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Abstract

Metal matrix composites (MMCs) are regarded as viable alternatives to conventional materials such as metals, plastics,
and ceramics in structural applications due to their properties, including lightweight, high specific stiffness, elevated
elastic modulus, enhanced specific strength, and excellent wear resistance. Among the many metal composites,
aluminum metal matrix composites (MMCs) have emerged as sophisticated engineering materials for several
prospective applications in engineering industries due to their superior qualities compared to typical aluminum alloys.
Ceramic particles are the most extensively utilized reinforcements in MMCs due to their superior wear resistance,
thermal stability, and exceptional bonding with the matrix. This research work has been conducted to develop ceramic
particle-reinforced aluminum matrix composites and to evaluate their physical and mechanical properties. Al17079 alloy
and Boron Nitride (BN) are selected as the matrix and reinforcement for the study respectively. The stir casting
technique was utilized to fabricate the composites.Al17079-BN composites are prepared by varying the percentage of
BN reinforcement particles from 0 to 8% by volume, with an increment of 2%. Test specimens were machined from the
produced composites for the evaluation of microstructural, physical and tribological properties according to ASTM
standards. The microstructural analysis of the produced samples was conducted using scanning electron microscopy
(SEM). The density of the composite was assessed empirically using Archimedes' principle and theoretically through
the rule of mixture. Microstructural analysis reveals a homogeneous distribution of BN particles throughout the matrix
without any agglomeration, and it also demonstrates excellent bonding. The density of the composites decreased by
approximately 4.6% with the incorporation of BN reinforcement up to 8%, attributed to the lower density of BN
particles. Wear loss of the composite was found to decrease with increase in reinforcement content as a result wear
resistance of the composites increased as compared to unreinforced alloy.
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1. Introduction

The 7xxx aluminum alloy possesses high strength, low density and excellent processing capabilities, making it a crucial
structural material in the aerospace sector, automobile and marine industry. As these sectors advances, high-strength
aluminum alloys must possess exceptional overall qualities. In recent decades, some engineering materials including
magnesium alloy, titanium alloy and composite materials, have exhibited significant advancement, presenting
challenges to 7xxx aluminum alloy. Consequently, to maintain competitiveness in its primary sector and secure
additional prospects in emerging industries, the 7xxx aluminum alloy necessitates continued enhancement of its
performance. Micron and nano-scale ceramic particles such as alumina (Al203), silicon carbide (SiC), titanium oxide
(TiOz), titanium carbide (TiC), aluminium nitride (AIN) and boron carbide (B4C) are extensively utilized as
reinforcements in aluminum matrix composites (AMCs) for many industrial applications. BN particles are among the
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most commonly utilized reinforcement materials for Al matrix composites, owing to their availability and exceptional
qualities, including high mechanical strength and excellent chemical stability at elevated temperatures. The process of
liquid casting facilitates the production of composites featuring complex designs. It is preferable to produce lightweight
bulk components composed of metal matrix composites that exhibit uniform reinforcing distribution and preserve
structural integrity. The use of micro-sized ceramic particles poses difficulties owing to their elevated viscosity, poor
wettability in metal matrices, and substantial surface area-to-volume ratio. Attaining a homogeneous distribution of
these particles in liquid metals is challenging. To resolve this issue, pretreatment of the particles is essential to improve
their bonding capacity with the metal matrix.

