used and force-controlled scratches are brought into existence by imposing 

progressive loading on stylus. A CCD camera is also attached to the experimental setup. The 

CCD camera helps to record the scratches for further review. For experimentation, starting load 

is considered as 20N and continued to three different loads 30N, 40N and 50N. Each experiment 

is performed five times in a sample maintaining an offset of 0.25 mm each and average of 

successive runs is considered. Snapshots of scratches are recorded with the help of Scarview 

software. Finally, scratch width is measured using SEM micrographs to evaluate wear depth 

and wear volume loss. 

 

 

Figure 8.2: Pictorial view of scratch tester (TR-101-IAS) 
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8.3  Result and Discussion 

8.3.1  Nanohardness and Elastic Modulus 

  Nanoindentation experiments of AZ31 alloy and AZ31-B4C MMCs are conducted to 

evaluate elastic modulus and nano-hardness. Load-displacement plot acquired from 

nanoindentation tests of as-cast samples is presented as Figure 8.3. Mentioned figure depicts 

the nature of load-displacement curve as like elastic-plastic material without any pop-in effect.  

 

 

Figure 8.3: Load-displacement curve of Nanoindentation test 

 

The force required for indentation enhanced significantly with increase in wt.% of B4C 

particles. Meanwhile elastic modulus and nanohardness are found by inspecting load-

displacement curve following Oliver-Pharr method [Oliver and Pharr, 1992]. Nanohardness 

values (H) are obtained from contact area (Ap) and applied load (Fmax) considering equation 

(8.1) [Banerjee et al., 2021a; Lucca et al., 2010]. 

𝐻 =
𝐹𝑚𝑎𝑥

𝐴𝑝
  (8.1) 

Reduced elastic modulus is computed using equation (8.2) given as:  
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𝐸𝑟 =
√π

2β

𝑆

√𝐴𝑃
                      (8.2) 

Where, S = stiffness, for Berkovic indenter β = 1.034 (dimensionless correction factor) [Hu and 

Li, 2015; Lucca et al., 2010]. 

In the end, Elastic modulus (E) of as-cast material is calculated from indenter Poisson’s ratio 

(νi= 0.07) and Young’s modulus (Ei = 1411 GPa), and sample Poisson’s ratio (νs = 0.3) following 

equation (8.3) [Hu and Li, 2015; Lucca et al., 2010; Shokrieh et al., 2013]. 

𝐸 =
1−νs

2

(
1

Er
)−(

1−νi
2

Ei
)

                                                                           (8.3) 

Table 8.1: Nanohardness and elastic modulus of AZ31 Alloy and AZ31-B4C composites 

Sl. No. Nanohardness (GPa) Elastic modulus (GPa) Fmax (mN) 

AZ31 Alloy 1.775 ± 0.27 55.971 ± 3.14 6.83 

AZ31-0.5B4C 1.934 ± 0.21 63.009 ± 1.94 7.79 

AZ31-1.0B4C 2.037 ± 0.24 64.916 ± 2.15 7.87 

AZ31-1.5B4C 2.045 ± 0.43 66.857 ± 1.87 10.61 

AZ31-2.0B4C 3.519 ± 0.31 71.071 ± 2.21 11.15 

Computed nano-hardness and elastic modulus of AZ31-B4C MMNCs and AZ31 alloy 

are presented in Table 8.1. It discloses that nano-hardness and elastic modulus of AZ31 alloy 

enhanced by 98.25% and 27% respectively due to incorporation of 2 wt.% of B4C. Noticeable 

improvement in these properties are primarily due to uniform scattering of B4C particles in 

AZ31 alloy without any significant cluster formation. Similar phenomenon is reported in 

literature [Khandelwal et al. 2017; Aruna et al., 2025]. 

