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Abstract
In this present study Al-10% SiC- X % Kaoline (X= 0, 2, 4, 6, 8) HMMC synthesized by spark plasma
sintering technique. The fabricated HMMC samples corresponding to maximum compression strength
was subjected to tribological investigation under dry, oil and nano�uids lubricating conditions. Nano�uid
lubricants were developed by incorporating SiC nanoparticles with weight percentages of 1 wt%, 1.5 wt%
and 2 wt% into the soluble oil. The thermal conductivity was found to be increased with increasing the wt
% of SiC nanoparticles and the maximum thermal conductivity of 0.771 W/m.K was obtained for the
nano�uids with 2 wt% SiC nano�uids. Sliding wear test was conducted on the pin-on-disc tribometer at
40 N load and sliding speed of 1500 r.p.m for a sliding of 180 s. Results reveal that there was a
signi�cant effect of the lubricating conditions (dry, oil and nano�uids) on the wear and C.O.F of the
HMMC pin surface. The minimum wear of 119 microns and minimum C.O.F of 0.11 was obtained for
nano�uid with 2 wt% SiC nano�uid lubricating conditions. SEM analysis of worn surface under dry and
soluble oil lubricating conditions reveal the presence of microcracks and delaminations wear. However,
worn surface with smooth grooves and absence of microcracks was identi�ed under nano�uid
lubricating conditions.

1 Introduction
The intrinsic properties of aluminium such as low density, high resistance to corrosion, better thermal
conductivity and high strength to weight ratio made it suitable as a matrix material in MMC to fabricate
components like automobile pistons, brake discs and automobile bodies

etc.,[1, 2]. However, the lower hardness and poor wear resistance of aluminium made limited applications
in the tribological environment. Therefore, reinforcement particles were incorporated into the aluminium
matrix to enhance the mechanical and tribological properties of the material [3]. Reinforcing ceramic
Al2O3, SiC, TiC and WC into the softer aluminium matrix enhance the wear resistance, creep and yield
point of the material [4]. Among available ceramic reinforcements, SiC reinforced MMC exhibits better
mechanical and anti-wear characteristics [5]. However, Incorporating single SiC reinforcement enhances
the brittleness and C.O.F to the composite specimen. To eradicate this di�culty, ductile and self-
lubricated secondary reinforcements were added to the aluminium matrix material [6]. Despite all
fabricating methods available, the Spark plasma sintering technique was adopted due to higher sintering
rate, lesser porosity defects and the possibility of obtaining nearly net-shaped products [7, 8]. Amra et al.,
[9] studied the wear and frictional behaviour of Al5083/CeO2/SiC HMMC and concluded that minimum

wear rate of 4 × 10− 3 mm3/m obtained for Al5083/CeO2/SiC HMMC when compared to Al5083/SiC MMC
due to the existence of self-lubricating property of the CeO2 reinforcement particles. Umanath et al., [10]
investigated dry sliding wear characteristics of Al6061/ SiC/Al2O3 HMMC against the counter steel disc.
Results reveal that the 15 % reinforced HMMC exhibits superior anti-wear performance than the 5 %
reinforced HMMC. In addition to this, the worn surface of the HMMC sample con�rms the presence of
tear ridges and cracked SiC and Al2O3 reinforcement particles indicating combined ductile and brittle
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fracture of HMMC specimen. Halil Karakoc et al., [11] examined the wear behaviour of Al6061/SiC/B4C
HMMC composite fabricated through powder metallurgy technique. Results concluded that a lower rate
of 1.4 × 10− 13 mm3/m was achieved for the Al6061/9% B4C/3%SiC HMMMC for 100 m sliding distance
at an applied load of 15 N. Mehta et al.,[12] studied the wear properties of aluminium and magnesium
alloys under wet and dry lubricating environments and claimed that wear rate of the fabricated pin
materials depends on the lubricating conditions. Further, to enhance the wear and thermal properties,
nano�uids with nanoparticles of higher thermal conductivity were used as lubricants [13]. Singh et al.,
[14] studied the tribological behavior of Al6061/SiC/Gr HMMC under MWCNT-in-oil and surfactant
functionalized MWCNT-in-oil lubricating conditions. Results reveal that wear rate of the HMMC pin
specimen was reduced by 5 and 6 times respectively for the respective lubricating conditions due to the

formation of tribo�lm and the enhanced retaining stability of the lubricants between the matting
surfaces.

