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ABSTRACT

Nowadays, environmentally friendly lubricants are developed to meet the standards of biodegradability, toxicity and bioaccumulation potential that reduce the
adverse consequences to the aquatic atmosphere compared to conventional mineral based lubricants. In this study, an attempt made to enhance the feasibility of
utilizing the Mustard oil as a commercial lubricating agent by homogeneously dispersing MWCNTs as an additive. The average crystallite size, surface morphology
and elements of MWCNT are characterized through XRD, SEM, EDS and FTIR techniques, respectively. The surface deformation rate of matrix material (Mg)
lubricated by Mustard oil and different weight fractions of MWCNT-Mustard oil nanofluid are estimated through Nanoindentation technique. The hardness, Young's
modulus and AFM topography of the interacting surface infers that the dispersed MWCNT significantly enhance the lubricating properties of Mustard oil through
micro-chipping and micro-softening effect.
Keywords: Biodegradability; mustard oil; nanoindentation; micro-chipping; micro-softening; lubricating properties.

1. INTRODUCTION
The increasing price, poor biodegradability and worldwide large-scale
necessity of conventional mineral based lubricants forced the developers to
formulate Environmentally Acceptable Lubricating agents (EAL) from
agricultural feed stocks according to new global environmental regulations [1].
EAL lubricants are biodegradable and renewable vegetable oils (75-80%) that
are favored over mineral based lubricant oil as base stock and their main
component is triglycerides. The remaining fraction of EAL consists of
performance enhancing nano-scaled additives [2]. The characteristic issues of
bio oils are thermo-oxidative instability and poor cold flow behavior. To
diminish the ecological damage caused by mineral lubrication oils, it is essential
to enhance the distinctiveness of bio oils to compete with mineral oils
commercially. The chemico-physical distinctiveness of the bio-oils is highly
influenced by temperature and their fatty acid compositions [3]. The recent
research evolutions have exposed a promise to conquer these infirmities through
dispersing performance enhancing nano-scaled additives [4] and blending by
other mineral based oils [2].
The nanofluids like Al2O3-Vegetable oil [5], Al2O3-Pure coconut oil [6], MoS2Diesel oil [7], ZnO-Rice bran oil, ZnZrO-Rice bran oil [8], MWCNT-Sunflower
oil [9], TiO2-Compressor oil [10], ZnO-Paraffin oil [11], Fe3O4-Hydraulic oil
[12], Goethite nanofluids [13], SiO2-Polyalkylene glycol nanofluids [14], SiO2Cutting Fluids [15], CuO-Base oil [16], Magnetic-nanofluids [17], Al2O3Therminol 55 [18], Magneto-hydrodynamic (MHD) nanofluids [19], hybrid
nanofluids [20], Graphene oxide-Ethylene glycol [21], SiO2-Glycerol [22], TiO2Water, SiO2-Water [23], Au, Au/Pt, Au/Pt/Ag nanofluid [24], Al2O3-Water,
CuO-Water [25], CNT-Water [26], ZnO-Water [27], Ag-Water [28], GarnetGear lubricant [29-30], NiO-nanofluids [31], CaO-Nanofluids [32] etc. have
extensively augmented the chemico-physical distinctiveness over their base fluid
such as electrical conductivity, pressure drop, friction factor, heat transfer
coefficient and fouling thermal resistance and tribological parameters [5-32].
Among the wide range of bio-oils, the Mustard oil has a distinctive pungent
taste which is often used for cooking in North India, Nepal, Bangladesh and
Pakistan. The pungency of mustard oil is due to the presence of allyl
isothiocyanate, an activator of the TRPA1 channel (Transient receptor potential
cation channel, subfamily A) in sensory neurons. The viscosity index of Mustard
oil is 205 [33] where as SAE20W40 lubricant [34], Sunflower oil [35], Rapeseed
oil [36], Jatropha oil [37], Rice bran oil [38], Rubber seed oil [39], Palm oil [40],
Millettia Pinnata oil [41], Coconut oil [42] has the viscosity index of 142, 176,
180, 205, 169, 182, 186, 169, 159, respectively. Generally, the Mustard oil has
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the average thermal conductivity of 0.166-0.171W/mK at 20°C, 0.169-174
W/mK at 60°C and the average dynamic viscosity of 93.9 mPa.s at 20°C, 20.989
mPa.s at 60°C [43]. The coconut oil exhibits high wear rate and pour point
compared to mineral oils [44]. The chemico-physical and thermo-physical
distinctiveness and of rice bran oil are significantly higher than other vegetable
oils and SAE20W40 (commercial lubricant mineral oil) [38]. However, the
Mustard oil exposed superior wear resistance than coconut oil [44]. The chemicophysical and thermo-physical distinctiveness of the Mustard oil may be enhanced
by homogeneously dispersing the carbon nanotubes (CNT).
The carbon nanotubes such as single-wall carbon nanotubes (SWCNT) and
multi-wall carbon nanotubes (MWCNT) are the long straight and parallel carbon
layers of cylindrically rolled bulky tubes that received a great consideration since
their development due to admirable gas sensing [45], thermal [46], electrical
[47], mechanical [48] and tribological [49] distinctiveness. They also widely
applied as carriers in therapeutic/detective molecules [50], energy storage [51],
electrodes, sensors [52] and nuclear waste management [53]. The MWCNTs can
be dispersed into the any base fluid medium through the mechanical agitation
methods like ultrasonication technique and the diverse concentrations of
MWCNT- Mustard oil nanofluids shall be formulated [33-36]. The surface
deformation behavior of lubricated matrix materials (Magnesium) shall be
quantitatively investigated through the nanoindentation technique [54-55]. The
Magnesium is utilized as a matrix material as it is a class of biodegradable metals
having enormous possibility to be used as implant materials [56].
In this study, an experimental investigation on the use of wild Mustard oil
based nanofluid as lubrication oil for the matrix material by nano-indentation
technique is reported.
2. MATERIALS AND METHODS
2.1 Materials
The brown Indian mustard (Brassica juncea) seeds (average diameter is 1476
mm) are cold pressed and Mustard oil is extracted through traditional Oxpowered mill grinding followed by filtration without adding any preservatives.
It has high levels of alpha-linolenic and erucic acid in nature [57]. The MWCNT
is homogeneously suspended into the raw Mustard oil using ultrasonication
technique and different weight fractions (0.2 wt% and 0.4 wt%) of MWCNTMustard oil nanofluid are formulated. The MWCNT used in this study is
purchased from PlasmaChem GmbH, Germany and their physical properties as
given by the producer are given in the Table 1.
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Table 1 Physical properties of MWCNT
Number of walls
Specific surface area
Outer diameter
Inner diameter
Length
Purity (Carbon)
Apparent density