8.3.2  Scratch Analysis 

Scratch behaviour of AZ31-B4C composites and AZ31 alloy are experimentally evaluated 

under three ramp loads of 30N, 40N and 50N. Width of scratch after each successful tests are 

evaluated using SEM micrograph. Scratch width measurement procedure is shown in Figure 

8.4(a). For brevity, stitched optical images for AZ31-1.0B4C is also shown in Figure 8.4(b) at 

ramp load. Variation of scratch width of as-cast samples w.r.to applied ramp load is presented 

in Figure 8.5, which clearly depicts the effect of ramp loading on scratch width. Scratch width  
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Figure 8.4: a) Scratch width measurement, b) Stitched optical images of the scratches on 

AZ31-1B4C at ramp load (Left to right) 

 

widens simultaneously with increase in enforced load. Figure 8.5 also discloses that AZ31 alloy 

has maximum scratch width and AZ31-2B4C composite has minimum scratch among all as-

cast materials. Typically, this behaviour is analogous with microhardness values of AZ31 alloy 

and AZ31-B4C composites. Successful fortification of reinforcement in base matrix resists 

dislocation movement and reduce grain size which in turn increases microhardness values. This 

phenomenon enhances load carrying capacity and generates Orowan strengthening effect 

[Kumar et al. 2018]. Enhanced load-carrying capacity and improved hardness of composite 

samples provides protection against scratch which results in reduced scratch width of composite 
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samples. This finding is in accordance with existing document [Banerjee et al., 2019d; Banerjee 

et al., 2021c]. 

 

 

Figure 8.5: Effect of applied load on scratch width of AZ31 alloy and AZ31-B4C 

composites 

 

Figure 8.6(a) show the result of enforced load on COF of AZ31 alloy and AZ31-B4C MMCs. 

Figure 8.6(a) depicts that COF of as-cast materials increases continuously w.r.to applied load. 

It is also found that COF increases with rise in wt.% of reinforcement. Enhancement in COF 

indicates that the scratch force increases with increase in B4C content. In current investigation 

although width of scratch reduces with enhancement in wt.% of B4C, scratch force enhances. 

As specification of indenter is same for all materials, it can be said that dissipated energy of 

scratch is more for AZ31-B4C composites compared to AZ31 matrix. This can be justified by 

strengthening phenomenon attributed to the incorporation of B4C particulates in AZ31 matrix. 

Higher dissipated energy leads towards higher COF value. Similar phenomenon is noticed 

previously [Banerjee et al., 2021a; Kumar et al., 2018]. Traction force of as-cast samples for 

30N load at different time interval is presented in Figure 8.6(b). While Figure 8.6(c) shows the 

relation between frictional force and applied load on as-cast samples. Typically, traction 

coefficients are analogous to friction coefficients. 



  

115 
 

   

 

 

Figure 8.6: a) COF versus wt.% of B4C at varying load, b) Traction force versus time (sec) 

for 30N load, (c) Frictional force versus applied load 
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Figure 8.7 SEM micrograph of scratch surface (a) AZ31 alloy (low magnification), (b) 

AZ31 alloy (high magnification), and (c) AZ31-2B4C composite 
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  Scratch surfaces are further investigated under SEM to examine possible scratching 

mechanisms of AZ31 alloy and AZ31-B4C MMNCs. For brevity, SEM micrographs of casted 

materials tested at 50N load are presented in Figure 8.7. Figure 8.7(a) displays the low 

magnification (200X) SEM micrograph of base alloy while Figure 8.7(b) shows the high 

magnification (1000X) SEM micrograph of AZ31 alloy (marked zone). Figure 8.7(a) depicts 

edge spalling, cracks, micro-cracks and welded chips on scratch track. Additionally, some 

quantities of welded debris are accumulated at the tip of scratch track which justifies the 

happening of ploughing. Banerjee et al. (2019d) reported similar observations for AZ31-WC 

composites. High magnification SEM micrograph depicts presence of trans granular rupture 

and intergranular rupture both. These phenomena are cataclysmic for any structural material. 

