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In this present study, the particle size of as received magnesium alloy (AZ91) and B4C powders was reduced 

through high energy ball mills. The combination of AZ91 (both 10 µm and 60 µm) reinforced with nano B4C 

particles were fabricated by powder metallurgy technique. The incorporation of nano B4C particles to the 

Mg matrix was done at various weight % such as 5, 10, 15 and 20. The AZ91 composites were fabricated in 

a suitable die set assembly and the green compacts were sintered in an electric muffle furnace at 500 °C with 

argon atmosphere for a dwell time of 1 h. The density of the composites was estimated using Archimedes 

principle. Micro hardness test was carried out for the prepared specimens and dry sliding wear test was 

conducted by using pin-on-disc apparatus at room temperature with varying loads and sliding velocities by 

keeping a constant Sliding Distance (SD). Among the various specimens, the composite with 10 µm size 

attained a higher Vickers hardness value as well as better wear resistant property. Worn surface analysis of 

the prepared composites was studied using Scanning Electron Microscope (SEM). 
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1. INTRODUCTION 

There is much attention in scientific research because 

of the increase in demand on lightweight materials for 

aerospace and automotive applications. Metal matrix 

composites are used as effective reinforcements to enhance 

the mechanical properties and also reduction in fuel 

consumption [1, 2]. Many researchers found that 

magnesium alloys process good strengthening affects and 

are used in aerospace applications due to its low density. 

Magnesium composites result in better wear resistance and 

lower Coefficient of Friction (CoF) [3]. Recent works 

focused on AZ91 magnesium alloy, which has good 

mechanical properties, Specific Wear Rate (SWR) and 

hardness [4]. Powder metallurgy method utilizes reduced 

manufacturing temperature and gains uniform 

reinforcement distribution. So, metal matrix composites 

(MMC’s) were prepared by this method which favours 

nucleation at the reinforcement-matrix interface [5]. 

Magnesium alone has reduced lifetime, poor corrosion 

resistance and wear property but it’s lightweight and low 

density makes the material demand and applicable for 

automobile and aerospace.  

It can be reinforced with matrix composites like 

aluminium, boron carbide, silicon carbide, titanium 

carbide, etc. [6]. Also, the mechanical properties of pure 
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magnesium and its alloys were improved by high strength 

and high modulus materials like titanium, zinc, copper and 

nickel etc., Researchers found compressive responses 

when Mg is incorporated with ZrO2 and Cu led to 

enhanced hardness, compressive and tensile strength [7, 8]. 

Also, silicon carbide reinforced Mg composites processed 

by powder metallurgy technique enhances the compressive 

behaviour with reduced grain size and uniform 

reinforcement distribution [9]. The microstructures of Mg 

sample changes with average grain size and weight 

percentage of the reinforcements added [10]. The 

reinforcement of nanoparticles to the magnesium 

composites exhibits superior mechanical properties such as 

hardness, corrosion resistance and tribological behaviour 

[11].  

In this research, AZ91 magnesium alloy is reinforced 

with Boron carbide in different weight percent to reduce 

the wear rate and CoF. B4C is a one of the carbide 

particles, which is used to increase the strength and 

tribological properties [12]. Specially, the interfacial 

microstructure was focused on many studies such as 

aluminium composites reinforced with boron carbide, 

which results in high strength, low density, high hardness 

and Young’s modulus [13]. Ball milling was carried out 

for homogeneous mixing of nano B4C particles with AZ91 

alloy for 1h before taken to compaction. The AZ91 alloy 

reinforced with B4C particles were prepared through 

powder metallurgy method [14]. The compacted specimen 
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with various proportions of nano B4C particles is then 

consolidated for sintered and after sintering Mg based 

composites possesses better hardness and strength, 

therefore, the incorporated reinforcement plays an 

important role in physical properties [15]. 

In this present study, various concentrations of nano 

B4C particles reinforced AZ91 alloy with varying particle 

sizes have been alloyed by ball milling to improve the 

dispersion of secondary particle followed by powder 

metallurgy techniques (Compaction and sintering). The 

microstructure evolution of sintered AZ91-B4C 

nanocomposites has been studied in detail using scanning 

electron microscopy (SEM) analysis. Further, the SWR 

and CoF of the prepared nanocomposites have been 

investigated. These nanocomposites could be a better 

candidate in wider application such as automobiles and 

electrical components. 

