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Abstract

In the present study, the tribological performance of water-based emulsion
(lubricant) was investigated by blending carbon fillers such as graphene
nanoplatelets and multiwall carbon nanotubes using pin-on-disc tribometer. It
was noticed that addition of GnP and MWCNT in water-based emulsion
(conventional lubricant) increases the thermal conductivity and viscosity as
compared to conventional lubricants. The nanolubricants were supplied with
minimum quantity lubrication (MQL) technique at a constant flow rate and
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pressure in the sliding zone. The addition of 0.8 wt.% concentration of GnP
showed 58.39% reduction in coefficient of friction and 61.80% reduction in
wear depth compared to the conventional lubricant. Similarly, for 0.8 wt.%
concentration of MWCNT showed 26.27% reduction in coefficient of friction
and 47.35% reduction in wear depth compared to the conventional lubricant.
The sliding surface micrographs were also investigated to explain the
synergistic effect of nanoparticles.

Keywords: Nanolubricants, Wear depth, Coefficient of friction, MWCNT,
GnP
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1 Introduction

Friction and wear are the natural phenomena if two mating bodies have relative motion between
them. In the industry, most of the machinery parts have relative motion between them which
generates heat due to friction and wear. As a result, it degrades the life of moving parts. The contact
between two sliding materials leads to the loss of material that deteriorates the dimensional
accuracy and performance (Lin et al., 2015). The higher values of coefficient of friction can
generate more wear and consumes a large amount of energy in moving parts, which reduces the
efficiency of the mechanical system (Shahnazar et al., 2016). Therefore, reducing wear and
coefficient of friction can be considered as a great saving to make the process economical
(Padmanabhan et al., 2016). Reducing the wear and friction is one of the major challenges in any
sliding surfaces that move relative to each other (Li et al., 2015). Basically, durability, reliability
and efficiency of components depend on the friction and wear of sliding surfaces (Xie et al., 2016).
Over decades, different types of lubricants were used to reduce the friction. However, friction and
wear cannot be eliminated completely but can be minimized up to an extent by proper utilization
of lubrication between the sliding or moving surfaces (Singh et al., 2017). In the industry, wearing
of the tool material during machining processes is a major concern (Maruda et al., 2017). To reduce
the coefficient of friction and wear various lubricants are used (Ezugwu et al., 2004). The water-
based emulsion emerged as a good coolant and lubricants because of their availability as well as
better thermal conductivity and low viscosity (Xia et al., 2017). However, oil-based lubricants
oxidize easily at high pressure and temperature condition which deteriorates the performance of
moving parts (Amiril et al., 2017). In most of the engineering applications, lubrication was unable
to perform effectively due to various reasons (Krolczyk et al., 2016). The effectiveness of lubricant
also reduces under extreme pressure (EP) and high load condition (Tang and Li, 2014). The water-

based emulsion cannot be oxidized easily at high temperature, pressure and load condition because