3-15
238 m²/g
80-140 nm
2-6 nm
1-10 μm
> 95 %
200 g/cm³

2.2 Methods
The average crystallite size of MWCNTs is estimated through X-ray powder
diffraction (XRD) and their elements are confirmed by Energy Dispersive X-Ray
Spectroscopy (EDS). The surface morphology is investigated by Scanning
Electron Microscopy (SEM) and the molecular fingerprint of MWCNT is
investigated through Fourier Transform Infrared Spectroscopy (FTIR).
The surface deformation rate of matrix material lubricated by Mustard oil and
different weight fractions of MWCNT-Mustard oil nanofluid are estimated
through Nanoindentation technique. The surface deformation level under the
action of external force is depends on the physical properties of matrix material
and their mode of lubrication. A polished magnesium (Mg) specimen of size
(10×10×10)mm is used as a matrix material. The elastic, visco-elastic and plastic
distinctiveness of matrix material like hardness, strain-rate, elasticity, contact
stiffness and plasticity index are determined through the continuous stiffness
measurements. This method is mainly concerned with the depth of penetration to
nanometer (nm) resolution and the measuring the forces in the micronewton (µN)
range in high accuracy and precision. The trapezoidal quasi-static loaddisplacement curve of Nanoindentation study exposes the ability to resist the
surface deformation through the continuous evaluation of the hardness and
Young's modulus of the lubricated/non-lubricated matrix material over the depth
of the indentation. The surface deformation level of matrix material is observed
by lubricating Mustard oil and different weight fractions of MWCNT-Mustard
oil nanofluid.

