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Abstract

Mineral oil-based lubricants play an important role to serve industrial lubrication and cooling requirements. However,
these oils are environmentally unacceptable due to their negative impact on human health and environmental ecology. The
current research focuses on generating an eco-friendly oil which has enhanced lubrication properties. In this work, a four-
ball tribometer was employed for friction and wear evaluation of a palm oil-commercial grade oil (PO-CGO) blend, which
consisted of various weight fractions of functionalized multiwall carbon nanotubes (FMWCNTs) to lubricate steel-steel
contacts of ball specimens mounted in tribometer. The specimens were lubricated by using 0.1 wt.% FMWCNT blended
PO-CGO oil showed about 38% and 35% reduction in wear scar diameter and wear volume respectively compared to CGO
lubricated test samples. Furthermore, roughness values of specimens obtained from atomic focal microscope (AFM) by using
0.1 wt.% nanomaterial blended lubricant showed about 88% lower values than that of CGO lubricated specimens. Raman
spectroscopy and SEM/EDS results revealed the details of tribofilm formation and corresponding chemical composition on
sliding contact surfaces of ball specimens subjected to PO-CGO and FMWCNT-blended oil lubrication.

Keywords Tribology - Lubricants - SEM - Wear - Friction

1 Introduction

Currently, there is a greater emphasis on investigating envi-
ronmentally viable alternatives to petroleum products [1].
Friction occurs between the components when they are in
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motion, resulting in energy dissipation. In such instances,
lubrication is required to reduce energy dissipation. Syn-
thetic oils are typical lubricants that offer lubrication when
the parts are in sliding action [2]. The utilization of synthetic
oils has detrimental effects on the environment due to the
pollution caused by their disposal. These substances possess
a high level of toxicity and do not undergo natural decom-
position. The majority of the pollutants generated by their
disposal have a detrimental impact on the water reserves. In
this context, there is a desire for bio-based lubricants to meet
the requirements that are fulfilled by conventional synthetic
oils [3]. The essential qualities required for adequate lubrica-
tion include viscosity, viscosity index, flash point and pour
point. Vegetable oil is a viable alternative to synthetic oil
due to its renewability and biodegradability.

Additionally, they feature significant qualities with their
use as a lubricant. Vegetable oils have limitations that hin-
der their use as lubricants, such as thermal stability at
elevated temperatures and poor oxidation stability. How-
ever, these limitations can be addressed through chemi-
cal modification procedures such as epoxidation, transes-
terification and hydrogenation [4, 5]. Specific additives,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-024-13564-1&domain=pdf
http://orcid.org/0000-0002-0777-1559

3606 The International Journal of Advanced Manufacturing Technology (2024) 132:3605-3620

including anti-wear agents, detergents and dispersants,
can enhance vegetable oils' characteristics. However, they
depict a chemical hazard to the environment to a certain
extent. The same functionality can be achieved by apply-
ing nanomaterials as an additive. The unique properties
of nanomaterials are viz. high surface-to-volume ratio,
self-assembly and quantum effects. These properties make
them suitable for lubrication and cooling applications [6].

Nanomaterials have shown promising results in many
applications as additives to improve rheological, mechan-
ical and tribological properties. Numerous studies have
been conducted on the use of nanomaterials based on
their size, shape and concentration, according to the lit-
erature; nevertheless, the majority of these studies have to
do with utilizing these particles in vegetable or synthetic
oils. Blending mineral oil with vegetable oils such as mus-
tard and jatropha oils showed better tribological results in
minimizing friction and wear parameters than individual
mineral or vegetable oils [7]. On the other hand, blending
mineral oil with mustard oil showed a significant reduction
in wear scar diameter (WSD). Vegetable oil bending with
mineral/synthetic oils offers several advantages, includ-
ing less toxicity, increased biodegradability and decreased
wear of mating metal surfaces, which have attracted
researchers to utilise their application in the preparation
of fuel, lubricant and coolant for industrial applications [8,
9]. Yashvir et al. [10] tribological experiments showed that
adding 0.8% silicon dioxide (SiO,) nanomaterial to Mad-
huca Indica oil improved lubrication performance by 2%
in friction and 6% in wear reduction. Rupesh and Gautam
[11] evaluated the tribological performance of soybean
and sunflower oil blends with copper oxide (CuO) and zir-
conium dioxide (ZrO,) nanomaterials. Adding 0.25% CuO
nanomaterials reduced the friction coefficient, while ZrO,
nanomaterial with sunflower oil showed a 39% reduction.