of its high specific heat capacity and thermal conductivity. Moreover, water-based emulsions show
good lubrication properties and can carry away the generated heat at rubbing surface more
efficiently under extreme condition due to the ability of thin film formation at the contact zone
(Liang et al., 2017). Due to continuous usage, the lubricants tend to lose their properties. Hence
there is a need of their maintenance to sustain their properties for a longer duration. As the fluid
degrades and becomes unsuitable for further use, therefore it is disposed. Furthermore, the usage
of synthetic and semi-synthetic lubricants may also cause environmental problems because of their
hazardous nature and non-biodegradability (Wu et al., 2017). This has led to research in the field
of application of nano-lubrication between moving parts. Therefore, a suitable lubricant is required
which has excellent tribological and thermo-physical properties. Addition of metallic and non-
metallic nano-sized particles in conventional fluid improved its thermos-physical and tribological
properties (Sharma et al., 2016). The nanofluid belong to a new class of cutting fluids with
enhanced thermo-physical properties and heat transfer performance. The viscosity and thermal
conductivity of nanofluids increase with an increase in the concentration of nanoparticles (Singh
et al., 2017). Over a decade, the number of researchers have been investigating the effect of
nanofluids on friction and wear analysis and it has been noticed that dispersion of ZnO with
paraffinic mineral oil reduces the friction and wear compare to base oil (Gara and Zou, 2013). The
nanoparticles act as a third body like solid lubricants, separate the bodies in contact and thus
prevent wear by reducing the friction (Rodrigues et al., 2017). The nanoparticles deposit on the
sliding surfaces and form a boundary layer between the moving parts (Ji et al., 2011). The
depositions of nanoparticles at the worn out surfaces reduces the shear stress, which further reduces
the coefficient of friction (Taha-Tijerina et al., 2013). However, sometimes nanoparticles are
oxidized to form a protective film known as tribo-film and prevent the wear of moving components
(Rodrigues et al., 2015). Interestingly, the optimum concentration of nanoparticles in the
conventional lubricant is effective and beyond the optimum concentration, it deteriorates the
performance of the nanofluids (Singh et al., 2017). The surfactants are used to avoid the
agglomeration of nanoparticles and to enhance the thermal stability of nanofluids (Das et al., 2017,
Tiara et al., 2017). Furthermore, the thin lubricating film between moving surfaces contains
nanoparticles that are broken in smaller particles and reorient themselves at high load and
temperature condition and reduces the coefficient of friction (Shrivastava et al., 2017). In another

study of (Cong Mao et al., 2014), the addition of Al,O3 nanoparticles in deionized water reduced



the friction coefficient by 34.20% and worn out the weight of the workpiece by 43.40% as
compared to pure deionized water. Moreover, water-based cerium dioxide nanofluids have shown
a significant reduction in friction and wear due to nanoparticle deposition on worn out surfaces
(Zhao et al., 2013). Load bearing capacity of friction pairs was found to be increased on addition
of fullerene-like-WS in oil (Rapoport et al., 2003). Many other nanoparticles like SiO2 (Sharma
etal., 2017), TiO2 (Sharma et al., 2016), MoS; (Pendleton et al., 2010; Kalin et al., 2012), Alumina
(Heetal., 2017; Sharma et al., 2018), Copper (Cu) (Yu et al., 2007), Fe and Co (Padgurskas et al.,
2013), ZnO (Hernandez Battez et al., 2006; Alves et al., 2013) and CuO (Wu et al., 2007) etc. have
been mixed to enhance the lubricating characteristics of their base oil by reducing frictional forces
and wear. The unusual morphology of MWCNT and graphene platelets than other nanoparticles
attracts many researchers. MWCNT nanofluids are also found effective because of its morphology,
high flexural strength, high tensile strength and high modulus of elasticity (Zhang et al., 2014).
Moreover, the carbon-based nanoparticles have potential in reducing the friction and wear because
of their superior thermo-physical properties. The carbon-based nanoparticles have better thermal
conductivity and low density over other metallic nanoparticles. Berman et al., (2014) has reviewed
the literature on application of GnP and found that GnP is a new emerging and potential self-
lubricant as well as an additive to the lubricating oils. The graphene nanoparticles have sheet-like
structure that increases its surface area that reduces metal to metal contact and transmits heat more
efficiently and reduces friction and wear (Zhang et al., 2017). Rasheed et al., (2016) noticed that
addition of graphene nanoflakes improves the thermal conductivity and viscosity of nanofluids
compare to lubricant fluid. Yang et al., (2017) concluded that graphene-based lubricants reduces
the wear and coefficient of friction by 91% and 53% respectively, compared to conventional
lubricant. Furthermore, (Huang et al., 2016) observed that addition of cylindrical shaped
nanoparticles (MWCNT) in lubricant fluid improves thermal conductivity that leads to the
reduction of grinding force and improves the surface roughness in grinding operation. Moreover,
(Sharma et al., 2017) and (Hu et al., 2011) concluded that mixing of more than two nanoparticles
(hybrid) in water-based emulsion, improves the lubricant’s performance such as anti-friction, anti-
wear, extreme pressure and load carrying capacity of lubricants. MWCNT and graphene shows
similar physical and chemical characteristics such as conjugate electronic structure and surface
properties in spite of exhibiting different morphology (Yu et al., 2008; Maruda et al., 2015). The
surfactant functionalized MWCNT has been found to improve lubricating properties of a lubricant



