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MICROSTRUCTURE, MECHANICAL PERFORMANCE  

AND WEAR BEHAVIOR OF AZ91D-B4C-ZrO2 HYBRID COMPOSITES 

The stir casting process was used to produce AZ91D magnesium alloy hybrid composites reinforced with boron carbide 

(B4C) and zirconia (ZrO2). The microstructure of the composites revealed heterogeneity in the reinforcing phase distribution. 

A pin-on-disc test was conducted to investigate the tribological features of the fabricated composites such as the wear and co-

efficient of friction under dry sliding conditions. Increased hardness was observed for the composites due to the dispersion of 

the reinforcement. The composite with 2 wt.% ZrO2 + 3 wt.% B4C exhibited a higher yield strength and increased tensile 

strength compared with the other specimens. It was observed that the addition of B4C and ZrO2 improved the wear resistance 

of the AZ91D alloy as reflected by the lower wear rate. Among all the specimens, the composite reinforced with 2 wt.% ZrO2 

+ 3 wt.% B4C has the highest wear resistance. Hence, it can be concluded from the present work that incorporating B4C and 

ZrO2 is  a promising way to achieve better mechanical properties and wear properties of AZ91 composites.  

Keywords: AZ91D, hybrid composite, zirconia, boron carbide, coefficient of friction, wear 

 

 

INTRODUCTION 

In the recent years, the usage of lightweight materi-

als for energy efficient applications has become a major 

point of interest in materials engineering. In this con-

text, magnesium (Mg), the eighth most abundant metal 

in the earth’s crust, having nearly two-thirds the density 

of aluminum and one-fifth of that of steels, has become 

more popular. Mg alloys offer high specific strength 

compared to conventional engineering alloys and also 

possess good damping ability, machinability and casta-

bility [1]. However, it has a relatively lower mechanical 

strength at elevated temperatures, greater brittleness 

and poor formability at room temperature [2]. The re-

quirement for high performing lightweight materials in 

advanced industrial applications has prompted substan-

tial research in magnesium matrix composites and low 

cost production techniques.  

Because of its good castability, machinability,  

and high specific strength, AZ91D is frequently  

employed in lightweight applications in the automotive 

and aerospace industries [3]. Nevertheless, a few limi-

tations associated with lower strength, poor creep resis-

tance and wear resistance are important concerns. Other 

reinforcing phases are added to AZ91D to enable metal 

matrix composites (MMCs) to overcome these limita-

tions. The applications of Mg based MMCs include 

valve covers and housings, steering column parts, 

brackets, shift actuators and intake manifold blades  

in automotive industries. Non-automotive applications 

include power tools, electronic devices, medical 

equipment, portable oxygen pumps and bio-degradable 

implants [4]. Due to their exceptional qualities such as 

high hardness, refractoriness, and wear resistance, hard 

particles such as B4C, SiC, Al2O3, SiO2, fly ash, TiO2, 

TiC, MoS2, CNTs and MgO are commonly used as  

reinforcing phases in MMCs [5-9]. Various studies 

have documented the influence of altering the amount 

of reinforcement materials on the microstructure, wear 

resistance, and mechanical properties of metal-matrix 

composites [10, 11].  

Several processing routes have been employed to 

fabricate Mg based MMCs and each process has spe-

cific advantages as observed from the literature.  

The casting route is the most widely adopted method to 

develop these lightweight MMCs. Aatthisugan et al. 

[12] investigated the tribological properties of an 

AZ91D-B4C-Gr hybrid composite produced by casting.  