Chacko et al. [12] tested pure coconut oil to study wear
and friction properties. In addition to that, molybdenum
disulfide (MoS,) and surfactant-modified MoS, nanoaddi-
tives were blended to base coconut oil under pin-on-disc
tribometer tests. The results showed that the blends of
MoS, nanomaterial and MoS, coconut oil showed 34% and
84% lower friction, respectively. Rajeev and Harsha [13]
conducted tribological experiments on castor oil blended
with surface-modified CuO nanomaterials. The results
showed a significant reduction in wear scar diameter and
coefficient of friction (COF) values for the nanomaterial-
blended castor and paraffin oil lubricant samples, while
the COF values were reduced by 34% and 17% compared
to individual castor and paraffin oils. Dong et al. [14] con-
ducted tribological experiments on a fourball tribometer
using biodiesel and diesel blend lubricant samples after
adding magnesium oxide, aluminium oxide (Al,0O;) and
graphene nanoparticles. The maximum wear scar diameter
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reduction was observed by 22% with 0.1 wt.% Al,O; blend
oil.

Yeoh et al. [15] evaluated the tribological performance
of mineral and pongamia oil blends with and without gra-
phene nanomaterial. The nanomaterial-based lubricant
reduced COF and wear values by 17% and 12%, while the
pongamia and mineral oil blend showed a higher reduction.
Nurul et al. [16] investigated the tribological performance of
graphene nanomaterial in palm kernel oil, with and without
a surfactant using four-ball tribometer. Results showed that
graphene-blended palm oil lubricant minimized friction and
wear by 12% and 6%, respectively. Zahid and Hanief [17]
examined the lubrication properties of Jatropha oil blended
with MoS, nanomaterials on sliding contact steel specimens.
The addition of 2 wt.% MoS, reduced friction by 18-52%,
but increased nanoparticle concentration led to a shift from
adhesive to abrasive wear, as noted by Ganggiang et al. [18].
The study examined the dispersion stability and tribologi-
cal performance of graphene oxide derivatives (GO-D) and
blends in rapeseed vegetable oil. GO-D-based nanolubricant
showed higher stability and lesser friction due to its higher
chemical susceptibility, as reported in Raman spectral peaks.
Himanshu et al. [19] examined the tribological properties of
nanomaterial blended mahua and flaxseed oil samples. Gra-
phene nanomaterial in mahua oil showed superior anti-wear
performance, while flaxseed oil blended with titanium diox-
ide (TiO,) showed similar protective film formation. Earlier
experimental studies have shown that alkyl functionalization
is an effective and simple method for improving the dispers-
ibility of nanomaterials in oil-based solvents to resist oxida-
tion in the nano-based additives [20].

Numerous studies highlight the significant impact of
vegetable oil nanosuspensions on aspects including energy
consumption, machining results and environmental dete-
rioration [21-24]. Several studies have suggested that the
concentrations of nanomaterials may vary in their experi-
ments to find the most appropriate quantity for a specific
application. This method highlights the necessity of finding
the ideal amount of nanomaterial to add in the base fluid for
minimizing wear and friction in tribocontacts. The objective
of this work is to investigate the impact of functionalized
multiwall carbon nanotube (FMWCNT) nanomaterials dis-
persed in commercial grade oil (CGO) and palm oil (PO)
blend at varying weight percentages (wt.%) between 0.025
and 0.25% on the tribological performance of steel-steel
composites. In addition, the study examined the performance
in different nanomaterial concentrations: 0.025 wt.%, 0.05
wt.%, 0.1 wt.% and 0.25 wt.% of FWMCNT were added to
the blend lubricant, and tribological results were then com-
pared with those of a commercial grade oil (CGO) lubricant.
A few characterization techniques were adopted to assess
nanolubrication performance under steel contacts, such as
Raman spectroscopy for tribochemical analysis, SEM/EDX
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to analyse the surface morphology and atomic force micros-
copy (AFM) considered the surface topography.

