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Highlights
ZrO  and CSA reinforced Al hybrid composites were fabricated by stir casting.

Addition of ZrO  and CSA increased and decreased the hardness respectively.

Tensile & yield strength of composites increased by 23.17% & 26.78% respectively.

Increase by 9.52% and decrease by 5.95% in flexural strength were observed.

Dimples, pits, necking, particle cracks etc. are seen in the fractured specimen.

Abstract
This study focuses on the microstructure and mechanical properties while incorporating
zirconium oxide and coconut shell ash particles in Al 6082 matrix composites. Zirconium oxide
and coconut shell ash particles were varied from 0 to 10% and fabricated by stir casting process.
The fabricated composites were subjected to X-ray diffractometer and SEM to confirm the
presence of zirconium oxide and coconut shell ash particles. Hardness, density, impact strength,
tensile strength, ductility and flexural strength analysis were carried on the developed hybrid
composites to study the mechanical properties of composites. Scanning electron microscopy

Journals & Books Create account Sign in

2

a b a

2

2

Get Access Share Export

https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0925838818322989&orderBeanReset=true
https://www.sciencedirect.com/science/journal/09258388
https://www.sciencedirect.com/science/journal/09258388/765/supp/C
https://doi.org/10.1016/j.jallcom.2018.06.177
https://www.sciencedirect.com/topics/materials-science/zirconia
https://www.sciencedirect.com/topics/materials-science/matrix-composite
https://www.sciencedirect.com/topics/materials-science/tensile-strength
https://www.sciencedirect.com/topics/materials-science/scanning-electron-microscopy
https://www.sciencedirect.com/
https://www.sciencedirect.com/browse/journals-and-books
https://www.sciencedirect.com/search/advanced
https://service.elsevier.com/app/home/supporthub/sciencedirect/
https://www.sciencedirect.com/user/register?targetURL=%2Fscience%2Farticle%2Fpii%2FS0925838818322989
https://www.sciencedirect.com/user/login?targetURL=%2Fscience%2Farticle%2Fpii%2FS0925838818322989


11/20/2019 Mechanical properties and characterization of zirconium oxide (ZrO2) and coconut shell ash(CSA) reinforced aluminium (Al 6082) …

https://www.sciencedirect.com/science/article/abs/pii/S0925838818322989 2/2

Previous Next 

study were carried on the fractured tensile and impact test specimen to analyse the fracture
mechanism.
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TECHNICAL PAPER
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Abstract Ultrasonic welding has been widely used to bond

dissimilar conductive wires, battery cell terminals in relay

applications. In this paper, dissimilar metals, Al/Cu were

joined using ultrasonic welding for conductive applica-

tions. Welding trials were carried out by varying three

control parameters: (1) vibrational amplitude (40, 60, and

80 lm), (2) clamping pressure (1, 1.2, and 1.4 bar), (3)

weld time (0.1, 0.2, and 0.3 s). Experimental trails were

designed based on L9 Taguchi method. Interpretation of

tensile strength and microhardness results revealed that the

satisfactory weldments were obtained for higher welding

energies when compared to low welding energies. From the

microstructural analysis, the bond formation of metals and

failure modes were studied. SEM and XRD images

revealed the four major intermetallic compounds at the

interface of joint; AlCu, Al2Cu, Al3Cu4, and Al4Cu9 with

resistivity values of 11.415, 8.027, 10.612, and 14.243 X-

cm respectively. The resistivity values of intermetallic

compounds observed in the joint was almost 5–6 times

higher than the Al.

Keywords Aluminium � AA6061 � Copper �
Ultrasonic welding � Intermetallic compounds �

Mechanical and microstructural properties �
Electrical resistivity

1 Introduction

Ultrasonic welding is a solid state welding processes and

has been used extensively in joining plastics and in

welding conductive wires like aluminium, copper, silver

and gold. Some of the typical applications of ultrasonic

welding of metals include wire splicing, wire termination,

batteries and contacts. The increasing gain in attention of

ultrasonic welding of metals is because of their high

speeds, excellent welds, low energy, and dissimilar metal

welding.

Bonding of copper to the aluminium wires occurs in

applications like automobiles and power system protection

such as relays, where the conductive wires are connected to

either switches or solidly grounded to the earth by means of

copper wires which offers low resistance. Conventional

methods employed for attaching stranded/straight alu-

minium conductors to copper are generally by soldering or

brazing. The key challenge in such dissimilar joints is the

existing difference in the thermal expansion co-efficient,

differential melting point gradient and the phase changes

occurring with the application of heat through an identified

source. This alters the strength and integrity of the weld

region [1]. In fusion welding of Al/Cu, production of brittle

intermetallic compounds (i.e., AlCu, Al2Cu, and Al4Cu9)

takes place during solidification [2]. The formation of

intermetallic phases may lead to brittleness and cracks of

the weldments. This is a major disadvantage to electrical

and mechanical parameter’s performance. Further, electri-

cal conductivity of Al also affects the resistivity values of

some of the intermetallic compounds formed during fusion
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welding process like Al2Cu—8.0 lX-cm, AlCu—11.4 lX-cm,

Al4Cu9—14.2 lX-cm, where the values are higher than

Al—2.9 lX-cm and Cu—1.75 lX-cm [3]. Increased

resistance values at the interface tend to produce larger

amount of heat which in turn results in undesirable char-

acteristic. To avoid these undesired characteristics, more

attention has been given to the solid state welding pro-

cesses for joining Al and Cu wires effectively. Ultrasonic

welding is widely utilized in joining conductive wires due

to its advantages of economic and greater speeds. Com-

parison of weld energy and weld time for various solid

state processes are shown in Table 1.

The formation of intermetallic compounds in Al is

directly dependent and proportional to the heat generated

during welding. The more the applied heat input, higher the

degree of intermetallics [7]. To control the intermetallics,

one has to pay more attention on input heat energy supplied

for the weldments. It is necessary to control the amount of

energy required to weld the Al and Cu for given applica-

tions. The heat energy supplied plays a key role in deter-

mining the performance characteristics.For consistent weld

joints, it is important to control the amount of energy

supplied to the weld contact area during welding. The

typical machine parameters influencing the quality of weld

are: (1) vibrational amplitude, (2) contact pressure, (3)

welding time. Advancements in computer controlled

interface greatly enhance the process by direct control of

applied energy rather than controlling amplitude, pressure

and time at the joint area [8].

Adequate literature studies have been reported about

joining Al/Cu wires using ultrasonic welding. Al–Cu

have been subjected to ultrasonic welding and observa-

tion shows that there is a considerable increase in the

shear tensile strength while in contrary there is a

noticeable reduction in the hardness as compared to the

conventional techniques that are generally deployed for

these type of dissimilar welding [9–11]. In some sam-

ples, formation of undesired intermetallics lead to

deprived mechanical properties of materials. However,

the weldments produced do not indicate any failures at

the weld zone and if found, it is generally towards the

Cu portion of the wire [12, 13]. Research reports majorly

investigate the influence of process parameters i.e.,

vibration rate and welding time on mechanical properties

and is observed that in order to obtain a good weld, it is

essential to optimize these two process parameters

because of their significant effect on heat generation at

the weld interface. Random choice of process parameters

without optimization results in either insufficient heating

or over heating with the formation of intermetallics as in

case of fusion welding [14–16].

There are reports suggesting that the major cause for

failure modes to occur is the interface debonding and

through thickness tear [17]. Some of the methods have

been attempted to overcome these concerns involve the

resistance assisted ultrasonic welding, where the resistance

heating improves the heat input profile at the interface. The

generated heat at the interface due to joule heating has an

impact on the interface intermetallics area as the function

of current amplitude [18]. Ultrasonic wedge bonding is

carried out with interlayer between the weld samples. The

results show an enhanced tensile strength while traces of

intermetallics are also observed and reported [19]. These

studies have been further extrapolated by trying to under-

stand the influence of alloying elements on the weld

microstructures and their corresponding mechanical

strength [20]. Investigations through mathematical and

numerical models have been carried out, that focuses on

the frictional co-efficient, sliding rate and modes of oper-

ation. A concrete conclusion has not been derived but the

study provides an insight into various other factors that

may possibly alter the process and material properties [21].

Few researchers extrapolated their ideas to weld non-fer-

rous metals such as copper bimetallic strip, braided flexible

copper and tin coated copper wires of small thickness. The

parameters have been varied and the corresponding bond

strength and structural changes are observed [22].

The basic essential parts in ultrasonic welding equip-

ments constitute power supply, converter, booster, and

horn. The basic process of ultrasonic welding is shown in

Fig. 1.

The objective of this study is to determine the feasibility

and performance of ultrasonic welding of dissimilar

metallic stranded wires (Al/Cu). The weldments obtained

were then evaluated by electrical, mechanical and metal-

lurgical characterizations for various welding trails. The

degree of intermetallic compounds were studied by using

SEM and EDAS analysis, identification of optimal

parameters for joint strength with fatigue studies, galvanic

corrosion effect under moisture. Further, welded joints

were subjected to electrical conductivity tests to ensure the

weldment conductivity as per the requirement in relay

terminals.

Table 1 Comparison of solid state welding process in terms of

energy per weld and weld time

S.

no.

Process Energy per weld

(kJ)

Weld time

(s)

1 Ultrasonic welding [4–6] 0.6–1.5 0.25–0.6

2 Resistance spot welding

[4]

50–100 0.15–0.3

3 Friction stir welding [6] 3–6 2–5
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2 Materials and Experimental Procedure

2.1 Experimental Procedures

In this study, the materials used for ultrasonic welding were

Al (AA6061) and commercially available pure Cu stranded

wires of thickness 1 mm. The chemical compositions of

both the wires are shown in Table 2. Trials were carried

out for 9 samples based on L9 Taguchi scheme. These

materials were joined by ultrasonic welding process

(UWMM 1000) with the machine rating of 10KW (Fig. 2).

Experimental trials were carried out by controlling the

energy to the weld area.

The ultrasonic welding was achieved by varying the

control parameters: (1) vibrational amplitude ranging from

40, 60, and 80 lm. (2) Clamping pressure varying in the

range of 1, 1.2, and 1.4 bar. (3) Weld time of 0.1, 0.2, and

0.3 s. There were 9 trails carried out for analyzing the

weldments and to frame an optimum parameter window.

Table 2 provides the chemical compositions of the mate-

rials used for this study while Table 3 provides the details

on the mechanical properties of the samples to be welded.

The welded samples with their respective dimensions

are shown in Fig. 3. The parameters varied in this study

along with their levels are provided in Table 4.

The welded specimens shown in Fig. 4 were prepared

according to the ASTM-A-931 testing specifications for

tensile strength testing. Prior to the tensile tests, the

Vickers hardness (HXZ-1000) profiles across the weld

nugget, heat affected zone (HAZ) and partial base material

were measured under the load of 0.98 N for 10 s along the

centrelines of the cross-sections of the tensile specimens

using an automatic micro-hardness tester, and the Vickers

indents with a spacing of 0.5 mm were used to determine

the fracture locations of the joints. The tensile tests were

carried out at room temperature at a crosshead speed of

1 mm/min using a computer-controlled testing machine

and the tensile properties of each joint were evaluated

using three tensile specimens cut from the same joint.

Microstructures were observed by using scanning elec-

tron microscopy (SEM), Zeiss international. The chemical

composition of intermetallics were analysed by energy

dispersive spectrometry.

2.2 Energy Calculations

An ultrasonic welding energy is governed by the following

formula:

E ¼ P� T

where E is the welding energy, P is the power consumed

and T is the welding time.

The power required for ultrasonic welding is dependent

on clamping force (F) and on vibrational velocity (V).

Force can be determined by computing clamping pressure

(Pc) acting in the weld contact area (A).

Table 2 Chemical composition of AA 6061 and Cu used for the experimentation

Materials Cu Fe Si Zn Pb Ni Al

AA 6061 (aluminium alloy) 0.005 0.3 0.07 0.005 0.003 \0.001 Balance

Commercially pure copper Balance 0.05 0.009 4.69 0.03 0.03 0.02

Fig. 1 Basic process of ultrasonic welding
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F ¼ Pc � A

For sinusoidal vibrations, the vibrational velocity is

dependent on frequency (f) of the waves transmitted

through horn and on peak to peak amplitude (D) of

displacement.

V ¼ p� f � D

The total welding energy required to weld is given as

E ¼ P� T

E ¼ F � V � T

E ¼ PcApfD� T

Hence, the welding energy can be controlled by varying

the amplitude, pressure, weld time which can be easily

adjusted from the equipment. The calculated welding

energies are shown in Table 5.

3 Results and Discussions

The visual inspection reveals good bonding between the

wires as shown in Fig. 4. Subsequently, destructive and

Non-destructive tests have been performed for assessing

the strength and quality estimations followed by electrical

resistivity analysis.

3.1 Tensile Strength and Microhardness

Experimental design has been selected based on three

welding parameters with three levels each (Table 4). The

Fig. 2 Ultrasonic welding machine used for joining Al–Cu wires

Table 3 Mechanical properties of AA 6061 and Cu used for the

experimentation

Properties Aluminium (Al) Copper (Cu)

Tensile strength (MPa) 310 231.38

Elongation (%) 15 41

Hardness (HV) 41 88

Fig. 3 Bonding of AA6061 and

Cu

Table 4 Experimental parameters and different levels

S. no. Parameters Level 1 Level 2 Level 3

1 Pressure (bar) 1 1.2 1.4

2 Weld time (s) 0.1 0.2 0.3

3 Amplitude (lm) 40 60 80
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welding parameters varied during the joining process

includes amplitude (lm), weld pressure (bar), weld time

(sec). The corresponding failure load for each of those

trials are shown in Table 6.

Table 6 clearly emphasizes that the obtained values

holds a good agreement with the parent weld metals. It is

observed that the maximum failure load bearing capacity of

1.524 KN obtained at an amplitude of 40 lm, weld pres-

sure of 1.4 bar and weld time of 0.3 s. The strength of

weldments is dependent on the following factors: (1)

clamping force, (2) vibrational amplitude, (3) weld time.