such as load carrying capacity, anti-wear characteristics and friction reduction properties (Peng,
Hu and Wang, 2007). Furthermore, many investigations have shown promising results regarding
improvement of tribological properties of oils by adding GnP nanoparticles (Lin et al., 2011,
Mehrali et al., 2014; Zhao et al., 2016) and MWCNT nanoparticles (Chen et al., 2005; Wang et
al., 2010; Ettefaghi et al., 2013). Therefore, study of tribological behavior of MWCNT and GnP is
important to explore the impact of carbon-based nanoparticles on friction and their wear behavior.
Furthermore, (Katiyar et al., 2016) noticed that addition of MWCNT has shown excellent wear

resistance and with graphite is superior in tribological performance.

In the present study, friction and wear behavior of MWCNT and GnP in water-based emulsion
(nano-lubricants) are investigated at different nanoparticle concentration and rotating speeds on
pin-on-disc tribometer. Different nanofluid samples are prepared by mixing of MWCNT and GnP
in a water-based emulsion. A comparative analysis is carried out under different lubrication
conditions (dry, pure emulsion and various concentrations of MWCNT and GnP nanofluids) at
different sliding speeds. The field emission scanning electron microscopy (FESEM) analysis is
conducted to investigate the influence of nanolubricants on wear and coefficient of friction.
Furthermore, the mechanisms behind the reduction of friction and wear under the different

lubricating condition are also explained.
2 Materials and Methods

This study mainly focusses on tribological performance of different nanofluid samples on pin-on-
disc tribometer. To conduct the tests different samples of MWCNT and GnP nanoparticles were
selected. All the tests were performed on the pin on disc tribometer under different lubricating

conditions.
2.1 Sample preparation and characterization of nanofluids

All the nanofluid samples are prepared by mixing two different carbon-based nanoparticles in
conventional lubricant. In this study, two different morphology of nanoparticles such as
multiwalled carbon nanotubes (cylindrical shape, 2-15 walls, 5-25 nm outer dia.; 2-8 nm inner dia.
and 2-10 um in length) and graphene nanoplatelets with average thickness: 10-20 nm and average
particle size: 5 um are used. The solid carbon-based nano-materials and surfactant were procured

from Alfa Aesar®. To prepare the emulsion the industrial metalworking fluid Servo cut-S oil is



selected because of its extensive application in various machining processes. This oil forms milky
solution upon mixing with water which forms base lubricant for the present investigation. The
conventional lubricant was a water-based emulsion which consists of 5% vol. the concentration of

servo cut-S oil and 95% deionised water.

Figurel FESEM images of (a) graphene nanoplatelets (b) multi-walled carbon nanotubes
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Fig. 1 shows the field emission scanning electron microscopy (FESEM) of multiwalled

carbon nanotubes and graphene nanoplatelets. The nanofluid samples in various concentrations
were prepared by the dispersion of MWCNT and GnP in a water-based emulsion. The surfactant
CTAB (cetyltrimethylammonium bromide) was added to the conventional fluid to avoid the
agglomeration. The ultrasonic vibrator (make-Toshiba, India) generating ultrasonic pulses at 36+3
KHz at 100W power was used for sonication of nanofluid samples. All the nanofluid samples were
ultrasonicated for 4-6 hours to get the uniform dispersion of nanoparticles in conventional

lubricant.

The different concentrations 0.05, 0.2, 0.4, 0.6, 0.8 and 1.0 wt.% of nanofluids were prepared with
the addition of MWCNT and graphene nanoplatelets in a water-based emulsion. Every time fresh
samples were prepared to measure the thermo-physical properties. For each concentration, thermal
conductivity and viscosity of the nanofluid samples were measured at four different temperatures.
The effect of temperature and nanoparticles concentration on thermal conductivity and viscosity
were analysed. The transient hot-wire instrument (KD2 Thermal Properties Analyzer, Decagon
Devices, Inc., USA) was used to measure the thermal conductivity of nanofluid samples. The
instrument has a variable heat source that can record the thermal conductivity and thermal



resistivity at different temperatures. Furthermore, digital viscometer apparatus was used to
measure the viscosity of nanofluid samples. The setup contains variable temperature control unit
to adjust the temperature of bath and probe. The measuring probe of viscometer was submerged

in nanofluid samples to measure the viscosity at different temperatures.

