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Abstract

This study deals with the tribological properties of 2 wt.% of SiC and x wt.% of Gr (x=0, 0.5, 1, 1.5, 2, and 3) nanoparticles
reinforced Al6061 alloy fabricated through ultrasonically assisted casting technique. Microstructure, various elements, particle
sizes, phases, worn surfaces, wear debris are analyzed to understand the tribological behaviour of hybrid nanocomposites.
Microstructural studies revealed the uniform dispersion of SiC and Gr nano-reinforcements in the matrix. Nano-clusters appeared
in the micrographs with the increase of Gr nanoparticles. Density and microhardness of A16061-2SiC-xGr hybrid nanocompos-
ites decreased with the rise of Gr in the composite material. Influence of Gr content on the wear rate and coefficient of friction of
hybrid nanocomposites are studied. Pin-on-disc apparatus is used to carry out the experiments at 5-20 N normal load, 0.5-2 m/s
sliding velocity and 1000-3000 m sliding distance. The wear rate and coefficient of friction of hybrid nanocomposites reduced
with the rise of nano Gr content up to a critical value and then increased. The reduction of wear rate for A16061-2SiC-xGr (x =

0.5, 1, 1.5, 2, and 3) hybrid nanocomposites compared to AA6061 alloy at higher tribological conditions is 20%, 40.2%, 47.3%,
57%, 73%, and 64% respectively. Similarly the reduction in coefficient of friction for A16061-2SiC-xGr (x =0.5, 1, 1.5, 2, and 3)
hybrid nanocomposites compared to Al6061 alloy is 3%, 5.9%, 11.8%, 17.7% and 9% respectively. The wear debris size

decreased with the rise of Gr content in the A16061-2SiC nanocomposite.

Keywords Hybrid metal matrix nanocomposites - Silicon carbide (SiC) - Graphite (Gr) - Wear rate - Wear debris

1 Introduction

In recent trends, the ceramic particles reinforced aluminium
based composites have been used in various fields such as
aerospace, structural, automobile and defense applications
[1-3]. The demand is increasing day by day due to their good
corrosion resistance, higher specific strength and better tribo-
logical properties [2]. It has been identified that the sliding
characteristics of materials are of notable importance in tribo-
logical systems. It is noticed that the hard particles reinforced
aluminum-based composites executed good strength and bet-
ter tribological properties than the unreinforced aluminium
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and its alloys [3]. The strength and tribological properties of
composites are dependent on various parameters such as rein-
forcement particle size (micro or nano), reinforcement con-
tent, reinforcement phase in the base material and type of
fabrication process [4]. To improve the wear resistance of
aluminium based composites researchers were added various
ceramic reinforcement particles such as alumina (Al,O5), bo-
ron nitride (BN), silicon nitride (SizNy), titanium dioxide
(TiO,), boron carbide (B4C), molybdenum disulfide (MoS,),
silicon carbide (SiC), tungsten carbide (WC), tungsten triox-
ide (WO;), titanium carbide (TiC) and titanium diboride
(TiB,) in the aluminum matrix [5-9]. Among them, SiC rein-
forcement particles have proven to be good compatibility with
the aluminium alloys. The SiC reinforced aluminium nano-
composites resulted in improved wear resistance [10, 11]. SiC
reinforced aluminium composites hold the promise for future
growth due to their tailored properties, low cost, good forming
characteristics and mass production capability [12—-14].
Particularly in automobile sector, the SiC reinforced
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aluminium composite elements have been used like pistons,
cylinder liners, connecting rod, gears, valves, pulleys, propel-
ler shaft, engine cradle, bearing surfaces, camshafts, brake
components, truck bodies and engine blocks [15—19]. In this
wide variety of applications, the mechanical and tribological
properties are very important. For better properties researchers
have introduced various fabrication methods for hard nano-
particles reinforced aluminium nanocomposites. The fabrica-
tion techniques such as stir casting, squeeze casting, mechan-
ical alloying and followed by hot compaction, powder metal-
lurgy route, spark plasma sintering, laser deposition, spray
deposition, and friction stir processing were investigated [5,
20-23]. Uniform dispersion of hard nano-reinforcement par-
ticles in the molten aluminium matrix is costly and lengthy
process. Dispersion of nano-reinforcement particles through
liquid metallurgical casting techniques i.e., compo casting and
stir casting is complicated [20] due to the high surface
area to volume ratio of the nanoparticles and poor wettability
with the matrix [5].

Later many modifications have been done by the re-
searchers in various liquid state metallurgical methods and
introduced the ultrasonic-assisted stir casting method for bet-
ter wettability and dispersion of hard nanoparticles in the alu-
minium alloy matrix [24-27]. In this method, nanoparticle
clusters disintegrate into individual particles due to the varia-
tion in pressure gradient with high local temperatures [28-30].
During the ultrasonic process, molten metal purifies and grain
refinement occurs [31]. Qiang et al. [32] fabricated Al/SiC
nanocomposites through ultrasonic assisted stir casting tech-
nique and observed that the grain size of Al-SiC nanocompos-
ites reduced with the addition of SiC nanoparticles. Yong et al.
[33] fabricated A356/SiC nanocomposites through the
ultrasonic-assisted casting method. The results revealed that
SiC nano-reinforcement particles (2 wt.%) were well dis-
persed by reducing the formation of SiC nanoparticle clusters
in the A356 alloy matrix by strong cavitation and acoustic
streaming effects in molten metal. Srivastava et al. [28] pro-
duced Al6061-y (50 nm) Al,Oz (y=1, 2, and 3 wt.%) nano-
composites by ultrasonic assisted stir casting process. The
application of ultrasonic intensity resulted in better dispersion
of Al,O3 nanoparticles in the matrix up to 2 wt.%. The addi-
tion of Al,O3 nanoparticles above 2 wt.% led to poor distri-
bution, clusters of Al,O3 nanoparticles and microcracks were
induced in the Al6061 alloy matrix. Prasad et al. [34] fabri-
cated Al6061-SiC (50 nm) nanocomposites through ultrasonic
assisted stir casting technique. The addition of SiC nanoparti-
cles above 2 wt.% led to the formation of more nanoparticle
clusters and poor distribution in the matrix. The viscosity of
the molten melt increases with the rise of SiC nanoparticle
content in the matrix and which reduces the efficiency of
ultrasonic treatment. Therefore, the reduction in efficiency of
ultrasonic treatment would be resulting in more nanoparticle
clustering [28]. The Al6061-SiC nanocomposites exhibited
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better tribological properties at 2 wt.% of SiC nano-
reinforcement particles. Several investigations have proven
that the ceramic nanoparticles were distributed uniformly in
the alloy matrix through the ultrasonic- assisted casting pro-
cess. Better dispersion of hard nanoparticles in the molten
metal would be depending on the various process parameters
such as processing time, processing temperature, ultra-
sonic pressure, weight percent of nanoparticles and ultrasonic
intensity [35].