These ruptures are mainly generated due to thermal stress along with higher stress 

concentration. Presence of these ruptures signifies plasticity as dominant mechanism. Figure 

8.7(c) shows SEM micrograph of scratch track of AZ31-2B4C composite. Scratch track consists 

of sign of ploughing, edge spalling and micro-chip. These are typical sign of abrasive 

mechanism of wear. Such behaviour was observed by Banerjee et al. (2019d) for AZ31-WC 

composites. 

8.4  Summary 

  Conforming to different practical applications, scrutiny of mechanical behaviour, 

nanoindentation and scratch characteristics is of immense importance. Consequently, varying 

wt.% of B4C particles (0-2%) are fortified in AZ31 base alloy using USC technique. AZ31 alloy 

and AZ31-B4C composites are subjected to scratch and nanoindentation tests. AZ31-2B4C 

possesses 98.25% and 27% enhancement in nano-hardness and elastic modulus, respectively. 

Scratch width shows reducing trend with increase in quantity of reinforcement and incremental 

trend with intensifying applied load. AZ31 alloy concedes maximum wear while AZ31-2B4C 

has minimum wear. COF during scratch operation increases moderately proportional to the 

increase in content of reinforcement and load both. SEM micrograph of scratch track depicts 

that delamination and abrasion controls wear of AZ31 alloy while abrasive wear is dominant 

for composites. 

 

 

 



  

118 
 

Chapter 9 

Conclusion and Future Scope 

9.1   Conclusion 

  The theme of the present thesis is to improve tribological behaviour of magnesium 

alloy with the addition of ceramic reinforced phase. In that context, extensive literature review 

is carried out to assess the research gap. Accordingly, judicious selection of magnesium alloy 

(AZ31) as matrix, sub-micron size boron carbide (B4C) particles as reinforcement and 

ultrasonic vibration assisted stir casting as fabrication route is made.  

  AZ31-B4C composites are successfully synthesized through ultrasonic assisted stir 

casting route. Fabricated composites reveal refinement in grain structure due to incorporation 

of B4C particles. Optical microscopy confirms the microstructure of magnesium composites 

and depicts the presence of typical phases like α-Mg and β-Mg17Al12. Field emission scanning 

electron micrographs depict refined grain structure. Energy dispersive X-ray analysis and X-

ray diffraction spectroscopy spectra confirms inclusion of B4C particles in all composites. 

Elemental mapping results clearly justified the homogeneous distribution of B4C particles in 

AZ31 matrix. The density of composites gets improved with the addition of wt.% of B4C with 

minimal porosity. As expected, microhardness of composites increases with increase in wt.% 

of B4C. 

  Wear resistance of AZ31-B4C composites enhances due to addition of B4C ceramic 

particles in AZ31 alloy in dry sliding condition and it monotonically increases with increase in 

wt.% of B4C particles. For AZ31- B4C composites, wear rate shows increasing trend with both 

applied load and sliding speed. AZ31-B4C composites yield better friction behavior than 

magnesium alloy but coefficient of friction increases with increase in wt.% of B4C in 

composites. Worn surface morphology depicts abrasion, plastic deformation and delamination 

are main wear mechanisms for magnesium alloy while oxidation and abrasion are the dominant 

wear mechanism for AZ31-B4C composites. However, higher speed and sliding distances 

brings notable changes in wear rates in case of both the base alloy and composites. 

  In case of abrasive sliding, wear rate of AZ31 alloy is about 1.3-1.5 times more than 

AZ31-2.0B4C at all experimental conditions. Wear rate reduces with increase in abrasive grit 

size while the same increases with increase in sliding distance. Friction behavior of composite 
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is significantly enhanced due to incorporation of B4C particles in AZ31 alloy. COF values 

decreased with the increase in wt.% of B4C. Examination of worn surface morphology discloses 

that abrasion and oxidation are dominant for composite samples. 

  In regard to tribological behaviour at elevated temperatures, AZ31 alloy possesses 

around two times more wear rate than AZ31-2B4C at high temperature zone. Enhancement in 

applied load and temperature results in higher rate of wear for all samples. Although, composite 

samples show enhanced wear resistance at all sliding conditions. COF reduces with elevation 

in temperature and reinforcement amount for all experimental conditions, resulting in improved 

tribological performance. 

