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ABSTRACT

The Aluminum (Al) and its alloys are finding extensive applications in industries like automobile,
aerospace and marine fields. Aluminum-based Metal Matrix Composites (MMC's) reinforced with hard
particulates offer superior operating performance and resistance to wear. Al based MMC materials
provide higher abrasive resistance and provide a longer service life compared to other materials. The
popularity of composites may be the reason that these composites possess good mechanical properties,
good corrosion resistance, wear resistance in addition they are light-in-weight. In this paper it is aimed
to present the experimental results of the studies conducted related to hardness, tensile strength, and
compression strength of AI6061-Tungstan Carbide (WC) composites. The composites were prepared
using the liquid metallurgy technique (stir casting technique), in which 0-4 wt. % of reinforcing tungsten
carbide particulates were dispersed into the base matrix alloy in steps of 1%. The obtained cast
composites of AlI6061-WC and unreinforced base alloy was subjected mechanical tests and composites
were subjected to microstructural examination. The test results reveal that the hardness and strength
of the alloy has increased monotonically. The wear resistance obtained using computerized pin on disc
wear tester with counter surface as EN31 steel disc (HRC60) and the composite pin as specimens,
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demonstrated the superior wear resistance property of the composites.
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INTRODUCTION

Aluminum alloys are preferred engineering
material for automobile, aerospace and mineral
processing industries for various high performing
components and are being used for these varieties
of applications owing to their lower weight, excellent
thermal conductivity properties. Among several
series of aluminium alloys, Al6061 is much explored
for their excellent properties. These alloys are heat
treatable. AI6061 alloy are highly resistant to
corrosion and are of excellent extricable in nature
and exhibits moderate strength. Al6061 founds

much useful in the fields of construction (building
and high way), automotive and marine applications?.
The composites made out of aluminium alloys are
of wide interest owing to their high strength, fracture
toughness, wear resistance and stiffness. Further
these are superior composite suitable for elevated
temperature application when reinforced with
ceramic particulates?.

G.Straffelini et.al.,® found that the matrix
hardness has a strong influence on the dry sliding
wear behaviour of Al,O, particulate 6061 Al MMCs.
A. Martin et.al.,* in their investigation on the
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tribological behaviour on Al6061 reinforced with
Al O, particles concluded that a characteristic
physical mechanism exists during the wear process.
S.Y.Yu et.al.,® clearly demonstrated the effects of
applied load and temperature on the dry sliding wear
behavior of 6061 aluminum alloy matrix composites
reinforced with SiC whiskers or SiC particulates and
concluded that, the wear rate decreases with
increased applied load. H.C.How, T.N.Baker® in their
investigation of wear behaviour of aluminium alloy
AA6061 filled short fiber saffil concluded that saffil
as a reinforcing material are significant in improving
wear resistance of the composite. M.R.
Rosenberger et.al., ” after incorporating Al,O,, B,C,
Ti,Al, and B,Ti in AA6061, and showed that
mechanically mixed layers (MML) are generated
during sliding wear condition.

The above discussion and survey reveals
very meager data on the mechanical properties of
particulate reinforced aluminum (Al6061) alloy.
Hence, the present paper is aimed at the
investigation of mechanical properties of Al6061-
Tungsten Carbide (WC) composites.

EXPERIMENTAL

The properties of materials adopted and
methods followed in the present studies are
presented in the following sections.

Materials

The base matrix selected was Al6061 and
the chemical composition and properties are
presented in table 1 and 2. The reinforcing material
selected was tungsten Carbide (WC) of particle size
of 5 um, table 3 gives the properties of WC.

Composite Preparation

Liquid metallurgy route were adopted to
prepare the cast composites. Mechanical stirring
of the molten alloy was achieved by using ceramic-
coated steel impeller to create vortex. The preheated
particles were introduced into the vortex and stirred
for eight minutes at a speed of 500 rpm. A pouring
temperature of 720°C was adopted and the molten
composite was poured into preheated cast iron
moulds. The extents of incorporation of particles in
to the matrix alloy were varied from 1 to 4 wt % in
the steps of 1. The cast composites of Al6061-WC

obtained were cylinders of dia 22mm and length of
220mm.