The wear rate of sensitive parts such as cylinder heads,
liners, pistons and drive shafts in the automobile assembly
unit has been improved by reinforcing SiC particles in the
aluminum matrix [36]. Zou et al. [37] noticed that the wear
rate of SiC particles reinforced Al-Si-Cu based composites
was lower than that of Al-Si-Cu matrix. The depth of penetra-
tion into the subsurface and plastic flow of pin material on
surface decreased by reinforcing SiC particles in the base ma-
terial. Researchers [38] examined the wear properties of
Al5252/SiC composites with varying reinforcement particle
size. Tribological properties of Al5252-SiC nanocomposites
are good compared to the micron-sized SiC particles rein-
forced Al5252/SiC composites. Micron size particles rein-
forced Al5252/SiC composites has higher wear resistance
when applied normal loads are minimal. The nanoparticles
reinforced A15252/SiC composites revealed superior wear re-
sistance at higher applied normal loads. Mazahery and
Shabani [39] studied the tribological properties of Al6061/
SiC composites with varying average reinforcement particle
size and its content. The hardness of material and applied
normal load on pin have significant influence on tribological
properties during dry sliding of Al6061/SiC composites.
Manivannan et al. [10] examined the tribological properties
of Al6061/SiC nanocomposites. The reports revealed that the
wear rate of nanocomposite is lower than the Al6061 alloy.
Shirazi et al. [11] reported the wear properties of Al6061/SiC
nanocomposites. The study revealed that the rise of SiC con-
tent in the Al6061 alloy material improved the hardness and
reduces the wear loss. Better mechanical and tribological
properties were observed for SiC nanoparticles reinforced alu-
minum based nanocomposites due to the presence of primary
phase SiC nanoparticles and rise of dislocations in the base
material [2]. The SiC nanoparticles act as barriers to the
disloctions movement under applied external loads on the ma-
trix. Many experiments were proved that the incorporation of
SiC nano-reinforcement particles in the aluminium based al-
loy increases the friction between the contact surfaces [40].
Reason for damage of automobile and machine parts are due
to the heavy friction and wear. An appropriate solid lubricant
is added for reducing the coefficient of friction and improving
the wear behaviour of the SiC reinforced aluminium based
composite materials during dry sliding [41].

Researchers were conducted experiments to examine the
wear properties of aluminium based composites by
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introducing SiC as primary reinforcement and a solid lubricant
as secondary reinforcement in the matrix material at various
tribo parameters [42, 43]. Addition of solid lubricant as sec-
ondary reinforcement in the matrix is for better wear proper-
ties and reduction in coefficient of friction of the Al/SiC nano-
composites. Carvalho et al. [44] examined the wear behavior
of AlSi-CNTs-SiC hybrid nanocomposites at dry condition on
reciprocating pin-on-plate. The wear rate was reduced by re-
inforcing CNTs as primary reinforcements and SiC as second-
ary reinforcements in the Al-Si matrix. Babu et al. [45] noticed
the minimal wear loss and friction coefficient for A356-10
vol.%Al1,05—10 vol.% GNF hybrid nanocomposites. Results
show that an enhancement in wear resistance and reduction in
friction coefficient for more than 15 vol.% of GNF (graphite
nanofiber) and Al,O; fiber reinforced composites. This could
be due to the presence of GNFs and Al,C; agglomerations
within the matrix. The Gr particles are the most extensivley
used solid lubricant in the aluminium based matrix due to its
low cost and yield better tribological properties with SiC,
Al,O5 and B4C particles [14, 46]. Aruri et al. [45] described
that the decrease in wear rate of A16061-SiC-Al,O5 and
Al6061-SiC-Gr hybrid composites. Reduction in wear rate is
due to the incorporation of various ceramic reinforcements (i.e
SiC, Al,O5 and Gr). SiC reinforcement particles bear the ex-
ternal applied load and Gr act as a solid lubricant in the
Al6061-SiC-Gr hybrid nanocomposites. Liu et al. [47] exam-
ined tribological properties of Al2014-5vol. %Gr composite.
The Gr reinforced Al2014 alloy based composite revealed
minimum wear loss and friction coefficient than that of base
material. Ames and Alpas [48] studied wear properties of
A356-20%SiC-3%Gr hybrid composite. Results revealed that
higher wear resistance with the introduction of SiC and Gr
particles. Improvement in wear resistance was attributed to
the load bearing effect of SiC reinforcement particles and its
abrasive nature. Ravindran et al. [46] investigated the tribo-
logical properties of Al2024-5 wt.% SiCp-5 wt.% Gr hybrid
composites. Hardness and wear resistance of hybrid compos-
ites improved due to the increase of SiC and Gr nano-
reinforcement particles in the base material. Significant wear
resistance was observed for A12024-5 wt.% SiCp-5 wt.% Gr
based hybrid nanocomposites. Mostafapour and Khandani
[49] examined the A15083-Gr-Al,O5 hybrid nanocomposites.
The nanocomposite with Gr of 75% hybrid ratio resulted in
reduced wear rate and friction coefficient. Suresha and
Sridhara [50] prepared LM25 aluminium alloy-SiC-Gr hybrid
composites. The wear rate of hybrid composites was reduced
than LM25-SiC composites. Jaswinder et al. [S1] specified
that the friction coefficient reduced by reinforcing 6 wt.% Gr
in Al/10 wt.% SiC composite. An increase in mechanical
properties of Al/10SiC/6Gr hybrid composite is due to the
addition of SiC and Gr reinforcements in the matrix.
Basavarajappa et al. [52] produced Al2219/15SiC composite
and Al2219/15SiC/3Gr hybrid composites. Gr reinforced