2 Materials and methods

2.1 Synthesis of functionalized MWCNTs
and nanolubricant preparation

In this experimental study, functionalized multiwall carbon
nanotubes (FMWCNTSs) were used as an additive in the
lubricant. FMWCNTs were synthesized from pristine mul-
tiwall carbon nanotubes (MWCNTs). MWCNTSs were pur-
chased from Nanoshel LLC, Ltd., with a purity of more than
90% with a diameter of 20 nm and length of 10-20 pm. For
achieving oxidation on CNT surface atoms, we used 0.5 g
of pristine MWCNTs that were evenly distributed in a solu-
tion consisting of 25 ml of concentrated nitric acid (HNOj;)
and 75 ml of sulfuric acid (H,SO,), with a volume ratio of
1:3. The dispersion process involved mechanical agitation
at a temperature of 80 °C for 2 h. The concentrated dark
brown solution obtained from the aforementioned method
was mixed with deionized (DI) water and then filtered using
a PTFE (polytetrafluoroethylene) membrane. The resulting
precipitate was thoroughly washed with deionized water
until the pH became neutral. To obtain the MWCNT-COOH,
the black solid precipitate was finally dried in a vacuum
for 24 h at 60 °C. Edible-based vegetable palm oil (PO)
of 60 vol.% and commercial grade oil (CGO) of 40 vol.%
were blended using a magnetic stirrer for about 2 h at 60 °C.
Furthermore, different weight percentages of 0.025, 0.05,
0.1 and 0.25 of FMWCNTS were added individually to the
blended oils. Subsequently, blend oils with varying percent-
ages of the weight of FMWCNTSs sonicated with a probe
ultrasonicator for 2 h to ensure uniform dispersion and good
suspension stability of nanomaterial in the oil.

2.2 Lubricantion mechanism of nano-enhanced
FMWCNT in CGO and palm blend

Functionalized multiwall carbon nanotubes (FMWCNT)
synthesized from pristine multiwall carbon nanotubes
(MWCNTs). Pristine stage carbon nanomaterial is neutral
and gets sediment quickly in the liquids. Functionalization
is one of the best methods and is viable in adding the lubri-
cant to take advantage of nano-CNT properties such as high
mechanical strength and thermal conductivity. After prepar-
ing FMWCNTs from pristine stage CNT, the surface carbon
atoms will gain polarity and form carboxylic acids on the
surface of the functionalized CNT. The chemically tailored
FMWCNT has a higher polarity and depicts a longer sedi-
mentation duration in the lubricant.

Fatty acids are organic compounds composed of hydro-
carbon chains, including an alkyl chain (a hydrophobic
part) and carboxylic groups (a hydrophilic part). Subse-
quently, the hydrophilic segments of the fatty acid com-
pounds adhered to the surface of the MWCNTs following
exposure to the distinct fatty acids present in palm oil. In
the case of the pristine form of CNTs, carbon nanotubes
get sediment quickly in the liquids due to gravitational
forces and Van der waals forces between CNTs. From the
functionalization, the steric hindrance forces overcame
the van der Waals contacts between the MWCNTs, ena-
bling their separation. In addition, the steric hindrance
forces can counteract gravity and prevent the coagulation
of MWCNTs.

Figure 1 depicts the lubrication mechanism associated
with the nanoparticles and lubricant interaction in the tri-
bocontact zone. Inherited nanomaterial properties and
lubricants can minimize wear developed on metal contact
surfaces by filling effect, rolling effect, polishing effect
and loading effect mechanisms. In a boundary lubrication
regime, tribosurfaces are in contact due to lesser negligible
lubrication, leading to develop high temperatures and sur-
face debris. In this stage, nanomaterials play a significant
role by attaining nanomechanisms to minimize the wear on
contact surfaces. The partial thin film layer forms between
tribo surfaces in mixed lubrication (ML) and elastohydrody-
namic regime (EHL) conditions. During fatigue load condi-
tions under ML and EHL regimes, polishing and loading
mechanisms help form a nanofilm layer to minimize wear on
tribo contact surfaces. In the hydrodynamic regime, a high
shear rate of oil molecules can easily enlarge pits formed
on the surfaces of tribo contacts. The filling effect nano-
mechanism helps by filling nanomaterials in surface pits and
minimizing the enlargement of pits. The filling effect mecha-
nism is very important in controlling surface deterioration,
as shown in Fig. 1. Nevertheless, low friction coefficient
values can be achieved with the optimum concentration of
FMWCNits by attaining better lubrication properties between
the tribo contact region. Exceeding a threshold nanousage in
the lubricant causes increases in friction and wear.