Testing of Composite

The composite specimens as per ASTM
E10-07a standards for the Brinell’'s hardness,
microstructure and mechanical property tests were
obtained by machining the cast composites. Brinells
hardness tester with ball indenter and 500 kg load
was used to obtain the hardness of the composites.
The micro-photographs of the composites were
obtained with the help of metallurgical microscope
of Lobo make attached with Pentax camera. The
specimens for these studies were prepared by
following the standard procedure of polishing using
abrasive papers of decreasing grit size and abrasive
diamond lapping. The Tensile (ASTM E8/E8M-08)
and Compression (ASTM E9-89a (2000)) tests were
evaluated using a computerized UTM of 60-ton
capacity. Magnam make computerized pin on disc
wear testing machine with test material as pin and
high carbon EN31 steel (HRC60) as counter-
surface, equipped with LVDT and digital display
system served to record the wear height loss in
microns, the wear tests were conducted according
to ASTM G-99 standards.

RESULTS AND DISCUSSIONS

The test results of base matrix Al6061 and
its composites containing WC at various weight
percentages are presented in the following sections.

Hardness

From the Figure 1 it is observed that the
hardness of the composite is increasing with the
increase of reinforcing particulate content. The
hardness value of the composite is higher than that
of its matrix alloy. This increase in hardness of the
composite may be due attributed to the reason that
the reinforcement materials used is much harder
than that of the matrix materials © 9 10,

Further it was observed that the hardness
value improved up to 3 wt % of WC and again the
hardness is decreased for 4 wt. % of WC. Better
hardness was found at 3 wt. % of WC. Hence from
the studies it can be concluded that upto 3 wt. % of
WC can be successfully incorporated into the
matrix.
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Microstructure studies

The Figure 2a clearly indicates the
characteristic features of aluminum alloy Al6061.
The Figure 2b to 2e shows the microphotographs
of the cast Al6061-1% WC to Al6061-4% WC
composites respectively. From these photographs
the reinforced WC can be identified. The
photographs reveal the clear distribution of WC and
also homogeneity of the composites. It is observed
from the study of the micro structure that the
distribution of WC is more uniform and
homogeneous upto 3wt % of WC (figures 2b-d).
From the Figure 2e we can observe the non
uniformity of the WC particulates.

Mechanical Properties

The results of tensile and compression
tests conducted are discussed in the following
sections.

Tensile strength of AlI6061 alloy and its
composite containing WC

From Figure 3 it can be observed that the
tensile strength of the composites are higher than
that of the base alloy and further it can be observed
that with increase in  WC content the composites
tensile strength also increases. This improvement
in tensile strength of the composites may be
attributed to the fact that the fillers (WC) possesses
higher strength and also may be due to the better
bonding strength due to lower fineness of dispersed
WC particulates "2, Finer the grain size better is
the hardness and strength of composites leading
to lowering of wear rates.

Figure 3 is presented with tensile strength
property of Al6061 alloy and its composite
containing WC as a function of % weight. The
variation in tensile strength of the composites with
varying wt. % of WC is shown in Figure 3. It was
observed that as the wt. % of WC is increased
from 1 wt. % to 4 wt. % it was observed that the
tensile strength value improved up to 3 wt. % WC
and the tensile strength decreased for 4 wt. % WC.
Better tensile strength was found at 3 wt % WC.
The decrease in tensile strength of the composites
beyond 3 wt. % WC is attributed to improper
bonding between the matrix and reinforcement
materials.

Decrease in the Elongation of Al6061 alloy and
its composite containing WC

Figure 4 is presented with decrease in
elongation of Al6061 alloy and its composite
containing WC as a function of % weight.

Figure 4 reveals that the elongation of the
composite material is less as compared to that of
the cast Al6061 alloy. It is clear that the composite
material exhibits higher brittleness with increased
filler content, in other words the matrix material
suffers with ductility due to the influence of the
reinforcement material. Further, The strength of
particle dispersed Al-composites are found
increased by increased volume percentage of
ceramic phase and by decreasing the size of the

Table 1: Chemical composition of AI6061 by Wt%

Chemical Composition Al6061
Si 0.62
Fe 0.23
Cu 0.22
Mn 0.03
Mg 0.84
Cr 0.22
Zn 0.10
Ti 0.1
Al Bal
Table 2: Properties of Al6061
Properties Al6061
Elastic Modulus (Gpa) 70-80
Density g/cc 2.7
Poisson’s Ratio 0.33
Hardness (HB500) 30
Tensile Strength (Mpa) 115