Typically for an ultrasonic welding system, the force is

created either hydraulically or pneumatically or by

employing an electromechanical system [19]. During the

joining process, the force is to be maintained constant

which acts at right angle to the plane surface of the spec-

imens. The clamping force majorly governs in controlling

the weld strength. Figure 5 illustrates the variations of the

weld strength with respect to the clamping force, during the

similar and dissimilar joining of aluminium and copper

wires for thicknesses of 0.5 mm. The average intensity of

maximum load is recorded and plotted as a function of the

clamping force, in increments of 50 N, for amplitude ran-

ges of 40, 60 and 80 lm while maintaining a constant

welding time of 0.1 s. The de-bonded specimens reveal

that the weld strength is proportional to the clamping force

while reaching a peak at a certain value of clamping force.

Subsequently, the weld strength tends to decrease after this

point. It further emphasizes that imparting an excessive

clamping force yields high friction and henceforth a sup-

pression of the relative motion between intimate surfaces,

resulting in a reduction in weld strength [18]. Besides, an

increase in vibration amplitude increases the welding

strength. Increased amplitude increases in the scrubbing

motion among the metallic surfaces, leading to better

bonding and in turn raising the weldstrength. The dissipa-

tion of energy is proportional to thickness, and is influ-

enced by half-hard condition. Added to this, the weld

strength is also proportional to the vibration amplitude,

especially at 80 lm.

Main effect plots (Fig. 5a–c) for mean graphs reveal 80

(% of max amplitude), 1 (bar weld pressure) and 0.3 (sec

weld time) for maximum failure load, which clearly indi-

cates that these parameters have maximum influence on the

failure load which in turn alters the tensile properties as

well. Confirmations and validations are made through

experimental results that show good agreement among the

two. This creates a window of parametric level (80% of

max amplitude, 1.6 bar weld pressure, 0.3 s weld time),

which are found to be optimum for bearing maximum

failure load with an enhanced tensile strength. The exper-

imentally welded dissimilar joints of AA 6061 and Cu are

shown in Fig. 4.

Table 7 shows the Vickers hardness measurements of

the ultrasonic welded Al/Cu at the welding amplitudes of

40, 60, and 80 lm. The measurements have been made

from cross sections through weld centres at half the wire

thickness. Slight decrease in the hardness can be noted

adjacent to the welded surface caused by temperature rise

during the welding process. The maximum load that it can

with stand without getting broken is 26.5 and this gradually

increases with increasing pressure up to 28.2 for copper,

25.6–29.2 for aluminium and 30.3–31.1 at AA 6061/Cu

weldments.

Fig. 4 Experimentally welded Samples

Table 5 Welding energies for different trials

Trail

no.

Amplitude

(lm)

Weld pressure

(bar)

Weld time

(sec)

Weld energy

(kJ)

1 40 1 0.1 0.62

2 40 1.2 0.2 1.51

3 40 1.4 0.3 2.63

4 60 1 0.2 1.9

5 60 1.2 0.3 3.4

6 60 1.4 0.1 1.32

7 80 1 0.3 3.77

8 80 1.2 0.1 1.51

9 80 1.4 0.2 3.52

Table 6 UTS of the welded specimens

S.

no.

Amplitude

(lm)

Weld pressure

(bar)

Weld time

(sec)

Failure load

(KN)

1 40 1 0.1 1.474

2 40 1.2 0.2 1.443

3 40 1.4 0.3 1.524

4 60 1 0.2 1.464

5 60 1.2 0.3 1.388

6 60 1.4 0.1 1.374

7 80 1 0.3 1.564

8 80 1.2 0.1 1.368

9 80 1.4 0.2 1.331
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3.2 Microstructures

Microstructures of ultrasonic welded Al/Cu specimens are

shown in Fig. 7 for different trails of parameters consid-

ered for this study. The teeth of sonotrode penetrate into

the AA6061 stranded wire. The weld craters are not seen

clearly for the lower welding energies. With the increase in

welding energy, increased depth of penetration of Al into

the Cu is observed due to the enhanced sonotrode tip force.

In order to identify the intermetallics at the interface,

magnified SEM images are studied. Lower welding ener-

gies lead to the formation of cavities at the interface of Al/

Cu. The density of pores observed decreases with

increasing welding energies. This is because of densifica-

tion and plastic deformation of Al near the weld interface.

The vibrations made by the horn have a significant role in

plastic deformation intensity [20, 21]. It is obvious that the

peak temperature at the weld joint is dependent on the

vibrational amplitude and clamping pressure. As these two

parameters increases, temperature increases at the centre of

weld nugget which in turn enhances the densification of the

joint. As the welding energy increases, heat generated

during the vibrations of the faying structures tend to soften

the Cu side. Combined the effect of clamping force, the

plastic deformation of Cu near the weld interface becomes

severe.

The macrographs for Al–Cu are presented in Fig. 6

respectively. The weld is distinct with solidification lines

clearly visible. The centre line mark indicates the fused

mass of materials.

From the macrographs (Fig. 6), it may be observed that

no distinct fusion line is visible. The weld region is merged

with the HAZ owing to the fact that it encounters higher

rate of instantaneous heating and subsequent higher rate of

cooling. Microstructures shown in Figs. 7 and 8, depict

equated grains and annealing twins distributed in a matrix

of copper throughout the structure.

Fig. 5 a Variation of amplitude with mean failure load. b Variation

of weld pressure with mean failure load. c Variation of weld time with

mean failure load

Table 7 Hardness values of Al/Cu joints

S.

no.

Parameters: vibrational amplitude (lm), weld

pressure (bar), weld time (s)

Hardness

value (HK)

1 40, 1.4, 0.3 26.5

2 60, 1.2, 0.2 28.2

3 60, 1.4, 0.3 23.7

4 80, 1.2, 0.2 26.1

5 80, 1.4, 0.3 31.1
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The SEM image of the cross section of Al–Cu weld-

ments show the formation of oxides between aluminium–

copper weldments. From SEM images, formation of oxides

and its chemical composition is observed through the

graph. The microscopic examinations are conducted in

order to observe the welding region, orientation of metal

composites in the welding zone and the thickness of the

weld. The fracture surfaces of selected samples are

examined using SEM in order to assess the cracks in the

weldments. The welded regions reveal the brighter areas

which also confirm the formation of impurities.

Figure 8 depicts the SEM image with elemental elec-

tronic mapping captured to understand the weld integrity

and intermolecular diffusion pattern. Surface deposits of

various elements are observed at the joints which are

manifestation of particle diffusion enabling fusion at the

interface. At the weld juncture, the red hot solidus particle

mass converges and is pushed outward due to the cen-

trifugal force generated from the geometry of the compo-

nents and application of pressure while the joints are still

under the impact of the vibrational heat. Moreover, the

differential thermal expansion coefficient tends to influence

the grain size growth in the weld juncture and thermally

stressed region. This may eventually increase the energy

gradient at the weld interface forcing the crossover of Al

and Cu molecules dislodging the boundary formation. In

few samples, the solidus material oozes out indicating non

uniform bonding which may lead to cracks and failure.

This may be owing to the fact that the pressure, or the time

or the heat is insufficient leading to brittle fractures. Nev-

ertheless, the uniform elemental particle distribution in and

across the weld interface is prominent when subjected to

suitable pressure and corresponding heat.

3.2.1 XRD Analysis

Figure 9 shows the X-ray diffraction patterns of the weld

and adjoining regions respectively. During ultrasonic

welding process, the joint interface is subjected to plastic

deformation and re-crystallization due to the vibrational

heat that it experiences complimented by applied pressure.

This tends to alter the phase constituents in the vibration

impact zone. Besides, in the weld interface, Al–Cu inter-

metallic tends to be formed, which may deteriorate the

strength of the solid state joint. XRD studies are imperative

for understanding the phase constituents at the weld zone

occurring due to the vibration and pressure. Rigaku-2500

instruments embedded with JCPDS software is used for

XRD analysis in this study at the weld interface and base

metals. The XRD analysis is performed using Cu Ka target

at 40 kV (voltage) and 200 mA (current). From Fig. 9, the

X-ray diffraction pattern reveals that the weld nugget

region (WNR) exactly corresponds to the diffraction pat-

terns of copper and aluminium. This suggests that new Cu–

Al intermetallics are absent in WNR of ultrasonic weld for

Al/Cu dissimilar joints. Nevertheless, with increased

duration of plastic deformation and stress–strain in WNR,

metal Cu and Al experiences distortion in their elemental

lattice structures. This may eventually tend to cause minor

shift in the diffraction peak prevailing between the base

metals and WNR. The line broadening of the diffraction

peaks arises due to the particle size and strain present

inside the material. The X-ray diffraction Spectra provides

information on the crystal phase in the base metal. The

tallest peak contains Al–Cu in a cubical phase. Similarly

the other peaks originate from the other planes of cubical

Al–Cu. There are a few irregularities with no defined peaks

indicating the existence of impurity phases. A good crys-

talline nature is observed in the base metal. The weld

region retains the same chemical composition as that of the

base metal indicating that there are no impurities formed in

the weldment.

Fig. 6 Macro images of AA6061-Cu weld

Fig. 7 Microstructure AA6061-copper
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3.3 Electrical Resistivity of the Joints

Even though extensive formation of intermetallic com-

pounds is drastically reduced for ultrasonic welding of Al/

Cu when compared to other welding techniques, there is a

limited intensity of intermetallic compound resistivities at

the joint (Table 8). Intermetallics are the undesired char-

acteristics of electrical conductivity which may increase or

decrease the weldment resistance. Both these properties are

disadvantageous to the protective devices. In power system

protection, usually electrical devices are solidly grounded

through low resistance wires/Cu wires from unwanted

faults raised in the system. Hence, it is important to per-

form studies on resistivity of the welded joints. Resistance

of weldments under different trials has been measured

using Hioki DC resistance meter RM3548. Measurements

have been performed according to ASTM D257-07 stan-

dard at temperature 23 �C. The resistivity measurements

have been carried out by taking 1 cm of length. Nominal

values obtained for base metals i.e., Al and Cu are 2.55 and

1.76 X-cm respectively.

With the increase in welding energies, there is linear

decrease in resistivity values of the weldments. At lower

energies, the energy supplied to the weld is not sufficient to

form bonding between the Al and Cu. The major reasons

for increased resistivity are due to pores formed, cavities,

Fig. 8 SEM images of Al/Cu ultrasonically welded joints

Fig. 9 XRD pattern for weld and adjoining region
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and intermetallics at the interface of Al/Cu. It is observed

from Fig. 10, that the maximum resistivity is 11.25 X-cm

at the input weld energy of 0.62 kJ, the minimum resis-

tivity is 6.01 X-cm at welding energy of 3.77 kJ. SEM and

XRD results reveal that there are four types of intermetallic

compounds at the weld interface: AlCu, Al2Cu, Al3Cu4,

and Al4Cu9. The resistivities of various intermetallic

compounds formed at the joint are shown in Table 9.

The resistivity of intermetallic compounds of highest

value 14.2 X-cm which is 6 times the aluminium.

However, the weld zone is very thin and with larger cross

sectional area; there is a minimal effect on the resistance of

the wires. The ultrasonic welded specimens of Al/Cu can

be used readily for conductive applications with greater

efficiency when compared to conventional welding

processes.

4 Conclusions

AA6061 and Cu were joined using ultrasonic welding at

different trials of process parameters. The major conclu-

sions drawn from this study are:

1. With the increase in welding energy, the densification

of metals and plastic deformation of metals gradually

increases which results in enhanced mechanical

properties.

2. At higher temperatures, the hardness of aluminium

decreases due to localized grain growth at the

interface.

3. Tensile strength gradually increases with increased

welding energies, the maximum of 1.564 kN is

achieved for the vibrational amplitude of 80 lm,

welding pressure of 1.4 bar and weld time of 0.3 s.

4. Resistivity values of intermetallic compounds formed

are 11.4, 8.0, 10.6, and 14.2 X-cm. The resistivity

values of intermetallic compounds observed in the

joint is almost 5–6 times higher than the Al.

References

1. Saeid T, Abdollah-Zadeh A, Sazgari B, J Alloys Compd 490
(2010) 652.

2. Zhao Y Y, Li D, Zhang Y S, Sci Technol Weld Join 18 (2013)

354.

3. Bergmann J P, Petzoldt F, Schürer R, Schneider S, Weld World
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Abstract The key focus of this research study is to analyze
the weld joint resistance with microstructural evaluation
of ultrasonically welded Al and Cu dissimilar wires. The
typical applications of dissimilar wire bonding include auto-
mobile parts, electrical safety, and battery terminals. The
weldments are further subjected to metallurgical character-
ization to understand the extent of molecular movements
at the interface, uniformity in material diffusibility and the
corresponding changes in weld joint resistance due to var-
ious ultrasonic welding energies. Ultrasonic welding trials
were performed with different levels of process parame-
ters (pressure, weld time, and amplitude) based on design
of experiments. Subsequently, the welded specimens were
examined through optical microscopy and the correspond-
ing images are captured using image analyzers. Further,
SEM images were investigated for understanding the sur-
face morphology and the extent of intermetallic compounds
formation and performance. The experimental results show
that the increase in welding energy is inversely proportional
to the degree of formation of intermetallic compounds/weld
joint resistance. Besides, the surface morphology unwinds a
uniform weld pattern in most of the samples while there are
few voids and non-uniformity for low heat input samples.
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1 Introduction

Lightweight materials especially aluminum and its alloys
are gaining remarkable significance in the manufacturing
sectors, applications majorly focusing on engineering com-
ponents and hybrid structures. At present, energy efficiency
is the major criterion of global industries and this trend
drives toward the identification of lightweight materials as
alternatives for conventional materials with the objective of
attaining versatile and optimized products in automobile,
aerospace, and defense industries.