2.3 Tribochemical analysis using Raman scattering

Raman spectroscopy is crucial for researching structural
characteristics and studying the formation tribofilm on mate-
rial surfaces. A confocal Renishaw Raman microscope was
employed to identify the existence of a tribochemical layer
with a continuous scan rate of 10 s and 532 nm laser source
with 100 um focus. The Raman spectra provide the structural
details of the worn frictional surfaces lubricated using vari-
ous concentrations of functionalized multiwall nanocarbon
tubes blended with CGO and palm lubricants.
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Fig. 1 Schematic diagram. (a) Four-ball tribometer, (b) wear mechanism involving the incorporation of nanoparticles as additives, (c) illustra-
tion of Stribeck and tribopair behaviour
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2.4 Dynamicresponse of tribocontacts
under friction

The friction-induced vibration response in the rolling/
sliding contact machine elements plays a vital role in the
reliability and service life of the rotating machine [25].
An increase in wear on load-bearing contact surfaces
of machine elements in conjunction with wear particles
causes an increase in vibration response. Therefore, the
vibration signals were acquired from the four-ball tri-
bometer, and the RMS values of vibration signals were
extracted to correlate the wear damage developed on the
sliding contact surface of the ball specimens [26]. The
RMS values of vibration signals which provided wear
severity in the fourball tribometer are given in the fol-
lowing Eq. 1.

Xews =\ 3 D, X2 ()

2.5 Experimental setup and procedure

The friction and wear under nanolubricants were evalu-
ated through an experimental study using a four-ball tri-
bometer, as depicted in Fig. 1, following the guidelines
ASTM D5183-21a standards. An FMWCNT additive is
added to a blend of palm and commercial-grade oil used
as a base oil lubricant. The four-ball tribometer assem-
bly consisted of a revolving ball at the top, and three
stationary balls were securely fastened at the bottom of
the entire assembly. In order to investigate the extreme
pressure and wear capabilities of lubricants, the specimen
balls can be subjected to various pressures and spinning
speeds. The test steel balls had a diameter of 12.7 mm a
micro-hardness grade ranging from 64 to 66 HRC. The
operating spindle speed was fixed at 1200 + 2 revolutions
per minute, and the duration was 60 min. As shown in
Fig. 2, the accelerometer was positioned vertically on the
three-ball chuck holder. An eight-channel data acquisi-
tion system (Dewetron-DEWE 43 A) was used to acquire
vibration signals with a sampling rate frequency of 20
kHz. The signals were saved in the computer for further
processing of the vibration analysis. An optical micro-
scope was used to investigate the point contact wear scars
that had developed on the steel ball specimens. Various
characterization techniques were employed to analyse
ball contacts, including energy-dispersive X-ray analy-
sis (EDS), atomic force microscopy (AFM) and Raman
spectroscopy. The specifications of operating conditions
are also shown in Table 1.

3 Results and discussions
3.1 Wear scar diameter and wear volume

The WSD and wear volume of three stationary balls were
analysed, and the results were depicted in Figs. 3 and 4.
Steel ball specimens were lubricated using various weight
percentages of nanomaterial with blend oil. The wear scar
diameter of ball specimens was measured using an optical
microscope. Furthermore, the empirical equations were
applied to calculate the wear volume [27, 28]. Figures 3
and 4 indicate the reduction in WSD and wear volume as a
function of different oil samples. The higher concentration,
i.e. 0.25 wt.% of FMWCNT blended lubricant, showed
severe wear on the ball specimens. However, the higher
nanoconcentration blend lubricants showed less wear scar
values than commercial grade oil lubricated specimens.
SEM analysis in Sect. 3.3 shows that sliding contact with
a lubricant concentration of 0.25% led to abrasive wear on
the ball contact surfaces. During the lubricating action, the
hard particles generated from the specimen further abrade
the contact surfaces, causing a significant mass loss and
an increase in wear volume. The FMWCNTs in blend oil
form a strengthened lubricant film on sliding contact sur-
faces. The results of WSD and wear volume obtained in
this work by using FMWCNTs with blend oils were com-
pared with the commercial-grade oil experimental results.
The results showed a noticeable reduction in WSD of 38%,
35%, 33% and 14% compared to CGO when lubricated
with blend oil with 0.01 wt.%, 0.025 wt.%, 0.1 wt.% and
0.25 wt.% of MMWCNTSs. A similar kind of improvement
was depicted in the reduction of wear volume, as compared
to CGO value; varying weight percentages of FMWCNTs
with blend oil showed 72%, 73%, 76% and 15% reductions
observed.

