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This study deals with the investigation on mechanical properties of aluminium alloy (AA 6082) compos-
ites reinforced with tungsten carbide particles. Stir casting process was employed to fabricate the alu-
minium composite specimen by varying tungsten carbide in 2, 4, 6, 8 and 10% by weight. The
composites were exposed to density, hardness, tensile and impact studies. Scanning electron microscope
was used to investigate the mechanism of the fractured tensile and impact test specimen. The density,
impact strength and elongation of the composites decreased with increase in addition of tungsten car-

g{:‘:ggs{es bide, while the hardness of composites increased with increase in tungsten carbide. The tensile strength
Mechanical properties _of the corpposites ir_1creased init_ially anq then tend.s to decrease. Fracture of the compositgs is. character-
Microstructure ized by dimples, voids, cracks, ridges, pits and particle fracture. Brittle fracture of composites in the form
Aluminium of cracks and particle fracture are due to the strong interfacial bonding between the tungsten carbide and

aluminium matrix at high strain rate. High impact strength of composites are due to ductile failure in the
form of dimples, while low impact strength are due to brittle and plastic deformation characterized by

Tungsten carbide

micro and macro cracks, particle fracture.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Metallic Matrix Composites (MMCs) reinforced with ceramic
particles very encouraging materials for marine, defense, aerospace
and automotive applications that require stronger, light weight
and less expensive materials. Aluminium matrix composites own-
ing excellent properties like high stiffness, high strength, high fati-
gue resistance, low density and superior wear resistance at
elevated temperature is a challenging replacement for conven-
tional alloys. Selection of appropriate reinforcement particles and
fabrication process with a control over processing conditions
improves the mechanical properties of composites. Doel et al. [1]
revealed that the tensile and fracture toughness of aluminium/
SiC composites fabricated by co-spray deposition process differs
with the ageing conditions and inter particle spacing. Composites
reinforced with fine particulates showed better yield strength,
fracture stress and ductility compared to those of composites rein-
forced with coarse particulate. Velasco et al. [2] fabricated alu-
minium/Fes;Al particles by powder metallurgy technique and
reported that the composites exhibited better tensile strength than
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the conventionally forged components. Peng et al. [3] fabricated
aluminium matrix composites by squeeze casting and observed
that the composites reinforced with alumina in the form of per-
form exhibited higher tensile strength compared to that of the alu-
mina fiber reinforced composites. Kok [4] employed vortex method
and subsequently applied pressure to fabricate composites and
revealed that coarser Al,Os particles dispersed uniformly in alu-
minium matrix, while agglomeration and porosity were observed
in composites with finer Al,05 particles. In situ mechanical proper-
ties of Al-Lithium alloy reinforced with SiC particles studied by
Rodriguez et al. [5] exposed that hardness of the composites was
higher than that of the base alloy and decreases with increase in
distance from the reinforcement particle. Hamouda et al. [6]
worked on processing aluminium/quartz/silicon dioxide compos-
ites by sand mould technique and suggested that decrease in ten-
sile strength and young’s modulus of composites are due to
increase in silicon dioxide content and the quartz particulate hav-
ing high compressive strength. Yadav et al. [7] embedded nickel
particles into Al matrix by friction stir processing and reported that
the composite exhibited significant improvement in tensile
strength with an appreciable retention in ductility.