hybrid composite revealed the lower degree of subsurface
deformation than the non-Gr reinforced composite and the
deformation was increased with rising the sliding velocities.
Manivannan et al. [53] fabricated the A16061-(0.4—1.6 wt.%)
of SiC (50 nm)/(0.5 wt.%) of Gr (20 pm) Gr hybrid nanocom-
posites by ultrasonically assisted casting method. The reports
specified that the wear rate and friction coefficient of the hy-
brid composites were lower than the Al6061 alloy at various
applied normal loads. The incorporation of solid lubricant as
secondary reinforcements in the Al-SiC hybrid nanocompos-
ites improved the tribological properties. There is a scope for
AV/SiC/Gr hybrid nanocomposites in various tribological sys-
tems such as automobile industry and aircraft applications
including engine block, engine valves, pistons and cylinders
due to their good sliding characteristics [16]. Utilization of Al/
SiC/Gr hybrid nanocomposite elements in an automobile as-
sembly unit led to reduce the usage of oil and service cost.

From the literature it is observed that the hybrid nanocom-
posites are better choice compared to nanocomposites.
However, the secondary reinforcement used in previous studies
are micro level or hybrid nanocomposites were fabricated by
other than ultrasonic assisted process. Due to various applica-
tions and better properties of hybrid nanocomposites, in depth
study of its tribological properties is necessary. In the present
study, the Al6061-2 wt.% of SiC-x wt.% of Gr (x=0, 0.5, 1,
1.5, 2 and 3) hybrid nanocomposites are manufactured through
ultrasonically assisted stir casting technique. SiC (50 nm)
and Gr (<1 um) nanoparticles effect on tribological properties
of Al6061/SiC/Gr hybrid composites was examinied.
Tribological properties of these Al6061/2SiC/xGr hybrid
nanocomposites is studied under different conditions.
Scanning electron microscopy (SEM) and Energy dispersive
X-ray spectroscopy (EDAX) were used to study the worn
surfaces and wear debris. Possible wear mechanisms of
Al6061-2SiC-Gr hybrid nanocomposites are discussed
in detail.

2 Materials and Methods

Bharat Aerospace Metals, India supplied the commercial
grade of Al6061 alloy in the T6 condition. The elemental
composition of Al6061 alloy was magnesium (Mg-0.93), sil-
icon (Si-0.52), iron (Fe-0.25), copper (Cu-0.18), manganese
(Mn-0.14), zinc (Zn-0.09), chromium (Cr-0.07), nickel (Ni-
0.03), titanium (Ti-0.01) and aluminium (Al-97.78). 3-SiC
nano-powder of average particle size 50 nm was procured
from US Research Nanomaterials, Inc., USA. Graphite (Gr)
particles of average particle size 500 nm were supplied
by Mknano, M K Impex Corp., Canada. The SiC and
Gr particles were analyzed under transmission electron
microscopy (TEM) to ensure the size of the particles shown in
Fig. 1.
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a SiC nanoparticles

d Gr nanoparticles
Fig. 1 TEM micrographs of SiC and Gr nanoparticles

The schematic view of ultrasonically assisted casting setup
used for manufacturing of hybrid nanocomposites is shown in
Fig. 2. The experimental setup consists of an electrical resis-
tance heating furnace, thermocouples, ultrasonic unit, air com-
pressor for cooling the ultrasonic generator, furnace control
unit, and the argon supply unit. Ultrasonic horn of 20 mm
diameter made up of Ti-10Al-4 V alloy coated with zirconia
(ZrO,) was used to transmit ultrasonic waves at 20 kHz
frequency with maximum power 2.4 kW. A commercially
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Fig. 2 Schematic setup of ultrasonically assisted stir casting
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pure Al6061 alloy ingot of 600 g was melted at 750 °C in a
steel crucible of inner diameter 70 mm, outer diameter
78 mm and length 120 mm. Upon reaching 780 °C, nano-
sized SiC and Gr particles enclosed with aluminium foil and
preheated up to 550 °C and fed into the A16061 alloy mol-
ten melt. The mechanical stirrer was used to mix the nano-
sized SiC and Gr particles into the Al6061 alloy molten
metal for about 10 min. The ultrasonic probe was preheated
to 780 °C and inserted into the A16061 alloy melt to a depth
of about 25 mm for 5 min. The ultrasonic processed molten
composition was poured into a mild steel mold, which was
preheated to 550 °C. The Al6061 alloy, Al6061-2 wt.%
SiC-x wt.% Gr (x=0, 0.5, 1, 1.5, 2 and 3) hybrid nanocom-
posites were fabricated through ultrasonically assisted
casting technique under protective argon atmosphere.
The fabricated nanocomposites are named as 2NC (x =
0), 0.5HNC (x=0.5), IHNC (x=1), 1.5SHNC (x=1.5),
2HNC (x=2) and 3HNC (x =3).