From the above literature, it was concluded that limited work was carried on the tribological behaviour of
the aluminium HMMC reinforced with naturally available reinforcements. Kaoline is a naturally available
clay material that contains oxides of Al, Si, Zn, Mg and Fe which improves the mechanical and anti-wear
characteristics of the aluminium matrix [15]. In addition to this, kaoline clay contains self-lubricating
properties and the presence of magnesium in the kaoline clay improves the wettability between the
interface particles [16]. Therefore, In this present study, an attempt has been made to investigate the
tribological behaviour of the Spark Plasma Sintered Al- SiC-Kaoline HMMC under the dry, wet and
nano�uids with SiC nanoparticles lubricating conditions.

2 Materials And Methods
The Aluminium powder (purity 99%) mixed with a pre-measured quantity of SiC reinforcement having a
particle size less than 30 µm (refer Fig. 1 (a)) and kaoline reinforcement having a particle size less than
30 µm (refer Fig. 1 (b)) to fabricate Al-10% SiC-X % Kaoline (X = 0, 2, 4, 6, 8) HMMC specimens. Aluminium
powder was selected as a matrix material due to the existence of intrinsic properties such as lesser
density (2.7 g/c.c), high strength to weight ratio and better corrosion resistance [17]. SiC was used as
primary reinforcement as it possesses high compression strength (3900 MPa), higher hardness (280
BHN) and high melting point (27300 C) [18]. The existence of harder ceramic reinforcements and the
presence of higher melting temperature (7400 C) makes kaoline clay as the suitable secondary
reinforcement in this study [19, 20]. The sequence of processing steps followed during the fabrication of
composite specimens was shown in Fig. 2. Initially, The measured quantity of matrix and reinforcement
powders were loaded in chromium hardened steel vial with a 10:1

ball to powder ratio. 1 wt% stearic acid was mixed with these powders to avoid the cold welding between
the powder particles. Ball milling was performed in RESTECH 100 planetary ball mill at a speed of 300
rpm for 3 h to disperse the reinforcements uniformly throughout the matrix and to induce the strain
hardening effect in the powder particles. The entire ball milling setup was sealed with inert gas (Ar)
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atmosphere to prevent the contamination and oxidation of aluminium powder during the milling process
[21, 22]. These milled powders were charged into a graphite die and subjected to the simultaneous

application of 35 MPa pressure and 2 KW power supply by using an automated SPS machine (FCT
syateme, HP D-5 type, Rauenstein, Germany) [23]. To measure the sintering temperature during the SPS
process, a thermocouple was inserted into the graphite die through a drilled hole. A thin graphite sheet
was wrapped around the inner walls of the die for easy ejection of sintered specimens and to reduce the
friction between the die wall and the composite specimen [24].

2.2 Preparation of SiC Nano�uids
SiC nanoparticles having a size less than 100 nm were procured from Paraswamanai metals Mumbai.
SiC nano�uids were prepared by using a two-step method. The SiC nanoparticles were charged into the
base �uid (ethylene glycol) by varying the weight percentage of SiC nanoparticles i,e., 1 wt. %, 1.5 wt. %
and 2 wt.%. This mixture was subjected to the stirring process by using a magnetic stirrer at a speed of
650 rpm [13]. An ultrasonic processor (FS-300 N, 300 W, and 24 Hz) with a probe diameter of 8 mm was
utilized for the uniform distribution of SiC nanoparticles in the Ethylene glycol mixture. The ultrasonic
sonication process was done for 15 h for each sample in a 100 ml beaker kept at room temperature as
shown in Fig. 3 [25].