Table 3: Properties of reinforcing particles

Properties wcC
Elastic Modulus (Gpa) 627
Density g/cc 14.9
Hardness (HB500) Mohr's scale 1630
Compressive Strength (Mpa) 5000
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Fig. 2(b): Microphotograph of cast Al6061-1% WC Composite (100X)
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reinforcement (at the cost of reduced ductility) in  figure 5, it can be observed that the compressive
the composite!®®. strength of the composites are higher than that of
the base alloy and further it can be observed that

Compressive strength of Al6061 alloy and its  with increase in WC content the composites
composite containing WC compressive strength also increases. As the wt. %
Figure 5 shows the variation of of WC is increased from 1 % to 4 wt. %, the
compression strength with % increase of WC. From  compressive strength value improved up to 3 wt. %

Fig. 2(e): Microphotograph of cast Al6061-4% WC Composite (100X)
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WC and the compressive strength decreased for 4
wt. % WC. Better compressive strength was found
at 3 wt. % WC. The increase in the compressive
strength is mainly due to the WC reinforcement
because the WC is having very high compressive
strength then the matrix material.

Tribological Properties

The cast pins of 10mm diameter and
25mm length were the specimen for the tribological
test. The height loss experienced by the specimen
as a function of material parameter (filler content)
and the test parameters (sliding distance) for various
applied load (10-40N in steps of 10) and with
500rpm rotational speed, for the base alloy and its
composites are presented in figures 6 a-d.

Figure 6 a-d presents the variation of wear
loss of the Al6061 alloy and its composites under
an applied constant load of 10 to 40N in the steps
of 10N and a sliding distance of 3km, for sliding
speed of 500 rpm.

From figure 6a, it can be observed that,
the wear height loss experienced by the composites
are lesser than that of the base alloy also it can be
found that the wear height loss for the composites
decreases as a function of filler content. Further, it
can also be observed from the figure that, for given
filler content, the composites wear height loss
increases with increased sliding distance. From
figures 6 a-d, it can be observed that the trend of
wear loss of the base alloy and composites are more
or less same as compared to the trend of figure 6a.

From the above discussions, it can be
concluded that the composites containing WC
exhibits decreased wear loss and hence exhibits
improved wear resistance. From the above
discussions it is clear that, the presence of WC in
the composite is to reduce the wear loss and hence
contributes in improving the wear resistance. The
highest wear resistance is exhibited by the
composite containing 3 wt% WC. The improvement
of the wear resistance can be attributed to the fact
that the filler improves the hardness of the
composites thus further contributing to the
improvement of the wear resistance of the
composites.

365

Also from the graph it can be seen that
the AI6061-4%WC composite has higher wear
height loss, it is even more than the base material.
This is mainly due to the lower hardness of the
Al6061-4%WC composite, as it is shown in the
hardness figure 1. Further, it can be concluded that
lower hardness means higher wear height loss or
lesser wear resistance.

Wear weight Loss

Figures 7 a-d are presented with the weight
loss experienced by the base and the composites
containing WC reinforcement. From the figures it is
clear that the weight loss experienced by the base
al6061 is more than the al6061-WC composites.
Also it can be observed from the figure that, for
given filler content, the composites weight loss
increases with increased sliding distance. The
al6061-4%WC composite has lowest wear
resistance and al6061-3%WC composite has
highest wear resistance among the composites
studied.

The highest wear resistance (lower weight
loss) is exhibited by the composite containing 3 wt%
WC. The improvement of the wear resistance can
be attributed to the fact that the filler improves the
hardness and strength of the composites thus
further contributing to the improvement of the wear
resistance of the composites. Further, the lowest
wear resistance of the al6061-4%WC composite is
mainly attributed to the lower values of the hardness
and strength values.

Wear rate of AI6061-WC composites

This section is presented with the figures
showing the variation of wear rate of the al6061
base alloy and its WC filled composites sliding at
500rpm speed and for a 3km sliding distance at an
applied load of 10-40N.