2. MATERIALS AND EXPERIMENTAL 

TECHNIQUES 

2.1. Mechanical milling of powders 

As AZ91 and B4C were the nominees for the size 

reduction process, tedious ball milling process was carried 

out. The high energy ball mill (Fritsch, Pulverisette 6, 

Germany) having WC jar and having the same material 

balls (diameter 10 mm) were used. Mg alloy AZ91 

contains a major composition of Magnesium. The weight 

ratio of ball to powder was taken as 20:1. In order to avoid 

the oxidation during milling, 2 wt.% of stearic acid with 

methanol was added to the powder samples and also the 

entire milling process was carried out in an inert gas 

(argon) atmosphere condition. Stearic acid is an organic 

compound which easily undergoes vaporization upon 

absorbing heat energy in room temperature itself [10]. As 

milling generates heat energy, this favors the lowering in 

level of the process control agent (PCA) inside the milling 

container. The Mg alloy AZ91 powder with an average 

particle size of 60 µm was milled for 18 h. On behalf of 

this, an interruption in milling is done at every 0.25 h to 

ensure the optimum heat level. B4C was further milled to 

nano level for 50 h by following the mentioned above 

protocol. Organic contaminations left out after this wet 

milling process while the samples are drying in the hot air 

oven for 2 h at 120 °C. Now nano sized precursors are 

quite ready for further processing. 

2.2. Materials 

The commercially available magnesium alloy AZ91 

was used in this work and has an average particle size of 

60 µm was received from Sigma Aldrich, Germany. Boron 

Carbide powder was used as reinforcement and it was 

purchased from Sigma Aldrich, Germany with an average 

particle size of 10 µm. Fig. 1 a shows the SEM images of 

as received Mg alloy AZ91 which displays the morphology 

of curved ribbon like flake structure. 

The chemical composition of AZ91 alloy is 90 %Mg, 

9 % Al and 1 % Zn respectively. Fig. 1 b shows the AZ91 

alloy after milling about 18 h. During milling the sharp 

flakes has broken due to the strain hardening and it turned 

into broken flakes. 

  

a b 

  
c d 

Fig. 1. SEM micrographs showing: a – as received powder of 

AZ91 alloy; b – after milling AZ91 alloy; c – as received 

powder of B4C; d-after milling B4C 

Fig. 1 c shows the morphology of as received boron 

carbide particles which has small flake-like structure and 

the density is 2520 kg/m3. Fig. 1 d shows the milled B4C 

particles after 50 h milling. It is perceived from the images 

that, in the method of ball milling the powders strike with 

the grinding balls forming high pulverization energy 

accountable for introducing lattice flaws that cause the 

powder particles to converge and deform plastically. While 

continuing the process, the powder particles fracture and 

the reinforce particles are cold welded. Further the 

expansion of the forming particles with reinforcement as 

an intermediary phase appearing inside or at the surface of 

these particles as shown in Fig. 1 d. It is also found that the 

particles are splintered again into submicron matrix 

particles with the ultra-fine dispersal of the reinforcement 

phase [10]. 

2.3. Microstructural characterization 

X-ray diffraction (XRD) patterns of AZ91 

nanocomposite were recorded by Philips PW3040/60 X-

ray generator diffractometer in the diffracting angles 

between 20° – 80° with a step size of 3°/min. The scanning 

electron microscopy (SEM, HITTACHI SU1510) was used 

for the microstructural analysis of powder and wear 

measured samples. Microstructural characterization studies 

were directed on standard metallographically polished with 

an aid of SiC abrasive paper and afterwards a finer 

diamond paste to yield a mirror-like surface. 

2.4. Wear test 

The dry sliding wear test was conducted with the help 

of pin-on-disc tribometer (Ducom, Bangalore) in 

accordance to the ASTM: G99-05 under various applied 

load of 5 to 25 N with increment of 5 N at constant 

velocity of 2.61 m/s with constant sliding distance of 

1500 m. Prior to each testing, the specimen and counter 

face disc were wiped using acetone to eliminate the traces. 