3. Characterization Techniques

3.1 Measurement of thermal conductivity for SiC Nano�uids
The Thermal conductivity of nano�uids takes part a signi�cant role in absorbing and transferring heat
between the contact surfaces. In this study, Hot disc thermal constant analyzer was employed to
compute the thermal conductivity of SiC nano�uids. The thermal conductivity of SiC nano�uids was
assessed at 250C by varying the SiC nanoparticles concentration such as 1 wt.%, 1.5 wt.% and 2 wt.%.
Figure 4 depicts the variation of thermal conductivity of SiC nano�uids with wt.% of SiC nanoparticles.
The thermal conductivity of nano�uids was found to be increased with an increase in wt. % of SiC
nanoparticles and the

maximum thermal conductivity of 0.771 W/mk was obtained at 2 wt%. SiC nanoparticles. This
enhancement in thermal conductivity was attributed due to the increment in the incorporation of high
thermal conductive SiC nanoparticles in a �xed volume of ethylene glycol [26]. Incorporation of SiC
nanoparticles of more than 2 wt.% leads to the agglomerations of the nanoparticles which are prone to
reduction in thermal conductivity of nano�uids as shown in Fig. 5.

3.2 Characterization of HMMC specimens
The elemental phases present in the HMMC samples was con�rmed by using a fully automated
PANanalytical X-Ray Diffractometer by applying 40 KV voltage and 20 mA current. XRD patterns were
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considered in the angle (2θ) ranging from 200 to 900. The morphology and distribution of reinforcement
particles were identi�ed through Carl Zeiss EVO 50 high resolution scanning electron microscope
integrated with Energy Dispersive X-ray (EDX) analyzer. The microhardness of the synthesized HMMC
specimens was determined according to ASTM E384-16 standards by applying a load of 25 N for a dwell
time of 15 s [27]. HV 0.1 microhardness values were obtained from the ECONOMET VH1MD hardness
tester and the corresponding VHN values taken from the hardness conversion chart. Compression test
was conducted on micro universal testing machine M30 model as per ASTM E9 standards. The average
of �ve readings was taken for each HMMC sample for better accuracy of hardness and compression
results [6].

3.3 Tribological testing of HMMC samples
The tribological properties of the fabricated Al-10% SiC-4% Kaoline HMMC under dry, wet and nano�uids
lubricating conditions were determined by conducting a wear test on the computer-aided pin-on-disc
tribometer (Cenlub Industries Ltd. India) as per ASTM G 99 standards [1]. The cylindrical composite
specimens having 40 mm length and 8 mm dia were placed in the perpendicular direction against the EN
31 (63 HRC) steel disc counter body. The wear test was conducted under a constant load of 40 N and a
rotating speed of 1500 r.p.m while considering a track radius of 50 mm [13]. The wear loss of the pin
material in microns was recorded by using a linear variable differential transducer (LVDT) having the
least count of 1.0 mm. Acetone is used to clean the wear debris present on the counter steel disc after
each wear test. The fabricated HMMC specimens for the tribological and compression test were shown in
Fig. 6.

4. Results And Discussion

4.1 Microstructural investigation of fabricated HMMC
specimens
Figure 7 (a-d) depicts the SEM micrographs for the SPS composite specimens. It was clear that the
uniform distribution of reinforcements and absence of agglomerations were con�rmed for the composite
specimens having Al-10% SiC- 2% Kaoline, Al-10% SiC- 4% Kaoline, Al-10% SiC- 6% Kaoline compositions (
refer Fig. 7 (a-c)). However, incorporation of kaoline reinforcement beyond 6 % leads to formation clusters
or agglomerations at the interfaces of SiC and kaoline reinforcements as shown in Fig. 7 (d). XRD
analysis for the corresponding agglomerated specimen reveals the presence of a high-intensity peak at
430. The corresponding Al2Cu element was identi�ed with JCPDS �le number 25 − 0012 (refer Fig. 9). A
similar Al2Cu peak was identi�ed by the researchers Anbukkarasi R et al., [28], Shakir Gatea et al., [29] and
Hailan Ma et al., [30] in their studies. The presence of SiO2 (JCPDS �le number 46-1045 [31, 32]), Al2O3