  Corrosion performance of AZ31-B4C composites are carried out utilising 

potentiodynamic polarisation test and electrochemical impedance spectroscopy in 3.5% NaCl 

solution. AZ31-1.0B4C composite shows improved corrosion behaviour than AZ31 alloy. Tafel 

extrapolation analysis reveals that AZ31- 1.0 B4C is most corrosion resistant material followed 

by AZ31-2.0B4C, AZ31, AZ31-0.5B4C and AZ31-1.5B4C. The electrochemical impedance 

spectroscopy (EIS) also ascertains that AZ31-1.0 B4C has higher value of impedance. 

  In regards to nanoindentation behaviour, AZ31-2.0B4C possesses 98.25% and 27% 

enhancement in nanohardness and elastic modulus, respectively, compared to the AZ31 base 

alloy. Regarding scratch resistance behaviour, scratch width reduction is noticed with increase 

in quantity of reinforcement and it increases with rise in applied load. Composite samples 

exhibit better scratch resistance at all experimental conditions. Experimental results disclose 

that AZ31-2.0B4C possesses around 24% decrease in scratch width compared to AZ31 alloy. It 

is also observed that wear rate decreases linearly with increase in wt.% of B4C while COF 

increases moderately. SEM micrograph of scratch track depicts that delamination and abrasion 

controls wear of AZ31 alloy while abrasive wear is dominant for composites. 

It my be noted that the above conclusions and findings are applicable within selected range of 

operating conditions. 

9.2  Future Scope 

  Necessity of advanced materials are continuously raising due to change in societal 

and legislative concern. Accordingly, research fraternity is emphasizing towards development 

of newer materials. In the present investigation, Mg-MMC are synthesized though ultrasonic 

stir casting by incorporating B4C particles in AZ31 alloy. Tribological behaviour is mostly 
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investigated are under different sliding conditions including dry sliding, abrasive siding, 

elevated temperature, scratch indentation and nanoindentation. Corrosion characteristics are 

also evaluated in 3.5% NaCl solution.  

  In futuristic approach, it is suggested following tasks that can be performed to 

improvise the research. Mg-MMC can be developed by different fabrication techniques such 

as friction stir processing, disintegrated melt deposition technique, powder metallurgy 

technique etc. Mechanical properties like tensile, bending and fatigue strength may be 

evaluated. Similarly, other ceramic reinforcements (like Ti, ZrO2, Si3N4 etc.) may be explored. 

For corrosion studies, other medium like NaOH and HCl can be utilised and performance in 

different medium can be scrutinized to understand the corrosion behaviour of magnesium 

composites. Abrasive sliding behaviour can be conducted for different track diameter and 

different abrasive grit size paper. Tribological behaviour can also be determined with the 

addition of solid lubricants like graphite, molybdenum disulfide. Moreover, magnesium being 

a bio-compatible material has potential application in orthopaedic implants. Thus, research on 

magnesium composites in the field of bio-medical applications is a promising area of future 

study. 
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A B S T R A C T   

Abrasive wear behavior of AZ31 − B4C composites having varying amount of B4C particles (0 − 2 wt%) is 
investigated. AZ31 − B4C composites are synthesized through ultrasonic assisted stir casting method. Charac
terizations of as-cast composites are performed through optical microscopy and field emission scanning electron 
microscopy. Compositional analyses are performed using energy dispersive X-ray analysis (EDS). Microstructural 
analyses disclose uniform distribution of B4C ceramic particles in AZ31 matrix. Compositional analyses confirm 
incorporation of B4C particles in AZ31 matrix. Both microhardness testing and density measurements are per
formed. Microhardness value is enhanced by 54.9% compared to base alloy by incorporating 2 wt% of B4C 
particles. Pin-on-disk tribotester is employed to scrutinize abrasive wear and friction characteristics of developed 
materials at varying sliding distance (40, 50 and 60 mm track dia.) and different abrasive grits (400, 500 and 600 
grit). Wear rate of AZ31 alloy is about 1.3 − 1.5 times more than AZ31 − 2.0B4C composite for all experimental 
conditions. Wear rate reduces with increase in abrasive grit size while the same increases with increase in sliding 
distance. Finally, worn surface morphology of developed materials is also analyzed through FESEM and EDAX 
spectra. Examination of worn surface morphology discloses that abrasion and oxidation are dominant for 
composite samples.   