Ultrasonic welding is a solid-state welding process using
ultrasonic vibrations to join the materials. Recently, ultra-
sonic spot-welding finds extensive usage in joining plastics,
metallic wires/strands (like aluminum, copper, silver and
gold) in many of the manufacturing sectors. Typical appli-
cations of ultrasonic welding of metals include wires termi-
nation, splicing, wires and battery contacts. Moreover, any
application demanding greater electrical and heat conduc-
tivity along with good corrosion resistance is addressed by
aluminum and copper dissimilar joints (In slots varying in
temperature). The ultrasonic welding process is character-
ized by high speed, excellent quality of welds, low energy
consumption, and is used for dissimilar metallic joining.
Dissimilar metallic joining remains a challenge for many
metallurgists. However, many of the applications like auto-
mobiles, electrical power systems etc., require dissimilar
metallic wires bonding, particularly aluminum and copper
wires with high reliability. In the above-specified applica-
tions, joint efficiency of welded metals is generally esti-
mated in terms of interface resistance (conductance). The

http://crossmark.crossref.org/dialog/?doi=10.1007/s12633-017-9680-4&domain=pdf
mailto:arungalaisv@yahoo.co.in
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Table 1 Resistance of various intermetallic compounds in Al and Cu
fusion welding

S. No. Intermetallic compound Resistance (μ� - cm)

1 Al2Cu 8.15

2 AlCu 11.41

3 Al4Cu9 14.20

higher the joint conductance of the dissimilar welded metal-
lic wires, the better the weld quality. Existing conventional
methods employed for bonding stranded or solid aluminum
conductors to copper are by either soldering or brazing.
Limitations associated with these processes are variation
in melting points, poor mechanical and thermal properties,
and formation of high resistive intermetallic compounds
[1]. Fusion welded Al and Cu joints produce intermetallic
compounds (AlCu, Al2Cu, and Al4Cu9) which are of brit-
tle nature and are formed during the solidification phase
[2]. The formation of intermetallic phases may lead to brit-
tleness and cracks of the weldments.This is one of the
major drawbacks of the fusion welding process that signif-
icantly affects the mechanical and electrical performance
of joints. Different intermetallic compounds with resistive
values produced while fusion welding are shown in Table 1.

The resistive values of major intermetallic compounds
in Table 1 show that the values are higher when compared
to base metals (Al - 2.9 μ�-cm and Cu - 1.75 μ�-cm)
[3]. Higher resistive joints tend to dissipate larger amount
of heats which is an undesirable characteristic with respect
to performance. To overcome these undesired characteris-
tics, more attention has been given to the solid state welding
processes for joining of dissimilar Al and Cu strands effec-
tively. Different types of solid state welding processes are
available in the market. A brief comparison of these pro-
cesses in terms of consumed weld energy and weld time is
shown in Table 2.

In general, the degree of formation of intermetallic com-
pounds in Al is dependent on and proportional to the heat
supplied to the interface [7]. To avoid the formation of inter-
metallics, it is necessary to control the input heat energy
supplied for the weldments. It is imperative to control the

Table 2 Comparison of solid state welding processes in terms of
energy per weld and weld time

S. No. Process Energy per weld Weld time

(kJ) (s)

1 Ultrasonic welding [4–6] 0.6–1.5 0.25–0.6

2 Resistance spot welding [4] 50–100 0.15–0.3

3 Friction stir welding [6] 3–6 2–5

amount of heat energy required to weld the Al and Cu for
specific applications where weld strength is not a major con-
cern. To obtain reliable weld joints, it is essential to control
the amount weld energy supplied to the of weld specimens
during welding. The typical weld parameters, which influ-
ence the weld efficiency, are: 1) vibrational amplitude 2)
contact pressure 3) welding time. Recent advancements in
computer-controlled interfaces greatly improve the process
by direct control of applied energy rather than controlling
amplitude, pressure and time at the weld area [8].

Many papers have reported about the joining of dissim-
ilar metallic wires like Al and Cu strands using ultrasonic
spot welding. Ultrasonic welded Al/Cu wires revealed a
considerable improvement on the tensile strength while in
contrary there was a noticeable reduction in the microhard-
ness over conventionally employed welding techniques [9–
11]. In some samples, formation of undesired intermetallics
leads to deprived mechanical properties of materials. How-
ever, the weldments produced do not indicate any failures
at the weld zone and if found, it is generally toward the
Cu portion of the wire [12, 13]. Research reports majorly
investigated the influence of process parameters i.e., vibra-
tion rate and welding time on mechanical properties and
observed that in order to produce a good weld, it is essen-
tial to optimize these two governing parameters because of
their significant effect on heat generation at the weld inter-
face. Random choice of process parameters without design
of experiments results in either less heating or overheating
with the formation of intermetallics as in the case of fusion
welding [14–16]. Kumar et al. analyzed the weld quality
that was sensitive to clamping force, weld time and vibration
amplitude [17]. The implication is the influence of welding
parameters on mechanical properties of thin aluminum sheet
joints are produced by ultrasonic welding There are reports

Fig. 1 Basic process of ultrasonic welding
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Fig. 2 Bonding of AA6061 and Cu

suggesting that the major cause for failure modes to occur
is the interface de-bonding through thickness tearing [18].
Some of the methods that attempted to overcome these con-
cerns involve resistance assisted ultrasonic welding, where
the resistance heating improves the heat input profile at the
interface. The heat generated at the weld interface due to
ultrasonic vibrations has an impact on the joint intermetal-
lic compounds as a function of welding current amplitude
[19]. With incorporation of an interlayer between the weld
samples, enhanced tensile strength and limited intermetallic
compounds were found at the interface [20]. These studies
were further extrapolated by trying to understand the influ-
ence of alloying elements on the weld microstructures and
their corresponding mechanical strength [21]. Investigations
on parameters like frictional coefficient, sliding rate and
mode of operation were carried out with the help of differ-
ent mathematical and numerical models. However, although
no concrete relationship was derived, these studies provided
a deeper look into various factors that considerably alter the
material properties [22]. Few researchers extrapolated their
ideas to weld non-ferrous metals such as copper bimetallic
strip, braided flexible copper and tin-coated copper wires
of small thickness. The parameters were varied and the
corresponding bond strength and structural changes were
recorded [23]. Bergmann et al. investigated the implica-
tions of the interface weld characteristics on the mechanical
properties of the joints and the mechanisms promoting dif-
fusion during ultrasonic metal joining of Al/Cu [24]. Asami
et al. proposed an optimal shape for the vibration locus
which is complex to achieve. An ultrasonic vibration source
capable of controlling the vibration in the longitudinal-
torsional direction connects to a large welding tip. They
emphasized that the planar locus of the proposed vibration

source yields higher weld strength [25]. Ni and Ye stud-
ied the influence of lap configuration on the mechanical
properties and microstructures of dissimilar ultrasonic metal
joined copper-aluminum joints. The hardness perpendicu-
lar to the direction of thickness of the aluminum sheet has
major alterations [26].

The basic essential parts in ultrasonic welding equip-
ment constitute power supply, converter, booster, and horn
(Fig. 1).

The main objective of this study is to determine the fea-
sibility and performance of ultrasonic welding of dissimilar
metallic stranded wires(Al and Cu) for electrical applica-
tions. The obtained weld joints were then considered for
performance characteristics in electrical and metallurgical
aspects. The effects of ultrasonic welding process param-
eters on welded joints were studied by using SEM with
EDAS analysis, and microstructural images. Further, elec-
trical conductivities at the interface of AA6061/Cu were
determined.

2 Materials and Experimental Procedure

2.1 Materials

In this study, the materials used for ultrasonic welding are
Al (AA6061) and commercially available pure Cu stranded
wires of thickness 2 mm each. The chemical compositions
of adopted metallic wire strands are shown in Table 3.
Prior to welding, the surface of the samples is cleaned with
acetone to remove contaminants. Ultrasonic spot welding
(USW) is performed at the AA6061/Cu interface by varying
process parameters, and the spot joint is made at the cen-
ter of the 10 mm overlapped area. The welded samples with
their respective dimensions are shown in Fig. 2.

2.2 Ultrasonic Welding Machine Setup

These materials were joined by an ultrasonic welding pro-
cess (UWMM 1000) with the machine rating of 10 KW
(Fig. 3). Experiments are performed by controlling the heat

Fig. 3 Ultrasonic welding
machine used for joining Al-Cu
wires
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Table 3 Chemical
composition of AA 6061 and
Cu used for the
experimentation

Materials Cu Fe Si Zn Pb Ni Al

AA 6061 (aluminum alloy) 0.005 0.3 0.07 0.005 0.003 < 0.001 Balance

Commercially pure copper Balance 0.05 0.009 4.69 0.03 0.03 0.02

energy supplied to the weld area. Trials are carried out for
nine samples based on the L9 Taguchi scheme.

The ultrasonic welding is achieved by varying the control
parameters: 1) vibrational amplitude ranging from 40, 60,
and 80 μm. 2) clamping pressure varying in the range of 1,
1.2, and 1.4 bars. 3) weld time of 0.1, 0.2, and 0.3 s. There
were nine trails carried out for analyzing the weldments and
to frame an optimum parameter window. Tables 3 and 4 pro-
vide the chemical composition and mechanical properties
of the materials adopted in this study. The welded samples
with their respective dimensions are shown in Fig. 2. The
parameters varied in this study along with their levels are
provided in Table 5.

Ultrasonic welded samples (Fig. 4) were prepared
according to the ASTM-A-931 testing specifications for
tensile strength evaluation. The tensile tests were performed
at room temperature. Hardness values were measured across
the weld region using Vickers hardness (HXZ-1000) under
a load of 0.98 N for 5 s. Microstructures were observed by
using scanning electron microscopy (SEM), Zeiss interna-
tional. The chemical compounds of the intermetallic layer
were analyzed by EDS.

3 Results and Discussion

The visual inspection of the welded wires reveals good
bonding at the joint as shown in Fig. 4. The teeth of
the sonotrode tip were clearly visible at the joint. It is
clearly seen from Fig. 4. For complete evaluation in terms
of mechanical and metallurgical aspects of the samples,
destructive and non-destructive tests were performed.

3.1 Resistance at the Weld Joint of the Al-Cu

During ultrasonic welding, the wire strands from several
wires were connected to each other, producing two types of

Table 4 Mechanical properties of AA 6061 and Cu used for the
experimentation

Properties Aluminum (Al) Copper (Cu)

Tensile Strength (MPa) 310 231.38

Elongation (%) 15 41

Hardness (HV) 41 88

welded knots: end or parallel splices. The wires are stripped
immediately prior to the welding process and positioned
manually in the welding jig, where: 1) the wire strands
are pressed and compacted onto one another by applying
pressure 2) after the oxidation coating is removed from the
wire strands by applying friction, the adjacent strands of the
single wires rub against one another, making possible the
welding of the contact surfaces.

Heat generated in the conductors is dependent on the
resistance of the material. When two dissimilar wires are
joined with ultrasonic welding, the magnitude of resistance
at the contact will vary from their parent wires resistance
due to formation of intermetallic compounds. This resul-
tant resistance of the end splice may have an effect on the
insulator surrounding the conducting wire. If the heat gen-
erated is more than the prescribed value of the insulator
melting point, safety concerns arise. In this section, an
attempt is made to understand the relationship between the
joint resistance and ultrasonic welding process parameters
(Table 6).

Resistance of the ultrasonic welded joint is measured
using the Wheatstone bridge balancing condition (Fig. 5)
and the unknown resistance value is given by Eq. 1

Rx = R2R3/R1 (1)

3.2 Microstructures

Microstructures of the ultrasonically welded Al/Cu joints
(Fig. 7) were taken for different trails of the process
parameters considered. The sonotrode impressions were not
clearly visible for the lower magnitude of welding energies.
Increased ultrasonic welding energy results in greater pene-
tration into the Cu stranded wire. This effect is observed due
to the greater sonotrode tip force with increase in welding
energy. In order to estimate the degree of formation of inter-
metallic compounds at the joint interface, SEM images were

Table 5 Experimental parameters and different levels

S. No Parameters Level 1 Level 2 Level 3

1 Pressure (bar) 1 1.2 1.4

2 Weld time (s) 0.1 0.2 0.3

3 Amplitude (μm) 40 60 80
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Fig. 4 Al/Cu welded sample

Al Alloy 

Cu Alloy 

Al/Cu Weld

taken with magnification. The SEM micrographs of cross
sectioned samples of Al-Cu joined interfaces are shown in
Fig. 6. An intermetallic compound layer is clearly visible at
the weld region. Diffusivity of the Al wire into the Cu wire
is hardly seen in the weldment produced at lower ultrasonic
welding energies (Fig. 7).

Figure 8 shows the typical micrographs of ultrasonic
welded Al/Cu joints using variations in process parameters.
For the lower welding energies, it is very difficult to bond
the metals as the intermetallic layer was mainly distributed
along the Al side of the joint. The average distribution size
of the IMC layer is approximately 24 μm. By increasing
welding energies the average thickness of the IMC layer is

Table 6 Resistance values at the interface for different experimental
trials

Ex. No Pressure Weld Amplitude Joint Heat

(bar) time (s) (μm) resistance generated

(�) (Joules)

1 1 2 40 2.54 1240

2 1 1 40 2.85 620

3 1.5 1.5 60 2.20 2240

4 1.5 1.5 80 2.28 2800

5 2.5 1.5 60 2.14 3480

6 2.5 2 80 2.05 6200

7 1.5 1.5 60 2.26 2090

8 1 1.5 60 2.62 1400

9 2.5 2 40 2.11 3100

10 1.5 1.5 60 2.24 2090

11 2.5 1 80 2.12 3100

12 1.5 1.5 60 2.26 2090

13 1 2 80 2.34 2480

14 1.5 1 60 2.62 1400

15 1.5 1.5 40 2.62 1400

16 1 1 80 2.54 1240

17 1.5 2 60 2.28 2800

18 2.5 1 40 2.56 1500

increased and goes up to a maximum value of 101 μm at
the energy level of 2000 J. Intermetallic compounds at the
interface of Al-Cu joints were identified using EDS analy-
sis. Both the Al and Cu along the intermetallic compound
layer present a flattened surface, which reveals that the layer
was composed of a single intermetallic compound. Accord-
ing to the Al-Cu phase diagram, the major intermetallic
compounds observed were Al2Cu, AlCu, and Al4Cu9. In
ultrasonic welding, the vibrational heat transfers between
the workpiece and the weld tip and this heat energy causes
plastic deformation at the weld region.