In comparison to the base alloy, the hardness value of 

the composite was higher. The addition of graphite to 

the composite acted as a solid lubricant and lowered the 

direct metal contact and coefficient of friction. Navin 

Niraj et al. [13] fabricated an Mg composite reinforced 

with fly ash cenospheres by means of the stir casting 

method. The reinforcement refined the microstructure 

and improved the hardness. The ultimate tensile 

strength of the matrix was found to increase pro-

portionately to the fly ash content, while the compres-

sive strength decreased. Similarly, a squeeze cast 

AZ91D/SiC composite was developed by Balasubra-
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manian et al. [14] and they noticed that the hardness 

rose with an increased volume fraction of SiC in 

the composite. On the other hand, the surfac

ness decreased with the increased reinforcement and 

the MRR grew with the increased feed. Mohanavel et 

al. [15] employed the stir casting method to manufa

ture an AZ91/ZrSiO4 composite, then the tribological 

behavior and mechanical properties were i

The AZ91 alloy with 8 wt.% ZrSiO

exhibited a maximum tensile strength of 183 MPa, 

a high hardness of 71 HV, and better wear resistance 

compared to the AZ91 base alloy. Similarly, K. Ravi 

Kumar [16] investigated the mechanical 

cal properties of AZ91D composites strengthened with 

graphite and tungsten carbide reinforcements by means 

of the powder metallurgy technique. An increased de

sity (2.64 g/cm
3
) was measured for the composites 

compared with the base alloy (1.81 g/cm

to the base alloy, the tensile strength of the composite 

rose to 268 from 242 N/mm
2
. For composites contai

ing 6 wt.% WC particles, the average elongation was 

reduced to 2.49 from 2.9 %. Sandeep Singh Kharb et al. 

[17] also employed the stir casting method to produce 

an Mg composite. With the addition of nanoparticles to 

the base metal, the coefficient of friction (COF) 

reduced with time, and significant changes in anti

frictional behavior were also observed. In 2 

SiC/soluble oil, the COF value (0.109) was observed as 

the lowest. Machining-induced surface flaws in an 

AZ91/15 wt.%SiCp composite were investigated by 

Nishita Anandan et al. [18]. Particulate fracture, matrix 

cracking, and voids were discovered as a result of 

particle de-bonding or matrix ductility failure. Partic

late fracture was not detected owing to the smaller size 

of the reinforcing particles.  

On the other hand, several other processing routes 

such as powder metallurgy, equal channel angular 

pressing (ECAP), friction stir processing etc. have been 

used to develop Mg based MMCs [19, 20]. Xu et al. 

employed ECAP followed by rolling to develop a high

-strength AZ91 Mg alloy reinforced with SiC [21]. 

Friction stir processing is another promising method 

used to develop Mg based composites [22, 23]. It is 

observed from the literature that the inclusion of 

various types of reinforcement greatly improves the 

mechanical properties and wear properties of the Mg 

matrix. Carbides were used to boost the wear

and with the addition of B4C, the density of the basic 

alloy is increased. By adding oxides, the mechanical 

performance of the composite is raised. 

It was discovered from the literature that insuff

cient research has been conducted on the combined 

effects of B4C and ZrO2 on the tribological behavior of 

the AZ91D alloy. Hence, the aim of this study is to 

produce AZ91D/B4C/ZrO2 hybrid composites using 

the stir casting method and to investigate the me

chanical and tribological properties under dry sliding 

conditions. 
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manian et al. [14] and they noticed that the hardness 

rose with an increased volume fraction of SiC in  

the composite. On the other hand, the surface rough-

ness decreased with the increased reinforcement and 

the MRR grew with the increased feed. Mohanavel et 

al. [15] employed the stir casting method to manufac-

composite, then the tribological 

behavior and mechanical properties were investigated. 

ZrSiO4 reinforcement  

exhibited a maximum tensile strength of 183 MPa,  

a high hardness of 71 HV, and better wear resistance 

compared to the AZ91 base alloy. Similarly, K. Ravi 

Kumar [16] investigated the mechanical and tribologi-

cal properties of AZ91D composites strengthened with 

graphite and tungsten carbide reinforcements by means 

of the powder metallurgy technique. An increased den-

) was measured for the composites 

g/cm
3
). Compared 

to the base alloy, the tensile strength of the composite 

. For composites contain-

WC particles, the average elongation was 

. Sandeep Singh Kharb et al. 