Figure 2. EDS spectrum of MWCNT
The surface morphology of MWCNT investigated by SEM and represented in
the Figure 3. It manifestly exhibit that the MWCNTs are densely packed and are
randomly aligned intermingled ropes with the average outer diameter is ranging
from 80 to 140 nm with few micrometers length. The agglomeration of
MWCNTs is not observed and the tube-walls appear smooth. However, it may
tend to restack due to van der Waals attractive forces and strong molecular
interactions. In general, it has low density, high specific surface area and large
aspect ratio compared to other nanomaterials. The structure of MWCNT has
regular hexagonal lattice on the cylindrical plane.

3. RESULTS AND DISCUSSION
The XRD pattern of the pristine MWCNT is presented in the Figure 1. The
characteristic sharp diffraction peak centered at (2ɵ) 25.5°, 42.9°, 53.2°
respectively is due to diffraction of from the (002), (110) and (004) planes of
MWCNT which authenticate the graphitic nature of CNT [58]. The interlayer
spacing between the inner tubes of MWCNT estimated from the XRD peak of
(002) plane using the equation 𝑑 = 0.345 + 0.37𝑒 / . is in the range of
0.333-0.337 nm. The average crystallite size of MWCNT estimated through
Debye-Scherrer correlation [59] is 26.715 nm. The EDS spectrum of MWCNT
presented in the Figure 2 illustrates the characteristic Carbon band and confirms
the existence of MWCNT.

Figure 3. The surface morphology of MWCNT (SEM image)

Figure 1. XRD pattern of MWCNT
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The FTIR spectra of MWCNT are presented in the Figure 4 is obtained in the
transmission mode at the range of 500-4000 cm-1 at room temperature. The
intense peak found at 2404 cm-1 is ascribed to the asymetric stretching CO2. The
vibrational frequencies at 2367 cm-1 and 2361 cm-1 are due to the stretching
vibration of C-O bonds. The stretching C=O vibration of the carboxyl (COOH)
group is observed at 1722 cm-1. The intense peak approximately at 1700 cm-1
represent the C=O stretching vibration mode. The strong absorption band at 1687
cm-1 represents the acid carbonyl (C=O) stretches. The peak observed at around
1640 cm-1 represents the C=C asymmetric stretching vibrations and the peak
found at 1030 cm-1 is assigned to C-H in plane bending. The band found
approximately at 1636 cm-1 is due to the stretching C=C bonds. The peak
appeared at 1533cm-1 ascribed to the bending vibration of carbonyl group. The
bands appeared between 1448 cm-1 to 1636 cm-1 represents the C=C symmetric
stretching vibrations of MWCNT and the bands appeared between 1050 cm-1 to
1390 cm-1 are assigned to C-O symmetric stretching vibrations.
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Figure 4. FTIR spectra of MWCNT
The Nanoindentation investigation is carried out by applying 6000 µN normal
load in a closed room atmosphere (24oC and 38% relative humidity) using
standard Berkovich indenter and their characteristic Force-displacement profile
consists loading, holding and unloading cycles. The Force-displacement profile
is plotted and investigated for estimating the surface roughness parameters. The
Force-displacement profile of Mg alloy at 6000 µN normal load is illustrated in
Figure 5.

