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In the present work, the metallurgical, mechanical, and tribological behavior of hybrid metal matrix composites of Aluminium
alloy (AA6082) reinforced with Zirconium dioxide (ZrO2) and Boron carbide (B4C) particulates has been investigated to
maximize the tensile strength and wear resistance. Aluminum Metal Matrix Hybrid Composite (AMMHC) materials are
fabricated by reinforcing the AA6082 Aluminium alloy matrix with ZrO2 and B4C, each at different weight percentages using
technique of liquid metallurgy (stir casting). The addition of ZrO2 and B4C up to 8% by weight has improved the tensile
strength at around 30% (from 149 MPa to 193 MPa) and the hardness at around 27% (from 63 HV to 74 HV) compared to
the base matrix AA6082 material. The microstructural, X-Ray Diffraction (XRD), Scanning Electron Microscope (SEM), and
Energy Dispersive X-Ray (EDX) analysis are performed on the fabricated AMMHC. All these analyses show the even
dispersion of reinforcing particulates with the metal matrix. It also confirms that the mechanical properties like ultimate tensile
strength (UTS), micro-hardness and tribological property like resistance to wear have been significantly improved by this
reinforcement particulates. The wear rate and coefficient of friction have been found using a pin-on-disc machine. The lowest
and highest wear rate obtained for casted AMMHC materials are 1.84 e-7 g/mm and 3.58 e-7 g/mm respectively for the velocity
of sliding of 1 m/s, the normal force of 20 N, and at a distance of sliding of 600 m.
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Introduction

Aluminum-based alloy materials are widely used for
lightweight structural engineering applications in the
mechanical, aerospace, and automobile industry, because
these materials have high performance with good
specific strength, high wear resistance and improved
thermal behaviors. Nowadays, Aluminum Metal Matrix
Composite (AMMC) materials are being developed
with reinforcing materials to have excellent mechanical
properties, better wear and corrosion resistance, good
durability, improved strength to mass ratio, higher
ductility, and excellent thermal properties like good
thermal conductivity and low thermal coefficient of
expansion [1]. The inclusion of hard-ceramic reinforcement
particulates like SiC, Si3N4, Al2O3, TiC, TiB2, B4C, C
(graphite) are only deciding the characterization of
AMMC material's [2].

Ravikumar et al. examined the influence of TiC (2, 4,
6, 8, and 10 wt.%) reinforcement in stir cast AA6082-
TiC composite materials on UTS and micro-hardness
[3]. The addition of TiC up to 8% improved the UTS and
micro-hardness of MMC. These properties decreased

when TiC was added beyond 8%. Agnihotri et al.
discussed the fabrication of AA6061/SiC MMCs using
the method of stir casting with varying wt.% of SiC (5,
10, and 15%) and found that the addition of SiC
particles to the matrix enhances the micro-hardness to
50 HV and UTS to 55.8 MPa and also reduces the
wear rate to 0.405977 mm3/m of MMCs [4].

Manikandan et al. manufactured AA6082-alloy based
composites through the liquid metallurgy (stir casting)
method with several weight proportions (0, 3, 6, and
9%) of ZrB2 [5]. They observed that maximum
hardness of 81 HV and maximum UTS of 219 MPa
were attained with the reinforcement of ZrB2 particles
at 9 wt.%. Priyan et al. focused on the fabrication and
analysis of AA6061-B4C metal matrix composites by
altering the percentage (3, 6, and 9%) of B4C content
by means of stir casting technique to measure the
micro-hardness and wear resistance of MMCs [6].
Lower wear rate (0.004 g) was observed for higher
percentages of boron carbide at loadings of 4 kg and 2
kg. They also witnessed the maximum micro-hardness
(60 HV) for the composite with 9 wt.% of B4C. Gudipudi
et al. fabricated AA6061-B4C MMCs using double stir
casting method at varied (0, 2, 4, 5, 6, and 8) wt.%
B4C. They reported that the improved specific ultimate
strength (36.32%), compressive strength (43.92%),
vicker’s hardness (53.41%) and brinell hardness
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(50.89%) were obtained at 4wt.% B4C [7]. 
Rajesh et al. examined the behavior of MMCs by

varying the percentage of B4C particles (5, 10, and
15 wt.%) in the Aluminium alloy 6061 fabricated by
stir casting [8]. They reported that the maximum UTS
of 158.12 MPa and impact strength of 4J were obtained
for the case of 5 wt.% of B4C particles. Suresh et al.
examined the impact of SiC nano-particles on the wear
rate of AA7075 composites by varying the proportion
of SiC by 1, 2, 3, and 4 wt% and concluded that the
wear rate of composite decreased on raising the weight
percentage of nano-SiC from 1 to 4 wt.% [9].