3.2 Tribocontact surface topography analysis

To better understand tribopair surface contacts, it is nec-
essary to analyse surface texture and wear profiles. The
roughness measurement through 3D parameters indicates
better diagnostic information of worn surfaces than that
of 2D parameters obtained using a conventional Perthom-
eter. The contact mode of atomic force microscopy (AFM)
was used to investigate the surface imperfections of the
worn steel surfaces. The AFM topographical images of
the wear scar ball samples are shown in Fig. S5(aa*—ee*).
The lubricated ball specimens were subjected to tribotest
by considering CGO and palm blended with 0.01 wt.%,
0.025 wt.%, 0.1 wt.% and 0.25 wt.% of FMWCNTs. The
surface topography of the worn specimen was evaluated by
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Table 1 Specifications of operating conditions

Slno Operating parameters Value
1 Load applied 392N
2 Test lubricant volume 10+2 ml
3 Speed 1200 rpm
4 Test duration 60 min
5 Temperature 75 °C
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Fig.3 Wear scar diameter with various lubricants (a) CGO, (b)
blend +0.025 wt.% FMWCNTs, (¢) blend+0.05 wt.% FMWCNTs,
(d) blend+0.1 wt.% FMWCNTs and (e) blend +0.25 wt.% FMWC-
NTs, test conditions 60 min, the load applied 392 N

considering roughness parameters, viz. root mean square
area roughness (Sq) and root mean square line roughness
(Rq), which was measured using AFM. Initial surface
roughness values are measured using AFM; the aver-
age value of root mean square roughness (Rq) is 4.251
nm, and the area RMS roughness (Sq) is 5.792 nm. After
conducting tribological tests, lesser values of Rq and Sq
were identfied for the specimen lubricated using 0.1 wt.%
FMWCNTs in blend oil shown in Fig. 5(d—d*). In con-
trast, the highest Rq and Sq values were obtained for the
blended lubricant, which consists of 0.25 wt.% FMWCNTs
as shown in Fig. 5(e—e*).

The specimen lubricated using 0.025 wt.% nanolubricant
shows surface destruction with grooves along the sliding
direction on ball contact surfaces, as shown in Fig. 5(b—b¥).
On the other hand, Fig. 5(c—c*) shows lesser deep grooves
along with the sliding direction of ball specimens. The sur-
face roughness values observed in 0.05 wt.% lubricated ball
specimens showed a reduction in Rq and Sq parameters at
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+
+ |

Mean wear volume (10 mm?3)
[
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4=
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Lubricants

Fig.4 Wear volume values with various lubricants (a) CGO, (b)
blend+0.025 wt.% FMWCNTs, (c) blend+0.05 wt.% FMWCNTs,
(d) blend+0.1 wt.% FMWCNTs and (e) blend +0.25 wt.% FMWC-
NTs; test conditions at 60 min duration, with a load of 392 N applied

about 9.25 nm and 15.306 nm, respectively. This decrement
in roughness can be attributed to the appropriate weight per-
centage concentration of FMWCNT in blend oil, resulting in
tribofilm forming between sliding contact surfaces. On the
other hand, FMWCNTs in blend lubricant result in a con-
siderable reduction in roughness in comparison to different
concentrations of 0.1 wt.% lubricated ball surfaces, which
exhibited 5.149 nm and 6.540 nm, respectively, as shown in
Fig. 5(d—-d¥).

Tribofilm buildup on the sliding contact surfaces could
be the cause of this. The tribofilm present on sliding con-
tact surfaces consists of blend oil with nanomaterials, which
possess a good affinity towards adsorption, desorption and
appropriate lubrication mechanism to facilitate lubricating
action on the sliding contact surfaces [29]. There is an abnor-
mal increase in the wear on the specimen surfaces, which
were lubricated by using 0.25 wt.% nanomaterial blended
lubricant samples, as shown in Fig. 5(e—e*). This could be
due to higher shear stress in the nanolubricant at tribocontact
surfaces, which resulted in an overall increase in wear.