tir casting method to produce 

an Mg composite. With the addition of nanoparticles to 

the base metal, the coefficient of friction (COF)  

reduced with time, and significant changes in anti-

frictional behavior were also observed. In 2 wt.% 

e COF value (0.109) was observed as 

induced surface flaws in an 

SiCp composite were investigated by 

Particulate fracture, matrix 

cracking, and voids were discovered as a result of  

bonding or matrix ductility failure. Particu-

late fracture was not detected owing to the smaller size 

On the other hand, several other processing routes 

such as powder metallurgy, equal channel angular 

n stir processing etc. have been 

used to develop Mg based MMCs [19, 20]. Xu et al. 

employed ECAP followed by rolling to develop a high- 

strength AZ91 Mg alloy reinforced with SiC [21].  

Friction stir processing is another promising method 

Mg based composites [22, 23]. It is  

observed from the literature that the inclusion of  

various types of reinforcement greatly improves the  

mechanical properties and wear properties of the Mg 

matrix. Carbides were used to boost the wear resistance 

density of the basic 

alloy is increased. By adding oxides, the mechanical  

performance of the composite is raised.  

It was discovered from the literature that insuffi-

cient research has been conducted on the combined  

on the tribological behavior of 

the AZ91D alloy. Hence, the aim of this study is to 

hybrid composites using  

the stir casting method and to investigate the me- 

chanical and tribological properties under dry sliding 

EXPERIMENTAL WORK 

The stir casting method was employed to fabricate 

the Mg hybrid composite. The composition of the base 

alloy used to develop the composites is shown in Table 

1. The composition of the produced composites is listed 

in Table 2. In order to produce the composites, the 

AZ91 Mg alloy was cut into small pieces of appropriate 

weights. Initially, the furnace was preheated to 420

and the metal pieces were added to the crucible of the 

stir casting setup and the required amount of ZrO

B4C powders were added to the metal. The furnace was 

closed and heated to 850°C to melt the mixture. The 

composite was synthesized by means of the vortex 

process. The molten metal was stirred for 10 minutes at 

the speed of 400 rpm. This aids uniform disper

properly wetting the reinforcing particles with the 

liquid metal. Then the molten composite mix was poured 

into a steel die and allowed to solidify. Figure 1 shows 

a photograph of the produced composite samples. 

 
TABLE 1. Chemical composition of AZ91D base alloy in 

Material Al Zn Mn Si 

Wt.% 8.3 1 0.15 0.1 

 
TABLE 2. Material composition of prepared composites 

S. No. AZ91D [%] B4C 

1 100 0

2 97 3

3 95 3

 

Fig. 1. Produced composite samples:

c) AZ91D+3%B4C+2%ZrO2  

For the microstructural studies, the specimens were 

polished by following the standard metallographic pr

cedure, which involves polishing with emery papers, 

diamond paste  and followed by etching by using 

a picric acid reagent. The microstructures were observed 

utilizing a light microscope (Leica, Germany). The mo

phologies of the reinforcement powders were 

by scanning electron microscope (SEM) 

The stir casting method was employed to fabricate 

the Mg hybrid composite. The composition of the base 

alloy used to develop the composites is shown in Table 

1. The composition of the produced composites is listed 

der to produce the composites, the 

AZ91 Mg alloy was cut into small pieces of appropriate 

weights. Initially, the furnace was preheated to 420°C, 

and the metal pieces were added to the crucible of the 

stir casting setup and the required amount of ZrO2 and 

C powders were added to the metal. The furnace was 

closed and heated to 850°C to melt the mixture. The 

composite was synthesized by means of the vortex 

process. The molten metal was stirred for 10 minutes at 

the speed of 400 rpm. This aids uniform dispersion by 

properly wetting the reinforcing particles with the  

liquid metal. Then the molten composite mix was poured 

into a steel die and allowed to solidify. Figure 1 shows  

photograph of the produced composite samples.  