(JCPDS �le number 00-046-1212 [33]), TiO2 (JCPDS �le number 21-1276 [34]), Cao (JCPDS �le number
00-037-1497 [35]) and MgO (JCPDS �le number 59-7746 [36]) peaks in the fabricated HMMC were
con�rmed through XRD analysis. The existence of difference in coe�cient of thermal expansions of the
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agglomerations and the reinforcement particles tends to decrease the load-bearing capability of the
HMMC and causes the degradation of strength of the composite material [37, 38]. In the SPS process,
due to the simultaneous application of heat and pressure over a short period of time in presence of
vacuum, the possibility of pores formation and oxidation of HMMC was minimized [39]. The elemental
mapping of the Al-10% SiC-8% Kaoline is shown in Fig. 8, Which represents the presence and uniform
dispersion of Aluminium (Al), Oxygen (O), Silicon (Si), Magnesium (Mg), Carbon (C), Titanium (Ti), Iron
(Fe), Copper (Cu) and Zinc (Zn). The existence of these elements con�rms the presence of Al2O3, SiO2,
MgO, Fe2O3 and TiO2 compounds in the kaoline reinforcement. The elemental mapping of copper and
aluminium represents the presence of Al2Cu intermetallic compound in the Al-10% SiC-8% Kaoline HMMC
specimen.

4.1 Mechanical properties of HMMC samples

4.1.1 Variation of Hardness of HMMC with % reinforcement
Figure 10 depicts the variation of the hardness of HMMC with % of kaoline reinforcement particles. The
hardness of the HMMC sample increases from 130 VHN for Al-10% SiC to 169 VHN for Al-10% SiC-8%
Kaoline reinforced HMMC. i,e 30 % enhancement in hardness for the Al-10% SiC-8% Kaoline HMMC then
the Al- 10% SiC MMC. The increase in hardness was attributed due to the existence of magnesium
element in the kaoline clay, which improves the wettability between the matrix and reinforcement
particles. This phenomenon further enhances the load transfer from the adjacent particles during the
indentation test which causes improvement in Vickers hardness of the HMMC [40]. In addition to this, the
Incorporation of ceramic SiC and Kaoline ( Contains Al2O3, SiO2) into the ductile aluminium matrix and
uniform dispersion of these reinforcement particles in the aluminium matrix improves the resistance to
the indentation during the hardness test. The obtained hardness values were comparatively higher than
the results obtained by the researchers Manikandan et al., [41] and Abhijith Bhowmick et al., [42] in their
studies.

4.1.2 Variation of Compression strength of HMMC specimens with % reinforcement
The variation of compression strength of the HMMC with % composition was shown in Fig. 11. It was
found that the compression strength of the Al-10% SiC-6 % Kaoline HMMC composite specimen was
increased by 34.88 % than the HMMC sample with Al- 10% SiC reinforcements. The maximum
compression strength of 290 MPa was noticed for Al-10% SiC-6% Kaoline HMMC. The increase in
compression strength was attributed due to the incorporation of ceramic SiC and Kaoline ( Al2O3, SiO2)
reinforcements which improves the grain boundaries around the matrix and reinforcement interfaces.
These grain boundaries act as barriers for the movement of microcrack propagation during the
compression strength, which causes the enhancement of compression strength of HMMC up to the
addition of 6 % kaoline reinforcement [43, 44]. In addition to this, the reinforced SiC and Kaoline particles
hinder the dislocation motion near the interfaces. Consequently, dislocations pile-up occurs which
enhances the strength of the material by the Orowan mechanism [45]. However the incorporation of
kaoline reinforcement more than 6% leads to a decrement in compression strength of the composite due
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to the formation of Al2Cu agglomerations along with the interfaces of matrix and reinforcement particles
as shown in Fig. 9. These agglomerations

increases the slip planes near the interfaces and atoms along the slip planes found the path for
movement even at the lower compression loads [46, 47].