Anilkumar et al. [8] processed aluminium/fly ash composites by
stir casting process and reported that increase in reinforcement
particle size decreased the strength, hardness and ductility of
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composites. Wichianrat et al. [9] developed aluminium/SiC com-
posites and observed that the impact strength and micro hardness
of composites increased due to the modification in microstructure
at the residing node and struts of the ceramic particles. Rajmohan
et al. [10] reported that the density of aluminium composites rein-
forced with mica was higher than those of the composites rein-
forced with SiC fabricated by stir casting process. Aruria et al.
[11] fabricated aluminium, SiC and Al,Os particles by friction stir
processing and reported that increase in micro hardness of com-
posites is due to the pining effect of SiC and Al,05 particles. Kumar
et al. [12] reported that the tensile surface of aluminium was
branded by uneven distribution of dimples leading to ductile fail-
ure, while aluminium fly ash composites fabricated by stir cast
route is characterized by brittle failure due to the plastic flow of
the matrix. Sivaprasad et al. [13] worked on stir cast rice husk
ash and SiC particles reinforced composites and reported that the
density, coefficient of thermal expansion of hybrid composites
decreased, while the yield strength, ultimate tensile strength,
porosity and hardness increased in composites. Vijaya Ramnath
et al. [14] observed that the impact strength and hardness of unre-
inforced aluminium was less than that of the alumina/boron car-
bide reinforced composite. Das et al. [15] reported that the
impact strength of aluminium matrix composites increased due
to ageing and the mechanical failures are due to the initiation
and growth of micro cracks, particle pull-out and particle fracture.
According to Amirkhanlou et al. [16] the tensile strength of com-
posites increased with increase in number of continual annealing
and press-bonding process cycles.Bodunrin et al. [17] reported that
boron carbide, alumina, silicon carbide, graphite and carbon nano
tubes can be used as reinforcement particles in aluminium com-
posites. Ghasali et al. [18] fabricated Al/boron carbide composites
using a microwave furnace for sintering and reported that the
hardness and strength of composites increased with increase in
addition of boron carbide. Sharma et al. [19] found that addition
of 12% of graphite decreased the hardness of the aluminium alloy
by 11.1% and revealed a non-uniform distribution of graphite par-
ticles. Rana et al. [20] recorded that aluminium composites rein-
forced with SiC, Al,0s, fabricated by ultrasonic assisted stir
casting decreased the porosity of composites leading to higher ten-
sile strength, compression strength, hardness and elastic modulus
of the composites was Alaneme and Sanusi [21] worked on alu-
mina, rice husk ash and graphite based aluminium matrix hybrid
composites and observed that the % elongation of composites
decreased in the range of 10-13%. Kursun et al. [22] reinforced
glass bubbles with aluminium-alumina matrix composites and
reported that the addition of glass bubbles decreased the density,
plastic deformation, impact strength and compression strength of
the composites.

Rashad et al. [23] attributed that increase in strength of alu-
minium/graphene nano platelets composites is due to the change
in load transfer mechanism, crystallographic texture and disloca-
tion densities between the aluminium alloy and the platelets. Singh
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aluminium composites reinforced with SiC, Al,Os; and Al/TiB,
exhibited higher hardness and tensile strength at the particle-
rich outer region of the specimen.

Harichandran and Selvakumar [27] added micro and nano B4C
carbide particles to aluminium matrix by stir and ultrasonic cavita-
tion assisted casting processes and reported that the nano compos-
ites exhibited better tensile stress, ductility and impact energy
compared to that of micro B4C particle-reinforced composites.
Jiang et al. [28] fabricated aluminium/iron bimetallic composites
by hot-dip galvanizing and aluminizing method and observed uni-
form and compact intermetallic layer between the aluminium and
the iron.

From the literature review, it is implicit that works were carried
to study the mechanical properties of various metal matrix com-
posites fabricated by different liquid and solid state techniques.
Aluminium alloy (AA 6082), a medium strength alloy having out-
standing corrosion resistance and good machinability replaces
other similar kind of alloys in engineering applications. Presence
of large amount of manganese in AA6082 alloys control the grain
structure making it a very strong competent even at elevated tem-
peratures. Studies revealed that adequate investigations were not
carried out using Tungsten Carbide (WC) as a potential reinforce-
ment in aluminium matrix composites. Tungsten carbide owing
to its high hardness, low density, high strength, high rigidity, good
chemical stability and better resistance at high temperature is one
of the most promising ceramic materials. An attempt has been
made in this study to explore the mechanical properties like hard-
ness, density, tensile strength, impact strength, elongation and the
related mechanisms of aluminium (AA6082)/tungsten carbide
composites. Stir casting is one of the low cost processes employed
in the present study for manufacturing the composites.

2. Materials preparation

In this work, aluminium alloy (AA6082), shown in Table 1 in the
form of rod of 100 mm diameter and 300 mm length is used as
base material, while tungsten carbide with particle size in the
range of (53-75) um is used as reinforcement. The properties of
AA6082aluminium alloy is shown in Table 2. The density of the
tungsten carbide and AA6082 aluminium alloy is 2.05 g/cm® and
2.69 g/cm® respectively. Composite samples were prepared by
varying tungsten carbide in 2, 4, 6, 8 and 10% by weight. Stir cast-
ing process is one among the highly productive, low cost manufac-
turing techniques used to fabricate aluminium matrix composites
for a wide range of processing conditions [24]. Aluminium metal
matrix is melted in a graphite crucible at 850 °C by stir casting pro-
cess as shown in Fig. 1. Simultaneously the tungsten carbide parti-

Table 2
Properties of AA6082 aluminium alloy.