2.1 Material Characterization, Density and Hardness
Measurement

The morphology of materials was characterized using SEM
and EDS of TESCAN Make Model Vega LMU 3. Crystal
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structure and phases of the base alloy, SiC, Gr, and nanocom-
posites were analyzed through XRD. The fabricated
specimens were prepared for SEM studies using 200,
400, 600, 800, 1000, and 1200 grit papers respectively.
After polishing, the specimens were etched with 25 ml
methanol (CH,0), 25 ml hydrochloric acid (HCI), 25 ml
nitric acid (HNOj) and one drop of hydrofluoric acid
(HF) for 40 s. The composite pin specimens and wear
debris were analyzed under SEM after dry sliding wear
test. Density of Al6061 alloy (2.7 g/cm?) [28], SiC
(3.218 g/em?®) [10] and Gr (2.266 g/cm’) [54] was ob-
served from the literature. The theoretical, experimental
density and microhardness [55] measurement methods was
discussed in reference [34]. The average microhardness value
was noted from six readings.

2.2 Wear Rate Measurement

Wear tests were conducted as per G 99—05 ASTM standards
using the pin-on-disc setup of Magnum Model-TE-165 [34,
56]. Wear test process parameters used in experiments is
shown in Table 1. The pin samples were cleaned with acetone
before performing the wear tests. After performing the wear
test, wear rates were calculated from Egs. 1 and 2. All the tests
were repeated for three times and the average value was taken
individually.

i—m
AV, = iy

(1)

AV,

W, = D (2)

Where, AV, volume loss; (m; — m,) change in mass; p den-
sity of pin specimen; SD is sliding distance of pin and W,
volume metric wear rate.

3 Results and Discussion
3.1 Microstructure and Phase Analysis of Materials

Figure 3 represents the SEM micrographs of Al6061 alloy,
2NC nanocomposite, 0.5SHNC, 1HNC, 1.5SHNC, 2HNC,
and 3HNC hybrid nanocomposites. Figure 3a indicates
the unreinforced Al6061 alloy. Figure 3b shows the micro-
structure of 2NC nanocomposite. The grayish white SiC
nanoparticles are present in Al6061 alloy matrix and uni-
formly distributed in the matrix. However, few smaller SiC
particle clusters are observed in the matrix. Figure 3c, d, e,
f, and g depicts the microstructure of 0.5SHNC, 1HNC,
1.5HNC, 2HNC, and 3HNC hybrid nanocomposites. It re-
veals that SiC and Gr nano-reinforcements are dispersed
uniformly in the Al6061 alloy matrix. However, small-
scale nano-clusters appeared in the microstructure with
the rise of Gr quantity in the matrix.

XRD analysis of A16061 alloy, SiC, Gr, 2NC nanocom-
posite, 0.5SHNC, 1HNC, 1.5SHNC, 2HNC, and 3HNC hy-
brid nanocomposites is presented in Fig. 4. The properties
of the nanocomposites are influenced by the nature of the
reinforcing material used. XRD studies have been used for
identification of phases in the nanocomposites. The
phases of nanocomposites are recognized through JCPDs
software. In XRD pattern peaks(20) have been observed in
the ranging from 20° to 90°. XRD spectrum confirms the
presence of strong diffraction peaks at 26 values of 38.43°
for (111), 44.56° for (020), 64.94° for (022), 78.3° for
(311), and 82.14° for (222) planes belongs to aluminium
(JCPDS Card N0.89-4037). The strong diffraction peaks
at 20 values 0f 35.68° for (111), 41.44° for (200), 60.1° for
(220), 71.8° for (311) planes belongs to SiC (JCPDS Card
No. 74-2307). The strong diffraction peaks at 20 values of
35.68° for (111),44.38° for (101), 54.57° for (004), 72.71°
for (110) planes belongs to C (JCPDS Card No. 75-1621).

Table 1 Tribological test process

parameters used in experiments Tribological parameters (Units)

Experimental Conditions

Applied normal load (N)
Sliding speed (nv/s)

Sliding distance (m)

Materials

Temperature (°C)

Humidity (%)

Surface roughness, Ra (pm)
Repeated test for each sample
Pin diameter (mm)

Pin length (mm)

EN31 steel disc diameter (mm)
EN31 steel disc thickness (mm)

5,10, 15, 20
05,1,15,2
1000, 2000, 3000
Al6061 alloy, 2NC, 0.5HNC, 1HNC, 1.5HNC, 2HNC, 3HNC
25+2

67+2

0.21

3

8

25

165
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Fig. 3 SEM micrographs of Al6061 alloy based materials

The intensity of peak is lower for C and SiC due to lower 3.2 Density and Hardness of Pin Materials

content in the matrix. The intensity of peaks of C doesn’t
appear in the 0.5HNC and 1HNC hybrid nanocomposite
due to its lower content in the matrix.
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Table 2 Density and
microhardness of various Properties/Materials Theoretical Experimental Porosity (%) Microhardness (HV)
materials density (g/cm’) density (g/em’)

Al6061 alloy 2.7 2.685 0.56 52+3

2NC 2.74 2.709 1.13 91+4

0.5HNC 271 2.669 1.51 89+2

THNC 2.704 2.648 2.1 87+2

1.5HNC 2.701 2.603 2.5 85+2

2HNC 2.698 2.594 2.9 83+2

3HNC 2.695 2.569 32 76+3

0.5HNC, 1HNC, 1.5HNC, 2HNC, and 3HNC hybrid nano-
composites represented in Table 2.