1. Introduction 

In recent years, societal and environmental needs as well as legisla
tive restrictions are changing quite often with respect to different 
vehicle standards and traffic norms. In this regard, industries and re
searchers are giving thoughtful attention towards light weight and high 
performing materials. Recently researchers are considering Mg/Mg al
loys as favourable choice in aerospace, automotive and electronics in
dustries because of their lower density, excellent cast-ability, damping 
capacity, superior machinability and recyclability [1]. Magnesium also 
possesses better specific strength and stiffness. Due to this, design en
gineers are fascinated towards Mg/Mg alloys as an energy efficient 
material. However, magnesium still has few bottlenecks like poor 
ductility, inferior abrasion resistance, lower corrosion resistance etc. [2, 
3]. To overcome such limitations, researchers are reinforcing ceramic 
based reinforcements in Mg matrix to develop magnesium metal matrix 
composite (Mg− MMC). Properties of MMCs are primarily dependent on 
the reinforcement size, type and amount. Normally particulate rein
forcement is preferred over whiskers and fibers owing to its economical 
aspect, ease of fabrication and isotropic properties. The particulate 

reinforcement utilised so far in Mg matrix are preferably oxides, car
bides and nitrides. In this regard, widely employed reinforced particles 
are Al2O3, SiC, TiC, B4C, WC, BN, TiB2, ZrO2, TiO2, Si3N4 etc. [4]. Recent 
literature also reported that particle size is an important aspect to ach
ieve desirable properties. Dey and Pandey [5] reveals that reinforcement 
having lower particle size helps to achieve better specific properties. 
Gopal et al. [6] investigated the role of amount and size of reinforcement 
on mechanical and tribological characteristics. It was observed that 
reinforcement having lower particle size possesses better result. 
Accordingly, in this investigation, submicron sized boron carbide (B4C) 
particulate is selected as reinforcement phase. B4C is chosen here 
because of its non-reactivity with molten magnesium, low density (2.52 
g/cc), excellent hardness (3500 kg.mm− 2), good elastic modulus (460 
Gpa), high melting point (upto 2450 ◦C), excellent wear resistance, good 
wettability and high thermo- chemical stability [7,8]. Aatthisugan et al. 
[9] have incorporated B4C particles in Mg matrix and observed 
enhanced specific properties. Aydin et al. [10] have fortified B4C par
ticles in Mg matrix and obtained excellent mechanical, microstructural 
and tribological properties. Titarmare et al. [7,11,12] have incorporated 
sub-micron sized B4C particles in AZ31 matrix and achieved superior 
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Dry sliding tribological behavior
of ultrasonic stir cast
AZ31-B4C composites

Vikram P Titarmare1, Sudip Banerjee1 and Prasanta Sahoo1

Abstract
The current study deals with the tribological characterization of AZ31-B4C composites synthesized through ultrasonic

vibration associated stir casting route. B4C particles with varying weight percentage (0.5–2.0 wt. %) are reinforced in mag-

nesium alloy to produce the composites. Optical microscope (OM), scanning electron microscope (SEM) and energy dis-

persive x-ray analysis (EDX) are utilized to characterize AZ31 alloy and composites so fabricated. Characterization

illustrates the presence of boron carbide (B4C) and its effect on the grain refinement of composites. Micro hardness

of composites is measured through Vickers’s micro hardness tester. AZ31-B4C composites exhibit better hardness com-

pared to AZ31 magnesium alloy. Micro hardness of AZ31- 2B4C composite is increased by about 49% compared to AZ31

alloy. Dry sliding tribological behavior is investigated using a pin-on-disc tribo-tester. Wear behavior of AZ31 alloy and