4.2 Tribological properties of HMMC samples

4.2.1 Wear rate
The variation of wear of HMMC specimens under different lubricating conditions with time is shown in
Fig. 12. It was observed that the dispersion of SiC nano�uids between the contact surfaces signi�cantly
reduces the wear of the HMMC pin surface when compared to dry and oil lubricating conditions. The
wear of the HMMC pin surface at an applied of 40 N and sliding time of 180 s under 2 wt% SiC
nano�uids lubricating condition was considerably reduced by 60.27 % and 71.4 % when compared to
wear under dry and oil lubricating conditions respectively. The minimum wear of 140 microns for 2 wt %
SiC nano�uid lubrication was attributed due to the formation of tribolayer at the pin and disc interfaces
[48–50]. This tribolayer acts as a barrier to avoid the rubbing of the pin against the counter disc and
leads to lift up the pin from the disc surface causing apparent negative wear [13]. However, with a further
increase in the sliding time from 180 s, the generated heat between

the interfaces get ruptured the tribo�lm which is prone to a higher wear rate for the HMMC pin surface.
The ability to stay the SiC nano�uids between the interfaces of HMMC pin surface and counter steel disc
accounted for minimizing direct contact between the mating surfaces. In addition to this, the existed SiC
nanoparticles between the interfaces may absorb the generated heat at the contact surfaces of the
HMMC pin and counter disc surface which consequently reduces the plastic deformation and causes a
reduction in wear of the HMMC pin surface.

4.2.2 Co-e�cient of friction
Figure 13 depicts the variation of C.O.F with time under dry, oil lubrication and nano�uids lubricating
environment. The C.O.F values were found to be decreased with an increase in sliding time for all the
lubricating conditions. The highest value of C.O.F (0.30) was noticed under dry lubrication conditions,
whereas the minimum C.O.F (0.11) was obtained for nano�uids with 2 wt % SiC nanoparticle lubricating
condition. The presence of self-lubricated kaoline clay, which acts as a solid lubricant and forms the solid
lubricant-rich �lm on the contact surfaces results in decreasing friction by avoiding metal-to-metal
contact of

tribosurfaces [51]. In addition to this, the existence of rolling action due to the presence of SiC
nanoparticles and the formation of wear debris which contains Al2O3, Fe2O3, CaO, MgO and SiO2 helps to
further reduction in C.O.F [52, 53].

4.2.3 Worn surface morphology



Page 8/23

Figure 14 depicts the SEM and corresponding EDX spectra for the worn surfaces of Al-10% SiC-6%
Kaoline HMMC pins after a sliding period of 180 s under dry, oil and nano�uid with 2 wt% SiC
nanoparticles lubrication conditions respectively. Continuous grooves parallel to the sliding direction were
observed under all lubricating conditions due to the ploughing action of the ceramic SiC and kaoline
reinforcement particles onto the counter EN31 steel disc. In the case of dry condition ( refer Fig. 14(a) ),
the existence of direct contact between the asperities between the HMMC pin and counter disc surface
leads to thermal softening of the pin surface and causes severe wear of the HMMC pin under this dry
condition [54]. In addition to this, the hard ceramic reinforcement particles from the composite pin
surface debonded and fragmented into several smaller abrasive particles. The detached ceramic particles
from the composite pin surface left sites for the microcrack initiation and propagation that causes
delamination wear of the HMMC pin surface. Figure 14 (a) represents

the presence of microcracks and detached bulk surface in form of laminates which are the characteristics
of the delaminative wear mechanism. The localized stress concentration around the asperities contact
depends on the applied load and this, in turn, affects the wear of the pin surface.

Figure 14 (b) depicts the SEM micrograph of the worn pin surface under soluble oil lubrication. It was
clear that the worn surface with many thick and deep furrows was observed. However, the worn surface
was somewhat smoother when compared to dry conditions. The lesser wear rate in oil lubrication was
attributed due to the decrease in asperities contact in the presence of soluble oil which promotes severe
wear regime to mild wear regime [55]. In addition to this, the soluble oil between the asperities decreases
the temperature rise which leads to a decrease the friction. During sliding, the wear debris was washed
out in soluble oil lubrication condition thereby, the chances of third body abrasion and the oxide
formation was minimized compared to dry lubricating condition.