The primary drawback of aluminium alloys is their diminished resistance to elevated temperatures and wear
characteristics. To address this issue, researchers commenced the fortification of aluminium alloys. using ceramic
nanoparticles such as boron carbide, silicon carbide, and aluminum oxide. It is essential to develop advanced mechanical
strength aluminum matrix composites for the aerospace and automotive sectors to ensure prolonged fatigue lifetimes
in structural components [1]. Investigated the impact of SizN4/Gr incorporation in an Al matrix produced through
powder metallurgy techniques. The findings indicated an increase in compressive strength and wear resistance, while
the hardness values decreased with the rise in Gr content [2].The density of the fabricated AMCs diminished by up to 9
wt% with additional reinforcement, whereas porosity escalated from 3.7% to 11% in the Al/10%SiC/15%RHA
composite compared to pure Al alloy. The microstructural study of the composite demonstrated a homogeneous
distribution of SiC and RHA particles, except for the 15% RHA composite, which displayed aggregation of RHA particles
[3]- This study examines the synergistic enhancement of wear and tribological qualities conferred by B4C and TiC,
revealing that increased TiC concentration, particularly at 5 wt% TiC and 3 wt% B4C, enhances performance. TiC and
B4C both enhance friction performance. At 4500 rpm, TiC exhibits a greater propensity to enhance friction performance
compared to B4C. Moreover, B4C significantly influences tribological behavior at 6000 rpm, resulting in the development
of the B20stribofilm [4]. Examined the influence of B4+C on the mechanical and wear characteristics of A12618 composites
using stir casting. The researchers fabricated Al2618-B4C metal matrix composites with B4+C concentration varying from
2 to 8 weight percent in 2 percent increments. The resultant composites were evaluated for hardness, compressive
strength, and tensile properties. The incorporation of B4C particles improved the mechanical properties and wear
resistance of the Al2618 alloy, while it resulted in a minor decrease in elongation [5]. Investigated the mechanical and
wear resistant properties of Al 7075-Al203-Gr hybrid composites and found that the coefficient of friction of the
composites decreases with the addition of 5% Gr, as well as for combinations containing Al203 at 2, 4, 6, and 8 Wt% [6].
Investigated the tribological performance of Al-7Si-Zr-SiO4 composites across various temperature conditions. The
composites demonstrate significantly greater wear resistance in comparison to the base Al alloy [7]. Examined the
mechanical and tribological performance of Al-Fe-SiC-Zr hybrid composites produced via the powder metallurgy
process. The findings indicate that the density of the Al-10Fe-10SiC-10Zr hybrid composites reached a notable value of
3.44 g cm3. The rise in Zr content has affected the micro hardness of the hybrid composites. The compressive strength
of the Al-10Fe-10SiC-10Zr hybrid composites has shown an increase with higher SiC and Zr content, reaching
approximately 205 MPa. The wear-resistant properties exhibited an enhancement with the increase in Zr content [8].
Examined the wear, corrosion, and mechanical performance, including microhardness, tensile, and compressive
strength of Al6061-BN-Al203-C hybrid composites. The findings indicate that the microhardness and compressive
strength of Al6061-30BN-10 Al203-5 C hybrid composites are 63HV and 187 MPa, respectively, demonstrating an
enhancement compared to the base Al6061 alloy. The electrochemical corrosion analysis indicates that the Al6061-
30BN-10AI203-5 C hybrid composites exhibit enhanced corrosion resistance in comparison to the base Al6061 alloy
[9]. Investigated the wear characteristics of AA7075 combined with B4C and fly ash using the stir casting technique. The
uniform distribution of reinforcement and strong interfacial bonding contributed to the improved mechanical and
tribological characteristics of the prepared MMC. Smaller-sized particulates act as obstacles to dislocation, enhancing
the mechanical properties of the material. Additionally, friction occurs between the steel disc and the composite sample,
resulting in the fracture of the composite sample and the formation of white patches [10]. Investigated the tribological
and mechanical performance of hybrid Al7075-SiC MMCs in conjunction with graphite, molybdenum disulphide, and
hexagonal boron nitride. The liquid metallurgical stir casting procedure was employed to develop the hybrid MMCs. The
composite's hardness, tensile strength, and compression were observed to be greater due to the presence of Gr, while
other reinforcements exhibited lower values attributed to the porosity within the material. The hBN reinforcement
demonstrated superior wear behavior compared to alternative reinforcements, attributed to the formation of a
homogeneous transfer film by SiC particulates, which function similarly to a load-bearing component. Another purpose
is the improved thermal conductance of hBN, which dissipates the heat generated due to friction [11].

The motivation and interest behind the research work is to produce a lightweight and higher strength-to-weight ratio
which should have good physical, mechanical and tribological properties for sustainable aerospace, automotive and
marine applications. The addition of BN improves the mechanical and wear strength of the composites. This
investigation aims to study the effect of adding Boron Nitride (BN) to the Aluminium 7079 alloy (AA7079) matrix as a
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reinforcement processed through the stir casting route. Density, Brinel hardness and wear tests are utilized to get the
results and for further evaluation of the prepared composites.