It is noticed that the density of hybrid nanocomposites re-
duced due to the presence of a lower density of Gr powder
compared to the nanocomposite and base material. Density of
0.5HNC, 1HNC, 1.5HNC, 2HNC, and 3HNC hybrid nano-
composites is decreased by 1%, 1.4%, 3.1%, 3.4%, and 4.3%
respectively. Porosity of Al16061-2SiC-xGr hybrid nanocom-
posites increased with the increase of wt. % Gr in the matrix.
This would be attributed to the rise in contact surface area of
Gr nanoparticles with air and more quantity of air oc-
cupy some space in the molten metal during ultrasonic
operation. Similarly the rise in porosity of nanocompos-
ites reported with increase of weight percent in the ma-
trix [57]. Microhardness of hybrid nanocomposites in-
creased compared to base alloy and decreased compared
to nanocomposite. The reduction in microhardness of
the Al6061-2SiC-xGr hybrid nanocomposites could be
due to the presence of Gr. The Gr being soft allotrope
of carbon and acts as a solid lubricant. The Gr will ease the
grain movement along slip planes due to its weak van der
Waals forces of parallel thin plates.

3.3 Wear Rate of Pin Materials

Wear rate of Al6061 alloy, 2NC nanocomposite, 0.5SHNC,
ITHNC, 1.SHNC, 2HNC, and 3HNC hybrid nanocomposites
is presented in Fig. 5. Figure 5a, b represent the wear rate of
materials with respect to applied normal load at 0.5 m/s,
1000 m (named as Vi D) and 2 m/s, 3000 m (named as
VuDy) conditions respectively. Figure Sc, d indicate the wear
rate of hybrid nanocomposites as a function of sliding velocity
at 5N, 1000 m (named as L; D;) and 20 N, 3000 m (named as
LyDy) conditions respectively. Figure Se, f depict the wear
rate of hybrid nanocomposites as a function of sliding distance
at 0.5 m/s, 5 N (named as V;L;) and 2 m/s, 20 N (named as
VyuLy) conditions respectively. The test conditions 5 N,
1000 m and 0.5 m/s; 5 N, 3000 m and 2 m/s; 20 N, 1000 m
and 0.5 m/s; 20 N, 3000 m and 2 m/s are named as L; D; V1,
L1 DgVh, LD Ve and LyDyVy respectively. It is identified
that the wear rate of all materials increased gradually with the

rise of applied normal loads [40]. The higher wear rate is
found in unreinforced Al6061 alloy compared to composite
materials. This would be attributed due to less wear resistance
of unreinforced Al6061 alloy at all applied normal load con-
ditions. During dry sliding, counteracting of hard asperities
would lead to the formation of large grooves with a higher
depth of penetration and larger deformation of surface leads to
more wear rate [58]. It is identified that the wear rate of ma-
terials rises with the increase of sliding velocity and sliding
distance. Temperature at the interaface of the composite pin
and EN31 steel disc increases with rise of sliding ve-
locity and which induces the oxidation phenomenon.
Heavy heat dissipation at the interfaces of the pin and
EN31 steel counterface reflects on chemical structure of
the pin material [59]. The rise of temperature at the
interface would be resulting in higher wear rate of ma-
terial due to the worn-off of lubricating film [60]. In
many studies, researchers have been reported that the
tribo-layer worn off with the increase of contact surface
temperature and thus results in higher wear rate [61]. It
is identified highest wear rate for unreinforced Al6061
alloy as compared to 2NC nanocomposite and hybrid nano-
composites at all conditions.

It is observed that 2NC nanocomposite revealed good wear
resistance than base material. This would be due to the forma-
tion of mechanically mixed layer (MML) of soft A16061 alloy
matrix and hard ceramic nano-sized SiC particles. SiC nano-
particles mixed with MML and reduce the transfer of material
from the pin surface and hence improves the wear resistance
[62]. The SiC nanoparticles act as a barrier to the external
applied load and increase the hardness of nanocomposite.
Due to the higher hardness and smaller size, as the detached
SiC nanoparticles rolled between the surfaces and played a
part in a three-body abrasion mechanism by contributing to-
wards abrading the two mating surfaces [63, 64]. These hard
asperities of EN31 steel chips and SiC nanoparticles
penetrate furthermore into the matrix with the rise of
loads and sliding velocity. The rise in temperature intro-
duces the oxide layer formation with the mixer of SiC
nanoparticles at LyDyVy conditions. At the interface,
harder asperities penetrate into the pin surface and
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damage the oxide layer at higher load and sliding ve-
locity and hence increase in the wear rate [65, 66]. As
can be seen that from the Fig. Se, f, the sliding distance
doesn’t affected much on the wear rate as compared to the
effect of load and sliding velocity. Favourable effect of SiC
nanoparticles in improving the wear resistance has also been
reported by other researchers [11, 67].

It is noticed from Fig.5, the wear rate of 0.5SHNC, 1HNC,
1.5SHNC, 2HNC, and 3HNC hybrid nanocomposites reduced
with increasing the Gr content in the base material and raised
with increasing the applied normal loads and sliding velocity.
This would be attributed due to the continuous supply of Gr,
the formation of Gr thick film and spreading over the contact
surface of the pin without peeling off. Incorporation of Gr as a
secondary phase in the soft matrix result in the formation of a
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more stable lubricating layer on the tribo-surface of hybrid
nanocomposites compared to the base alloy and nanocompos-
ite [8]. Reduction in wear rate of the hybrid nanocomposites
with rise of Gr content would be related to the dual phase
effect of SiC and Gr nanoparticles in the formation of stronger
MML on the contact surface. The aluminium based hybrid
composites consisting of dual phases of SiC and Gr particles
in the matrix possess better tribological properties than the Al-
SiC based composites and alloy. In another report specified
that rise in sliding velocity as a function of load is expected
rise in surface temperature and more severe wear [68]. It can
be seen that from Fig. 6 that the wear rate of all hybrid nano-
composites has lower wear rate than alloy and nanocomposite.
The reduction in wear rate for 2NC nanocomposite, 0.5SHNC,
ITHNC, 1.5HNC, 2HNC, and 3HNC hybrid nanocomposites
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compared to Al6061 alloy at LyDyVy is 20%, 40.2%, 47.3%,
57%, 73%, and 64% respectively. The sudden reduction is
observed in wear rate for 3HNC hybrid nanocomposite. This
would be attributed to the formation of a thick lubricating Gr
layer on the tribo-surface, porosity, and cracks [69]. The thick
lubricating Gr layer peels off from the pin surface at ViyLy
conditions.