Figure 2 Thermal conductivity (W/m-K) versus wt. % concentration of (a) GnP (b) MWCNT at
different temperatures, and variation of viscosity (cP) with different wt. % concentration of (c)
GnP (d) MWCNT at different temperatures.
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The carbon-based nanoparticles mixed nanofluids shows a significant improvement in the

thermal conductivity compare to water-based emulsion (conventional lubricant). Fig.2 (a, b) shows



the enhancement in the thermal conductivity of GnP and MWCNT mixed nanofluids with the
increase of nanoparticle concentration compare to the conventional lubricant. Furthermore,
thermal conductivity increases with increase in the temperature of nanofluid samples. The increase
in the temperature accelerates the Brownian motion of nanoparticles, that results in an increase of
thermal conductivity with temperature. The addition of graphene nanoplatelets in conventional
lubricant observed an improvement of 1.95% to 12.33 % in thermal conductivity for varying
concentration (from 0.05 to 1.00 wt.%) as compared to conventional lubricant at 80 °C. However,
the addition of multi-walled carbon nanotubes observed an improvement of 3.6% to 18.34 % in
thermal conductivity for varying concentration (from 0.05 to 1.00 wt.%) as compared to
conventional lubricant at 80 °C. Therefore, the thermal conductivity of GnP and MWCNT mixed

nanofluids depends on the concentration of nanoparticles as well as temperature.

To measure the viscosity of various nanofluids samples LVDV-I1+Pro Brookfield digital
viscometer (cone and plate) with a computer-controlled was used. The setup consists of variable
temperature control bath to set the nanofluid temperature at different values. A similar trend was
observed during the measurement of viscosity of GnP and MWCNT mixed nanofluids samples
with the variation of temperatures. All the nanofluid samples showed improvement in the viscosity
with an increase in nanoparticle concentration. Fig.2 (c, d) shows that the addition of graphene
nanoplatelets in conventional lubricant observed an increment of 7.88% to 30.77 % in viscosity
for varying concentration (from 0.05 to 1.00 wt.%) as compared to conventional lubricant at 80
°C. Similarly, the addition of multi-walled carbon nanotubes observed an improvement of 5.77%
to 23.07 % in viscosity for varying concentration (from 0.05 to 1.00 wt.%) as compared to
conventional lubricant emulsion at 80 °C. However, it has been noticed that increase in the
temperature reduces the viscosity of all nanofluid samples.

The measurement result confirms that thermal conductivity and viscosity of all the nanofluid
samples have increased with increase in the concentration of nanoparticles and shows temperature
and concentration-dependent behaviour. The increase in the thermal conductivity of nanofluid
samples imparts the cooling between the pin and disc while higher viscosity hinders the spray of
nanolubricant with minimum quantity lubrication (MQL) technique. To balance the positive effect
of thermal conductivity and loss of pumping power due to higher values of viscosity an optimum

concentration of nanoparticles has been used in the conventional lubricant. All the nanofluid



samples are kept on the ultrasonic vibrator for at least 2-3 hours to get the stable and uniform

dispersion of nanoparticles.
2.2 Materials and Tribological tests

Two materials in direct contact always have some coefficient of friction value. However, this value
can be minimised using proper lubrication. Therefore, to measure the frictional force and wear of
material several experiments were performed under different lubrication conditions. The rotatory
pin-on-disc tribometer (Ducom Instrument Pvt. Ltd., India) was used to measure the wear rate as
well as the coefficient of friction. The tribometer has maximum 2000 RPM and 1000 N load
capacity. The AISI 304 stainless steel was selected as pin and disc material to test the tribological
performance of two different nanofluids at ambient temperature 251 °C. The cylindrical pin
having 3 mm diameter and 50 mm length and disc with 155 mm pitch circle diameter and 8 mm
thickness were selected for experimentation. The hardness and surface roughness value of disc
surface was 130+5 HV and 0.258 um, respectively. Table 1 illustrates the experimental details

about the test on tribometer.