2. Material Selection

2.1. Matrix

The aluminum alloy 7079 has been selected as the matrix material. The Al7079 alloy in its ingot state is depicted in Fig.
1. Zinc is the primary alloying element, added in quantities of 3.8 to 4.8%, and is combined with a lesser percentage of
magnesium, 2.9 to 3.7%, resulting in a heat-treatable alloy. The chemical composition of the Al7079 alloy is presented
in Table 1. These alloys are advantageous for medium to high-strength applications when copper and chromium are
incorporated in minimal proportions. High-strength Al17079 alloy has reduced susceptibility to stress corrosion cracking
and is frequently utilized in a slightly lower temper to provide an improved mix of strength, fracture toughness, and
corrosion resistance.

Table 1 Composition of Al 7079

Element | Content (%)
Zn 3.8-4.8
Mg 2.9-37
Cu 0.40-0.8
Fe 0.40 max
Si 0.30 max
Mn 0.10-0.30
Cr 0.10 - 0.25
Ti 0.10 max
Al Remainder

Figure 1 Al7079 in ingot form

2.2. Reinforcement

2.2.1. Boron Nitride

Boron nitride (BN) particles of size less than 10 um shown in fig. 2 (a) are used as reinforcement material. Its SEM image
is shown in fig. 2 (b). BN is stable at high temperatures in inert atmospheres and melts at 1300 °C, density of BN is 2.1
g/cc. BN is a ceramic compound that consists of boron and nitrogen atoms. It possesses unique characteristics that make
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it suitable for reinforcement in various composite systems. With addition of BN it improves the mechanical properties,
thermal conductivity and electrical resistivity.

$3400 10.0kV 6.7mm x2.00k SE

Figure 2 (a) BN powder sample Figure 2(b) SEM image of BN particles

2.3. Fabrication process

The fabrication of specimens with varying percentages of aluminium nitride was conducted via the stir casting
technique at ambient temperature, utilizing optimal process conditions. The schematic diagram of stir casting and the
actual setup utilized for the current study are illustrated in Fig. 3(a) and (b). This method entails the incorporation of
particles into molten aluminium via stirring, followed by the solidification of the material in the mould under standard
environmental conditions. The requisite quantity of Al7079 alloy in ingot form was initially melted at 700 - 750 2C
utilizing an electric resistance furnace. The aluminum nitride particles and permanent mold were warmed to 400 2C to
mitigate the chilling impact during solidification. Degassing of the molten metal was accomplished by using
commercially available tablets of Hexachloroethane (C2Cle). The primary limitation of the particle reinforced metal
matrix composite is wettability, which can be enhanced by using a tiny proportion (<2%) of magnesium chips. Coverall
(1%), a drossing flux with a melting temperature of 607 2C, is incorporated to diminish the surface tension between
metals and to create a continuous layer over the molten metal, so safeguarding it against oxidation and the absorption
of air hydrogen. The stainless steel stirrer, coated with zirconia and featuring a blade angle of 302, is employed to create
a vortex in the melt. The stirrer height is adjusted to ensure that two-thirds of its length is submerged in the melt. The
preheated reinforcement was gradually introduced into the melt, with stirring maintained at 400 rpm for an additional
15 minutes following the complete incorporation of the reinforcement. The temperature was consistently maintained
with an accuracy of +5 2C via a digital temperature controller.

:C}{ Electrical motor

g o StirTON SCTOW

.@_Reiniofcemen‘

ove] 4 Furnace
0 &l
r Crucible
0 o
Rotor
° 9 Liquid metal
(a) schematic diagram (b) Actual setup

Figure 3Stir casting process

2.4. Specimen preparation

Specimens were prepared from Al7079-BN composites for microstructure observation, density measurement, hardness
test and wear test. Wear test specimens are prepared as per the ASTM G99 standard for pin on disc test. Typical
cylindrical or spherical pin specimen diameter of 8 mm and the length is 30mm.
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30

Figure 4 Wear test specimen and geometry

3. Experimental work

3.1. Microstructural study

A metallographic study was done for the casted aluminium matrix composites using Scanning Electron Microscopy to
ensure the homogeneity of distribution and interfacial bonding between matrix and particle.

3.2. Density measurement

The effect of BN reinforcement on the density of the developed composites are studied both experimentally by using

Archimedes principle and theoretically by using the mass by volume ratio.

The experimental density is determined by using mathematical equation is given below.

Where

m is the mass of the composite sample in air,

m1 is the mass off the same composite sample in distilled water.
pwis the density of the distilled water.