3.4 Coefficient of Friction of Pin Materials

The average friction coefficient values of Al6061 alloy, 2NC
nanocomposite, 0.5SHNC, 1HNC, 1.5HNC, 2HNC, and
3HNC hybrid nanocomposites is presented in Fig. 7. It is
identified that from Fig. 7a, b the average coefficient of fric-
tion increased with increasing loads on pin irrespective of
materials. Reports revealed that the friction coefficient in-
creased by incorporation of SiC nanoparticles in the base ma-
terial. It would be attributed to the appearance of cubic struc-
tured beta-SiC nanoparticles in the base material [70].
However, the friction coefficient reduced with rise of Gr nano-
particle content in the 2NC nanocomposite at a particular ap-
plied normal load. The average friction coefficient values of
the hybrid nanocomposites is lower than the 2NC nanocom-
posite and base alloy. The hard SiC nanoparticles withstand
the load and Gr nanoparticles acted as a solid lubricant and
reduce the pin-counterface contact area and resulted in reduc-
tion of the friction coefficient values [71]. Increase of friction
coefficient values would be attributed due to the rise of the
depth of penetration with an increase of tangential loads on the
pin. However, at higher applied normal load conditions, the
strong interface bond between SiC, Gr nanoparticles, and the
matrix tend to breaks down and the average coefficient of
friction values increases significantly. Figure 7c, d represent
the friction coefficient values with respect to sliding velocity.
Results reveal that the average friction coefficient values
redues slightly with rise of sliding velocity for all materials.
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Fig. 6 Wear rate of Al6061 alloy based materials at Li;DyVy; condition

It is identified that the friction coefficient values is lower at
higher sliding velocity. It would be attributed to the softening
of both the composite pin specimen and the EN 31 steel disc
during dry sliding. At higher sliding velocity, the frictional
heat is higher resulting in a higher flash temperature at the
contact points [72]. Incorporation of Gr nanoparticles mini-
mizes the heat generation due to friction by its lubricity.
Further reduction in the friction coefficient values in the case
of hybrid nanocomposites at higher sliding velocities would
be due to the introduction of Gr tribo-layer on the contact
surface.

Figure7e, f depict the friction coefficient values with re-
spect to sliding distance. The variation of friction coefficient
values is very high throughout the beginning stages of sliding
and decrease with sliding distance, as seen in Fig. 8. The
friction coefficient values reduce slightly with the increase
of sliding distance. The decrease in the friction coefficient
values is related to the type of wear mechanism [54].
Interactions of hard asperities at the interface would influence
the friction coefficient values during dry sliding period [60].
This would be due to the formation of the mixer of SiC and Gr
nanoparticles with the MML layer and which reduces the fric-
tion coefficient. Decrease of friction coefficient of hybrid
nanocomposite is due to the hexagonal structure of graphite
and which act as a solid lubricant [69]. The exhibited results
shown in Fig. 8 reveals that the lower friction coefficient for
2HNC hybrid nanocomposite compared to all materials. The
reduction of the coefficient of friction of 0.5HNC, 1HNC,
1.5HNC, 2HNC, and 3HNC hybrid nanocomposites com-
pared to Al6061 alloy at LyDyVy is 3%, 5.9%, 11.8%,
17.7%, and 9% respectively. The experimental results also
confirm the increase of coefficient of friction for 3HNC hybrid
nanocomposite with more than 2 wt% of Gr addition. After
reaching the critical value of Gr addition increases the
formation of thick Gr tribo-layer on the worn surface
would be pealing-off from the surface and causes the
higher depth of penetration of asperities on the counter
surface and leads to larger resistance to its sliding
movement. The wear resistance of the aluminium based
materials increased by the addition of Gr reinforcement
particles more than the critical value resulted in increasing the
coefficient of friction [73].

3.5 Worn Surfaces of Pin Samples

Figures 9, 10, 11 and 12 represent the worn surfaces of
A16061 alloy, 2NC nanocomposite, 0.5SHNC, 1HNC,
1.5HNC, 2HNC and 3HNC hybrid nanocomposites at
Ly D Vi, LiDyVy, LyD Ve and LyDyVy conditions. In
Figs. 9a and 10a indicate the worn surfaces of Al6061 alloy
at 5 N applied load, lower and higher sliding distance, and
sliding velocity conditions respectively. It can be observed
that parallel grooves, scratches, and plastic deformation at
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Fig. 7 Friction coefficient (FC)
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Ly DV condition. Deep grooves, shallower scratches and
plastic flow are observed at L; Dy Vy condition. In Figs. 11a
and 12a depict the worn surfaces of A16061 alloy at LDV,
condition. It can be seen that deeper parallel grooves,
scratches and higher plastic flow at LyD; V[ condition. Deep
grooves, shallower scratches and turbulent flow of material is
observed at L; DV condition. The execution of grooves and
scratches on pin surface would be the evidence of abrasive
wear mechanism (denoted as A). The plastic flow occurred
on the surface in the sliding direction with a row of furrows is
an indication of adhesive wear mechanism (denoted as B).
The increase of either load or sliding velocity increases
the plastic deformation with the higher depth of pene-
tration [74]. It is attributed to the lower hardness of unrein-
forced Al6061 alloy.
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In Figs. 9b and 10b represent the worn surfaces of 2NC
nanocomposite at Ly D; Vi condition. Formation of smaller
scratches in the sliding direction is evident of abrasive wear
mechanism (denoted as A). The SEM micrograph of the worn
surface of 2NC nanocomposite reveals that the delamination
mechanism (denoted as D) in the sliding direction. It reveals
that the lower plastic deformation in the sliding direction and
which is lower than the unreinforced Al6061 alloy at Ly D; V.
condition. It reveals that the delamination of material in the
sliding direction at L; DyyVy; condition. In Figs. 11b and 12b
represent the worn surfaces of 2NC nanocomposite at
LDV condition. The worn surface of 2NC nanocomposite
reveals that the shallower scratches with higher plastic de-
formation at LyD;Vy condition. The worn surface of 2NC
nanocomposite reveals the turbulent plastic flow of
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material in the sliding direction at LDV condition. The
depth of penetration is less compared to the unreinforced
alloy at all conditions. This would be attributed to the pres-
ence of nano-sized SiC reinforcement particles in the
Al6061 alloy matrix and which hinder the plastic flow of
material during dry sliding.