Table 1 Details of the material, different nanofluids and test on pin-on-disc tribometer.

Name Description

Pin-on-disc tribometer Make -DUCOM
Load range — 10-200 N
Rotational speed — 200-2000 rpm
Frictional force measurement — 0-200N
Material - AIS1304 Stainless steel

Disc and pin specimen

3 mm diameter of Pin and 150 mm pitch diameter of the disc

Servo cut S

Flashpoint - 150 °C minimum
Kinematic viscosity - 20 ¢St @40°C

Conventional lubricant

Water-based emulsion (95% water + 5% Servo cut S Oil)

Nanofluids

MWCNT and GnP nanoparticles mixed nanofluids

Test environment

Dry, conventional lubricant, 0.2, 0.4, 0.6, 0.8 and 1.0 wt.%
concentration of MWCNT and GnP

Sliding distance 450 m

Sliding speed variation 20, 40, 60, 80, 100 and 120 m/min
Load 40N

Nanofluid flow rate 20 ml/min




Figure 3 (a) Pin-on-disc experimental setup (b) Sliding tracks on rotating disc (c) Pin and disc
machine (d) closed view of sliding pin on rotating disc (Singh et al., 2017).

Fig. 3 shows the complete experimental setup used during the pin-on-disc test. The load
(40 N) and sliding distance (450 m) was kept constant throughout the experiments. The pin
specimen is pressed against the disc at a specified load usually by means of an arm or lever with
attached weights. To minimise the error sliding track of the disc has been changed for each run.
To ensure the smooth operation, disc and pin were fixed properly in the holder, and the new pin
was used for each run. The instrument has variable RPM selector. The RPM may be changed in
order to maintain the constant sliding speed after each run. The disc was properly cleaned with
acetone to remove the debris and oil mark from the surface. The tests were performed at various
sliding speeds (20, 40, 60, 80, 100 and 120 m/min) under different lubricating conditions (dry,
pure conventional lubricant, 0.2, 0.4, 0.6, 0.8 and 1.0 wt.% concentrations of GnP and MWCNT
mixed nanofluids). All the nano-lubricants were supplied in the mist form at a flow rate of 20

ml/min at a pressure of 4 bar with orientation angle of 45° and 50 mm standoff distance. The values



of frictional force and wear with time were recorded at different sliding speeds under different

lubricating conditions at constant load throughout the experiments.
3 Results and Discussion

The experimental results regarding wear and frictional forces were recorded and analysed for
different lubrication conditions. The variation of wear and coefficient of friction with sliding speed
under different nanofluids has been investigated. The FESEM images were used to analyse the
wear out the surface of the pin, and the metallurgical microscope was used to analyze the disc
tracks for the different lubricating condition. Additionally, the comparative tribological analysis
was carried out for GnP and MWCNT mixed nanolubricants.

3.1 Analysis of wear depth using MWCNT and GnP mixed nanofluids

The experimental values of wear were investigated with respect to sliding speed as well as the
concentration of both nanoparticles. Fig. 4 shows the variation of wear depth with respect to sliding
speed at different lubricating conditions. From results, it has been noticed that addition of GnP and
MWCNT in conventional lubricant significantly reduces the wear as compared to the dry and
conventional lubricant. For both the nanofluids, wear of material reduces with increase in the
concentration and becomes almost constant after 0.8 wt.% concentration. Fig. 4 (a, b) shows that
use of 0.8 wt.% GnP based nanolubricant reduces the wear by 61.80%, 59.05%, 54.59%, 48.14%,
42.60% and 39.54% compare to conventional lubricant at 20m/min, 40m/min, 60m/min, 80m/min,
100m/min and 120m/min sliding speeds, respectively. Similarly, at 0.8 wt.% MWCNT mixed
nanolubricant reduces the wear by 47.35%, 747.18%, 44.92%, 41.33%, 37.93% and 35.74% as
compared to conventional lubricant at 20m/min, 40m/min, 60m/min, 80m/min, 100m/min and

120m/min sliding speeds, respectively.