3.3. Hardness test

Hardness of the composites was measured using Brinell hardness tester. This is the simple indentation test for
determining the hardness of a wide variety of materials. The test surface was prepared to obtain a metallographic finish,
a steel ball of diameter 5mm is forced by a load of 750 kg into the test piece and the diameter d of the indentation left
on the test surface is measured after the removal of load.

3.4. Wear test

Figure 5 Wear Test setup

The wear test was conducted by pin-on-disc apparatus manufactured by Ducom instruments as per ASTM G99-
951standards, the cylindrical, specimens of 8mm diameter rand 30 mm | length were iused as a test samples. Prior to
test thelend surfaces of the specimen were polished with SiC-1200 grit emery paper and cleaned with acetone. The
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initial surface finish of the | steel disc was 1um. A track I radius of 80mmf has been used f for all the experiments. The
specimen was fixed on a holder with two jaws clutch and load was applied to the specimen and the arm of the machine
was balanced by means of counter weight. The parameters considered for evaluating the sliding wear behaviour of the
composite were normal, load, sliding velocity and constant sliding distance. The I normal load of 20, 40 andi60 N, sliding
velocity of 0.5 m/s, 1.0 m/s and 1.5 m/s and constant sliding distance of 600 mm were used.

4., Results and Discussions

4.1. Microstructural analysis

The microstructure and distribution of BN reinforcement particles in the developed composites were analysed using
SEM. Fig. 6 (a) to (e) shows the SEM images of fabricated composites. It reveals the presence of BN particles in
aluminium metal matrix and it is observed that the reinforcement particles are adequately dispersed in the matrix. The
composites exhibits rich interface between the matrix and alloy, during solidification of composites the dendrites of
aluminium solidify initially BN particles are precluded by solid-liquid interface resulting in segregation of BN particles
at the inter dendrite region. The developed composites are also observed to be free from any kind of casting defects
such as porosity, inclusion of slag and shrinkage, which may result from the poor bonding between the matrix and
reinforcement at the time of casting and solidification [12]. The average spacing between the reinforcement particles is
reduced with the increase in reinforcement content. The homogeneous distribution of the particles in the developed
composites may be attributed to the parameters selected for the fabrication of these composites. The microstructure of
the composites indicates that the stirring process was adequate to achieve a homogeneous structure. The distribution
of reinforcement particles is actually depends on the density gradient between the molten alloy and particles[13].

53400 10 0kV 6 5mm x50 SE

.
L )

B
S340Q 10.0kV6 9mm x500 SE o

Figure 6 SEM images of (a) Al7079 (b) Al7079+2%BN (c) A17079+4%BN (d) Al7079+6%BN(e) Al7079+8%BN
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4.2. Density

The variation of density values with respect to increasing reinforcement percentage is illustrated in fig. 7. From the
results it is observed that experimental density of Al7079 alloy was 2.56x10-3 g/mm3 and density of A17079 -8% BN
composite is found to be 2.68x10-3g/mm?3 and theoretical density of Al7079 alloy is 2.61x10-3 g/mm?3 and density of
Al7079 -8% BN composite is found to be 2.71x10-3 g/mm3. It is witnessed that both theoretical and experimental density
of the samples decreases by 4.6 % and 3.8 % the addition of BN particles about 8 %. This decrease in density is attributed
to lower density of reinforcement particles [15,16]. This decrease in density is attributed to the addition of slightly lower
density BN particles (2.11 g/cm3) to higher density A17079 alloy (2.72 g/cm3).

272 —n— Experimental denstty
. —e— Theoritical Density
2.70 - X
2.68 fl N
2,66 - \ TR,
\\‘ B
2 254 4 ~e
3 \\\x\\- 9
& 262 \ \
260 & N
258 - \\\\\
2.56 - -
T T T T T
0 2 4 6 8
Reinforcement %

Figure 7 Variation of density with various % of reinforcement

4.3. Hardness

It is observed that hardness for unreinforced Al7079 alloy is 76.9 BHN and for Al7079 -8% BN composite is 95.72 BHN.
From the results it is observed hardness of the composite increased by 24.4% for the addition of BN reinforcement
about8%. The variation of Brinell hardness with percent of reinforcement is shown in Fig. 8.

This increase in hardness of the samples can be ascribed to the particle strengthening and capacity to bear the load due
to increased content of the comparatively harder reinforcement in the matrix [17]. The addition of BN particles in the

continuous matrix increases its surface area and it also reduces the grain size of aluminium matrix, the presence of BN
particles offers large confrontation to plastic deformation which fall outs into rise of the hardness of the developed

composites [18,19].