From the SEM images, it was observed that there are
some cavities in the weld region as shown in Fig. 8, and
no bonding was seen at the interface of Cu and Al at lower
energy levels. As the welding energy is increased, the num-
ber of cavities at the interface decreased. Higher vibrational
heat at the center of the weld nugget softens the particles
and results in enhanced bonding of the wires. The bonding
mechanism of the wires increases with increased welding
energy. As the welding energy increases, the heat gener-
ated during the mutual rubbing of the faying surfaces in
USW increases on the Cu side, leading to the tempera-
ture increment and softening of the Cu side. Combining the
effect of clamping force and vibrational heat, the occur-
rence of plastic deformation of Al along the weld interface

12 V V0

(VC-VD)
C D

B

A

I1

I2

R3 (Variable)

Fig. 5 Wheatstone bridge used for measuring welded joint resistance
values
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Fig. 6 Resistance at the joint vs. heat generated

becomes severe. The plastic deformation increases the inter-
face areas of Al/Cu, resulting in improving the interfacial
bonding strength of Cu. A thin layer of intermetallic com-
pounds (IMCs) created is recorded as CuZn5 by EDS.
Ultrasonic time of welding was directly proportional to
the IMCs thickness at the joint interface adjacent to Cu
and the portion in the nearby vicinity. The CuZn5 (bright
phase) with proliferated island-like shapes was separately
dispersed. Nevertheless, in alumina/Cu joints, the ternary
phase was considerably smaller in size that is impinged
into the large CuZn5 islands and formed small portions
of Al4.2Cu3.2Zn0.7 CuZn5-complex phase. Such brittle
intermetallic formation observed in a few samples proves
detrimental in the case of its mechanical strength.

Fig. 7 Microstructures of Al/Cu ultrasonic welded joint

CuZn5

Al2CU

Al2CU

Al2CU

CuZn5

CuZn5

a

b

c

Fig. 8 The typical micrographs of cross-section of ultrasonic welded
Al/Cu joints a 1400 J, b 1500 J, c 6200 J

4 Conclusions

Ultrasonic welding of AA6061 and Cu was carried out
for different trials of the process parameters considered.
The major conclusions drawn from this study are presented
below:
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1. Higher ultrasonic welding energy results in the higher
magnitude of plasticity in the weld region of the metals.
This effect provides enhanced mechanical properties of
weldments.

2. The major intermetallic compounds were Al2Cu, AlCu,
and Al4Cu9, CuZn5 observed at the weld interface.

3. The average thickness of the intermetallic compound
layer increased with welding energy and goes up to a
maximum value of 101 μm at the energy level of 2000 J.

4. Higher weld joint resistance of 2.85 � was observed for
the lower welding energy of 620 J, whereas a low resis-
tance value of 2.05 � was found for the higher welding
energy of 6200 J.
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ABSTRACT 

Metal matrix composites represent a new generation of engineering materials 

which combine metallic properties of matrix alloys with the properties of 

reinforcements, which is desired for the industries today. Among various particulate 

reinforcements like SiC, Al2O3, B4C, SiC, TiC, AlN, fly ash etc, fly ash presents as a 

natural source, low cost, toxic industrial waste particulate reinforcement. 

Reinforcement of fly ash particles in the aluminium melt diminishes the cost of the 

composites, incorporation of hybrid particle reinforcement shows couple the 

properties of primary and secondary reinforcements. In this proposed survey the 

previous researchers observations, findings were categorized and briefly summarised.  

It provides an extensive literature review on properties of different organic 

reinforcements like Neem Leaf Ash, Rice Husk Ash, coconut shell ash, breadfruit seed 

hull ash, bamboo leaf ash, Bagasse ash reinforced with different matrices in metal 
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matrix composites. Also, to exhibit the extensive demand for Hybrid Aluminium Matrix 

Composites processed with different combination of particulate reinforcements like fly 

ash and other ceramic particles. Among various casting technique stir casting along 

with squeeze casting shows better properties and yield the composites quality as well. 

Fly ash would be used widely in the fabrication of composites in industries as its use 

for the fabrication of composites can turn industrial waste into industrial wealth. 

Keywords: Extensive literature review, Fly ash, Metal matrix composites, Properties 
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1. INTRODUCTION 

The automobile industries are focusing their concentration on lightweight vehicles due to 

market demand and governing regulations. Weight reduction in vehicles can be achieved by 

new engineering design and application of lightweight materials such as aluminium alloys and 

magnesium alloys [1]. MMCs is being used by many researchers from 1960s, but their 

utilization has been restricted due to their high cost of fabrication. In the course of the most 

recent two decades, cost effective and ultralight fly ash reinforced metal matrix composites 

have been developed that have significant potential for use as automotive components, 

machine parts and other related uses. Fly ash has been combined with aluminum and 

magnesium alloys to produce a class of MMCs. [2-4]. Aluminum and its alloys is the most 

emerging matrix for the metal matrix composites (MMCs). The Al alloys has excellent 

properties due to their low density, light weight, very high strength, their good corrosion 

resistance, high thermal and electrical conductivity. Aluminum matrix composites (AMCs) 

which have light weight and high strength material can be manufactured and they are mainly 

used in the field of automotive and aerospace industry [5].  

Various conventional methods have been used to fabricate AMCs with different kinds of 

reinforcements which include but not limited to powder metallurgy [6], mechanical alloying 

[7], stir casting [8], squeeze casting [1], compo casting [9] and spray deposition [10]. The 

processing method also influences the properties of the AMCs. In recent years, research on fly 

ash as a filler and reinforcement in metal-matrix composites (MMCs) has been growing. Fly 

ash particles are classified into two types, precipitator and cenosphere. Generally, the solid 

spherical particles of fly ash are called precipitator fly ash and the hollow particles of fly ash 

with density in the range of 0.4 – 0.7 g cm
−3

 are called cenosphere fly ash. One common type 

of fly ash is generally composed of the crystalline compounds such as quartz, mullite and 

hematite, glassy compound such as silica glass, and other oxides. The precipitator fly ash, 

which has a density in the range 2.0–2.5 g cm
−3

 can improve various properties of selected 

matrix materials, including stiffness, strength, and wear resistance and reduce the density. 

Cenosphere fly ash, which consists of hollow fly ash particles, can be used for the synthesis of 

ultra-light composite materials due to its significantly low density, compared with the 

densities of metal matrices, which is in the range of 1.6 – 11.0 g cm
−3

. Another reason of the 

preference to use fly ash as reinforcement in metal matrices is that fly ash is an industrial 

waste/natural source, which is easily available in very large quantities (80 million tons per 

year) at very low costs since much of this is currently land filled [11]. 

There are many forms of Fly Ash has been used in diverse research works carried out by 

the investigators. Some of them are Class C and Class F Fly Ash (Fine by-product of coal 

combustion - Class C fly ash is produced from burning western bituminous coal, 
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subbituminous coal, or lignite, while Class F fly ash is produced from burning anthracite coal 

or eastern bituminous coal)[12], and a fly ash attained from natural sources like Neem Leaf 

Ash[5], Rice Husk Ash[13], coconut shell ash[14], breadfruit seed hull ash[15], bamboo leaf 

ash[16], Bagasse ash[17]. Class F fly ash, which is more suitable for the synthesis of MMCs 

because of its low CaO content, is generally obtained by burning anthracite or bituminous 

coal [18]. This paper presents a detailed review of physical, metallurgical, mechanical, 

tribological, thermal, electrical, damping properties different fly ashes reinforced with matrix 

materials in metal matrix composites through various/suitable processing technique. 

2. EXTENSION REVIEW ON THE PROPERTIES OF MMC’S 

REINFORCED WITH FLY ASH 

2.1. Based on the type of Fly Ash Used 

2.1.1. Significance of Precipitator and Cenosphere Fly Ash 

The morphology of fly ash cenosphere particles (as shown in Fig.1) found the spherical shape 

for most of the fly ash particles with generally smooth exterior surfaces [19]. Another attempt 

is made to produce the composites with precipitator fly ash (Solid) and Cenosphere fly ash 

(Hollow). Fig. 2 shows the Chemical compositions of precipitator fly ash and Cenosphere fly 

ash. Output responses indicate that the composites containing 20 vol % of precipitator fly ash 

exhibits relatively low fluidity and may require higher pouring temperature. In a study of 

density, the author revealed that there is a significant decrease in density of the material with 

the addition of cenosphere fly ash in to the aluminium alloy. The hardness, Elastic modulus 

and compressive proof strength of aluminum alloys increases with increasing additions of fly 

ash particles. Also, the additions of precipitator fly ash to the aluminum alloy significantly 

increase its abrasive wear resistance. The improvement in wear resistance is due to the 

presence of hard aluminosilicate fly ash particles [20]. 

 

Figure 1 SEM micrograph showing the morphology of fly ash cenosphere particles, [19] 
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Figure 2 Chemical compositions of precipitator fly ash and Cenosphere fly ash, [20] 

The electromagnetic interference shielding effectiveness (EMSE) properties of the 

Aluminum alloy – Fly ash composites are reported by the author. The cenosphere and 

precipitator fly ash particulates were used to produce two kinds of aluminum matrix 

composites with the density of 1.4–1.6 g cm
-3

 and 2.2–2.4 g cm
-3

 separately. The results 

indicate that, by using the fly ash particles, the shielding effectiveness properties of the matrix 

aluminum have been improved in the frequency ranges 30.0 kHz–600.0 MHz and the 

increment varied with increasing frequency. The EMSE properties of both precipitator and 

cenosphere type of fly ash/2024Al composites are nearly the same and the EMSE properties 

of the composites are better than that of 2024Al. The multiple reflections among the interfaces 

and absorption by Fe2O3 lead the EMSE properties of the composites decrease slowly when 

the frequency surpasses 10.0 MHz. At higher frequency, the EMSE properties of the 

composites are similar to that of the matrix (as shown in Table. 1) [21]. 

Table 1 Comparison of EMSE properties of the 2024Al & fly ash/2024Al composites [21] 

 

2.1.2. Significance of other types of Fly Ash 

The microstructures and properties of Al–Si–Fe alloy matrix composites reinforced with 

different weight fractions of breadfruit seed hull (husk) ash particles of size 500 nm were 

investigated. Six different weight fractions of breadfruit seed hull ash particles were added to 

aluminium alloy matrix using a double stir-casting method. The breadfruit seed hull was dried 

for 48 h in the sun and ground to form breadfruit seed hull powder. The powder was packed in 

a graphite crucible and then fired in an electric resistance furnace at a temperature of 1300ᵒC 

to form breadfruit seed hull ash. The specimens were produced by keeping the percentage of 

iron and silicon constant and varying the breadfruit seed hull ash from 2 to 12 wt%. The 

density of the breadfruit seed hull ash was found to be 1.98 g/cm
3 

which means that breadfruit 

seed hull ash is a very light material. From the microstructural analysis it is observed that 

there is a uniform distribution of the breadfruit seed hull ash particles. The addition of 

breadfruit seed hull ash particles reinforcement to Al–Si–Fe alloy increased the tensile 

strength and the hardness value of composites. The increase in strength and hardness was as a 

result of the increases in the amount of the hard breadfruit hull ash phase in the ductile metal 

phase which led to the increase in dislocation density at the matrix-particle inter phase. 

Incorporation of breadfruit seed hull ash particles in aluminium matrix can lead to the 
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production of low-cost aluminium composites with improved hardness and strength. These 

composites can find applications in automotive components where lightweight materials are 

required with good stiffness and strength [10]. 

Production and Characterisation of Al-7%Si alloy - Bagasse Ash (BA) composites 

processed through stir casting was reported. The percentage of the ash used to produce the 

composite was 0 - 30vol% at an interval of 5 vol% and the samples were labelled as CBA 1 to 

CBA 6 for 5 vol% - 30 vol%. Chemical Composition of Sugarcane Bagasse Ash are shown in 

the Table 2. The Experimental results reveal that incorporation of bagasse ash in the 

aluminium alloy reduces its density and the maximum ultimate tensile strength and young 

modulus reached at 10 vol% of BA and decreased with addition of BA thereafter. The 

maximum hardness strength reached at 20 vol% BA and all the composites have better 

Rockwell hardness values compared to the virgin sample [12]. 

Table 2 Chemical Composition of Sugarcane Bagasse Ash [12] 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O Others LOI 

77.29 10.95 3.66 2.09 1.49 0.49 3.16 0.38 Balance 3.28 

2.2. Significance of Fly Ash in Hybrid Metal Matrix Composites 

The effect of Hybrid Rice Husk and Fly ash particles in Aluminium Alloy Matrix at 20% by 

weight with different proportions are investigated. Three different hybrid composites are 

fabricated using three different combinations of Fly ash and Rice Husk Ash. The weight 

proportion of reinforcement mixtures are (i) 15% Fly ash and 5% Rice Husk ash, (ii) 10% of 

Fly ash and Rice Husk ash each, and (iii) 5% Fly ash and 15% Rice Husk ash. The required 

proportions of Fly ash and Rice Husk ash are preheated to 450ᵒ-600ᵒC in a separate oven. 

Magnesium powder at about 2% by weight is added to ensure good wettability. Mechanical 

properties are evaluated and the author observed a significant improvement for 10% Rice 

husk+10% Fly ash reinforced Aluminium Alloy composite compared to as-cast specimens 

without reinforcement additions.  

Table 3 Mechanical properties of composite samples produced with different proportion [22] 

Sl. 
No 

Sample Designation Hardness (BHN) 
UTS 

(M pa) 

1 AlSi10Mg 62.58 350 

2 AlSi10Mg + 15% Fly Ash + 5% Rice Husk Ash 65.05 392 

3 AlSi10Mg + 10% Fly Ash + 10% Rice Husk Ash 69.02 410 

4 AlSi10Mg + 5% Fly Ash + 15% Rice Husk Ash 66.02 386 

Table. 3 shows the mechanical properties of composite samples produced with different 

proportion. There was a decrease in the tensile strength of the samples with 5% Fly Ash and 

15% Rice husk ash. It may due to the poor wettability of the reinforcement with the matrix 

with the increase in Rice Husk Ash. [22].  