AZ31-B4C composites is investigated under applied load of 10–40N and sliding speed of 0.1 to 0.4 m/s. The composites

show better wear and friction behavior. Wear resistance of AZ31-2B4C composite is improved around 30% compared to

base alloy when tested at 0.2 m/s sliding speed and 40N load. SEM and EDX analysis of worn-out surfaces reveal the wear

mechanisms based on different sliding parameters. The wear morphology of pin samples reveals the presence of abrasion,

oxidation, adhesion and delamination mechanism either occurring individually or in mixed mode on the pin surface.

Keywords
AZ31-B4C composites, ultrasonic assisted stir casting, wear, friction, dry sliding
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Introduction

Among commonly utilized structural metals and alloys,
magnesium is the lightest. Magnesium is preferred as
structural material in automobile industries because of
its light weight, good specific strength and stiffness.
These factors are vital in design of weight saving compo-
nents in automobile and aerospace applications.1 Use of
magnesium in transport vehicles may reduce the legisla-
tive and environmental concerns to some extent. In aero-
space industries most vital objective is weight reduction
which would aid to bring down operational cost by low-
ering fuel consumption. Magnesium finds applications
in civil and military aircraft, electronic, sports as well as
medical fields.2 Magnesium alloy has got excellent cast-
ability, high thermal conductivity and good mechanical
properties. Accordingly magnesium alloys are utilized in
automobiles as engine components, castings of gear
boxes, transmission casings etc. However, these alloys
exhibit low ductility and poor tribological properties.
Mechanical properties of pure magnesium or its alloys
can be effectively improved by adding ceramic reinforce-
ment, e.g., oxides, nitrides and carbides. Magnesium

based metal matrix composite has the advantage of light
weight and good specific strength. At the same time, it
compensates disadvantages like low strength and poor
corrosion resistance observed in pure magnesium.3,4

Moreover, size of reinforcements can also play big role
in controlling the properties of the composite. Micron
sized reinforcement in magnesium alloy possesses differ-
ent limitations as wettability, agglomeration, porosity and
non- uniform dispersion.5 Thus, research studies are
focused on sub-micron sized reinforcement.6–8

Metal matrix composites with sub-micron reinforce-
ments are able to provide better combination of mechan-
ical properties like high ductility, enhanced toughness,
and increased strength, better thermal and excellent
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Ultrasonic-Assisted Stir Casting 
Synthesis and Characterization 
of Magnesium Metal Matrix Composites 

Vikram P. Titarmare , Sudip Banerjee , and Prasanta Sahoo 

Abstract The present study considers synthesis and characterization of magnesium-
based composites. The ultrasonic-assisted stir cast route is utilized to incorporate 
nano B4C particles at different weight % such as 0.5, 1.0, 1.5 and 2.0. in AZ31 
matrix. The morphologies of base alloy and composites are investigated under optical 
microscope and field emission scanning electron microscope (FESEM). Optical 
microscopy reveals α-Mg and β-Mg17Al12 while field emission scanning electron 
microscopy exhibits the uniform distribution of ceramic B4C particles in magnesium 
matrix. Vicker’s micro hardness tester is utilized to measure the hardness of compos-
ites and base alloy. Prepared composites depict improved micro hardness over AZ31 
alloy. Density of composites and alloys is determined with the help of Archimedes 
principle. The density of composite is significantly enhanced compared to base alloy. 

Keywords Ultrasonic-assisted stir cast · AZ31 alloy · Boron carbide ·Micro 
hardness · Archimedes principle 

1 Introduction 

Magnesium and its alloys offer a significant alternative for weight critical applica-
tions in transport industries due to their low density and high specific strength. Global 
competition and legislative regulatory norms have witnessed the frequent modifica-
tion and incorporation of new technologies in modern automobiles (like cars, buses 
and trucks). Lightweight vehicles enhance fuel economy around 7% for each 10%
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