95 4 /
90 /
85 - /

80

Hardness

Reinforcement %

Figure 8 Variation of hardness value with various % of reinforcement
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4.4. Wear behavior of MMCs

The wear test is performed in accordance with the G99 standard. The dry sliding wear behaviour of Al7079-BN
composites is investigated experimentally utilizing a pin-on-disc wear testing apparatus. The metrics such as sliding
velocity, applied normal load, and sliding distance are utilized to assess the wear characteristics of the composites. The
values of these parameters are given in the table 2.

Table 2 Parameters selected to study the wear behaviour

Parameters values
Applied load (L) N 20,40,60
Sliding distance (D)m | 600
Sliding velocity (v) m/s | 0.5,1.0,1.5

Figure 9 illustrates the impact of applied load on the wear loss of the composite at various sliding velocities for all
compositions. The graph indicates that wear loss escalates with an increase in load for all compositions. However, the
increase in wear loss diminishes with an increase in reinforcing percentage. The wear loss for unreinforced Al7079 rose
by 60.3% whereas with A17079-8%BN the wear loss was 12% under identical loading circumstances. The incorporation
of reinforcing particles improves the wear resistance of the fabricated composites.

The introduction of BN particles disrupts metal-to-metal contact due to the presence of hard ceramic particles, resulting
in a two-body abrasion process. A tribolayer composed of oxides, which extracts particles from the counter surface
material and generates wear debris, forms at the interface, resulting in strain hardening [20,21]. The incorporation of
BN particles improves the tribolayer's resistance, hence diminishing direct metal-to-metal contact and resulting in
reduced wear loss compared to the unreinforced alloy under standard loads, as illustrated by the graph. Under increased
load the creation of the tribolayer diminishes exponentially due to intense contact pressure and a moderate wear rate,
attributed to the strain hardening of the wear surface [22,23]. The wear loss at all applied loads for the BN-reinforced
composite sample are inferior to those of the unreinforced alloy.

~u— AT079 (a) sliding velocity = 0.5 m/s —u—AT079 (b) sliding velocity = 1.0 m/s [ —a—a7070 (c) sliding velocity = 1.5 m/s
o— AI7079 + 2% BN o— A7079- 2% BN o— A7079 + 2% BN
«— ATO79 + 4% BN 0018 [ —4- A7079- 4% BN oowes | —a- A7079 + 4% BN -
v—ATO79 + = | | —v-A7079- 6% BN . { | —v—A7079 + 6% BN 573
AT0T9 0.016 AT079 - 8% BN x é 0160 AI7079 + 8% BN
o - o o T T g
2 0.01 et o
— 004 » — S @
B b Bo .
2, 20 -
3 . & So
S — * 3
X g 3 $
= Zoms] . . = . Y
.
o 0.0¢ {
v s - 30130 4
20 © 0 0 » a0 0 % ‘-
Load (N) Load (N) Load (N)
(a) sliding velocity = 0.5m/s (b) sliding velocity =1 m/s (C) sliding velocity = 1.5m/s

Figure 9 Effect of load on wear loss of the composite for different wt% of reinforcement

5. Conclusion

Al7079-BN composites were successfully fabricated using stir casting process. Microstructural study of composites
shows the even distribution of reinforcement particles throughout the matrix without agglomeration and tough bonding
were perceived which is due to the addition of K2TiFs and preheating of reinforcement particles before adding which
increases the wettability of the particles. Density of the composites increased nearly by 4.6% as the content of BN
particle reinforcement increased upto 8%.Hardness of the composite enhanced by 24.4% for the addition of BN particles
of 8%. As the sliding velocity increases from 0.5 m/s to 1.5 m/s, the wear loss of the composite increases for all
compositions. As the load increases from 20N, 40N, 60N, the wear loss and wear rate of the composite increases for all
the compositions, But it is observed that this increase in wear loss is decreased with increase in reinforcement
percentage. The wear loss of unreinforced alloy Al7079 is increased by 60.3% when the load is increased from 20 to 60
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N for the sliding velocity of 1.0 m/s, but wear loss of A17079- 8% BN-3% Aloevera composites for the same loading
condition the wear loss is increased by 12% .
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