The wear of pin material increases with increase in the sliding speed. This may be due to the
generation of more wear debris at high speeds, which starts the breaking of nano thin-layer of
nanoparticles between the surface and leads to abrasive wear. Furthermore, at lower sliding speeds
the nanoparticles are acting like a roller bearing and creating the rolling effect between the sliding
surfaces. However, at higher sliding speeds with an increase of nanoparticle concentration the
proper flushing of wear debris could not take place and thus increases the wear rate (Sharma et al.,
2015).



Figure 4. Variation of wear of pin material with varying sliding speeds at a concentration of (a)
GnP and (b) MWCNT mixed nanofluid.
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Moreover, Fig 6 (i) and fig (I) also show that smoother surfaces were observed with the
increase of GnP and MWCNT nanoparticles concentration in conventional lubricant. The
graphene-based nanofluids were found more effective in reducing the wear compare to multi-
walled carbon nanotubes mixed nanofluids. The GnP has a two-dimensional structure with
multiple plates and has weak VVander wall forces between these nanolayers (Dai et al., 2016). The
sheet-like structures act as a third body solid lubricant, which has high strength and shear
capabilities making the rubbing surfaces smoother. Furthermore, these nano-sheets structure of
graphene allows it easily to slide at the sliding zone, which forms a nano-sized thin layer between
two mating surfaces. Due to the ploughing action, a number of nanoparticles might have filled into
the asperities of the surfaces, which reduces the depth of wear. Similarly, the addition of MWCNT
in conventional lubricant reduces the wear with an increase of concentration. The MWCNT
particles are cylindrical in shape (Fig. 1(b)) and have high flexural and tensile strength that reduces
the shear stress. During the test, the multiple cylindrical tubes of MWCNT have been acting as a
bearing between the pin and disc. These carbon nanotubes were filled inside the asperities of the

pin and disc surfaces, which further reduced the wear depth.
3.2 Analysis of coefficient of friction using MWCNT and GnP mixed nanofluids

The frictional force values were recorded during the tribological tests on tribometer. The constant
load 40N was applied during all the experiments. Furthermore, the coefficient of friction was



determined all the frictional forces under different lubricating conditions. Fig. 5 shows the
variation of coefficient of friction with respect to sliding speed under different lubricating
conditions. The experimental results show that the addition of GnP and MWCNT in conventional
lubricant significantly reduces the coefficient of friction compare to dry and conventional
lubricant. Furthermore, both the nanofluid samples have shown significant amount reduction in
the coefficient of friction with the increase in the nanoparticle concentration, and after 0.8 wt.%

friction coefficient has become almost constant.

Figure 5. Variation of the coefficient of friction with varying sliding speeds at a concentration of
(a) GnP and (b) MWCNT mixed nanofluid.
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Fig. 5 (a-b) shows a reduction in the coefficient of friction from 58.4% to 52.54% as
compared to conventional lubricant with a variation of sliding speeds of the disc (from 20-120
m/min) at 0.8 wt.% GnP mixed nanolubricant. Similarly, use of 0.8 wt.% MWCNT mixed
nanolubricant has reduced the coefficient of friction from 28.64% to 26.26% as compared to
conventional lubricant with a variation of sliding speeds of the disc (from 20-120 m/min). The
GnPs possess sheet-like structure while MWCNT has cylindrical shapes. The thin graphene sheet
has weak Vander wall forces, which slides easily between the rubbing/sliding surfaces and reduces
the coefficient of friction. This sheet-like graphene-based nanolubricant forms a thin film at the
interfacial space that reduces the coefficient of friction between pin and disc surfaces. The GnP
nanoparticles also entrapped in the sliding surface of pin and disc (Fig. 6). The worn-out surface
of pin materials provides the clear evidence of forming a thin film that might have reduced the



coefficient of friction. The metallurgical microscope images of disc tracks at a dry, wet and
different concentration of nanolubricants provide an evidence of reduced wear debris that leads to
decrease in friction coefficient. Moreover, the FESEM images of pin surface under different
MWCNT nanolubricant samples were investigated. The micrographs showed clear entrapment of
MWCNT nanoparticles on the pin surface and formed a protective film that reduced the coefficient
of friction. The cylindrical shape of MWCNT may act like roller bearing during sliding action,
which further reduced the coefficient of friction.