Al6061-SiC with Neem Leaf Ash composites are fabricated through Stir Casting Method 

with different proportions i.e Sample1 with Al85%+SiC15%, Sample2 with Al85% + SiC5% 

+ Fly Ash 10% and Sample 3 with Al85% + SiC5% + Neem leaf ash10%. After fabricating 

the samples various output responses like Hardness test, Microstructure Test, Friction and 

Wear Test were measured. The results indicate that hardness of aluminium will increase when 

it is reinforced with SiC along with neem leaf ash. Inclusion of SiC along with the neem leaf 

will certainly increases the strength of the materials. Wear test were conducted by using pin 

on disc wear tester for three various specimens, among that sample 3: Al80% + SiC 5% + 

Neem leaf ash10% has maximum of wear resistance characters and co-efficient of friction [5]. 
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Corrosion behaviour of Aluminium Hybrid Composites Reinforced with Silicon Carbide 

and Bamboo Leaf Ash are investigated and reported. During two-step stir casting method 

Silicon carbide (SiC) particulates were added with 0, 2, 3, and 4 wt% bamboo leaf ash (BLA) 

to prepare 10 wt% of the reinforcing phase with Al-Mg-Si alloy as matrix. During the process 

Magnesium was procured for use in improving wettability between the Al matrix and the 

reinforcements. Four different weight percentage of reinforcing phase consist of 0:10, 2:8, 

3:7, and 4:6 bamboo leaf ash and silicon carbide weight percent respectively were utilised to 

fabricate the composites. The corrosion test was carried out by immersion of the test 

specimens in 0.3M H2SO4 (pH 1.3) and 5wt% NaCl (pH 8.37) solutions at room temperature 

(25 ᵒC). The solution-to specimen surface area ratio was about 150 ml cm
-2

, and the corrosion 

setups were exposed to atmospheric air for the duration of the immersion test. The weight loss 

readings were monitored on two-day intervals for a period of 22 days. Figure. 3 shows the 

Variation of mass loss and corrosion rate with exposure time for the single reinforced Al- Mg-

Si/10 wt% SiC and hybrid reinforced Al-Mg- Si/BLA-SiC composites in 5wt% NaCl 

solution. From the graph it is observed that compared to sample A (Al-Mg-Si/10wt%SiC), 

sample B (Al-Mg-Si/2wt% BLA-8 wt% SiC) and sample C (Al-Mg-Si/3wt% BLA-7wt% 

SiC) had negative mass loss values for virtually the entire period of immersion. The negative 

mass loss is indicative of weight gain during the period of immersion- suggesting that the 

passive film formed on sample B and C are very stable in comparison to that of sample A. 

Thus, sample B (Al-Mg-Si/2wt% BLA-8 wt% SiC) and sample C (Al-Mg-Si/3wt% BLA-

7wt% SiC) exhibits a higher resistance to corrosion in comparison to the single reinforced 

(Al-Mg-Si/10wt%SiC) composite [11]. 

 

Figure 3 Variation of mass loss & corrosion rate with exposure time for the single reinforced Al-Mg-

Si/10 wt% SiC & hybrid reinforced Al-Mg- Si/BLA-SiC composites in 5wt% NaCl solution [11] 

Physical and Mechanical Properties of Aluminium Alloy 2024 reinforced with SiC and 

Fly Ash Hybrid Metal Matrix Composites are investigated by varying the percentage of SiC 

and Fly Ash particles with 5 and 10 wt %. To increase the wettability, 1.5% of pure Mg was 

added with all composites. it was fairly observed that the density of the composites was 

decreased and the hardness was increased. Correspondingly, the increase in tensile strength 

was also observed in comparison with unreinforced aluminium [23]. 

2.3. Significance of Particle Size / Grain Size 

An attempt has been made to modify micro sized fly ash into nano structured fly ash using 

high energy ball mill. Ball milling was carried out for the total duration of 30 h. The sample 

was taken out after every 5 h of milling for characterizing. The nano structured fly ash was 

characterized for its crystallite size and lattice strain by using X-ray diffractometer. It was 

found that a steady decrease in the crystallite size and increased lattice strain was observed 

with milling time; the crystallite size at 30 h milling time was found to be 23 nm. The fresh 
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fly ash particles are mostly spherical in shape; whereas the shape of the 30 h milled fly ash 

particles is irregular and the surface morphology is rough. Microstructure and mechanical 

properties of aluminum–fly ash nano Composites were investigated and the author revealed 

that there is a homogeneous distribution of the nano fly ash particles in the AA 2024 matrix. 

As the amount of nano fly ash is increasing the hardness of the composite also increasing and 

subsequently leads to improvement in the compression strength of the composites [24]. The 

morphology, composition and crystallinity of both precipitator (solid) and cenosphere 

(hollow) fly ash particles of different sizes were studied by T. Matsunaga et al. Initially Fly 

ash was sieved to separate the different particle size ranges; 5–250 μm for precipitators, and 

45–250 μm for cenospheres. For separating the smallest particle size range, i.e. less than 20 

μm, an ultrasonic sifter was used. After removing magnetic particles from the fly ash using a 

magnet, each fly ash size fraction was used for studying their density, morphology, 

microchemistry, crystallinity and microhardness. The author revealed the following 

conclusions after conducting the experimental works. (i) The bulk density of precipitator and 

cenosphere fly ash, in the range between 20 and 250 μm, is on the order between 2.2 and 2.45, 

and 0.7 g cm
−3

, respectively. While the density of precipitator fly ash decreases with increase 

in its size, the density of cenosphere fly ash seems to be relatively independent of its size in 

the range investigated. This suggests that the larger volume of fly ash might contain the much 

more porosity. (ii) The crystallinity of precipitator fly ash increases from 17.4 to 38.0 vol.% 

as the average diameter of the fly ash increased from 7.5 to 200 μm. The crystallinity of fly 

ash cenosphere decreases from 28.4 to 16.0 vol.% as the average diameter of the fly ash 

increased from 60 to 200 μm (iii) The average microhardness of precipitator fly ash, whose 

size is below 100 μm, decreases with increasing its size. However, the hardness of the fly ash 

larger than 100 μm increases with increasing its size and shows a wide scatter than the case 

where the fly ash are smaller than 100 μm. [25].  

2.4. Significance of amount of Fly Ash Added in the matrix 

Different amounts of cenosphere fly ash, namely 5%, 10%, and 15% by weight, were added 

into the AZ91D alloy melts and various output responses like Density, Hardness, Coefficient 

of thermal expansion (CTE), Tensile strength, Young’s modulus were measured and the 

following conclusions are revealed by author. (i) The density of the composites decreases 

with increasing percentage of fly ash content, but calculated values differ from theoretical 

values due to the presence of filled micro balloons and porosity in the composite (ii) The 

hardness of the composites (Fig. 4) is a maximum where 5 wt.% fly ash is added and becomes 

slightly lower with the addition of 10 and 15 wt.% fly ash. This decrease is attributed to an 

increase in the porosity content with increasing wt.% fly ash (iii) The theoretical CTE of the 

composites shows a considerable decrease with increasing percentage of fly ash cenospheres. 

The measured CTE of the composite materials is much higher than the predicted values. This 

is attributed to the presence of filled microballoons and poor interfacial strength between the 

cenospheres and AZ91D matrix alloy (iv) The ultimate tensile strength (Fig. 5) of the 

composites increases with the addition of fly ash cenospheres. The tensile strength of the 

AZ91D-5 wt.% fly ash composite shows a peak and then decreases for the composites with 10 

and 15 wt.%. This can be attributed to increasing porosity in the composites due to increasing 

fly ash particle content. (v)Young’s modulus also decreases with increasing percentage of fly 

ash in the composite. Fly ash cenospheres’ fracture and debonding are the main damage 

features on the composite fracture surface [19]. 
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Figure 4 Rockwell hardness of the as-cast samples of AZ91D alloy and AZ91D-fly ash composites as 

a function of fly ash weight percentage, [19] 

 

Figure 5 Variation of ultimate tensile strength with fly ash content, [19] 

An attempt is made to examine the effect of mechanical properties on Rice Husk Ash 

reinforced with aluminum alloy (AlSi10Mg) Matrix. Rice Husk Ash particle of 3, 6, 9 & 12 

% by weight were used to develop metal matrix composites using a liquid metallurgy route. 

The surface morphology and mechanical properties such as tensile strength, compressive 

strength, hardness and percentage elongations of the composites are studied the results reveal 

that the Tensile Strength, Compression Strength and Hardness values are increased with the 

increase in the weight fraction and ductility gets decreased with increase in the weight 

fraction of reinforced rice husk ash. It was concluded that the enhancement in the mechanical 

properties can be well attributed to the high dislocation density. However, for composites 

with more than 12% weight fraction of rice husk ash particles, the tensile strength was seen to 

be decreasing [26]. 

Al (12 wt% Si) as matrix material and up to 15 wt% of fly ash (5, 10, 15%) particulate 

composite was fabricated using the liquid metallurgy route were investigated experimentally 

and the properties like bulk hardness, microhardness, % elongation, density were tested and 

are given in Table. 4 The results show that the Bulk Hardness and Ultimate Tensile Strength 

of MMC was significantly increased with the addition of fly ash and meanwhile % of 

elongation and density of the composites are decreased [27]. 

Table 4 Properties of MMC’s and Matrix material [27] 

Material Bulk hardness (BHN) % EL UTS (MPa) Density (kg/m3) 

Al–Si alloy 65.3 6.8 255.6 2620 

Al–Si + 5% fly ash 69.6 5 273.5 2030 

Al–Si + 10% fly ash 72.1 4.1 280.4 1880 

Al–Si + 15% fly ash 74.8 2.1 305.8 1613 

2.5. Significance of Processing Route 

A synthesis and characterisation of Al6061-Fly Ashp - SiCp composites are done by utilizing 

stir casting and compocasting methods as processing route. Experimental investigations are 
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done to fabricate AMCs reinforced with various weight percentages of SiC particulates and a 

constant weight percentage of Fly Ash by modified stir casting route. The wettability of SiC 

and Fly ash particles in the matrix was improved by adding magnesium into the melt. During 

the fabrication of AMC, the mixtures of preheated SiC and Fly ash particles at a temperature 

of 900°C for 90 minutes were then added at a constant feed rate into the molten aluminum 1 

wt% of magnesium particles were used as a wetting agent and the amount of silicon carbide 

particles used in each MMC was varied from 7.5 and 10 wt.% and a constant weight 

percentage of 7.5 wt.% fly ash was considered for this fabrication. Two stage stirring was 

used to disperse the silicon carbide and Fly ash particles in the matrix alloy. The first stage of 

the stirring was carried out when the slurry was in a semi-solid condition and the second stage 

when the slurry was remelted to a temperature above liquidus of aluminum. Experiments tests 

reveal that the micro and macro hardness of the composites were increased from 69.53 HV to 

78.8 HV and 49.4 BHN to 57.21 BHN with respect to addition of weight percentage of SiC 

and constant weight percentage of FA particles. The reinforcement of particles has enhanced 

the tensile strength of aluminum matrix and composites from 173 MPa to 213 MPa [28]. To 

analyse the effect of different solid fly ash particles reinforced with different Aluminum 

alloys through liquid phase route and revealed that the fly ash was an excellent potential in 

improving the tribological and surface properties [29]. 

Reinforced Aluminum alloy AA6061 with various amounts (0, 4, 8 and 12 wt.%) of fly 

ash particles are fabricated through compo-casting method. During the fabrication process fly 

ash particles were incorporated into the semi solid aluminum melt. Fly ash particles exhibited 

in the study are solid spherical shape and precipitator type fly ash. The density and average 

size of fly ash particles were 2300 kg/m3 and 1–2 μm respectively. Output responses like 

Microhardness and Ultimate Tensile Strength were tested and the results indicate that 

incorporation of fly ash particles significantly enhances the micro hardness and UTS as shown 

in Fig. 6. AA6061/12 wt.% fly ash AMC exhibits 132.21% higher microhardness and 56.95% 

higher UTS compared to unreinforced AA6061 alloy [27]. 

   

Figure 6 Mechanical properties of composite samples produced [David Raja Selvam et al] 

The commercial 6061Al alloy and the as-received cenosphere FA particles (ARFA), 200 

meshes sifted FA particles (200MSFA) were used as the matrix and reinforcement separately. 

The ARFA/6061Al and the 200MSFA/6061Al composites were prepared using squeeze 

casting technology and a vertical pressure was applied to force molten aluminum to infiltrate 

into the FA perform completely. The pressure is maintained for about 5 min until the 

solidification is completed. As a result of squeeze casting and FA particle reinforcement the 

damping capacity of the as-received 6061Al has a more significant increase by the addition of 

the FA particles when measured in the bending–vibration mode. The damping capacity of the 

200MSFA/6061Al composite can reach 3.2×10
−2

, which is in the high damping capacity 
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level. Fig. 7 shows the Damping capacity of the as-received 6061Al and FA/6061Al 

composites in the bending–vibration mode [30]. 

 

Figure 7 Damping capacity of the as-received 6061Al and FA/6061Al composites in the bending–

vibration mode (ε=10−5, at ambient temperature). [30] 

Optimization of the process parameters of squeeze cast hybrid (LM24–SiCp–coconut shell 

ash) composites are done through taguchi method and genetic algorithm. The composite 

samples have been cast through squeeze casting for each experimental trial based on 

L9(3)
4
orthogonal array. From the analysis of variance, it has been found that reinforcement 

and squeeze pressure were the casting parameters making significant improvement in the 

impact strength and confirmed that the castings obtained for the optimum squeeze casting 

conditions exhibited nearly 20% improvement in impact strength compared to the gravity die 

casting condition [14]. 

To fabricate A356/fly-ash-mullite interpenetrating composites (IPC), a three-stage 

schedule squeeze casting method was employed. Different squeezing pressures (0, 40, 80 and 

120 MPa) were applied during the fabricating processes. The optimal composite was obtained 

at 80 MPa with sound interfacial bonding and interpenetrating structure. Obvious interfacial 

debonding gaps are found at the interfaces between the fly-ash-mullite and A356 in the other 

samples with 40 and 120 Mpa. The residual stress at the ceramic/mental interfaces caused by 

shrinkage of the alloy was the main factor of interfacial debonding in the ceramic/mental 

matrix composites [31]. The wear mechanism of the optimal IPC was abrasion. Compared to 

the base A356 alloy, the optimal composite achieved better wear resistance, as well as a high 

and steady frication coefficient. It can be concluded that the optimal IPC has good potential 

for use as a wear-resistant braking material [32]. 