3.3 Surface film tribochemical analysis
3.3.1 Surface morphology analysis
In order to identify the presence of the various elements,

the surface morphology of the worn scar surfaces was
analysed using scanning electron microscopy (SEM) and
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«Fig.5 AFM topographical deflection (2D, top view) and 3D images
of the worn surfaces lubricated with CGO (a—a*), blends with vary-
ing FMWCNT percentages 0.025 wt.% (b-b*), 0.05 wt.% (c—c*), 0.1
wt.% (d—d*), 0.25 wt.% (e—e*)

energy-dispersive X-ray spectroscopy (EDX) after the tri-
botests had been performed. Figure 6(a—e) show the SEM
images of the worn surfaces of steel ball samples, which
were obtained after the interaction of tribo tests in the pres-
ence of CGO and palm blended lubricant with nanoadditive.
The worn surfaces in the presence of 0.1 wt.% nanoadditive
lubricant showed smoother surfaces compared to the CGO
lubricated specimen surfaces shown in Fig. 6d. Figure 6b
shows the SEM and EDX details of tribocontact surfaces
lubricated under blend oil with 0.025 wt.% of FMWCNT.
From the SEM image, it was noticed that abrasive wear
occurred due to lesser lubricant film strength. This is
because the small micro-abrasive particles came out during
sliding action due to interactions of asperity contacts that
created furrows and small pits. The above statement is sup-
ported by using EDX plot which highlighted a higher level
of Fe concentration. Furthermore, the chromium coated on
the ball specimen oxidized due to sliding action and high
temperatures during the tribotest, highlighted in Fig. 6d in
the EDX spectrum. Oxygen and carbon elements appeared
in the EDX plots, which revealed the oxidation layer formed
on contact surfaces, which were lubricated by using blend
oil with FMWCNTSs to minimize wear severity.

Figure 6¢ shows the SEM/EDX details of 0.05 wt.% of
FMWCNTs in blend lubricated tribocontact surfaces. Black
colour layer marks are observed on the wear scar surfaces
due to the formation of the oxide layer. EDX results revealed
an increase in carbon element percentage, which highlighted
the formation of a thin oxide layer on the specimen surface,
which facilitated the minimization of wear and friction. The
EDX plots show a reduction in base element percentage due
to CNT layer formation on the contact surfaces. Figure 6d
shows the SEM/EDX details of 0.1 wt.% of FMWCNTS in
blend oil-lubricated tribocontact surfaces, and this micro-
graph indicates the formation of the nano-CNT layer on the
ferrous and chromium oxide layers. EDX results of 0.1 wt.%
of nano-lubricated ball specimens showed increased carbon
element percentage compared with 0.025 wt.% and com-
mercial oil-lubricated specimens. However, CGO consists
of anti-wear additives such as zinc dialkyldithiophosphate
(ZDDP), which can minimize the wear at higher temperatures
and load conditions. Figure 6e shows the SEM/EDX spec-
trum details of 0.25 wt.% of FMWCNTSs blended in CGO and
palm blend lubricated on tribocontact surfaces. The increase
in oxidation level in the tribocontact region resulted in a neg-
ative effect on lubricant and specimen contact surfaces. The
addition of 0.25 wt.% FMWCNTs to blend oil took longer
duration for sedimentation than other combinations of blend

nanolubricants. Nevertheless, elevated amounts of nano-
materials adversely impacted the lubricating performance.
From Fig. 6e, the SEM image depicted a large amount of
oxidation precipitates adhered to the contact surfaces. Adding
0.25 wt.% of FMWCNTSs with blend results in higher viscos-
ity of lubricant which affects the rolling/mending capabili-
ties of CNTs. As a result, the CNTs fail to provide adequate
lubrication due to increased fatigue load cycles, which led to
the enlargement of pits followed by deep furrows. The EDX
plot depicted in Fig. 6e demonstrates a higher proportion of
oxygen elements compared to the EDX results of the other
samples. Furthermore, an increase in carbon percentage due
to the deposition of excessive nanomaterials formed pit was
shown in SEM image. Hence, it was concluded that the opti-
mum usage of FMWCNTs to blend lubricant results in better
lubrication performance, which minimizes friction and wear
on contact surfaces.