Chemical composition of AZ91D base alloy in wt.% 

 Cu Fe Ni Mg 

 0.03 0.005 0.002 rest 

Material composition of prepared composites  

C [%] ZrO2 [%] 

0 0 

3 0 

3 2 

 
: a) AZ91D, b) AZ91D+3%B4C,  

For the microstructural studies, the specimens were 

polished by following the standard metallographic pro-

cedure, which involves polishing with emery papers, 

diamond paste  and followed by etching by using  

a picric acid reagent. The microstructures were observed 

utilizing a light microscope (Leica, Germany). The mor-

phologies of the reinforcement powders were observed 

by scanning electron microscope (SEM) and also  
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the chemical composition of the specimens was re-

corded by means of energy dispersive X-ray (EDS) 

analysis. The hardness of the specimens was measured 

with a Rockwell apparatus. The surface of the specimen 

was cleaned to remove dirt or oxide scales. A 1/16” ball 

indenter was used by applying a load of 100 kgf. A mi-

nor load was applied, followed by setting the pointer to 

the appropriate position. Subsequently, the  major load 

was  gradually applied. The major load was released 

when the pointer came to rest. The Rockwell hardness 

was read after the pointer stopped completely moving 

in the reverse direction. Tensile tests were conducted 

(number of samples, n = 3) utilizing uniaxial tensile test 

equipment (Unitech, India). A strain rate of 0.1/s was 

applied and from the test data the yield strength,  

ultimate tensile strength and % of elongation were  

calculated.  

 

 
Fig. 2. Pin-on-disc equipment 

A pin-on-disc apparatus was employed to determine 

the material wear in dry sliding conditions. The station-

ery pin (sample) was pressed against the disc under 

rotation against a counter disc material (steel). The 

ASTM G99 standard was considered when preparing 

the pins from the composites. Figure 2 shows the pin-

on-disc apparatus utilized for the wear tests. Before 

testing, the pin and the disc surfaces were cleaned with 

acetone. The test was carried out for 15 min by setting 

the initial wear and friction force to zero. All the tests 

were performed at a 2 kg load and speed of 200 rpm 

considering a radius of 0.07 m. After each test, the disc 

surfaces were cleaned with organic solvents to remove 

traces of worn particles. The frictional force and linear 

wear readings were observed at each stage, then the 

coefficient of friction and wear rate were calculated. 

The following formulas were used to calculate the wear 

parameters:  

Surface speed (s) = (πDN/60) [m/min] 

Frictional torque (T) = F x R [Nm] 

Frictional power (P) = (2πNT)/60 [Watts] 

Wear rate = Linear wear / time period [microns/min] 

RESULTS AND DISCUSSION 

Figure 3 presents the morphology of the particles 

and the corresponding chemical composition of the  

reinforced B4C and ZrO2. The morphology of the B4C 

particles was irregular, while the ZrO2 exhibited 

spherical morphology. The size of the particles was 

measured as less than 10 µm, and  the ZrO2 particles in 

particular were than 1 µm in size.  

 

 
Fig. 3. SEM and EDS analysis of reinforcements: a) SEM micrograph 

of B4C, b) EDS analysis of B4C, c) SEM micrograph of ZrO2  

and d) EDS of ZrO2 

Figure 4 presents the microstructures of the sam-

ples. The dark phase observed in the AZ91D base alloy 

is the β-phase, which is a compound of Mg and  

Al (Mg17Al12), while the lighter phase is the α-phase,  

a solid solution of Mg and Al. The intermetallic  

β-phase plays a key role in improving the overall me-

chanical properties of the base alloy. This phase was 

distributed evenly with the addition of the B4C parti-

cles. Further uniform distribution was found with the 

addition of both ZrO2 and B4C.  