Synthesis Al–fly ash composites using fine particles of size 13 μm APS by three different 

routes namely liquid metal stir casting, compocasting and modified compocasting are carried 

out to arrive the best processing route. 356 Cast aluminum alloy (Al–7Si–0.35Mg) is chosen 

as the matrix alloy with fly ash particles as the reinforcement. The fly ash chosen contained 

both solid and hollow spheres with a density of 2.486 g/cc. Both as received and surface 

treated fly ash particles are preheated at 873 K for 2 h prior to introduction into the melt. The 

particles are surface treated in an acidic solution under ultrasonic vibration for 5–10 min, 

filtered and dried in an oven. The effect of three different stir casting routes on the structure 

and properties of fine fly ash particles reinforced Al–7Si–0.35Mg alloy composite is 

evaluated and the author revealed the following conclusions. (i) Surface treatment of fly ash 

particles is a prerequisite for getting an acceptable level of its dispersion in 356 alloy with 

minimum agglomeration and porosity(ii) The separation of fly ash particles and its dispersion 
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are more effective in compocasting method than in liquid metal stir casting due to the 

shearing of fly ash particles by the solid primary phases existing in semisolid slurry(iii) 

Modified compocasting cum squeeze casting route results in the best distribution of fly ash 

particles followed by compocasting alone and liquid metal stir casting in metal moulds(iv) 

The compression strength of Al–fly ash composite processed by modified compocasting cum 

squeeze casting is enhanced compared to the matrix alloy. However, the tensile strength has 

been reduced due to particle fracture and particle-matrix debonding [33].  

3. CONCLUSION 

Properties of Metal Matrix Composites reinforced with different forms of fly ash were 

reviewed in different aspects. From the literature review the following discussions were 

observed. 

i. Additions of fly ash particles to the matrix alloy significantly increased its abrasive 

wear resistance. The improvement in wear resistance is due to the presence of hard 

aluminosilicate fly ash particles. 

ii. There is a significant decrease in density of the material with the addition of 

cenosphere fly ash in to the aluminium alloy as compared with the precipitator fly 

ash.  

iii. Also, from the literature review it is revealed that the composites containing higher 

vol % of precipitator fly ash exhibits relatively low fluidity, and may require 

higher poring temperature.  

iv. The mechanical properties like Hardness, Ultimate Tensile Strength, Compressive 

Strength and Young’s modulus of the composites is increased subsequently with 

increase in weight percentage of fly ash added and becomes slightly lower with the 

addition of higher weight percentage of fly ash. This decrease is attributed to an 

increase in the porosity content with increasing weight percentage of fly ash. 

Similar results are observed when the particle size of the fly ash is increased. 

There is a decrease in the Mechanical properties of the composites with increase in 

the particle size of fly ash. It shows a wide scatter than the case where the fly ash 

is smaller in size. 

v. The theoretical Coefficient of Thermal Expansion (CTE) of the composites shows 

a considerable decrease with increasing percentage of fly ash cenospheres. This is 

attributed to the presence of filled microballoons and poor interfacial strength 

between the cenospheres and matrix alloy.  

vi. Damping capacity of the as-received aluminium has a more significant increase by 

the addition of the FA particles when measured in the bending–vibration mode.  

vii. The EMSE properties of both precipitator and cenosphere type of fly ash/Al 

composites are nearly the same and the EMSE properties of the composites are 

better than that of virgin Aluminium. The multiple reflections among the interfaces 

and absorption by Fe2O3 lead the EMSE properties of the composites decrease 

slowly when the frequency surpasses 10.0 MHz 

viii. Fly ash would be used widely in the fabrication of composites in industries as its 

use for the fabrication of composites can turn industrial waste into industrial 

wealth. 
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A B S T R A C T

Reinforced aluminium metal matrix composite materials are being used extensively in diverse fields that include
aerospace and automobile. In this investigation, we introduce two distinct and novel types of aluminium hybrid
composites and characterize their mechanical properties and microstructure. The first type was fabricated by
reinforcing aluminium alloy (AA 5052) with tungsten carbide (WC) and graphite particulates and the second
type was fabricated by reinforcing AA 5052 with silicon carbide (SiC) and graphite particulates. The composite
material was processed through the melt-stir casting method and characterized by analyzing their densities,
micro hardness, Charpy impact strength, tensile strength and peak elongation. Melt-stir casting method was
chosen due to its cost effectiveness and productivity. Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) studies were conducted to analyze thorough mixing of the reinforcements in the aluminium
matrix metal. It was found that addition of tungsten carbide and graphite particulates with AA 5052 resulted in
an increase in micro hardness and Charpy impact strength by 10.3% and 34.2% respectively, which are found to
be better when compared to that of adding SiC and graphite particulates with AA 5052. Moreover, tensile tests
revealed that there was a drop in tensile strength for the Al/SiC/graphite composites, while the peak elongation
increases for both composites. On the other hand, while adding WC and graphite particulates the tensile strength
of the composite improved by 15.12%. Also, the SEM fractographs taken for Al/SiC/graphite composite samples,
subjected to Charpy impact and tensile tests revealed the presence of particle fractures and cracks and confirmed
the possibility of plastic deformation. The results showed the Al/WC/graphite composites to be the superior
among the two fabricated composites in terms of mechanical properties and therefore have good potential for
structural applications.

1. Introduction

Hybrid aluminium matrix composites (HAMCs) that have at least
one or more reinforcements dispersed in the matrix, find applications in
aerospace, marine, automotive and defence. By controlling the pro-
cessing conditions, the type of fabrication process and the choice of
appropriate reinforcement particles, an improvement in the mechanical
and metallurgical properties of these hybrid composite materials can be
achieved. [1,2].

These hybrid composites also have superior mechanical properties
such as high hardness, high fracture toughness, high fatigue resistance,
high creep resistance and other unique properties like high corrosion
and wear resistance, thereby taking a good position as an excellent

replacement for conventional materials [3–8].
Dang et al. [9] studied the effects of reinforcement of the in situ-

synthesized mullite whiskers on the mechanical properties such as
flexural strength and thermal shock resistance of Al2O3-SiC composite
material and found that the mechanical properties improved since the
reinforcements bridges the cracks during the fracture of the material.
Moreover, it was reported that aluminium alloy 1050 fabricated
through the rolling process has less average tensile strength than the as-
cast material. It was also revealed through radiography tests that they
possess more microstructural defects than the as-cast alloy material
[10]. It was also found that contents of the reinforcements such as
alumina and sintered carbon directly influenced the mechanical prop-
erties such as micro hardness and compressive strength and this is
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mainly due to the formation of interface phases between the matrix
metal and the reinforcements [11–13],Moreover, it was observed that
smaller grain size of the reinforcements improved the mechanical
properties of the composite materials, since good bonding at the in-
terface between the matrix and the reinforcements was achieved
[14,15,17].

Characterization of the mechanical properties of the aluminium
alloy composites reinforced with micro and nano boron carbide parti-
culates, fabricated through ultrasonic cavitation-assisted solidification
process revealed that, the mechanical properties of the samples con-
taining up to 6% by weight of nano boron carbide were found to be
better than that of the samples reinforced with micro boron carbide
[16]. Rana et al. [18] investigated the mechanical properties and mi-
crostructure of aluminium alloy composites, reinforced with silicon
carbide particles, processed by melt-stir casting method assisted with
ultrasonic vibrations. It was found that, ultrasonic vibration applied on
the composite during melt-stir casting improved the refinement of grain
structure of the material and also resulted in the uniform distribution of
the reinforcements at nano-scale. Bhagya et al. [19] examined the
mechanical properties of aluminium alloys reinforced with graphene
oxide (GO) and reduced graphene oxide (rGO), fabricated through
powder metallurgy processing. It was found that the hardness values
were similar for both GO and rGO / aluminium composites.

When the thermo-mechanical properties of aluminium composites
reinforced with B4C particles were studied, it was found that the elastic
modulus of the composites depends on the % of B4C particles and
porosity [20]. Mohammad et al. [21] studied the influence of Al2O3

over the mechanical properties of aluminium hybrid composites, re-
inforced with B4C and Al2O3 particles. It was observed that while in-
creasing the reinforcement content, the tensile strength of the compo-
site increased and elongation decreased. However, there was a decrease
in hardness with the increase in grain size of Cubic Boron Nitride (CBN)
and the amount of aluminium reinforcement in CBN / aluminium
composites [22]. The physical properties of porous aluminium oxide
infiltrated by three different alloys of aluminium, viz, A356, 6061 and
1050, to form three different composite samples were studied. It was
found that the ceramic and alloy phases of the composites were uniform
and homogeneously distributed [23]. However, it was observed that the
increase in the level of WC reinforcement in aluminium composites
reinforced with WC particles resulted in brittle fracture [24]. David
et al. [25] studied the mechanical properties of in-situ synthesized AA
6061/TiB2 +Al2O3 and found that the distribution of the particulates
in the matrix alloy was uniform. Also, it was reported by Shirvanimo-
ghaddam et al. [26] that tensile strength and hardness of aluminium
alloy composites reinforced with B4C, TiB2 and ZrSiO4 particulates
improved to a maximum of 52% and 125% respectively.

Through these previous works, it was found that a quantum of re-
search has been carried out in characterizing the mechanical properties
and microstructure of aluminium matrix composites reinforced with
various hard and soft particles. Moreover, non-heat treatable alumi-
nium alloy AA 5052 having high weldability and corrosion resistance
finds applications in marine and off shore environments as one of the
suitable matrix material. Thus, it is evident that, investigations on
composites with AA 5052 alloy as the matrix and introducing hybrid
reinforcements such as tungsten carbide (WC) and silicon carbide (SiC)
along with graphite particulates is a novel approach. The aim of the
present work is to investigate the effect of adding WC, SiC and graphite
particulates on the mechanical properties and microstructure of AA
5052 hybrid composites. In this study, two different hybrid composites
were fabricated. The first type of hybrid composites was fabricated by
adding WC and graphite particulates with AA 5052 matrix and the
second type of hybrid composites was fabricated by adding SiC and
graphite particulates with AA 5052 matrix through the melt-stir casting
process. The mechanical properties viz, density, micro hardness, Charpy
impact strength, tensile strength and peak elongation were character-
ized for both types of composites. Also, the microstructures of the

composites were observed using the Scanning Electron Microscopy
(SEM) and elemental analysis was recorded through Energy Dispersive
Spectroscopy (EDS).

2. Experimental work

Aluminium alloy AA 5052 was used as the matrix material of the
composites since this alloy has superior corrosion resistance when
compared with other alloys in the aluminium 5xxx series. The chemical
composition of this aluminium alloy was examined using the glow
discharge spectrometer [18,32]. It was perceived from the analysis
[32], that magnesium was the major alloying element followed by iron
and silicon (Table 1).

Two different composites were fabricated in this investigation. The
first type hybrid composite was fabricated by adding WC and graphite
particulate reinforcements to the aluminium alloy AA 5052 matrix.
Similarly, the second type of hybrid composite was produced by adding
SiC and graphite particulate reinforcements to the AA 5052 matrix. The
particle size of the reinforcements was kept between 60 and 90 µm [1].
The hard and abrasive ceramic materials were chosen as the re-
inforcement materials since they tend to improve the physical proper-
ties to a maximum extent [2,6,32]. Graphite particles were added, in
order to enhance the machinability of the composite material [31,32].
The densities of tungsten carbide, silicon carbide and graphite particles
used for this investigation are 15.63, 3.21 and 2.266 g/cc respectively.
The properties of aluminium alloy AA 5052 is shown in Table 2. The
composite material was prepared through the melt-stir casting process,
since it is less expensive when compared with other methods [1,2].

Apart from pure as-cast aluminium alloy AA 5052 samples, four
other samples were also fabricated by reinforcing 5% and 10% by
weight of tungsten carbide and by reinforcing 5% and 10% by weight of
silicon carbide separately with aluminium AA 5052 alloy using the
melt-stir casting process along with the addition of 4% by weight of
graphite particles for further experimental studies [1]. Mild steel dies,
were employed in this process, and they were pre-heated in a furnace at
350 °C, in order to remove oil, grease and moisture from the exposing
surfaces, thereby preventing porosity defect in the castings [2].

The aluminium alloy AA 5052 was melted in a graphite crucible at
605 °C in the furnace and the particulate reinforcements were pre-he-
ated separately at 450 °C to remove moisture. The reinforcements were
steadily added and mixed in the crucible with the help of a four-bladed
graphite stirrer for about 12min to achieve uniform distribution within
the metal matrix [1,2]. The micrographs of the graphite reinforcement
particles were obtained from SEM and it revealed their uniform particle
size, as shown in Fig. 1. Magnesium powder was added in the alumi-
nium melt to improve the wettability of the composite. Hexa-chlor-
oethane (C2Cl6) powder was also added to remove the entrapped gases
[30]. The thoroughly mixed molten composite was then poured into the
pre-heated mild steel die and allowed to solidify. It was found by

Table 1
Chemical composition of Aluminium alloy AA 5052.

Element Mg Fe Si Cr Cu Mn Zn Others total Al

Composition (%) 2.8 0.4 0.25 0.15 0.1 0.1 0.1 0.15 Rest

Table 2
Properties of aluminium alloy AA 5052.

Properties Values (Max)

Density in g/cc 2.68
Ultimate Tensile Strength in MPa 288
Tensile Yield Strength in MPa 203
Elongation at Break in % 12
Modulus of Elasticity in GPa 70.3
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researchers that there was a significant improvement in the impact
strength of the aluminium-Si based alloys, when cooled at air tem-
perature, compared with furnace cooled alloys [31]. Hence, the as-cast
composite alloys used in the present investigation also utilized cooling
at room temperature, during solidification. For microhardness tests, the
samples were machined in a lathe to the required size of 30mm dia-
meter and 10mm height. For Charpy impact tests, the composite
samples were cast as blocks and were cut in the size of
10mm×12mm×50mm [1] as shown in Fig. 2. For tensile tests, the
samples were machined in a lathe, to the size of 10mm diameter and
30mm long according to the ASTM standards [1,29] as shown in Fig. 3.