Kumaran et al. explored the effect of adding B4C
particles as a second reinforcing particulates on the
tribological behavior of AA6351/SiC MMCs manufac-
tured by the method of liquid metallurgy [10]. The stir
cast composites were fabricated by reinforcing AA6351
matrix with SiC at fixed 5 wt.% and B4C at three
different weight percentages (0, 5, and 10). They reported
the lowest wear rate of 21.91 × 10−3 mm3/m for the
MMC with 5 wt.% of SiC and B4C composition. Sharma
et al. developed AA6082 matrix composites reinforced
with different wt.% of (0 to 12) of Si3N4 and Graphite
(Gr) ceramic particulates using liquid metallurgy process
[11]. They found that maximum values of UTS, micro-
hardness, and macro-hardness obtained for the hybrid
composites were 186 MPa, 84 VHN, and 50.5 BHN
respectively.

Pandiyarajan et al. explored the fabrication of
AA6061-ZrO2-C hybrid MMCs by reinforcing AA6061
with different weight proportions of ZrO2 and C [12].
They reported that the maximum UTS, maximum
micro-hardness, and minimum wear rate obtained were
166.3 MPa, 40.94 HRC, and 6.2 e-9 g/mm respectively.

Sharma et al. fabricated hybrid aluminium matrix
composites (HAMC) having SiC and graphite as
reinforcement particulates. HAMCs were produced with
the combined reinforcement composition (5 to 15 wt.%)
of SiC and Gr with AA6082 alloy [13]. The maximum
Vickers hardness and UTS were 85 VHN and 187 MPa
respectively for AA6082/15% (SiC+ Gr). Singh et al.
fabricated AA6082-T6 composite by reinforcing with
SiC and B4C using the process of liquid metallurgy and
reported that maximum micro-hardness and maximum
UTS obtained were 113 HV and 385 MPa respectively
for the hybrid composite with 15% wt. of (SiC + B4C)
[14]. 

Prasad et al. fabricated the MMCs by reinforcing
Aluminium alloy A380 with B4C and ZrO2 particulates
(1, 2, and 3 wt.%) by the route of stir casting [15]. They
reported that MMC’s with 3 wt.% ceramic particles
(B4C+ ZrO2) showed better wear resistance property.
Reddy et al. investigated the fabrication of AA6061/
B4C-SiC composites using the technique of stir casting
[16]. They reported that the AA6061/2% SiC/2% B4C
had higher tensile strength (128.24 MPa), flexural
strength (214.12 MPa), hardness (45.8 BHN), and

impact strength (4.32 J). Pandiyarajan et al. discussed
the metallurgical, mechanical (tensile, hardness), and
tribological characterizations of two types of MMCs
manufactured using the method of stir casting [17]. The
first type involved the addition of different wt.% of
primary reinforcement of ZrO2 only and the second
type involved the inclusion of different wt.% of ZrO2

and C reinforcement particulates. They concluded that
the maximum UTS obtained was 169 MPa for MMC
(AA6061 with 6% wt. addition of ZrO2) and 175 MPa
for MMC (AA6061 with 6 wt.% of ZrO2 and 2 wt.%
of C addition). 

From the literature, it is evident that AA6061 and
AA6082 alloys are broadly employed in aircraft and
auto vehicle sectors as a metal matrix for the composite
materials owing to its lightweight, excellent strength,
and superior wear and corrosion-resistant characteristics.
Compared to the effects of single reinforcement parti-
culate, double reinforcement particulates have provided
superior metallurgical, mechanical, and tribological
characteristics to the composite materials. The alloys of
Si, Zr, B, and Ti have been successfully used by the
researchers as reinforcement particulates to fabricate
MMC to improve the UTS, micro-hardness, and wear
resistance characteristics of composite materials.
However, the use of ZrO2 and B4C as reinforcement
particulates have been rarely reported. ZrO2 has
excellent fracture toughness, better wear resistance,
low thermal conductivity, high resistance to mechanical
stress and crack development. It is well adapted for
various applications in medical products, electronics
equipment, oxygen sensors, fuel cell membranes, and
engine valve seats [17-19]. B4C has excellent thermal
and chemical stability, low density, high hardness, good

neutron absorption capability, and easy net shape
workability. It is well adapted for various industrial and
nuclear applications like control rods for the reactor,
dies for wire drawing and ceramic forming, shielding
for neutron absorbing, nozzles, and armor [6, 20-21].