SL. no. Properties
and Chauhan [24] observed that fly ash, SiC aluminium alloy were
if 1 [ d’] ibuted i 1 y. . . d y h 1 Density 2.71 g/em® (Max)
not uniformly istribute in a umlr_uum.composnes ue to the 5 Young’s modulus 71 GPa (Max)
gravity regulated segregation of particles in the melt. Tamilarasan 3 Ultimate tensile strength 140-330 MPa
et al. [25] investigated the mechanical properties of carbon fiber 4 Yield strength 90-280 MPa
reinforced aluminium sandwich laminates and observed pit forma- 5 Thermal expansion 23.1 pm/m K (Max)
. . . 6 Proof stress 85 MPa (Max)
tion, fuzziness, debonding and fiber fracture on the surface. Rad- .
N X 7 Tensile strength 150 MPa (Max)
hika and Raghu [26] recorded that the functionally graded
Table 1
Composition of aluminium 6082 alloy.
Weight % Al Si Fe Cu Mn Cr Mg Zn Ti Others
6082 Bal 1.12 0.19 0.02 0.87 0.15 0.92 0.17 0.086 0.075
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Fig. 1. Stir casting setup.

cles are also preheated at 400 °C to remove the moisture content
and then mechanically mixed to the molten melt with the help
of an automatic controlled stirrer. Stirring takes place for 5 min
at a stirring speed of 500 rpm for uniformly scattering the tungsten
carbide particles in the aluminium alloy matrix. The molten com-
posite material is then poured into split type die of size 15 mm
in diameter, 120 mm length and then allowed to solidify at room
temperature. X-ray diffraction (XRD) and optical microstructure
examination of the aluminium composite samples were carried
to study the phases present and their disseminations along the
composites. A fair uniform distribution of the tungsten carbide par-
ticles along the aluminium matrix is observed from Fig. 2. XRD
method is used to examine the presence of materials present in
the composites. It can be observed from Fig. 3 that aluminium
and tungsten carbide are the predominant elements present in
the composite which is in line with the optical microstructure of
the composite.

3. Experimental procedure

Three set of tests were conducted and the average value was
taken to calculate the mechanical properties of the composites to
minimize the possibilities of error. Aluminium (AA6082)/tungsten

Fig. 2. Optical microstructure of composite sample (8% of Tungsten carbide).
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Fig. 3. XRD pattern of composite samples.

carbide composite specimens machined as per ASTM - B-557M
standards (Fig. 4) were exposed to tensile test in a universal testing
machine (TUE-C model) to study the influence of WC particles in
aluminium composite.

A standard ASI make impact pendulum-type testing machine
(AMT-8 model) having a capacity of 184 ] is used to measure the
impact strength of composites samples machined as per ASTM
standard shown in Figs. 5 and 6.
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Fig. 4. Schematic representation of the tensile test specimen.
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Fig. 5. Schematic representation of the Izod test specimen.
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Fig. 6. Schematic representation of the Charpy test specimen.
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Brinell hardness tester with a 5 mm ball diameter and a load
carrying capacity of 200 kg is employed to find the hardness of
composites. Hardness test was carried in a specimen of 15 mm
diameter and 10 mm thick.

Density is defined as the ratio between mass and volume of the
object. Density is measured using a specimen of 10 mm diameter
and 100 mm height. Mass of the specimen is assessed with the help
of an electronic weighing machine having accuracy of 0.001 mg.
Volume of the specimen was estimated by multiplying the area
and length measured by means of a vernier. Density of the speci-
men is calculated by dividing volume from mass.

4. Results and discussion
4.1. Effect of WC particles on density

Variation in density with increase in tungsten carbide was
depicted in Fig. 7. It can be noted that the density of composites
decreased with increase in WC. The average reduction in density
of composite is 1.15% while adding WC in multiples of 2%. Density
of the composites (10% of WC) decreased to a maximum of 5.88% as
against the base aluminium alloy. The reason for decrease in den-
sity is due to the less weight of the tungsten carbide (2.05 g/cm?)
compared to that of the base AA6082 aluminium alloy (2.69 g/
cm?). Decrease in density is in line with other researchers while
investigating aluminium/rice husk ash/SiC composites and alu-
minium/graphene nano platelets composites [13,23].

4.2. Effect of WC particles on tensile strength and % elongation
Influence of tungsten carbide particles on yield strength and

Ultimate Tensile Strength (UTS) of aluminium composite is shown
in Fig. 8. It can be observed that the strength of composite
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Fig. 7. Influence on density.