The frictional force was noted from the digital micrometre 

and coefficient of friction was also calculated. Wear worn 

testing on the surface morphology of magnesium alloy 
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AZ91 was observed from the SEM. To determine the CoF 

in order to varying the load, sliding velocity and constant 

sliding distance. The samples contact surface was flat and 

in contact with the rotating disc. The test was performed by 

applying load on the pin against the EN31 steel disc. Then 

the load was applied which acts as a counter weight and 

helps in balancing the pin. The track radius or track 

diameter was kept constant for each trial conducted by 

varying the machine parameters such as load, sliding 

velocities and sliding distance. Once the sample surface 

was setup to contact with the disc for the selected 

reinforcement, load, sliding distance and sliding velocity 

the SWR and CoF were measured [4, 5]. 

 
a 

 

b 

 

c 

Fig. 2. XRD analysis: a – AZ 91 alloy; b – milled nano B4C;  

c – AZ 91 alloy-10B4C composite. 

3. RESULTS AND DISCUSSION 

3.1. XRD characterization 

Fig. 2 shows the x ray diffraction results of AZ91 alloy, 

B4C and AZ91-10B4C composite. The X-rays used to 

diffract the samples were generated by a Cu-Kα radiation 

source (λ = 1.54060 A°) with a step size of 0.02°. The 

samples were analyzed over a range of angles from 20 to 

80°. AZ91 is an alloy composed of 9 % aluminium, 1 % 

zinc and remaining 90 % magnesium. Fig. 2 a shows the 

characteristic sharp peaks located at 36.9, 38.1 and 43.2 

corresponding to Mg, Al, Zn respectively  

(JCPDS No: 894894, 851327 & 870713) and proves that 

the formation of AZ91 alloy. Crystal plane index was 

found for magnesium, aluminium and zinc such as (101), 

(111) and (100). This is evident from the same JCPDS file 

number 894894, 851327 & 870713 respectively. The 

intensity of diffraction peaks corresponds to Al and Zn is 

very low compared to Mg due to their minimum weight 

percentage proportion. There were no impurity peaks 

rather than the characteristic of B4C peak [7]. Fig. 2 b and 

also shows that the characteristic sharp peaks located at 

31.39, 35.67, 48.27, 72.94, and 75.9 corresponds to B4C 

respectively (JCPDS No: 750424). Crystal plane index was 

found for boron carbide B4C such as (110), (104), (024), 

(027), (208) and (119).  
Fig. 2 c contains the both characteristic diffraction 

peaks for AZ91 and B4C indicates the formation of AZ91-

10B4C composite. Due to the presence of individual peaks 

in XRD analysis, the composite formation is confirmed 

without any unnecessary phase formations [15]. The XRD 

pattern in Fig. 2 c shows a sharp diffraction peak at angular 

position 36.7 along the prominent reflection (101) 

corresponds to Mg element. In addition to some other 

lower intense diffraction peaks corresponds to Mg element 

also observed in 2θ value 32.2, 34.5, 36.7, 48.0, 57.59, 

63.2, 68.8, 70.2, 72.7 and 77.4. Besides this major element, 

three more elements such as Al, Zn and B4C also observed 

in the diffraction pattern of AZ91-10B4C composite. The 

reflections along 2θ value about 31.81, 40.13 and 64.53 are 

corresponds to B4C, 38.7, 44.5 and 65.3 are corresponds to 

Al and 35.95 and 35.65 

3.2. Density and hardness 

Fig. 3 a shows that the density of the sintered 

nanocomposites pellets was measured using the 

Archimedes principle as per the ASTM standard: B962-08 

for the particle sizes 60 µm and 10 µm. The porosity in all 

the nanocomposites was lesser than that in Mg AZ91 alloy. 