In this present work, Zirconium dioxide (ZrO2) and
Boron carbide (B4C) have been used as reinforcement
particulates to improve the metallurgical, mechanical
and tribological properties of the AA6082 metal matrix
and the effects of different composition of matrix and
reinforcing elements on these properties are also
discussed.

Materials and Methods

Materials
AA6082 has been selected as the matrix of the newly

proposed composite as it is unique of the Aluminium
alloys of 6000 series, having the highest strength of the
series with excellent resistance to corrosion. It also has
an excellent specific strength, superior resistance to
wear, and low thermal coefficient of expansion. Table 1
presents the chemical composition of AA6082. The
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presence of significant amount of manganese in the
alloy helps to control the grain structure, which makes
this alloy stronger. 

Zirconium dioxide (ZrO2) has been selected as the
primary reinforcement particulate. Table 2 presents the
properties of the ZrO2 reinforcement particulate of size
11-39 µm. Fig. 1 shows the XRD spectrum of ZrO2

particulates. It shows the omnipresence of ZrO2 and its
peak value.

Boron carbide (B4C) has been used as the secondary
reinforcement particulate in this research work for

improving the resistance to wear of AA6082 MMC.
Table 2 presents the properties of B4C reinforcement
particulates of size 90 Mesh. Fig. 2 shows the XRD
spectrum of B4C particulates. It shows the omnipresence
of B4C and its peak value.

Stir casting
The various stages of the fabrication of newly

proposed AMMHC by the stir casting process are
represented in Fig. 3. In the current work, AA6082
grade Aluminium alloy is employed as the metal matrix
and ZrO2 and B4C are employed as reinforcement
particulates. The samples are fabricated with various
compositions of ZrO2 and B4C as per the details
presented in Table 3. The sliced small pieces of
AA6082 aluminum alloy are heated in a crucible of the
induction furnace and melted at 850 ºC. The ZrO2 and

B4C reinforcement particulates are also preheated using
a baking oven at 350 ºC to remove the moisture content
in the reinforcement particulates. The pre-heated ZrO2

and B4C particulates with different weight proportions
are added to the molten aluminum AA6082 alloy to
manufacture a novel AMMHC with high tensile strength
and wear resistance properties. The molten matrix of
AA6082 along with reinforcement particulates of ZrO2

and B4C is stirred with a mechanical stirrer for 10 to 15
minutes at a speed of 600 rpm. This stirring process
provides a uniform and homogeneous spreading of
reinforcement particulates in the molten matrix. After
stirring, the molten mix is poured into a cast iron
rectangle mold of size 100 mm length × 100 mm breadth
× 6 mm depth.

Microstructural analysis 
The examination of microstructures of composite

material is an essential procedure to reveal the structure
of matrix, reinforcement elements and the distribution
of reinforcing particulates in the matrix. This will help
us to correlate the significant improvement in the
mechanical and tribological properties owing to the
variation in the microstructures of various AMMHCs

Table 1. Chemical composition of AA6082 alloy

Elements Si Fe Cu Mn Mg Zn Ti Cr Al

wt.% 1.005 0.169 0.038 0.534 0.958 0.002 0.002 0.031 Remainder

Table 2. Mechanical and thermal properties of ZrO2 and B4C

S.No. Property Unit
Value

ZrO2  (99.9% purity) B4C (99.9% purity)

1 Density g/cc 5- 6.15 2.3 - 2.55

2 Young’s Modulus GPa 100 - 250 362 - 472

3 Hardness GPa 5.5 - 15.75 38.1 - 44.1

4 Fracture Toughness MPa/m 1 - 8 2.5 - 5

5 Thermal Conductivity W/mK 1.7 - 2.7 17 - 42

6 Coefficient of Thermal Expansion 10-6/ K 2.3 - 12.2 3.2 - 9.4

Fig. 1. XRD analysis of ZrO2 reinforcement particulates.