Figure 6. Force-displacement profile of matrix material lubricated by raw
Mustard oil.
The loading and unloading curve (Figure 6) obtained from the drop lubrication
of matrix material by raw Mustard oil is apparently differs from that of non
lubricated matrix material. In the Force-displacement profile of matrix material
lubricated by raw Mustard oil also has a sudden prelude displacement till 900µN
normal load where the indenter penetrated approximately for 1310 nm due to
brittle fracture. Further, the indentation depth successively increases for the given
peak load without any pop-in event which results constant elastic-plastic surface
deformation till the end of loading profile. At the end of the loading segment 42
nm creep-displacement is recorded with the plastic surface deformations. The
indentation modulus, hardness and contact stiffness of matrix material estimated
from the unloading curve are 5.42 GPa, 233.64 MPa and 29.9 µN/nm,
respectively. A slight adhesion between the Berkovich indenter tip and matrix
material observed at the end of unloading profile. Further, the interacting surface
of the matrix material is lubricated by 0.2 wt% and 0.40 wt% of MWCNTMustard oil nanofluid and their Force-displacement profile are illustrated in the
Figure 7 and Figure 8, respectively.

Figure 5. Force-displacement profile of Mg alloy at 6000 µN load.
In general, Magnesium is 33% lighter than aluminum, 60% lighter than
titanium, 75% lighter than steel and has two-thirds the density of aluminium also
it reacts with atmosphere at room temperature. The polycrystalline Mg has brittle
nature and easily fractures along shear bands. The matrix material exhibited
relatively vertiginous Force-displacement profile from the beginning to the end
of the loading profile. Once the indentation on the Mg matrix material is started,
a sudden prelude on the Force-displacement profile is perceived till 400µN
normal load where the indenter penetrated for 185 nm due to brittle fracture.
Further, the indentation depth successively increases for the given peak load
without any pop-in event which results constant elastic-plastic surface
deformation till the end of loading. At the end of the loading segment, the peak
load is retained at 6000 µN for 10 s for experiencing creep where 52 nm creepdisplacements is recorded with the plastic dislocations such as slip and climb at
the interacting surface. The unloading profile is then obtained where the applied
load is brought to zero in 10 s.
The initial unloading profile is quite elastic in nature and the indentation
modulus of the matrix material is inferred from the initial slope of the unloading
profile. The indentation modulus and hardness of matrix material estimated from
the unloading curve are 4.78 GPa and 458.09 MPa, respectively. The contact
stiffness of the matrix material estimated by fitting a straight line to the upper
about one third portion of the unloading curve from the peak load is 19.5 µN/nm.
The adhesion between the Berkovich indenter and matrix material observed at
the end of unloading profile. Further, the interacting surface of the matrix
material is drop lubricated by raw Mustard oil and their Force-displacement
profile at 6000 µN normal load is illustrated in Figure 6.

Figure 7. Force-displacement profile of matrix material lubricated by 0.2 wt%
of MWCNT-Mustard oil nanofluid.

Figure 8. Force-displacement profile of matrix material lubricated by 0.4 wt%
of MWCNT-Mustard oil nanofluid.
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The loading and unloading curve of the Force-displacement profile obtained
from the lubrication of matrix material by 0.2 wt% and 0.4 wt% of MWCNTMustard oil nanofluid are obviously differs from that of matrix material and
matrix material lubricated by raw Mustard oil. It disseminates that the
deformation scales of the interacting surface of lubricated matrix material differs
from non-lubricated matrix material. The permanent plastic deformation of
matrix material begins from 800 µN normal load whereas the 0.2 wt% MWCNTMustard oil nanofluid lubricated matrix material plastically deforms
approximately after 1000 µN normal load and the same is indicated through a
pop-in event (Figure 7). It is the critical transition load which elucidates the
nucleation of instantaneous micro and nano scale twinning as well as cracking
due to the relative motion between Berkovich indenter-nanofluid-matrix
materials under mechanical stress. However, any pop-in event is not found in the
unloading profile.
The Force-displacement profile of the matrix material lubricated by 0.4 wt%
of MWCNT-Mustard oil nanofluid illustrated in the Figure 8 demonstrates that
the matrix material plastically deforms approximately after 1133 µN normal load
which is observed through the swift steep response. The displacement further
increases with increase in the normal load with instantaneous surface
modification of the interacting surface till the end of loading profile. Although
the unloading profile of all specimens appears similar, the Force-displacement
profile of matrix material lubricated by raw Mustard oil and 0.2 wt% of
MWCNT-Mustard oil nanofluid lubricated matrix material has extensive
adhesive profile. Nevertheless, the nanofluid lubricated matrix material produced
maximum displacement as the dispersed MWCNT constricted between the
Berkovich indenter and interacting surface makes successive stress inducedphase transformation as well as point deformations. The 0.2 wt% and 0.4 wt% of
MWCNT-Mustard oil nanofluid lubricated matrix material has 1.03 GPa and
1.06 GPa of indentation modulus; 35.98 MPa and 48.85 MPa of hardness and 15
µN/nm and 13.2 µN/nm of contact stiffness, respectively. It infers that a thin
layer of nanofluid absorbed the indentation pressure supplied by the Berkovich
indenter and divides it throughout the interacting surface and develops softening
effect. The quantitative determination of surface roughness parameters of the
matrix material lubricated by 0.2 wt% and 0.4 wt% of MWCNT-Mustard oil
nanofluid are studied by the in-situ AFM topography observations to extract the
surface roughness values and portrayed in the Figure 9 and Figure 10,
respectively.