3.3 Analysis of worn-out surfaces under different lubricating conditions

The sliding surfaces of pins were studied using FESEM during pin-on-disc test Fig. 6 shows the
FESEM micrographs under different lubrication conditions. The images were recorded under
different magnifications starting from 100 X to 50.00 KX to get the qualitative difference in the
sliding surface morphology. From FESEM images, it is noticed that smoother surfaces were
observed under GnP and MWCNT nano-lubricants compare to dry and pure conventional

lubricant.

Figure 6. FESEM images of pin surface under (a-c) Dry, (d-f) Pure conventional lubricant and
(9-1) 0.8 wt.% MWCNT nanofluid and (k-m) 0.8 wt.% GnP nanofluid test condition (pin dia. =
3mm, sliding speed = 60 m/min, load = 40N).
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The FESEM images analysis reveals that addition of GnP mixed nanolubricant performed
better and best quality of the surface is observed as compared to MWCNT mixed nanolubricant.
The higher magnification (20.00KX to 50.00 KX) of sliding surfaces show the clear evidence of
entrapment of GnP and MWCNT into the pin surfaces. The entrapment of GnP and MWCNT

nanoparticles forms a thin protective film that reduces the wear and coefficient of friction between
the sliding surfaces.

Figure 7. Metallurgical microscopic images of disc tracks at different test conditions (Dry,
conventional lubricant, MWCNT and GnP nanofluid at (pin dia. = 3mm, sliding speed = 60 m/min,
load = 40N).
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The application of graphene-based nanolubricant samples has shown better results compare
to MWCNT based nanofluids. Moreover, both nanolubricants behaved differently due to the
difference in the morphology of GnP and MWCNT nanoparticles. Fig. 7 shows the metallurgical
microscopic images of disc track surfaces under dry, conventional lubricant and different
concentrations of GnP and MWCNT nanolubricant. More number of nanoparticles break at higher
sliding speeds and makes the fluid film thicker and blocks the rubbing surfaces that leads to the
adhesive wear. The thin graphene sheet slides easily between the rubbing/sliding surfaces and
MWCNTSs act like roller bearing. The metallurgical microscope images of sliding tracks confirm
the clear entrapment of GnP and MWCNT on the disc track surface. The metallurgical microscope
images of disc tracks show that at higher speed more wear particles were developed that adhered

to the surfaces which eventually increased the coefficient of friction.

3.4 Synergistic effect of GnP and MWCNT mixed nano-lubricants



The tribological test shows that application of GnP and MWCNT conventional lubricant reduced
the wear and coefficient of friction. The structure or morphology of nanoparticles plays a vital role
in the tribological performance of nanolubricants. The GnPs have higher surface area than
MWCNT while MWCNTSs have higher aspect ratio than GnP. This higher aspect ratio of MWCNT
increases the thermal conductivity, which enhances the heat carrying capacity of nanolubricant.
The exfoliated nano-sized graphene sheets have weak VVander wall forces that easily slides during
sliding and forms a nano-sized layer. The FESEM images confirm the presence of thin layer and
entrapment of nanoparticles into pin and disc surfaces.
Figure 8 Effect of different lubrication condition (a) Dry (b) conventional lubricant (c) GnP

mixed lubricant (d) MWCNT mixed lubricant and (e) graphical representation of pin and disc
surfaces
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The schematic diagram (Fig. 8) shows the mechanism that takes place under different

lubricating conditions. Moreover, it gives an insight view of reduction in the wear and coefficient
of friction under various lubricating mechanisms. The shearing of thin graphene sheets results in
the buckling, rippling, exfoliation, puckering and some case rupturing due to weak Vander wall
forces. This graphene-based nanolubricant forms a thin film at the interfacial space that reduces
the coefficient of friction between pin and disc surfaces. Fig. 8(e) illustrates the contact of the pin

on rotating disc and a nozzle was attached to supply the nanolubricant at the sliding zone.