Fig. 2. XRD analysis of B4C reinforcement particulates.
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of different composition. The microstructures of newly
fabricated AMMHC materials for the present work

were examined using Optical Microscopy (OM), X-
Ray Diffraction (XRD), Scanning Electron Microscope
(SEM) and Energy Dispersive X-ray Spectroscopy
(EDX). Each fabricated AMMHC specimen is cut into
rectangular pieces of 15 mm length × 15 mm breadth x
10 mm thickness as per ASTM standard by using a
wire-cut EDM process. The surfaces of the specimen
were polished by different emery papers of grit size
varying from 150 to 1,200 etc. and etched with Keller's
reagent (HCl + HF + HNO3) as per standard procedures
to get a metallographic finish. De-Wintor Inverted
Trinocular Metallurgical Microscope was used to examine
the microstructures for studying the morphological grains
characteristics, distribution of reinforcement particulates
(ZrO2 and B4C) and interfacial integrity between AA6082
matrix and reinforcement particulates. Scanning Electron
Microscope (SEM) analysis is also performed on the
AMMHC specimens using FEI SEM-Apreo Model to
determine the microstructure of matrix and the distribution
and agglomeration of ZrO2 and B4C reinforcement
particulates in the grains and boundaries. EDX analysis
is performed to find out the various reinforcing
elements present in the AMMHCs.

Mechanical characterization (Micro-hardness and
Ultimate tensile strength)

The specimens used in micro-hardness and ultimate
tensile strength tests have been carved from the hybrid
composite samples using wire-cut EDM process.
Hardness test specimens are prepared as per the American
Society for Testing and Materials standards (ASTM)
E10-08. The rectangular specimen is prepared with the
dimension of 15 mm length × 15 mm breadth x 10 mm
thickness for micro-hardness testing. A Micro Vickers
Hardness Tester (Make: Wilson Wolpert, Germany) is
used with a load of 500 g. The highly polished, pointed,
square-based pyramidal diamond indenter is loaded for
10 seconds at four various regions on all prepared
specimens. The average of four readings is taken as the
final value of the micro-hardness of the composites.

The tensile test specimens are tested according to the
ASTM standard D 638-03. The experiments are executed
on a Computerized Universal Testing Machine (Make:
Associated Scientific Engg. Works, Model: F-100 and
Capacity: Max 5 Ton). The specimen is clamped firmly
into grippers of the universal testing machine and
pulling force is applied using a hydraulic system to
stretch the specimen till it breaks. An extensometer is
used to measure the localized strain variations in the
specimen. The relation between engineering stress and

Fig. 3. Fabrication of novel AMMHCs: (a) Stage 1: Materials, (b) Stage 2: Stir Casting, (c) Characterization of AMMHC.

Table 3. Composition of matrix and reinforcement particulates of hybrid MMCs 

 Sample No 1 2 3 4 5 6 7

Composition in wt.%

AA6082 100 96 92 92 92 88 84

ZrO2 0 2 4 3 5 6 8

B4C 0 2 4 5 3 6 8
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strain is calculated for each specimen.

Wear rate measurement
Wear is the slow, gradual or progressive removal or

deformation of material from the solid surface, which
is having sliding or rolling contact against a counter
surface. Sliding wear refers to the types of contact
between two surfaces in relative motion. Tests for dry
sliding wear are performed utilizing a pin-on-disc
machine as per the ASTM standard G0099. The pin of
diameter 8 mm and length 32 mm is carved out from
the casted hybrid composite. The rotating disc of
diameter 55 mm is made of EN 31 of hardness 60 HRC
is used on the pin on disc test. The frictional forces are
measured by conducting the wear test on the pin at the

condition of the velocity of sliding of 1.0 m/s, the
normal force of 20 N, and at a distance of sliding of
600 m. The frictional force and applied normal force
are used for calculation of the frictional coefficient for
each AMMHC. Wear rate loss (g/mm) is calculated by
subtracting the initial mass of the test sample with the
final mass of the test specimen. 