A small increase in the density of the nanocomposites was 

detected with increasing the addition of nano B4C, while 

could be due to the incorporation of nano B4C or the 

decreases in porosity in the Mg matrix. Fig. 3 b it can be 

noticed that micro-hardness of AZ91-B4C nanocomposites 

were measured by applying load of 0.025 kg for 

indentation for 15 s dwell time [9]. Fig. 3 it illustrates that 

compare to the 60 µm sizes 10 µm size composites are 

having better density and hardness irrespective of the size 

of the particles. It was observed that the density and 

hardness of Mg AZ91 alloy linearly increase when the 

reinforcement particulates increases. 
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Fig. 3. The effect of AZ91-B4C nanocomposites particulates: a –

 density; b – micro-hardness 

In addition to that secondary particles in the matrix 

increase the surface area of the reinforcement and the 

matrix grain sizes are abridged. The presence of such hard 

surface area of particles leads to increase the hardness of 

the composites due to the resistance of plastic deformation 

of the particles. The presence of hard ceramic phase in the 

soft matrix reduces the ductility of composites due to 

reduction of ductile metal content which expressively 

increases the hardness value [13].  

3.3. Coefficient of friction as a function of 

reinforcement  

In this research, AZ91 alloy is a matrix and B4C as the 

reinforcement added to enhance the tribological property 

of the composites. Several works are having carried out to 

reduce wear by incorporating double reinforcement. In this 

work, single reinforcement is added to reduce SWR. By 

varying the weight fraction of reinforcement, sliding 

velocity and applied load the CoF were measured. From 

Fig. 4, it is evident that drop in CoF was monitored by 

various parameters such as load applied (20 N), sliding 

velocities and sliding distance of 1500 m. Among all the 

parameters, load applied is the dominant factor on the CoF. 

Under different loading condition and sliding velocity with 

constant sliding distance, CoF is more for AZ91 alloy and 

lesser while B4C reinforcement is added. The reason is that 

Mg alloy is a smooth material which easily undergoes wear 

[7 – 9]. So the addition of hard reinforcement material 

(B4C) results in dropping of CoF.  

 

a 

 

b 

 

c 

 

d 
continued on next page 
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Fig. 4. Co-efficient of friction of AZ91composite with varying 

B4C content, particle size and speed: a – 60 µm 300 rpm; 

b – 60 µm 500 rpm; c – 60 µm 700 rpm; d – 10 µm 

300 rpm; e – 10 µm 500 rpm; f – 10 µm 700 rpm 

From the graph, it is noticed that the gradual and 

steady increase of curve confirms that the CoF increases 

with maximum sliding velocity and load applied on the 

material. It is proven that at the initial stage, the applied 

load is less. Hence the CoF is also less; because of the fact 

that load is the one of the dominant factor to increase the 

CoF. From the graph it is also proven that when compared 

to 60 µm composites, 10 µm composite specimens has less 

CoF because of high surface to volume ratio of the AZ91 

alloy. Further the specimen with AZ91-20B4C, 10 µm and 

3.66 m/s has less CoF than the other type of composites is 

due to the hard ceramic secondary particle. 

3.4. Specific wear rate as a function of 

reinforcement concentration  

The experiment was carried out in a pin-on-disc test 

setup. The test was conducted on a track for particular time 

duration with applied load 5 – 20 N and constant sliding 

distances with constant track radius 100 mm and various 

sliding velocities. The MMCs of AZ91 alloy is 

incorporated with B4C reinforcement to enhance the 

mechanical strength, hardness and reduce the friction and 

wear. Mg is a light metallic alloy and so it is not very 

much hard and lagging to withstand high temperature 

while conducting the wear experiment. 

 
a 

 
b 

 
c 

 
d 

continued on next page 
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Fig. 5. Specific wear rate of AZ91composite with varying B4C 

content, particle size and speed: a – AZ9 160 µm 300 rpm; 

b – 60 µm 500 rpm; c – 60 µm 700 rpm; d – 10 µm 

300 rpm; e – 10 µm 500 rpm; f – 10 µm 700 rpm 

The SWR decreased with the incorporation of B4C into 

the AZ91 alloy for 10 µm and 60 µm as shown in Fig. 5. 

The SWR exhibited an inverse trend, accompanying with 

an increase in amount of deformed wear debris. Excessive 

incorporation of B4C in to AZ91 alloy resulted in great 

reduction of hardness and SWR because its phase is 

accompanied with large weight fraction of B4C and applied 

load. Fig. 5 clearly indicates that variation of SWR under 

constant sliding distance with various sliding velocities. 