Fig. 8(a) shows dry condition, there more wear debris are generated that leads to severe abrasive
and adhesive wear. The FESEM image of the pin during dry condition supports the evidence of
more worn-out zone and severe wear tracks that lead to the high coefficient of friction. Using a
conventional lubricant (oil-in-water emulsion) on pin-on-disc, a reduction in coefficient of friction
and wear is observed due to a thin liquid film formation that separates the asperities of sliding
surface (Fig. 8b). The FESEM image of pin also shows the less worn out zone and wear track as
compared to a dry condition. Fig. 8(c, d) shows that the addition of small concentration of GnP
and MWCNT in conventional lubricant, a significant change in coefficient of friction and wear is
observed because of nanoparticles thin film formation at the rubbing zone that separates the
asperities of sliding surface effectively. Furthermore, nanoparticles are also deposited on the
sliding surfaces and lower the loss of material is called mending effect. The GnP has platelets like
structures which enables sliding mechanism and forms a thin film between sliding surfaces while
in MWCNT multiple mechanisms are observed such as sliding, rolling and spinning due to its
tubular structures (Zhao et al., 2016; Zhang et al., 2014). These different mechanisms become
prevalent at different speeds such as at lower speed rolling is observed more whereas at higher
speed sliding and spinning is observed.

5. Conclusions

The present study investigates the performance of graphene and MWCNT nano-lubricant in terms
of coefficient of friction and wear depth on a pin on disc tribometer. The tribological tests (friction
and wear characteristics) were performed under dry, conventional lubricant, GnP and MWCNT
mixed nanolubricants on pin-on-disc tribometer. Based on the results and discussion following

conclusions are drawn:

e The addition of graphene nanoplatelets and multi-walled carbon nanotubes in conventional
lubricant observed an improvement of 1.95% to 12.33 % and 3.6% to 18.34 % respectively
in thermal conductivity for varying concentration (from 0.05 to 1.00 wt.%) as compared to
conventional lubricant at 80 °C.

e Similarly, addition of graphene nanoplatelets and multi-walled carbon nanotubes in
conventional lubricant observed an increment of 7.88% to 30.77 % and 5.77% to 23.07 %
respectively in viscosity for varying concentration (from 0.05 to 1.00 wt.%) as compared

to conventional lubricant at 80 °C.



e Addition of 0.8 wt.% concentration of GnP reduces the coefficient of friction to 58.39% at
and wear rate reduces to 61.80% at sliding speed of 20m/min compare to pure conventional
lubricants without nanoparticles.

e The addition of 0.8 wt.% concentration of MWCNT reduces the coefficient of friction to
26.27% and wear rate reduces to 47.35% at the sliding speed of 20m/min when compared
with pure conventional lubricants without nanoparticles.

e The GnP mixed nanolubricants performs better as compared to MWCNT mixed
nanolubricants due to the difference in their structure.

e The FESEM and metallurgical microscopic image analysis noticed that the inclusion of
nanoparticles gives better and smoother surface due to the formation of the thin protective
layer and various lubrication mechanisms responsible for reducing the wear and coefficient
of friction compared to dry and pure conventional lubricant.

e These experimental results will help the researchers/practitioners to develop a new class of

lubricants for metalworking applications.

In the present study, two different morphological nanomaterials have been tested for its
tribological performance. The experimental results reveal that application of nanolubricant reduces
the coefficient of friction and wear. The tribological results are encouraging and this study can be
used for various metal removal process, where tool, workpiece and chips are in contact with each
other. However, more work is needed to be carried out to investigate the influence of different
types of nanoparticle in single/hybrid nanofluid on tribological properties. Moreover, MQL
operating parameters, such as flow rate, spray distance, spray nozzle orientation angle and air

pressure on pin-on-disc can also be investigated
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