Result and Discussion 

Micro structural analysis
Fig. 4(a) presents the microstructural image of the

AA6082 alloy. The dendritic growth is seen in the clear
boundaries of AA6082 grains. Fig. 4(b-g) shows the
microstructures of different types of AMMHC listed in

Fig. 4. Microstructures of AA6082 (Sample 1) and its composites with ZrO2 and B4C (Sample 2 to 7): (a) Sample 1 Casted AA6082, (b)
Sample 2 (96% AA6082/ 2% ZrO2/ 2% B4C), (c) Sample 3 (92% AA6082/ 4% ZrO2/ 4% B4C), (d) Sample 4 (92% AA6082/ 3% ZrO2/ 5%
B4C), (e) Sample 5 (92% AA6082/ 5% ZrO2/ 3% B4C), (f) Sample 6 (88% AA6082/ 6% ZrO2/ 6% B4C), (g) Sample 7 (84% AA6082/ 8%
ZrO2/ 8% B4C).
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Table 3. The perfect and strident interfaces between
reinforcement particulates (ZrO2 and B4C) and AA6082
matrix material are seen because of their better interfacial
bonding to the metal matrix. It also shows clearly the
existence of ZrO2 and B4C as a large dark phase and
small dark phase respectively, while the metal phase as
yellow. It is observed that more concentration of ZrO2

and B4C in the AMMHCs with higher percentages
of reinforcing particulates. The spreading of these
particulates start uniformly from the grain boundaries
at their lower percentages. At high percentages, the
particulates are distributed at the grain boundaries and
the interior of the grains. This uniform distribution of
this reinforcement particulates may attribute to the
enhancement of the micro-hardness, UTS, and resistance
to wear of hybrid (AA6082/ZrO2/B4C) composite
materials. Moreover, Fig. 5 shows the XRD analysis of
stir cast AA6082 and AA6082/ZrO2/B4C Hybrid Com-

posites for samples 2 to 7. The results obtained from

XRD data reveal that the strong peaks represent Al2O3

(aluminum), the medium peaks represent ZrO2 particles
and smaller peaks represent B4C particles in the hybrid
composites. The microstructure analysis and XRD
analysis confirm that the presence of ZrO2 and B4C
particulates along with Al2O3 in the fabricated AMMHCs.
It is clearly seen from the XRD analysis that existence
of B4C and ZrO2 with aluminium it forms Al2O3,
Al3BC and Al3Zr as interfacial reactions [22]. This acts
as strengthening mechanism, which improves the
mechanical characteristics of AMMHCs as mentioned
in the literature [23].

Fig. 6(a) presents the SEM analysis of stir cast
AA6082. Fig. 6(b-g) shows the SEM analysis of
AA6082/ZrO2/B4C hybrid composites for samples 2 to
7. SEM analysis shows the presence of reinforcement
particulates (ZrO2 and B4C) which are acting as a
barrier to dendritic growth in the grain boundaries. A

decrease in the dendritic growth improves the UTS and

Fig. 4. Continued

Fig. 5. XRD analysis of AA6082 alloy and AA6082/ZrO2/B4C hybrid composites
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micro-hardness of MMCs. It also shows the degree of
accumulation of clusters and its growth with the
addition of ZrO2 and B4C particulates provides strong
strength to MMCs. Fig. 7 shows the EDX analysis of
AA6082 alloy and AA6082/ZrO2/B4C hybrid composites.
Fig. 7(a) shows the strong peaks which exhibit the
presence of aluminium and many small peaks which
shows the presence of Mg, Mn, Si, Cr, Zn, Cu, Ti, etc.
Fig. 7(b, c, f, g) show the strong peaks which reveals
the presence of aluminium and two equal medium

peaks which present the presence of Zr and B along
with many small peaks which shows the existence of
Mn, C, O, Si, etc. Fig. 7(e) shows the strong peaks,
which show the presence of aluminium, and medium
peaks, which shows the presence of Zr along with
many small peaks that shows the existence of B, Mn,
C, O, Si, etc. Fig. 7(f) shows the strong peak, which
presents the presence of aluminium, and the medium
peak that shows the presence of B along with many
small peaks that shows the existence of Zr, Mn, C, O,

Fig. 6. SEM analysis of AA6082 alloy and AA6082/ZrO2/B4C hybrid composites: : (a) Sample 1 (Casted AA6082), (b) Sample 2 (96%
AA6082/2% ZrO2/2% B4C), (c) Sample 3 (92% AA6082/ 4% ZrO2/4% B4C, (d) Sample 4 (92% AA6082/3% ZrO2/5% B4C), (e) Sample 5
(92% AA6082/5% ZrO2/3% B4C), (f) Sample 6 (88% AA6082/6% ZrO2/6% B4C), (g) Sample 7 (84% AA6082/ 8% ZrO2/8% B4C).
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Si, etc.