Tensile strength
190 -| mYield strength

110
90
70 -
0 2 4 6 8 10

% Tungsten carbide

Strength N/mm?2

Fig. 8. Influence on tensile strength.

increased with increase in tungsten carbide upto 8% by weight
and then decreases with further increase in tungsten carbide. The
UTS increased upto16% and the yield strength increased upto 22%
when compared to that of the base aluminium alloy. Increase in
UTS and yield strength may be due to the interfacial bonding
between the soft aluminium matrix and the hard tungsten carbide.
Researchers also reported similar trend while studying the tensile
strength of aluminium composites reinforced with mica, fly ash
and SiC respectively [10,12,20]. The fractured tensile test specimen
showing different profile is presented in Fig. 9. It can be observed
from Fig. 10 that elongation of the composites decreases with
increase in tungsten carbide content. This finding is well supported
by other researchers that the elongation of aluminium composites
decreases with increase in SiC, Al,03 and nickel particles [1,4,7]. In
this study percentage elongation of composites reduced to a max-
imum of 46% against their base aluminium. This may be attributed
to the fact that the % elongation decreases with increase in UTS and
yield strength. Addition of tungsten carbide particles influences the
interfacial bonding between the aluminium alloy and WC particles.
Addition of reinforcement particles reduces the elastic deformation
and gradually promotes the plastic deformation of composites. The
presence of hard and sharp WC particles tends to the formation of
cracks and subsequent debonding leads to elastic deformation with
increase in load.

To analyze the failure mechanism during tensile test fractured
surfaces of the samples were subjected to SEM examination shown
in Fig. 11. The unreinforced aluminium alloys are related to the
ductile type of fracture due to shearing in the form of dimples, void
growth coalescence and ductile failure as shown in Fig. 11a. Pres-
ence of voids is observed in unreinforced alloy and composites
with 2% of tungsten carbide as shown in Fig. 11a and b. However
addition of WC reduces the quantum of voids and dimples

Fig. 9. Fractured tensile test specimen.
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Fig. 10. Influence on % elongation.
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Fig. 11. SEM microstructure of Tensile test.

(Fig. 11b) indicating the reduction in elongation and thereby
increasing the tensile strength (Fig. 8). At this stage the failure of
composite is primarily of ductile in nature. The presence of another
feature in the form of ridges is obtained in composites (Fig. 11c)
with 4% tungsten carbide indicating a ductile mode of fracture.
These ridges are due to the disintegration and decohesion of tung-
sten carbide particles from the aluminium alloy. Minor cracks due
to shear are also witnessed along the shear plane due to the possi-
ble brittle fracture. At this stage, the failure is a combination of
ductile and brittle fracture. From Fig. 11d presence of tungsten car-
bide particles in the form of clusters and also protrusion of parti-
cles along the surface is revealed. This may be due the non-
uniform distribution of particles and weak bonding created due
to improper casting. Fig. 11e shows the combination of ductile
and brittle failure; however the brittle failure is more dominant
than the ductile failure. In Fig. 11e the failure is almost fully of brit-
tle in nature which is characterized by the particle fracture due to
the strong interfacial bonding between the matrix and WC parti-
cles. This principal brittle failure may be the reason for the
decrease in tensile strength as shown in Fig. 8. In summary the
unreinforced alloy are subjected to ductile mode of fracture. With

increase in % tungsten carbide the mode of failure gradually trans-
forms to brittle fracture. The tensile strength of composite
increases with increase in WC particles (8%) and then tends to
decrease with further increase in WC particles.
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Fig.12. Influence on hardness.
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4.3. Effect of WC particles on hardness

The effect of tungsten carbide particles in aluminium compos-
ites is employed in Fig. 12. Increase in presence of tungsten carbide
particles in aluminium matrix increases the hardness of compos-
ites. Researchers reported similar trend that addition of fly ash,
SiC, Al;05, aluminide and SiC improves the hardness of aluminium
composites [8,24]. Sharma et al. [19] reported a reverse trend that
increase in addition of graphite reduces the hardness of composites
due to the lubrication nature of graphite. Rajmohan et al. [10]
revealed that addition of mica reduced the hardness of composites;
thereby improving the machinability of composites. Increase in
hardness is fairly due to the resistance offered to indentation by
the hard reinforced particles. Increase in hardness of the compos-
ites is also due to the fact that the tungsten carbides withstand
the major load transferred by aluminium. Also the presence of
porosity inversely influences the hardness of composites.