Densities of the composites fabricated by melt-stir casting were
calculated by dividing the actual volume from the measured mass of the
samples and they were compared with the density of as-cast aluminium
alloy. For density calculations, samples of diameter 30mm and 10mm
long were prepared by turning and the mass of the samples were found
from the electronic balance which has a least count of 10−3 g [1,2]. The
microhardness of the composite material was measured as per ASTM E-
384-11 standard through the Vickers indenter test setup [29]. The setup
consisted of 2 lenses, A and B at 10x and 50x magnifications respec-
tively. A diamond indenter was used in this experiment where a load of
0.05 kgf was applied. Five trials were conducted to estimate the hard-
ness of each prepared composite samples [6]. The HV (Vickers) scale
was used for recording the hardness readings.

The composite samples for the Charpy impact testing were prepared
as per the ASTM A370 standard with the specimen size 10mm×12
mm×50mm as shown in Fig. 2 and a notch of cross sectional area of

100mm2 was cut in the specimen [28]. The initial energy reading e1
was set as 10 kgm in the testing apparatus. The final energy readings
e2was then recorded for all the prepared composites as well as for the
as-cast aluminium alloy samples. Five readings were recorded in the
Charpy impact strength tests for each sample and their corresponding
average values were calculated. The absorbed energy or the Charpy
impact value was calculated using the following equation:

= −e eCharpy impact value (e) in kgm 2 1 (1)

The Charpy impact strength is estimated using the following equa-
tion:

=

−

Charpy impact strength in kgm/mm
Charpy impact value

Cross sectional area of the notch

2

(2)

The prepared samples were also subjected to standard micro tensile
tests using a universal testing machine (M-30 model). In order to pre-
dict and correlate the effect of the particulate reinforcements over the
tensile strength and peak elongation of the composites, 15 kN load was
applied in a span of 250 s for each specimen at a strain rate of
0.001 s−1. In order to check the uniform distribution of the particulate
reinforcements in the alloy, the samples for SEM were prepared by
rubbing them over different grades of abrasive sheets and on the belt
grinder [17,27]. The samples were then polished using diamond paste
of particle size 3.0 µm, by sliding over a rotating disc polishing ma-
chine. The Keller's etchant was used to reveal the microstructure to the
micron level [8]. SEM (model: Carl Zeiss) was used to capture the mi-
crostructure and the energy dispersive spectroscopy results and also to
analyze the fracture mechanisms of the composites after carrying out
the tensile and impact tests [1,2]. The surface morphologies of the as-
cast aluminium alloy AA 5052 and the composite samples were ex-
amined through SEM and the material compositions were analyzed
through EDS [9,32].

3. Results and discussion

3.1. Microstructural evaluation

The as-cast AA 5052 alloy, when examined with 1000 x magnifi-
cation revealed uniform structural integrity in the microstructure. The
EDS spectrum proved the absence of significant impurities thereby in-
dicating the purity of the as-cast alloy sample (Fig. 4). The micro-
structure of the as-cast aluminium alloy AA 5052 revealed the presence
of a solid solution of the matrix alloy throughout the sample. Also, α-
aluminium dendritic structure was observed from the evaluation, which
had grown during the accelerated cooling of the aluminium melt,

Fig. 1. SEM micrograph of the graphite particulate reinforcements.

Fig. 2. Charpy impact strength test specimen.

Fig. 3. Tensile strength test specimen.

Fig. 4. SEM micrograph showing the solid solution of aluminium and the EDS
spectrum of aluminium 5052 as-cast alloy.
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during solidification process [30,32].
The presence of free carbon was detected from the recorded EDS

spectrum (Fig. 5 and Fig. 6) due to the addition of 5% and 10% by
weight of WC particles and 4% by weight of graphite particles in the
aluminium alloy matrix. This has proved the uniform distribution of
graphite particles in the composite. Moreover, the microstructure
confirmed the uniform dispersion of the WC particles and this uniform
dispersion do not depend on the concentration of the particulates in the
samples. As reported by previous researchers, cluster formation and
agglomeration were not observed for both 5% and 10% by weight of
WC reinforced composites [24,25]. The EDS results revealed the pre-
sence of interfaces that are stable enough to improve the mechanical
properties such as microhardness and impact strength of the Al/WC/
graphite hybrid composites.

On the contrary, for SiC/graphite particulates reinforced compo-
sites, the micrographs (Fig. 7 and Fig. 8) clearly revealed agglomeration
and particle clusters of Al4C3 and Al2SiC were identified from the EDS
analysis [31]. These clusters precipitate during the solidification pro-
cess [13,31] and weaken the strength of the composites, especially at
the areas where brittle interfacial compounds are formed, due to the
reaction between the solid solution of aluminium and the carbide phase
of SiC [4]. Also, the distribution of the graphite particles was found to
be uniform throughout the aluminium alloy. Moreover, the EDS results
of Al/SiC/graphite composites revealed the presence of free Si ele-
ments, which confirmed the formation of the brittle Al2SiC precipitates
[31]. These intermetallic compounds directly influence the strength and
impact resistance of the prepared composites [1,2].

3.2. Effect of particulate reinforcements on density

The density of the samples considerably increased when they were
reinforced with WC and graphite particulates (Fig. 9), as the density of

Fig. 5. SEM micrograph and EDS spectrum of AA 5052 with 5% WC and 4% of
graphite.

Fig. 6. SEM micrograph and EDS spectrum of AA 5052 with 10% WC and 4% of
graphite.

Fig. 7. SEM micrograph and EDS spectrum of AA 5052 with 5% SiC and 4% of
graphite.

Fig. 8. SEM micrograph and EDS spectrum of AA 5052 with 10% SiC and 4% of
graphite.

Fig. 9. Comparison of densities of as-cast aluminium alloy AA 5052 with
composites.
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WC is much higher than that of the base metal. On the other hand, Ravi
kumar et al. [1] reported that the density of the composite decreases,
when WC particles were added together with aluminium alloy AA 6082
matrix as a single reinforcement. This may be due to the presence of
porosities and surface cracks in the fabricated samples [22]. However,
in the present investigation, it was observed that the density of the Al/
SiC/graphite composites dropped to a minimum of 8.15%, because of
the formation of brittle precipitates and due to the presence of porosity,
which is in line with the findings by the previous researchers [9,31].
Also, this decrease in the density of SiC/graphite particles reinforced
composites could be attributed to the lower density of the SiC particles
when compared with that of WC particles.

3.3. Effect of particulate reinforcements on microhardness

From the experimental results, it was found that there was a 10.3%
increase in the Vickers microhardness value while adding WC and
graphite particles together with aluminium alloy AA 5052 (Fig. 10). On
the other hand, when the base alloy was reinforced with SiC and gra-
phite particles there was a drop in the microhardness values by around
2.56%. This was mainly attributed to the presence of WC particles in
the former, whose density values are nearly five times more than that of
SiC particles. Moreover, the WC particles bear most of the major in-
dentation loads, which uniformly gets transferred to the aluminium
matrix [1,24]. On the other hand, for Al/SiC/graphite composites, the
reverse trend was observed due to the presence of brittle intermetallic
phases and also due to the poor wettability between the alloy and the
reinforcements [18,27].

Bhagya et al. [19] investigated the effect of adding graphene oxide
(GO) on the microhardness values of aluminium matrix composites. It
was found that there was an increase in microhardness due to the ab-
sence of agglomeration of GOs and uniform distribution of the GOs in
the alloy matrix. On the contrary, the reduction in the hardness values
in the present investigation revealed the presence of agglomeration and
particle clusters in the Al/SiC/graphite composites. It was also reported
by Sharma et al. [30] that, when graphite particles were only added as
the reinforcement, the microhardness of the composites dropped to a
minimum of 11.1%. Hence, it is evident that the cumulative effect of
adding WC and graphite particles improved the microhardness values
of the composites, but the negative trend was observed when SiC and
graphite particles were used as reinforcements.

3.4. Effect of particulate reinforcements on impact strength

Fig. 11 shows the improvement in the Charpy impact strength of the
Al/WC/graphite composites to an extent of about 34.2%, when com-
pared with pure as-cast AA 5052 alloy. Ravi kumar et al. [1] reported
that there was a decrease in the impact strength when AA 6082 matrix
alloy was reinforced with WC particles. On contrary to this, when WC
and graphite particles were added together with AA 5052 alloy, it was
observed that there was an improvement in the impact strength of the
composites. This suggests that the choice of AA 5052 alloy for marine
structural applications can be justified appropriately, due to the en-
hancement in the impact resistance of the same. Bello et al. [17] in-
vestigated the effect of adding coconut micro particles (CMPs) in Al
1xxx alloy matrix and found that there was a drop in the impact
strength of the composite. Moreover, in the present investigation, when
the aluminium alloy AA 5052 was reinforced with SiC and graphite
particles, the impact strength only improved to about 21.88%, which is
less than that of Al/WC/graphite composites, due to the presence of
brittle intermetallic phases as suggested by many researchers
[1–3,17,22]. From the results mentioned above, it was established that
AA 5052 composites could find application in marine and offshore
structures.

3.5. Effect of particulate reinforcements on tensile strength and peak
elongation

From previous studies, it is evident that the mode of fracture for
pure aluminium alloy AA 5052 is through ductile failure mechanism
[1,19,30]. The Al/WC/graphite composites exhibited an improvement
in the tensile strength to up to 15.12% as depicted in Fig. 12. This is
attributed mainly due to the strong bonding in the interfaces between
the matrix alloy and the WC particles [12]. It was reported by Huang
et al. that by adding WC particles as a single reinforcement, the strength
of the composites improved and on the other hand, the ductility of the
composites decreased [24]. In the present investigation, the cumulative
effect of adding WC and graphite particles together in these hybrid
composites was analyzed and thereby making them suitable for marine
and offshore structural applications. On the other hand, in the present
investigation, the tensile strength of Al/SiC/graphite composites
dropped to a minimum of 22.88%. This phenomenon confirms the
possibility of poor bonding in the intermetallic phases formed during
rapid cooling of the alloy matrix and delayed cooling of the regions
surrounding the ceramic reinforcements [16]. The fractured tensile test

Fig. 10. Comparison of microhardness (HV) of as-cast aluminium alloy AA
5052 with composites.

Fig. 11. Comparison of Charpy impact strength of as-cast aluminium alloy AA
5052 with composites.
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samples (Al/SiC/graphite composites) revealed the failure of the ma-
terial by a brittle fracture mechanism without necking as shown in
Fig. 13.

Moreover, the peak elongation of the Al/WC/graphite composites
improved considerably than the base alloy as shown in Fig. 14 in-
dicating the property of mixed ductility of the material and the

cumulative effect of adding WC and graphite particles together as re-
inforcements in these hybrid composites [2,25,26,32]. A slight im-
provement in the peak elongation for the latter type could also be ob-
served and it is primarily attributed to the uniform distribution of the
reinforcements within the alloy matrix and the mixed ductility of the
composites [6,7]. Fig. 15 shows the stress-strain curve of the as-cast
aluminium alloy AA 5052. It is evident from the curve that, the me-
chanism of failure was through ductile fracture with necking. However,
the stress-strain curves of both Al/WC/graphite and Al/SiC/Graphite
hybrid composites revealed brittle fracture and this was mainly due to
the presence of brittle interfaces between the reinforcements and the
alloy matrix [7,8].

3.6. Fracture morphology

SEM was employed to analyze the pure AA 5052 samples before
conducting tensile and Charpy tests, which revealed a uniform solid
solution of the alloy (Fig. 4). A similar analysis was extended on as-cast
aluminium alloy sample and on the composites after conducting tensile
and Charpy impact tests. The results revealed the failure of as-cast AA
5052 was through ductile fracture (Fig. 16) and the failure of both Al/
WC/graphite and Al/SiC/graphite composites was through particle
fracture at high strain rate, due to the brittle nature of the samples as
shown in Fig. 17. Ravi kumar et al. [1] reported that when WC parti-
culates were reinforced with aluminium matrix as a single reinforce-
ment, stronger bonding in the interfacial regions could be achieved
even though there was a possibility of failure through particle fracture.
In the present investigations, an attempt was made to analyze the effect

Fig. 12. Comparison of the tensile strength of as-cast aluminium alloy AA 5052
with composites.

Fig. 13. Fractured tensile test samples of composites revealing brittle fracture
mechanism without necking.

Fig. 14. Comparison of peak elongation of as-cast aluminium alloy AA 5052
with composites.

Fig. 15. Stress-strain curves for as cast AA 5052 and the hybrid composites.

Fig. 16. Fracture morphology of the as-cast aluminium alloy AA 5052 after
subjected to tensile test.
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of adding graphite along with WC particulates as hybrid reinforcement.
The outcome of the investigation revealed no significant traces of
particle fracture due to the equivalent stress softening around the gra-
phite particles. The particle fracture failure was predominantly ob-
served in Al/SiC/graphite composites due to the poor bonding of the
reinforcements with the alloy [26,31]. The results obtained from
Charpy impact strength tests for the Al/SiC/graphite composites also
followed a similar trend. In this case, the fractography revealed the
evidence of cracks initiation and propagation within the matrix alloy
due to the brittle mode of fracture, as shown in Fig. 18. This is due to
the presence of stress concentration areas at the interfaces between the
reinforcements and the matrix alloy, which leads to de-bonding of SiC
from AA 5052 matrix [2,26].

4. Summary and conclusions

The present investigation analyzed both Al/WC/graphite and Al/
SiC/graphite hybrid composites in terms of mechanical properties such
as density, microhardness, impact strength, tensile strength and peak
elongation that were processed by melt-stir casting technique.

The conclusions of the investigations are summarized below:

1. For the Al/WC/graphite hybrid composites, there was a notable
increase in microhardness and Charpy impact strength by 10.3%
and 34.2% respectively, which were not significant in Al/SiC/gra-
phite composites.

2. Moreover, the results obtained from tensile tests revealed that there

was a drop in tensile strength of Al/SiC/graphite composites and on
the other hand the tensile strength of Al/WC/graphite composites
improved by 15.12%.