 

a) b) 

 
Fig. 4. Microstructure of: a) AZ91D, b) AZ91D+3% B4C, c) AZ91D+ 

+2% ZrO2 + 3% B4C (recorded at 200 × magnification) 

c) 
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The average grain size of the base alloy was mea

ured as 76 ±5.4 µm by means of the 

method. After adding the reinforcements, the grain size 

of the AZ91D + 3% B4C composite is 64 ±3.1 µm 

and AZ91D + 2% ZrO2 + 3% B4C has a grain size of 

61 ±5.3 µm. The reinforcements marginally reduced 

the grain size in the composites, which is an additional 

advantage. The reinforced composites have higher 

hardness compared to the base material (Fig

AZ91D has an average hardness of 44 HRB, the 

B4C + 2% ZrO2 composite exhibited the highest har

ness value of 50 HRB. The ceramic reinforcements 

played a key role in increasing the hardness. When 

a reinforcing phase is added to the AZ91D matrix, the 

dispersion strengthening mechanism plays a key r

enhance the resistance to plastic deformation as 

reflected in the increased resistance to the indentation 

in the hardness tests. Therefore, the composites exhibit 

higher hardness compared with the base alloy. 

 

Fig. 5. Comparison of hardness of specimens: a) AZ91D

+3% B4C, c) AZ91D + 2% ZrO2 + 3% B4C

The tensile test data as listed in Table 

positive role of adding ZrO2 and B

matrix on enhancing the strength of the composite. 

The addition of the reinforcements significantly i

creased the strength of the composites and the ductility 

was retained as observed in the similar % of elongation 

compared with the base alloy. The addition of mult

phases was observed with a greater advantage in

proving the tensile properties of the composites. 

 
TABLE 3. Tensile test data results of specimens

Specimen 

Ultimate 

tensile 

strength 

(UTS) [MPa] 

Yield 

strength 

(YS) [MPa]

AZ91D 103.07 ±3.1 41.47 

AZ91D +3% B4C 110.9 ±2.7 44.38 

AZ91D+ 2% 
ZrO2+3% B4C 

129 ±1.6 51.72 

 
Figure 6 shows the comparison of the wear rate of 

the specimens. When compared to the base alloy, the 

addition of B4C decreased the wear from 0.0353 to 

0.0326 micron/min. A 7.6% decline in wear was 

observed; this proves that B4C is good reinforcement 
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The average grain size of the base alloy was meas-

ured as 76 ±5.4 µm by means of the linear intercept 

method. After adding the reinforcements, the grain size 

C composite is 64 ±3.1 µm  

C has a grain size of  

61 ±5.3 µm. The reinforcements marginally reduced 

the grain size in the composites, which is an additional 

The reinforced composites have higher 

hardness compared to the base material (Fig. 5). While 

AZ91D has an average hardness of 44 HRB, the 3% 

composite exhibited the highest hard-

ness value of 50 HRB. The ceramic reinforcements 

played a key role in increasing the hardness. When  

a reinforcing phase is added to the AZ91D matrix, the 

dispersion strengthening mechanism plays a key role to 

enhance the resistance to plastic deformation as  

reflected in the increased resistance to the indentation 

in the hardness tests. Therefore, the composites exhibit 

higher hardness compared with the base alloy.  

 
a) AZ91D, b) AZ91D+ 

+ 3% B4C 

The tensile test data as listed in Table 3 indicate the 

and B4C to the AZ91  

matrix on enhancing the strength of the composite.  

dition of the reinforcements significantly in-

creased the strength of the composites and the ductility 

was retained as observed in the similar % of elongation 

compared with the base alloy. The addition of multi-

phases was observed with a greater advantage in im-

proving the tensile properties of the composites.  

Tensile test data results of specimens 

Yield 

strength 

[MPa] 

% of  

Elongation 

 ±1.5 4.53 ±0.6 

 ±1.9 4.22 ±0.9 

 ±2.4 4.82  ±0.5 

Figure 6 shows the comparison of the wear rate of 

When compared to the base alloy, the 

C decreased the wear from 0.0353 to 

0.0326 micron/min. A 7.6% decline in wear was  

C is good reinforcement 

that works against wear. The addition of ZrO

decreased the wear to 0.0306 micron/min. A 6.1% d

cline in wear relative to the composite with B

was observed; with the addition of ZrO

of 13.31% in wear relative to the test performed on the 

base alloy was seen. 
 