The worn surface topology of reveals that the matrix material, Mustard oil
lubricated matrix material, and matrix material lubricated by 0.2 wt% as well as
0.4 wt% of MWCNT-Mustard oil nanofluid developed 0.342, 0.245, 0.174 &
0.2527 µN of root mean square value; 0.2506, 0.178, 0.1135 & 0.196 µm of
average interacting surface roughness; 0.39, 0.0324, 0.055 & 0.051 µm of mean
height; 1.556, 1.053, 0.3802 & 0.673 µm of maximum height, respectively. It
show that the nanofluids lubrication have significantly contributed in the surface
softening effect under stress induced-phase transformations. The high level of
the average roughness of interacting surface and root mean square value
unequivocally exposes that the dispersion of MWCNT into Mustard oil has
significantly contributes in the enhancement of surface roughness parameters.
The Figure 9 show that the surface topography of matrix material lubricated by
0.2 wt% of MWCNT-Mustard oil nanofluid has minimum height of micro-plastic
twinning and slip bands than the matrix material lubricated by 0.4 wt% of
MWCNT-Mustard oil nanofluid shown in Figure 10 for the unaltered loading
conditions. The peak to valley interspaces of the matrix material, Mustard oil
lubricated matrix material, and matrix material lubricated by 0.2 wt% as well as
0.4 wt% of MWCNT-Mustard oil nanofluid are 3.42, 2.0058, 1.044 & 1.484 µm,
respectively. In this way, the AFM outcome of surface roughness obtained from
dissimilar locations exhibits noteworthy variation. Further, the micro-chipping
and micro-softening effect of MWCNTs validated through the peak to valley
interspaces of the worn spot. The micro-chipping of interacting surface may
occur in two stages. In the first stage, the nucleation of shear phase volumes at
the beginning of unloading then the unstable shear spots are deforms plastically.
4. CONCLUSIONS
The Mustard oil used in the study is non-hazardous, cheap and keeps the optics
of sustainable development. The Mustard oil as alternative lubricating agent is a
promising solution to formulate Environmentally Acceptable Lubricant for the
wide range of industrial applications. In this study, the deformation behavior of
relatively moving interacting surface (matrix material and Berkovich indenter
tip) lubricated by Mustard oil and different weight fractions of MWCNTMustard oil nanofluid through Nanoindentation technique. The results show that
the induced subsurface deformation rate of the matrix material is significantly
reduced through the nanofluids lubrication in which micro-chipping and microsoftening effect of MWCNT played a vital role. It show that the nanofluids
lubrication have significantly contributed in the surface softening effect under
stress induced-phase transformations. The dislocation movements along the slip
planes cause the micro-chipping and mechanical twinning of surface atoms
closer to the Berkovich indenter tip. The 2 wt% of MWCNT-Mustard oil
nanofluid lubricated matrix material exhibits optimum stability and lubricating
properties. The benefit of replacing mineral-oil-based lubricants by Mustard oil
is expected to be considerable.
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