The SWR is more when it was individually observed for an 

alloy or matrix material. If it was reinforced with a hard 

material, the hardened layer between the pin and the 

counter surface minimizes the SWR of the composites. The 

graph indicates that the SWR is of about  

4.73 × 10-9 mm3/N-m for 20 wt.% B4C reinforcement is 

added to Mg alloy with 20 N load applied, 1500 m sliding 

distance and 3.66 m/s sliding velocity for 10 µm specimen. 

As the result of this change in parameter, the material 

exhibits less SWR and so applicable for automobile 

applications. So for the prepared composites AZ91-20B4C, 

the SWR was less when compared to light metallic alloy. It 

was observed from this work that, as the % of 

reinforcement was enriched, the SWR was found to be 

decreased. 

3.5. Worn surface analysis 

Scanning Electron Microscopy observations were 

employed to examine the morphology of worn surface of 

the samples. From the SEM micrographs, one can observe 

the wear debris layer, smooth grooves, ploughing and 

roughening of surfaces. The worn surface of the 

composites is shown in Fig. 6. The SEM pattern indicates 

the formation of debris, grooves and oxide layer. The wear 

appeared for the composite was significantly differed from 

the unreinforced matrix. The specimen was tested under 

various loads and observed that reinforced composites 

were smoother and also the presence of some grooves at 

the worn surface [10 – 12]. 

There must be a considerable reduction in the plastic 

deformation due to increased hardness of the composites 

and increased plastic deformation with increasing the load. 

The formation of large wear at the pin surface results in 

fracture of reinforcements. Fig. 6 shows the worn surfaces 

of Mg AZ91 alloy and AZ91-20B4C nanocomposites of 

both 60 and 10 µm respectively. 
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continued on next page 
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Fig. 6. SEM wear analysis of 60 µm composites: a – AZ91;  

b –  AZ91 -5B4C; c – AZ91-10B4C; d – AZ91-15B4C;  

e – AZ91-20B4C; for 10 µm composites: f – AZ91;  

g – AZ91-5B4C; h – AZ91-10B4C; i – AZ91-15B4C;  

j – AZ91-20B4C 

The worn surface of the composites tested at the 

sliding distance of 1500 m and at the applied load of 20 N 

inferred that the wear debris and delamination of the 

composites increases and ploughing depth is shallower for 

reduced % of reinforced materials whereas ploughing 

depth was reduced for higher % of reinforced material. 

Also, temperature plays a role in worn surface of the 

composite material i.e., at room temperature, grooves and 

ridges reduced considerably whereas the light material 

heated to a sintering temperature showed increased wear 

and higher depth of grooves was seen. From the above 

discussion it clearly indicates that 20 % of B4C 10 µm has 

a prominent wear reduction property than the base alloy. 

4. CONCLUSIONS 

1. The improved properties were obtained (micro-

hardness and density) for average particles size with 

10 µm of AZ91 alloy when compared to the 60 µm 

particle size of AZ91 alloy with reinforced nano B4C 

in all the compositional percentages. These behaviors 

strongly suggest that particle size is one of the most 

influencing factors for enhancing the mechanical 

properties of AZ91 alloy composites. 

2. From the observations, reinforcing B4C in Mg matrix 

increases the wear resistance and strength of the base 

material. Nano B4C reinforced composites exhibited a 

superior wear resistance than the unreinforced alloy. 

3. The specific wear rate of the composites as well as the 

base alloy is increased irrespective of the applied load. 

Regular transitions from abrasion to adhesion and thus 

to delamination wear occurred with an increase in 

applied load. 

4. The wear resistance of the composites depreciates as 

the presence of secondary phase promotes 

delamination wear. The transition to a high wear rate 

regime was prompted by surface damage and material 

transfer to the counter steel face.  

5. The hard ceramic nano particles helped in delaying the 

transition to severe wear regime. However, to improve 

wear resistance, the nano B4C reinforced AZ91 

composites are possible candidate materials for wear 

resistance applications. 
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