Fig. 6. Wear rate comparison of specimens: a) AZ91D
+3% B4C, c) AZ91D+3% B4C+2%

The greater decrease in wear with the addition of 

ZrO2 may be attributed to the grain refinement provided 

by the zirconium particles, making the composite much 

more wear resistant. The coefficient of friction r

mained almost same (independent 

in all the test conditions. Table 

data obtained for the specimens. 

 
TABLE 4. Wear test data of specimens 

Specimen 

material 

Load 

on pin 
Speed 

Fric-

tional 

force (F)

[N] [rpm] [N] 

AZ91D 19.62 200 4.345

AZ91D 
+3% B4C 

19.62 200 5.237

AZ91D + 

3% B4C+ 

2% ZrO2 

19.62 200 5.412

 

Fig. 7. Role of hardness in wear 

From the wear test data, it was observed that the c

efficient of friction (µ), which is the ratio of frictional 

force (F) and normal force (N

that works against wear. The addition of ZrO2 further 

decreased the wear to 0.0306 micron/min. A 6.1% de-

relative to the composite with B4C alone 

was observed; with the addition of ZrO2 a further drop 

of 13.31% in wear relative to the test performed on the 

 
Wear rate comparison of specimens: a) AZ91D, b) AZ91D+ 

C+2% ZrO2 

The greater decrease in wear with the addition of 

may be attributed to the grain refinement provided 

by the zirconium particles, making the composite much 

more wear resistant. The coefficient of friction re-

mained almost same (independent of the reinforcement) 

in all the test conditions. Table 4 summarizes the wear 

data obtained for the specimens.  

Wear test data of specimens  

c-

tional 

force (F) 

Linear 

wear 

Coeffi-

cient of 

friction 

(�) 

Wear 

rate 

 [�m] [F/N] 
[microns/ 

min] 

4.345 0.53 0.22 0.0353 

5.237 0.49 0.23 0.0326 

5.412 0.46 0.22 0.0306 

 

it was observed that the co-

), which is the ratio of frictional 

N), was unaffected by the 
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added reinforcements. However, the frictional was sig-

nificantly increased for the composites compared with 

the base alloy. This observation suggests an increased 

normal force of the same proportion, which did not 

cause a change in the coefficient of friction. The in-

creased normal frictional force is due to the presence of 

the reinforcements in the composites and the effect was 

more for the AZ91D +3 wt.% B4C+2 wt.% ZrO2 com-

posite. It can be understood from the improved me-

chanical properties that the wear resistance was influ-

enced by the improved mechanical performance of the 

composites. A typical comparison between the hard-

ness and the wear rate is shown in Figure 7. The in-

creased hardness promoted higher wear resistance.  

Being a surface phenomenon, hardness plays a vital 

role in wear resistance. The addition of reinforcements 

contributed to a rise in the hardness and also the tensile 

strength of the composites, as well as helped to increase 

the resistance to surface weight loss due to wear. 

Hence, the results demonstrate the promising role of 

adding B4C and ZrO2 to the AZ91 Mg alloy in develop-

ing high performance composites that exhibit improved 

mechanical and wear performance.  

CONCLUSIONS 

In the current work, AZ91D composites reinforced 

with B4C and ZrO2 were fabricated by the stir casting 

route. The produced composites exhibited a heteroge-

neous microstructure with a combination of solid solu-

tion and β-phase (intermetallics) regions in addition to 

the reinforced particles. Due to the addition of B4C and 

ZrO2, increased hardness and tensile strength were  

observed, without losing the ductility. Owing to the 

improved mechanical behavior of the composites,  

the results of wear tests conducted under dry sliding  

conditions using a pin-on-disc machine indicated  

a decreased frictional force and wear rate for the com-

posites as a consequence of the added reinforcement. 

Compared with the single phase composite and base 

alloy, the hybrid composite with both ZrO2 and B4C 

exhibited comparatively better performance. The re-

sults demonstrate the promising role of reinforcing 

AZ91D with ZrO2 and B4C to develop high perform-

ing composites.  
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