Tensile strength

The Ultimate Tensile Strength (UTS) of all samples
including the AA6082 (Sample No.1) and its composites
AMMHCs (Sample No. 2 to 7) are found using the
Computerized Universal Testing Machine and the

values are presented in Table 4. Initially, samples
(Sample No. 1, 2, 3, 6 and 7) with equal wt.% (0, 2, 4,
6 and 8) of reinforcing ceramic particulates of ZrO2

and B4C are fabricated and the UTS values are found.
The maximum tensile strength is found for the sample
3 (ZrO2 and B4C each at 4 wt.%), which is 183.7 MPa.
The effect of other compositions of ZrO2 and B4C on

Fig. 7. EDX analysis of AA6082 alloy and AA6082/ ZrO2/B4C hybrid composites: (a) Sample 1 (Casted AA6082), (b) Sample 2 (96%
AA6082/2% ZrO2/2% B4C), (c) Sample 3 (92% AA6082/ 4% ZrO2/4% B4C), (d) Sample 4 (92% AA6082/3% ZrO2/5% B4C), (e) Sample
5 (92% AA6082/5% ZrO2/3% B4C), (f) Sample 6 (88% AA6082/6% ZrO2/6% B4C), (g) Sample 7 (84% AA6082/ 8% ZrO2/ 8% B4C).
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UTS is investigated with a contour plot to improve the
UTS. This contour plot is drawn using Origin 2019
Software in order to identify the interaction effect of
ZrO2 and B4C on UTS. Fig. 8(b) shows the distribution
of UTS on contour plot for different composition of
ZrO2 and B4C (0 to 8 wt.%) in AA6082 matrix. It is
clear from the plot that any values higher than 5% for
both ZrO2 and B4C resulted in lower value of UTS.

However to maximize the UTS, two more compositions
are considered with the composition very close to that
of Sample No. 3. So two more samples (Sample No. 4
and Sample No. 5) are fabricated keeping total wt.% of
ZrO2 and B4C as 8 wt.% and the UTS is found. UTS is
found to be increased to 192.56 MPa for sample No. 4
and decreased to 180.56 MPa for Sample No. 5. Fig.
8(b) also confirms that the maximum tensile strength

Fig. 8. Analysis of tensile with MMC vs Samples) of AMMHC: (a) Tensile strength and AMMHC Samples, (b) Effect of Reinforcement of
ZrO2 (in %)  and B4C (in %) on UTS of AMMHC, (c) Elastic modulus and % elongation of MMCs.

Table 4. Properties of different types of AMMHCs

Sample No 1 2 3 4 5 6 7

% of compositions

AA6082 100 96 92 92 92 88 84

ZrO2 0 2 4 3 5 6 8

B4C 0 2 4 5 3 6 8

UTS (MPa) 148.7 168.48 183.7 192.56 180.56 174.63 170.18

% of variation - 13.30 23.54 29.50 21.43 17.44 14.45

Micro-hardness (HV) 63 65.3 70.5 72.5 75.7 76.2 77.5

% of variation - 3.65 11.90 15.08 15.93 20.95 23.02

Wear Rate (1 x e -7 g/mm) 3.58 2.82 2.63 2.32 2.35 2.04 1.84

% of variation - 21.23 26.54 35.20 34.36 43.02 48.60
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(192.56 MPa) is attained on the curve with the minimum
addition of ZrO2 at 3 wt.% and B4C at 5 wt.%. The
values of these samples are also compared in a bar
chart as shown in Fig. 8(a). It is very clear that UTS
value increases gradually from 148.7 MPa for the
Sample No.1 to the maximum of 192.56 MPa for the
sample No. 4 (AMMHC of AA6082 with 3% ZrO2 and
5% B4C).

AMMHC will undergo elastic-plastic behavior up to
reinforcement of 3% ZrO2 + 5% B4C with AA6082 due
to presence of ZrO2 and B4C. Generally, Aluminium
has FCC structure and has high strength due to work
hardening but zirconia has monoclinic structure. As
result of their dissimilar structure, their interface becomes
incoherent. Therefore, this incoherent structure increases
stress generation as well as strength improvement. Due
to this presence of a strong interface and further
addition of ZrO2 particulate, prevent plastic formation
of matrix. It subsequently increases work hardening,
forms more number of dislocations, and increases the
tensile strength [24]. Hence, the addition of ZrO2 in
Aluminium metal matrix also produces fine-grained
and high-strength in composites [22]. The addition in
wt.% of B4C particles in the MMCs can oppose the
flowability of aluminum metal matrix for reducing the
ductile metal matrix content [25].