The wear rate, defined as the ratio of wear
volume (in mm?) to the product of applied load (in
N) and sliding distance (in m), is an important
parameter, which quantifies the wear resistance
(wear rate). Thus the wear rates of the base alloy
and the al6061-WC composite materials studied are
presented. Figure 8 a-d shows the wear rate for
Al6061 and its composites containing WC and
various applied loads (10-40N). From the figures it
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can be observed that the wear rate of the
composites is lower than that of the base matrix,
and for a given applied load condition the increased
sliding distance for a given material reduces its wear
rate, further, for a constant sliding speed the
increased applied load tends to reduce the wear
rate. From the above discussion it can be concluded
that the wear resistance of the material increases
with increased filler content and also increased
sliding distance, further from the above figures it
can be clearly observed that the composite
containing 3%WC filler content reaches wear
stabilization at a lower sliding distance than that of
its matrix indicating its improved wear resistance.
Further from the figure it can be noted that the wear
rate of Al6061-3 wt% WC is lowest and signifies its
highest wear resistance among the materials
studied*’.

It has been found that the applied load
effects the wear rate of alloy and composites
significantly and is the most dominating factor
controlling the wear behaviour'® The wear rate varies
linearly *2° with normal load, which is an indicative
of Archard’s law, and is significantly lower in case
of composites?'. The particle reinforcements are the
most effective in improving the wear resistance of
MMCs?? 24 provided that good interfacial bonding
between the reinforcement and the matrix exists.
The particle reinforcement has the effect of
preventing the plastic flow and the adhesion of
matrix material, the particle shape was of great
advantage for carrying a contact load compared to
whisker and fiber reinforcements??. The wear
resistance of the composites is improved by
preventing direct metallic contacts that induce
subsurface deformation®.

CONCLUSIONS

The significant conclusions of the studies

carried out on Al6061-WC composites are
summarized as follows

1. Al 6061-WC composites were prepared
successfully using liquid metallurgy
techniques by incorporating the reinforcing
particulates upto 4 wt %.

2. The microphotographs of the cast
composites revealed the uniform distribution
of the particles in the matrix.

3. The properties of the cast AlI6061-WC
composites are significantly improved by
varying the amount of WC. It was found that
increasing the WC content within the matrix
material, resulted in significant improvement
in mechanical properties like hardness,
tensile strength, and compressive strength.

4. Highest values of mechanical properties like
hardness, tensile strength and compressive
strength were found at 3 % WC.

5. From the studies and the test results it can
be concluded that upto 3 wt. % WC can be
incorporated into the Al6061 alloy by liquid
metallurgy technique.

6. The wear resistance of the composites are
higher, further, the WC contributed much
significantly in improving the wear resistance
of Al6061-WC composites.

7. From the studies in overall it can be
concluded that Al6061-3% WC composite
exhibits superior mechanical and Tribological
properties.

ACKNOWLEDGEMENTS

The authors express their thanks to staff
of Mechanical Engineering Department, to the
Principal of DBIT and to the Management of
Wayanamac Education Trust, Bangalore, for the
support and encouragement during this research
studies.

REFERENCES

1. J. Gilbert Kaufman, “Properties of Aluminum
Alloys; Tensile, Creep, and Fatigue Data at
High and Low Temperatures”, ASM
International (2002).

2. ASM handbook of Composites, Vol. 21.

3. G.Straffelini, F.Bonollo, A.Tiziani, “Influence
of matrix hardness on the sliding behavior
of 20 vol% AL O, -particulate reinforced 6061



10.

11.

12.

13.

Swamy et al., Mat. Sci. Res. India, Vol. 7(2), 355-368 (2010) 367

Al metal matrix composite” Wear 211:
192-197 (1997).

Martin, J. Rodriguez, J. Llorca, “Temperature
effects on the wear behavior of particulate
reinforced Al-based composites”, Wear, pp.
225-229 (1999).

Szu Ying Yu, Hitoshi Ishii, Keiichiro Tohgo,
Young Tae Cho, Dongfeng Diao,
“Temperature dependence of sliding wear
behavior in SiC whisker or SiC particulate
reinforced 6061 aluminum alloy composite”,
Wear 21: 21-28 (1997).

H.C. How, T.N. Baker, “Dry sliding wear
behaviour of Saffil-reinforced AA6061
composites”, Wear 210, pp. 263-272,1997.
M.R. Rosenberger, C.E. Schvezov, E.
Forlerer, “Wear of different aluminum matrix
composites under conditions that generate
a mechanically mixed layer”, Wear 259: 590-
601 (2005).