3. Also, the SEM fractographs of the Al/SiC/graphite composite sam-
ples, which were subjected to the tensile and Charpy impact tests,
revealed the presence of particle fractures and cracks which con-
firmed the possibility of plastic deformation.

4. The improvement in mechanical properties attained due to the ad-
dition of WC and graphite in AA 5052 enable this Al/WC/graphite
hybrid composite to be a potential material in marine and offshore
structural applications.

5. It was also found from the investigations that 10% by weight of WC
and 4% by weight of graphite particles could be considered as the
best composition in achieving improvement in the density, micro-
hardness, impact strength, tensile strength and peak elongation of
the AA 5052 hybrid composites.
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ABSTRACT
In this investigation, impact of post-welding heat treatment on the mechanical and microstructural behavior of friction stir welded AA7075-T651 and
AA6061 dissimilar joints was investigated. Post-welding heat treatment can be done by the artificial aging method at two different temperatures, 120°C
and 160°C, along with three different holding times of 5 h, 10 h, and 15 h. The welded joint exposed to PWHT temperature of 120°C with 15-h holding

time is found to be effective in maximizing the tensile strength of a joint about 286 N/mm2 with a joint efficiency of 64.8% and hardness of 141 HV. The
welded joint after post-welding heat treatment at 120°C with 15-h holding time withstands the maximum bending load of 3.85 kN along with 40-mm
displacement.

KEY WORDS: friction stir welding, post-welding heat treatment, tensile strength, hardness, bend test
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INVESTIGATION OF THE MECHANICAL PROPERTIES OF A
SQUEEZE-CAST LM6 ALUMINIUM ALLOY REINFORCED WITH

A ZINC-COATED STEEL-WIRE MESH

DOLO^EVANJE MEHANSKIH LASTNOSTI LIVARSKIH Al-ZLITIN
LM6, OJA^ANIH S POCINKANO JEKLENO MRE@O
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Composites of an LM6 aluminium alloy reinforced with a zinc-coated steel-wire mesh were prepared with squeeze casting.
Three different orientations of 0°, 45° and 90° of the zinc-coated steel-wire mesh were used with the aluminium alloy. The
microstructures of the castings were analysed and the hardness, tensile strength and ductility were investigated. The fracture
surfaces of the matrix and the composites were examined using a field-emission scanning electron microscope (FESEM). The
results revealed that the hardness of the composites increased compared to the matrix. Also, the tensile strength of the compo-
sites increased with the increasing angle of orientation. The tensile strength increased by up to 11 % for the composite with a
steel-wire mesh at the 90° orientation. However, the ductility of the composites decreased due to the presence of micropores at
the interface of aluminium and the steel-wire mesh. Micrographs of fracture surfaces showed a dimple formation in the matrix
and a wire pull-out; a broken wire was observed in the composites.
Keywords: aluminium alloy, steel-wire mesh, squeeze casting, mechanical properties

V ~lanku avtorji opisujejo izdelavo kompozitov s kovinsko osnovo iz LM6 Al zlitine, ki so oja~ani z mre`o iz pocinkane jeklene
`ice. Kompozite so pripravljali s postopkom tla~nega litja v testastem stanju (angl.: squeeze casting). Uporabili so tri razli~ne
orientacije pocinkane jeklene mre`e (0°, 45° in 90°) za oja~itev matrice iz Al zlitine LM6. Analizirali so mikrostrukture ulitkov
in dolo~ili njihove mehanske lastnosti, to so: trdota, natezna trdnost in duktilnost. Prelomne povr{ine matrice in kompozitov so
pregledali pod vrsti~nim elektronskim mikroskopom na poljsko emisijo (FESEM). Rezultati raziskav so pokazali, da se je trdota
kompozitov pove~ala v primerjavi s trdoto kovinske matrice. Prav tako se je natezna trdnost kompozitov pove~evala z
nara{~ajo~im kotom orientacije oja~itve. Pri 90° orientaciji je bila natezna trdnost ve~ja do 11 %. Vendar pa se je duktilnost
zmanj{ala zaradi prisotnosti mikropor na mejah med Al matrico in jekleno mre`o. Mikroskopski posnetki ka`ejo jami~asto
prelomno povr{ino kovinske matrice in izvlek pretrgane `ice v kompozitih.
Klju~ne besede: zlitina na osnovi Al, mre`a iz pocinkane jeklene `ice, ulivanje s stiskanjem, mehanske lastnosti

1 INTRODUCTION

Aluminium-based metal-matrix composites have
been used as lightweight structures in the aerospace,
transportation, communication and manufacturing
industries because of their excellent strength-to-density
and stiffness-to-density ratios.1–9 The most commonly
used reinforcement in the form of particles, whiskers and
fibres increases the mechanical properties and wear
resistance of these composites. However, it also de-
creases the ductility of the composites.10–17 Fiber-rein-
forced composites have distinct advantages over
particulate reinforcement. In structural applications, the
matrix transmits the load to the fibers and in this way the
composite offers a high tensile strength.18

Aluminium-matrix composite materials have been
prepared by various processes such as powder metal-
lurgy, diffusion bonding, spray co-deposition, in-situ
solidification and casting. Out of these, casting is the
most economical, viable and simple method to produce

components.17 Squeeze casting is the preferred casting
technique as it produces quality castings with a good
surface finish and a near-net-shaped component with
minimal post-processing operations, porosity and
shrinkage. In this technique a metered quantity of molten
metal is poured into a preheated die cavity, then the
squeeze pressure is applied to the liquid metal until soli-
dification.20–26

In the present work, a steel wire mesh has been se-
lected because of its high strength and elastic modulus.
Several authors 27,28 have investigated the stainless-steel-
wire/steel preforms reinforced in an aluminium matrix
using the squeeze-casting process. R. B. Bhagat28 experi-
mented with the reinforcement of stainless-steel wires in
aluminium-fabricated components using the squeeze-
casting process and investigated the effect of volume %
reinforcement on the mechanical properties of compo-
sites. The 304-type stainless steel of 0.3 mm in diameter
was used as the reinforcement and the volume fraction
was varied up to 40 %. The results showed that the
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reinforcement of stainless-steel wires significantly
improved the tensile strength of the composites. The
tensile strength of the composites increased with an
increasing volume of stainless-steel wires in the matrix.
However, the actual tensile strength was lower than the
predicted tensile strength calculated using the rule of
mixture. The interface bonding between the fiber and the
matrix was inadequate and that caused fiber pullout
during the tensile test. Several intermetallic iron-alumi-
nides compounds such as Fe3Al, FeAl, Fe2Al5, FeAl2,
FeAl3, and Fe2Al7 were observed at the interface of the
matrix and the reinforcement. Composites with a 40 %
volume fraction of stainless-steel wires offered tensile
strengths more than three times that of the aluminium
matrix.

R. Baron et al.27 discussed the effect of mechanical
properties on steel and stainless-steel preform-reinforced
aluminium composites prepared using the squeeze-
casting process. A low-density power-metallurgy pre-
form was used as the reinforcement. The microstructure
of the composites revealed the presence of an aluminium
and iron reaction phase around the metallic preform. The
application of a load during the tensile test promoted
premature failure by crack initiation at the interface of
the matrix and the reinforcement. Stainless-steel pre-
form-reinforced composites offered better mechanical
properties over monolithic aluminium and steel
preform-reinforced composites. Also, the ductility of the
composites decreased with an increasing volume fraction
of the reaction phase.

Coating on the reinforcement improves the interface
bonding between the reinforcement and the matrix,
wetting that in turn increases the mechanical properties
of the composites.29–39 Several researchers have extensiv-
ely studied the effect of coating on a steel-fiber rein-
forcement in an aluminium alloy. D. Mandal et al.39

investigated the mechanical properties of copper, nickel
and uncoated short steel fibers reinforcement in
aluminium produced by the stir-casting process. The
electroless deposition method was used to prepare a
copper and nickel coating on reinforcements. 500–800
μm length and 80–120 μm diameter of steel fibers were
used as the reinforcement and 5 % of mass fractions of
steel fibers were reinforced in aluminium. The results
revealed that the addition of steel fibers significantly
improved the mechanical properties of the composites
compared to the matrix. The density, hardness, yield
strength and ultimate tensile strength of the composite

increased by reinforcing 5 % of mass fractions of steel
fibers in the matrix. However, the addition of steel fibers
decreased the ductility and increased the percentage of
porosity in the castings. Copper-coated steel-fiber-rein-
forced composites exhibited better mechanical properties
than the aluminium matrix, aluminium reinforced with
nickel and uncoated steel-fiber composites. The fracture
surface of the matrix showed dimple formation, which
resulted in ductile fracture and fiber pull out, with dim-
ples being observed in the composites. The copper-
coated steel-fiber-reinforced composite showed dimples
on the surface and coalesced rather than fiber pull out.
This was attributed to the better interface bonding
between the matrix and the reinforcement.

V. V. Ganesh et al.40 investigated the mechanical pro-
perties of AA1050 aluminium alloy reinforced with
galvanized iron wires. Some 2.5 % of the volume frac-
tions of zinc coated galvanised iron wire with 0.8 mm
diameter was reinforced in aluminium processed using
casting process followed by hot extrusion. The results
revealed that the composites exhibited better mechanical
properties than the monolithic alloy. Micrographs of the
composite revealed good interface bonding between the
aluminium and the iron wires. The reinforcement of
zinc-coated galvanised iron wires in aluminium
increased the density, hardness, elastic modulus, yield
strength and tensile strength. However, the ductility and
coefficient of thermal expansion decreased with an
increasing volume fractions of galvanized wires
reinforcement.

It has been observed that very few studies have been
carried out on aluminium alloy with steel wire mesh
reinforcement. In this present work, zinc-coated
steel-wire mesh was reinforced in LM6 aluminium alloy
by the squeeze-casting process. The microstructure,
hardness, tensile strength and ductility of composites
were analysed and the fractured surface of a tensile
specimen was examined using FESEM. The main
objective of this paper is to investigate the mechanical
properties of a squeeze-cast LM6 aluminium alloy
reinforced with zinc-coated steel wire mesh at various
angles of orientation.

2 EXPERIMENTAL PART

Commercially available zinc-coated steel-wire mesh
with a chemical composition as given in Table 1, with a
diameter of 304 μm, longitudinal and transverse distance
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Table 1: Chemical composition of zinc-coated steel-wire mesh, in mass fractions (w/%)

Sample C Si Cr Mn Ni S P Cu Zn Fe
ZnFe 0.072 0.10 0.128 0.30 0.114 0.012 0.009 0.062 31.98 Bal

Table 2: Chemical composition of LM6 aluminium alloy, in mass fractions (w/%)

Sample Si Fe Cu Mn Mg Ni Sn Pb Zn Ti Al
LM6 11.78 0.40 0.02 0.02 0.03 0.006 0.05 0.06 0.12 0.08 Bal



between the steel wires of 1590 μm, was used for the
reinforcement. Steel-wire mesh was placed inside a
preheated die at various orientations of (0, 45 and 90)°.
The schematic diagram of the steel-wire-mesh reinforce-
ment of the aluminium alloy is shown in Figure 1.

A modified universal testing machine with a 40-tonne
capacity, as shown in Figure 2, was used for conducting
the experiments. The die and punch were made of the
SG400 spheroidal graphite iron and EN8 steel, res-
pectively. A ceramic electric heater with a capacity of
400 °C was used to preheat the die. An electric induction
furnace with a 5-kg capacity was used to melt the LM6
aluminium alloy.

The LM6 aluminium alloy with a chemical compo-
sition as listed in Table 2 was melted in the electric
induction furnace and the temperature was raised to
780 °C. The steel-wire mesh was placed inside the
preheated die at various orientations of (0, 45 and 90)°.
The melt was degassed with hexachloroethane tablets
and a measured quantity of the LM6 aluminium alloy
was poured into the preheated die, which was maintained
at a temperature of 225 °C. A squeeze pressure of
125 MPa was applied during the solidification and the
component was ejected subsequently, using an ejector
pin. Cylindrical castings with a 60-mm diameter and
75-mm height, as shown in Figure 3, were prepared
using this process.

Samples were prepared to investigate the microstruc-
ture and micro-hardness. The microstructure of the

composites was analysed using an image analyser. The
micro-hardness of the composites was measured using a
micro-hardness tester (Model 3212 and Zwick hardness
tester, USA) with a load of 0.2 kg. Tensile specimens
were prepared using a wire-cut electrical discharge
machine as per ASTM E8 standard, with a gauge length
of 25 mm, width and thickness of 6 mm. The specimens
were tested using an extensometer (Model TECSOL,
TMC Engineering, India) and the average values of two
tensile-test readings are shown in Table 3.

3 RESULTS AND DISCUSSION

3.1 Microstructure

Microscopic observations of the matrix and compo-
sites are shown in Figure 4a to 4d. It is observed that the
steel-wire mesh was reinforced in the aluminium alloy,
showing better interface bonding between the steel wire
and aluminium due to the presence of the zinc coating on
the steel wires. The squeeze pressure during the solidi-
fication process made the aluminium matrix denser
resulting in a fine microstructure.

3.2 Hardness

The hardness of the composites was observed at four
locations in a sample and the average of hardness values
was considered to plot the graph. A variation in the
hardness of the composites against the distance between
the steel wire and the matrix is depicted in Figure 5. It
can be seen that the hardness of the composites increased
with the increasing distance from the matrix to the steel
wire. This is due to the incorporation of the zinc-coated
steel-wire mesh into the aluminium matrix. Zinc dis-
solves in aluminium leading to solid-solution strengthen-
ing, which improves the interfacial bonding between
aluminium and the steel wire that resists plastic defor-
mation. Also, the squeeze pressure minimises the poro-
sity, leading to a fine microstructure that also contributes
to the improvement of the hardness. The maximum
hardness values of (135, 96 and 61) VHN were observed
for the steel wire, the interface between the steel wire
and the matrix and the aluminium matrix, respectively.
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Figure 2: Modified universal testing machine for squeeze casting

Figure 1: Schematic diagram of steel-wire mesh at various
orientations in the aluminium-alloy casting: a) steel-wire mesh at 0°,
b) steel-wire mesh at 90°

Figure 3: Sample castings prepared with squeeze casting