Figures 9¢c,d and e, 10c,dand e, 11c,d and ¢, 12¢,d and e
shows the worn surfaces of 0.5HNC, 1HNC and 1.5HNC
hybrid nanocomposites at L; D; Vi, L DyVy, LDV, and
LuDuVy conditions. It is identified that the Gr thin film

Time (sec)

(denoted as G) spread over the surface but not covered the
entire surface. The worn surface of hybrid nanocomposites
reveals that the lower plastic deformation at L; D; V| condi-
tions. At this condition depth of penetration is lower than the
unreinforced alloy and 2NC nanocomposite. It is observed
that more depth of penetration, where the Gr thick layer is
not present on the pin surface at Ly DyVy condition. The un-
covered surface reveals the higher plastic deformation and
obtained wear mechanism is abrasive wear at LyD; V. condi-
tion. It is observed that the Gr thin film formed with gaps on

Fig. 9 SEM micrographs of worn surfaces at Ly DV condition (a) Al6061 alloy, (b) 2NC, (¢) 0.5HNC, (d) IHNC, (e) 1.5HNC, (f) 2HNC, and (g)

3HNC
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Fig. 10 SEM micrographs of worn surfaces at Ly Di;Vy; condition (a) Al6061 alloy, (b) 2NC, (¢) 0.5HNC, (d) 1HNC, (e) 1.5HNC, (f) 2HNC, and (g)

3HNC

the worn surface at L;Dy; Vi condition. This is due to lack of
continuous supply of Gr thin film on the pin surface during
dry sliding wear. The increase of Gr content in the matrix
decreases the groove formation and depth of penetration.
Available Gr content on the worn surface acts as a solid lubri-
cant and which prevents the severe damage of the pin material.
It is found that at low Gr content in the 2NC nanocomposite,
the effect of Gr as a solid lubricant in dry sliding condition is
very less.

Figures 9f, 10f, 11f and 12f show the worn surfaces of
2HNC hybrid nanocomposite at Ly DV, Ly DyVy,
LuD1Vy and LyDyVy conditions. On the worn surface of
the hybrid nanocomposite, the thick Gr film is spread over
the surface without gaps and cracks at all conditions. It is
observed that the Gr thin film well distributed over the worn
surface and executed the abrasive wear mechanism. During
dry sliding the sheared Gr particles forms thick lubricating
layer and reduce the direct contact of pin and steel counter

Fig. 11 SEM micrographs of worn surfaces at LD Vi condition (a) A1 6061 alloy, (b) 2NC, (¢) 0.5HNC, (d) 1HNC, (e) 1.5HNC, (f) 2HNC, and (g)

3HNC
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Fig. 12 SEM micrographs of worn surfaces at LDy Vy; condition (a) Al6061 alloy, (b) 2NC, (¢) 0.5HNC, (d) IHNC, (e) 1.5HNC, (f) 2HNC, and (g)

3HNC

face. The depth of penetration is less compared to lower con-
tent Gr reinforced hybrid nanocomposites, unreinforced alloy
and 2NC nanocomposite. Figures 9g, 10g, 11g and 12g shows
the worn surfaces of 3HNC hybrid nanocomposite at Ly D Vi,
LiDyVy, LuyD Ve and LDy Vy conditions. It is observed
that the Gr layer sheared and spread over the worn surface
during dry sliding at 5 N load conditions. At 20 N load con-
ditions the micrographs reveal that the Gr thick film spread
over the surface and peeling off Gr film in some area. It would
be attributed to oversupply of Gr on the surface LyDyVy
condition. Due to the peeling off Gr thick film from the sur-
face, increases the depth of penetration and which is less com-
pared to the unreinforced Al6061 alloy and 2NC nanocom-
posite. Due to the continuous supply of Gr reaches to the
saturated state during dry sliding and the Gr thick film peeling
off from the worn surface then executed the abrasive wear
mechanism. The addition Gr content in the 2NC nanocompos-
ite above the critical value, it is found that the due to the
release of Gr to the worn surface during dry sliding Gr thick
film forms and Gr film peeling off from the pin surface and
increases the wear rate.

3.6 EDAX Analysis

Figures 13 and 14 represent the EDAX analysis of 2HNC
hybrid nanocomposite at conditions Ly D; V| and LyDyVy
conditions. The elemental analysis of the worn surface reveals
that the mixture of constituents from pin material, disc mate-
rial and iron based oxide compounds. From the EDAX

analysis it can be seen that the peaks of carbon (C), iron
(Fe), aluminium (Al), silicon (Si), and oxygen (O).

The EDAX analysis of Gr thick layer covered area of
worn surface of hybrid nanocomposite tested at 5 N load
condition reveals that the low intensity of Al, Fe and O,
high intensity of C peaks. The higher intensity C peak
reveals that the presence of smeared nano Gr on pin worn
surface. The presence of higher intensity of C peak min-
imizes the plastic deformation of Al6061 alloy matrix.
The EDAX of Gr uncovered layer (named as spectrum
2) worn surface of hybrid nanocomposite reveals low in-
tensity of C peak, higher intensity of Al, Fe, and O peaks
at 5 N load condition. Worn surface of Gr thick layer
covered hybrid nanocomposite tested at 20 N load condi-
tion reveals higher intensity of C, O, and Fe peaks and
low intensity of Al peak. At similar conditions the uncov-
ered (named as spectrum 2) Gr thick film area exhibited
high intensity of Al peak and low intensity of Fe where as
O peak at 20 N load condition. It indicates that the higher
plastic deformation due to absence of Gr film on the worn
surface.