Fig. 8(c) shows the plot between Sample No. versus
% elongation and elastic modulus. The plot shows that
elastic modulus is increased from 111.21 GPa for the
base Alloy AA6082 to 127.63 GPa for the Sample No.
4 and after its peak, the slope of the curve becomes
negative, leading to the decrease of 114.56 GPa. The
decrease in elastic modulus is also due to an increase in
brittleness property after increasing 5% of ZrO2. The

plot also shows the decrease in percentage elongation
for AMMHCs as the wt.% of the increase in ZrO2 and
B4C.

Hardness

Fig. 9 represents the micro-hardness analysis of the
hybrid MMCs. From the plot 9(a), it is very clearly
showing that the hardness of MMC’s hybrid increase
gradually from un-reinforced alloy AA6082 to reinforced
MMC’s by the addition of various wt.% of ZrO2 and
B4C. Fig. 9(b) shows the effect of reinforcement of ZrO2

and B4C on hardness. This contour plot is drawn using
Origin Software in order to identify the interaction effect
of ZrO2 and B4C on hardness. From the contour plot,
it is easy to obtain the individual contribution of re-
inforcement particle like ZrO2 or B4C on hardness value
of MMC. It also shows the effect of other compositions
of ZrO2 and B4C on hardness. The minimum and
maximum hardness value obtained were 63 HV and
77.5 HV respectively and it is increased to 23.02%
compared to the base alloy AA6082. Even though the
hardness value continuously increases with the increase
for reinforcement in the AMMHC material, it seems

that the rate of increase in the hardness is not significant

beyond 6 wt.% for both the reinforcement particulates.

Wear behavior

The decrease in wear rate depend upon on increase in
micro hardness of AMMHC. Fig. 10(a) shows the values
of wear rate for the various samples of the present
work. It is very clear that the wear rate value decreases
gradually from un-reinforced base alloy AA6082 to
reinforced hybrid MMC’s by the addition of various
wt.% of ZrO2 and B4C. The average wear rate of base
metal is obtained to be 3.58 e -7 g/mm and for the
AMMHC’s the wear rate is attained as 2.82, 2.63, 2.32,
2.35, 2.04, 1.84 e -7 g/mm respectively as reported in
Table 4. The minimum wear rate obtained is 1.84 e -7
g/mm for the Sample No. 7 (84% AA6082 / 8% ZrO2/
8% B4C), which is 47% lower than that of AA6082
matrix. Even though the wear rate decreases continuously
with the gradual addition of ZrO2 and B4C, it seems
that the rate of decreases in wear rate is not significant
beyond 6 wt.% for both the reinforcement particulates.
Fig. 10(b) represents the values of coefficient of friction
of all the samples with sliding time. It presents that
coefficient of friction value for all the samples increase
gradually with increase in sliding time. 

Fig. 9. Micro-hardness analysis of AMMHC: (a) Micro-hardness
analysis of hybrid MMC, (b) Effect of Reinforcement of ZrO2 (in
%) and B4C (in %) on Hardness of AMMHC.



316 Umar Mohamed J., Palaniappan PL. K., Maran P. and Pandiyarajan R.

Conclusions

The present work investigated the influence of

varying wt.% of Zirconium dioxide (ZrO2) and Boron
carbide (B4C) reinforcement particulates on the
metallurgical, mechanical, and tribological behavior of
hybrid metal matrix composites of Aluminium alloy
(AA6082) fabricated by using stir casting method. The
metallurgical studies (OM, XRD, SEM and EDX) had
revealed the homogeneous distribution of AA6082
matrix and reinforcement particulates (ZrO2 and B4C).
The mechanical characteritics such as hardness (from
63 HV to 74 HV) and tensile strength (from 149 MPa
to 193 MPa) had improved at around 27% and 30%
respectively at 3 wt.% of ZrO2 and 5 wt.% of B4C
particulates. The minimum wear rate of 1.84 e-7 g/mm
was obtained at 8 wt.% of ZrO2 and 8 wt.% of B4C
particulates.
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Fig. 10. Analysis of Wear Rate for MMC Samples: (a) Wear Rate
Vs MMC Samples, (b) Coefficient of Friction Vs Sliding Time.