4.4. Effect of WC particles on impact strength

Effect on impact strength by adding tungsten carbide particles
are shown in Fig. 13. It can be observed from Fig. 13 that impact
strength obtained by both Izod and Charpy test increases initially
with 2% WC and then decreases with further increase in tungsten
carbide particles. The maximum decrease in impact strength com-
pared to the base aluminium alloy was more than 40% as shown in
Fig. 13. Dimensions of the specimen used for impact test in this
study are shown in Fig. 14. Similar kind of decrease in impact
strength is reported by other researchers in their study using other
reinforcements [12,14,22]. Hamouda et al. [6] revealed that the
residual stress generated due to the thermal mismatch between
the matrix and reinforcement leads to the formation of brittle nat-
ure of composites along the crack tips thereby decreasing the frac-

PRI L UL o

ture toughness of composites. The impact strength observed by
Charpy test was nearly double times higher than that of the Izod
test value. Increase in hardness of composites increases the brittle-
ness of composites thereby decreasing the impact strength of com-
posites. The impact strength of a material depends on the energy
consumed by the material when a high speed load is applied.
The impact strength of the aluminium alloy is higher because of
the plastic deformation energy stored in the material before crack-
ing. However in the case of composites, plastic deformation energy
decreases due to the increase in concentration of energy for
debonding thereby reducing the impact strength.

SEM of aluminium (AA6082) composites and its base alloy is
shown in Fig. 15. It can be observed from Fig.15a that the
microstructure of aluminium alloy is characterized by dimples
indicating a ductile type fracture mechanism. Ductile fracture is
the major reason for high impact strength in aluminium alloy
(Fig. 15). Fractured surface of the composites with 2% WC (Fig. 15b)
shows reduction in dimples compared to that of the base alloy.
Presence of plastic deformation is evidenced along the surface.
Failure at this stage is a combination of ductile and brittle failure
reducing the impact strength of aluminium alloy (Fig. 15). Presence
of pits and voids are also evidenced along the surface of the spec-
imen (Fig. 15b and c). These pits and voids are probably due to the
weak interfacial bonding between the WC particles and aluminium
matrix and also due to non-uniform distribution of WC particles.
Presence particle clusters near the pit (Fig. 15¢) is an evidence for
the improper mixing of WC particles during fabrication. With a fur-
ther increase in tungsten particles absence of dimples are evi-
denced along the surface (Fig. 15c-f). The low impact in
composite with 6% and 8% of WC composites (Fig. 15d and e) are
primarily due to the plastic deformation combined with the brittle
mode of fracture. Also from Fig. 15e, in addition to the plastic
deformation, formation of micro cracks in the form of cleavages
is also evidenced along the surface. These types of cracks are due
to the dominant interface strength influencing the cracks within
the particles or along the short inter particle line. With further
increase in tungsten particle upto 10% (Fig. 15f) major deep and
widened cracks are seen along the surface indicating brittle frac-
ture (Fig. 14). These dominant cracks and particle fracture are
due to the strong interfacial bonding between the WC and alu-
minium matrix at high strain rate, increasing the brittle nature of
the composite. The microstructure of composite with 6% tungsten
carbide is shown in Fig. 16. It can be noted that the failure mode by
both Izod (Fig. 15d) and Charpy (Fig. 16) are similar where in the
failure is primarily due to plastic deformation. In summary the
high impact strength are due to the ductile failure in the form of
dimples. Low impact strength is due to the brittle and plastic
deformation characterized by micro and macro cracks, particle
fracture.

Fig. 14. Fractured Izod impact test specimen.
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5. Conclusions

In the present study tests were conducted to evaluate the
mechanical properties of aluminium/tungsten composites and
the following conclusions can be drawn:

e A fair uniform distribution of tungsten carbide particles along
the aluminium matrix can be observed by optical
microstructure.

e XRD study revealed that aluminium and tungsten carbide are
the predominant elements present in the composite.

e Density, impact strength and elongation of the composites
decreased with increase in tungsten carbide, while the hardness
of composites increased with increase in tungsten carbide. The
tensile strength of composites increased and then tends to

Fig. 16. SEM microstructure of Charpy Impact test (6% WC). decrease after 8% of WC.
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e The unreinforced alloys are subjected to ductile mode of frac-
ture. With increase in tungsten carbide the mode of failure
gradually transforms to brittle fracture.

o The tensile and impact fracture of the composites are character-
ized by dimples, voids, cracks, ridges, pits and particle fracture.

e The mechanical properties of Aluminium/Tungsten carbide
composites along with characterization will serve as a technical
database for aerospace, automotive, military and commercial
applications.
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