Veeresh Kumar.G.B, C.S.P.Rao,
Bhagyashekar.M.S, Selvaraj.N “Mechanical
and Tribological Behaviour of AI6061-SiCp
Composites”, proceedings of the
International Conference ICMM-2008, 18—
20" 1-8 (2008).

Veeresh Kumar.G.B, C.S.P.Rao,
Bhagyashekar.M.S, Selvaraj.N “Mechanical
and Tribological Behaviour of Al7075-Al,0,
Composites”, International Conference on
RAMPT’09, Feb 25127 2009, pp 751-756.
Veeresh Kumar.G.B, C.S.P.Rao,
Bhagyashekar.M.S., Selvaraj.N “Mechanical
Properties of Particulate Reinforced (Al6061-
AI203p and AI7075-SiCp) Composites”,
MEMS-08, 22M-23, Oct-2008, Anjuman
Engg College, Bhatkal, Karnataka, India.
Necat Altinkok, Rasit Koker, “Modelling of the
prediction of the tensile and elastic properties
in particulate reinforced metal matrix
composites using neural networks”, Materials
and Designs 2: 625-631 (2006).

T. Miyajima, Y. Iwai, “Effects of reinforcements
on sliding wear behavior of aluminum matrix
composites”, Wear 255, pp. 606-616, 2003.
M.D. Bermudez, G. Martinez-Nicolas, F.J.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Carrion, I. Martinez-Mateo, J.A. Rodriguez,
E.J. Herrera, “Dry and lubricated wear
resistance of mechanically-alloyed
aluminum-base sintered composites”, Wear
248: 178-186 (2001).

S.Wilson, A.T.Alpas, “Effect of temperature
on the sliding wear performance of Al alloys
and Al matrix composites”, Wear 196: 270-
278 (1996).

Rang Chen, Akira lwabuchi, Tomoharu
Shimizu, Hyung Seop Shin, Hidenobu
Mifune, “The sliding wear resistance behavior
of NiAl and SiC particles reinforced aluminum
alloy matrix composites”, Wear 213 (1997)
175-184.

Yoshiro Iwai, Hidetomo Yoneda, Tomomi
Honda, “Sliding wear behavior of SiC
whisker-reinforced aluminum composite”,
Wear 181-183 (1995) 594-602.

Veeresh Kumar.G.B, C.S.P.Rao, Selvaraj.N,
Bhagyashekar.M.S., “Studies on Al6061-SiC
and Al7075-AlL,0, Metal Matrix Composites”,
Journal of Minerals & Materials
Characterization & Engineering, (JMMCE),
USA, 9(1): 47-59 (2009).

D.P. Mondal, S. Das, A.K. Jha, A.H.
Yegneswaran, “Abrasive wear of Al alloy—
AlLO, particle composite: a study on the
combined effect of load and size of abrasive”,
Wear 223 (1998) 131-138.

S.C. Sharma, “The sliding wear behavior of
Al6061—garnet particulate composites”,
Wear 249 (2001) 1036-1045.

Abdulhaqq A. Hamid, PK. Ghosh, S.C. Jain,
Subrata Ray, “The influence of porosity and
particles content on dry sliding wear of cast
in situ Al(Ti)-ALO,(TiO,) composite”, Wear,
265(1-2): 14-26 (2008).

Rajnesh Tyagi, “Synthesis and tribological
characterization of in situ cast Al-TiC
composites”, Wear 259: 569-576 (2005) .
T. Miyajima, Y. Iwai; “Effects of reinforcements
on sliding wear behavior of aluminum matrix
composites”, Wear 255: 606-616 (2003).
J.M. Wu, Z.Z. Li, “Contributions of the
particulate reinforcement to dry sliding wear



368

24.

Swamy et al., Mat. Sci. Res. India, Vol. 7(2), 355-368 (2010)

resistance of rapidly solidified Al-Ti alloys”,
Wear 244: 147-153 (2000).

O.P. Modi, B.K. Prasad, A.H. Yegneswaran,
M.L. Vaidya, “Dry sliding wear behaviour of
squeeze cast aluminium alloy-silicon carbide
composites”, Mater. Sci. Eng. A 151: 235-

25.

245 (1992).

J. Zhang, A.T. Alpas, “Wear regimes and
transitions in ALO, particulate-reinforced
aluminium alloys”, Mater. Sci. Eng. A 161:
273-284 (1993).