3.7 Wear Debris of Pin Materials

Figure 15 represents the wear debris of Al6061 alloy, 2NC
nanocomposite and 2HNC hybrid nanocomposite. In
Fig. 15a indicates that the larger size wear debris produced
from Al6061 alloy during dry sliding condition. Formation of
large size wear debris would be attributed to the severe plastic
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Fig. 13 EDAX analysis of 4HNC
hybrid nanocomposite worn
surface at L; D; V| condition

#

60pm

deformation with higher depth of penetration of hard asperi-
ties of steel disc counter face during dry sliding condition.
From Fig. 15b represents the A16061 alloy matrix is filled with
SiC nano-reinforcements with lower inter particle spacing and
which increases the dislocation density.

The medium size wear debris produced from 2NC nano-
composite. The production of medium size wear debris may
be due to the application of external loads starts yielding of
dislocation pile up in the subsurface of the pin material [75].
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The contact profile of 2NC nanocomposite shows the yielding
of dislocation piles up, which lead to crack initiation and
propagates towards subsurface layer. The SiC nano-
reinforcement particles come out from the subsurface and
combined with the MML and increase the wear resistance.
The SiC nano-reinforcement particles resist the hard asperities
from the steel disc counter face and hence reduce the plastic
deformation and higher depth of penetration. From Fig. 15c it
is observed that the lower inter particle spacing for 2HNC
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Fig. 14 EDAX analysis of 2HNC
hybrid nanocomposite worn
surface at LyDy;Vy condition

100pm
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hybrid nanocomposite. It would be due to the rise of disloca-
tions with the addition SiC and Gr nano-reinforcements in the
matrix. It is seen that the lower depth of penetration and MML
with SiC and Gr nano-reinforcements in the contact profile of
2HNC hybrid nanocomposite. It is observed that the finer size
wear debris produced from 2HNC hybrid nanocomposite dur-
ing dry sliding wear. The size reduction of wear debris of
2HNC hybrid nanocomposite would be due to the production
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of continuous thick Gr layer on the pin contact surface mixed
with MML and SiC nano-reinforcements. The hard particle
dislocation density increases in the thick Gr layer which leads
to reduction of contact between the pin surface and steel disc
counter face. Figure 16 shows the EDAX analysis of wear
debris of 2HNC hybrid nanocomposite. It reveals that the
existence of iron and oxygen in the wear debris. The appear-
ance of iron in the wear debris implies the transfer of iron from
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Fig. 15 Schematic view of wear
generation model including wear
debris of A16061 alloy, 2NC
nanocomposite and 2HNC hybrid
nanocomposites
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Fig. 16 EDAX analysis of wear
debris of 2HNC hybrid
nanocomposite

the EN31 steel disc to the worn surface of hybrid nanocom-
posite pin. Hard asperities at the interface of mating parts
penetrate into the oxide layer and damage the oxide mixed
layer. The presence of a high oxygen peak confirmed the
oxidation process and the iron indicates the materials transi-
tion by adhesion at higher load 20 N.

4 Conclusions

The various nanocomposites such as 0.5SHNC, 1HNC,
1.SHNC, 2HNC and 3HNC nanocomposites.are successfully
produced through ultrasonically assisted casting technique.
The following conclusions are drawn from the present study.

*  SEM micrographs reveals uniform distribution of SiC and
Gr nano-reinforcements in the Al6061 alloy matrix.
However, small scale nano-clusters appeared in the micro-
structure with an increase of Gr.
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XRD pattern of hybrid nanocomposites exhibited the
C and SiC peaks. The peaks are appeared when the
content of Gr is higher quantity in the 2NC
nanocomposite.

Density of 0.5SHNC, 1HNC, 1.5SHNC, 2HNC and 3HNC
hybrid nanocomposites is decreased byl%, 1.4%, 3.1%,
3.4%, and 4.3% respectively. The density of hybrid nano-
composites lowered due to the presence of lower density
of Gr powder compared to the nanocomposite and base
material.

The average microhardness of Al6061 alloy, 2NC nano-
composite, 0.SHNC, 1THNC, 1.SHNC, 2HNC and 3HNC
hybrid nanocomposites is observed to be (52 £ 3 HV), (91

+4 HV), (89+2 HV), (87+2 HV), (85+2 HV), (83 +

2 HV), and (76 £3 HV) respectively. Microhardness of
hybrid nanocomposites increased compared to base alloy
and decreased compared to nanocomposite. The reduction
in microhardness of the hybrid nanocomposite could be
due to presence of Gr.
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* Reduction in wear rate of 2NC nanocomposite, 0.5SHNC,
ITHNC, 1.5HNC, 2HNC and 3HNC hybrid nanocompos-
ites compared to Al6061 alloy at LDy Vy condition is
20%, 40.2%, 47.3%, 57%, 73%, and 64% respectively.

* Reduction in friction coefficient for 2NC nanocomposite,
0.5HNC, 1HNC, 1.5HNC, 2HNC and 3HNC hybrid
nanocomposites compared to Al6061 alloy is 3%, 5.9%,
11.8%, 17.7%, and 9% respectively.

* The wear debris size decreased by reinforcing nano Gr in
the 2NC nanocomposite.

4.1 Future Scope

The effect of cryogenic treatment on wear behaviour i.e., sub-
surface defromation, fretting wear, adhesive wear, two
body and three body abrasive wear etc. can also be
studied for Al-2SiC-Gr hybrid nanocomposites. Further,
this study can be extended for various lubricating conditions
with varied parameters.
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