The presence of SiC nanoparticles under nano�uids with 2 wt% nanoparticles lubricating conditions
converts sliding contact into rolling contact of interface surfaces which results in smoother furrows and
grooves on the worn surface of HMMC pin as shown in Fig. 14 (c). The SiC nanoparticles create abrasive
action between the interfaces which establishes a polishing effect. The combination of polishing and
rolling phenomenon leads to decrease in the C.O.F up to the incorporation of 2 wt% SiC nanoparticles.
However, the Incorporation of more than 2 wt % SiC nanoparticles shows the formation of clusters which
reduces the polishing and rolling effects. Mending is the property of SiC nanoparticles that can be
squeezed and deposited into the surface �aws causing lower wear in nano�uids with 2 wt% SiC
nanoparticles lubricating condition. Hence, rolling, polishing and mending are the main factors for
enhanced anti-wear and anti-friction characteristics under these conditions.

5. Conclusions
In this present work tribological properties of spark plasma sintered Al-10 % SiC-4% Kaoline HMMC under
dry, oil lubrication and nano�uids with SiC nanoparticles were investigated. The conclusions of the
present study were summarized below.
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1. The Al- SiC- Kaoline HMMC with uniform distribution of reinforcements were fabricated successfully
by using spark plasma sintering process.

2. The thermal conductivity of the base �uids was increased with the addition of SiC nanoparticles. The
maximum thermal conductivity value of 0.771 W/m.K was obtained for the nano�uids with 2 wt%
SiC nanoparticles. The higher thermal conductivity of these nano�uids enhances the heat removal
rate which is generated between the mating surfaces.

3. The maximum compression strength of 290 MPa was noticed for Al-10% SiC-6% Kaoline. Therefore,
a Tribological study was performed at this % of reinforcements (i,e Al-10% SiC-6% Kaoline) under dry,
oil lubrication and nano�uids with 2 wt% nano�uids lubricating condition.

4. From the tribology test, It was con�rmed that the minimum wear for Al-10% SiC-6% Kaoline HMMC
was obtained under nano�uids lubricating conditions when compared to dry and oil lubricating
conditions. The minimum wear of 119 microns and minimum C.O.F of 0.11 was obtained under
nano�uids with 2 wt % nano�uid lubricating condition after sliding for 180 s at an applied load of 40
N.

5. SEM micrographs of the worn surface of the HMMC pin reveals the presence of smooth grooves and
the absence of microcracks under nano�uids lubricating conditions. However, microcracks, groves
and delamination of the worn surface were obtained under dry and oil lubricating conditions.
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Figure 1

Particle sizes of (a) SiC reinforcement,(b) Kaoline reinforcement

Figure 2

Schematic diagram for fabrication of HMMC specimen
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Figure 3

Schematic diagram for Preparation of SiC nano�uids

Figure 4

Variation of Thermal conductivity of nano�uids with wt % of SiC nanoparticles
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Figure 5

(a) less than 2 wt.% SiC nanoparticles (Non-uniform distribution), (b) 2 wt.% SiC nanoparticles (uniform
distribution), (c) more than 2 wt.% SiC nanoparticles (Agglomerations of SiC nanoparticles).

Figure 6

Fabricated HMMC specimens for (a) Tribology test and (b) Compression test
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Figure 7

SEM micrographs for (a) Al-10% SiC-2% Kaoline, (b) Al-10% SiC-4% Kaoline, (c) Al-10% SiC-6% Kaoline, (d)
Al-10% SiC-8% Kaoline
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Figure 8

Elemental mapping for Al-10% SiC-8 % Kaoline HMMC
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Figure 9

XRD pattern for Al-10% SiC-8% Kaoline SPS HMMC specimen

Figure 10

Variation of the hardness of HMMC with % of kaoline reinforcement
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Figure 11

Variation of Compression strength of HMMC with % of kaoline reinforcement

Figure 12

Variation of wear for HMMC pin with time under different lubricating conditions



Page 22/23

Figure 13

Variation of C.O.F for HMMC pin under different lubricating conditions
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Figure 14

SEM and EDX images of HMMC pin after for 180 s under (a) Dry, (b) Oil, (c) 2 % SiC-nano�uid lubricating
conditions