3.3.2 Raman spectra analysis

In order to conduct an in-depth investigation into nanolubri-
cation on sliding contact surfaces, a comprehensive analysis
of tribochemistry is required. In this context, Raman spec-
troscopy technique has been used to evaluate the chemical
composition and structural information of worn ball speci-
mens lubricated by using blend and MWCNT additive lubri-
cants. Figure 7a represents the synthesized FMWCNT with
characteristic peaks at around 1340 cm~! and 1570 cm™!,
which indicate the D and G bands of the MWCNT-COOH
[30]. In contrast to the G band, which is caused by in-plane
vibrations of the CNTs sp2 linked carbon atoms, the D band
is connected to structural defects because of out-of-plane
vibrations related to their presence in CNTs. However,
after the tribo test, the FMWCNTSs formed on the worn sur-
face displayed a more profound D band, indicating a rise
in nanotube defect levels [31, 32]. Hence, a thin tribofilm
of FMWCNTs is formed on the siding contact surfaces of
the specimen. The frictional region is flattened and smooth
by the FMWCNTs blended into the blend oil, significantly
reducing friction and wear.

Figure 7a indicates Raman spectra obtained from
FMWCNT before conducting tribotests; hence, I/l ratio
has a value of 0.94. This ratio often indicates the degree of
disorder or defects in carbon materials. A higher Ip/I ratio
is typically associated with increased disorder or structural
defects. Figure 7b—e depict the Raman spectra in which the
chemical composition variations can be observed due to
structural changes occurred in the ball specimen subjected
to tribotests. When FMWCNT was used as an additive, the
Iy and I characteristic peaks of carbon materials showed
higher values, which is highlighted in the formation of the
carbon-based lubricant film on the sliding contact surfaces.
Raman spectra showed I/I; values of 1.64, 1.35, 1.34 and

@ Springer



3614

The International Journal of Advanced Manufacturing Technology (2024) 132:3605-3620

Fig.6 The micromorphology of
wear scar of lower ball (station-
ary ball) via SEM characteriza-
tion and elemental distribution
for 60 min of friction surfaces
lubricated with (a) CGO oil,
blend with various weight
percentages of FMWCNT, (b)
0.025 wt.%, (c) 0.05 wt.%, (d)
0.1 wt.%, (e) 0.25 wt.%, under
magnification of 1000 X
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1.29 for the specimen lubricated by using various 0.25 wt.%,
0.1 wt.%, 0.05 wt.% and 0.025 wt.% FMWCNTSs in blended
oil, respectively.

A careful examination of the wear scar’s 3D and 2D
morphologies revealed a distortion in the crystalline carbon
structure, resulting in a minor shift in the D and G bands.
This shift could result in sliding surface-induced stress. The
iron and chromium oxide peaks were emphasized in the
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spectrum in Fig. 7f—g, which resulted from friction-induced
lubricant oxidation during the tribo test. While the peak at
271 cm™! is made up of a convolution of the a-Fe,O, and
Cr,0; peaks, the peak at 226 cm™! belongs to the a-Fe,0;
band. The presence of (Fe, Cr)O5 and y-Fe,O; is shown by
the peaks at 382 cm™! and 486 cm™! respectively [33]. A
similar kind of observation was made by Vinay et al. [34],
in which authors have discussed the Raman spectra peak
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Fig.7 Raman spectra of (a) r
FMWCNT. Worn surface
images of various wt.%: (b)
0.025 wt.%, (¢) 0.05 wt.%, (d)
0.1 wt.% and (e) 0.25 wt% of
FMWCNT’s nanoblend lubri-
cated surfaces. (f, g) Corre-
sponding Raman spectra peaks
of wear surfaces
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obtained around 664 cm~! wavenumber. This peak high-

lighted the formation of ferrous oxide in the form of Fe;0,
that appeared on the ball specimen subjected to tribotest.
Due to lesser concentrations of nanoparticle in the lubricant
and larger sliding contact area in the point contact surfaces,
the specimen substrate surfaces are exposed to local pres-
sure [35, 36].

However, in comparison to 0.025 wt.% FMWCNT-
lubricated specimen, the contact surfaces of other speci-
mens lubricated by using 0.05 wt.%, 0.1 wt.% and 0.25
wt.% FMWCNTSs with blend oil lubricants showed less
adsorption on their sliding track surfaces. This less adsorp-
tion can be attributed to the dominance of chromium oxide
and ferrous oxide compositions on the substrate surfaces,
where the nanomaterial formation occurred as an oxidation
film to protect as coating in the sliding contact surfaces
[37]. As a result, the FMWCNT layer effectively sepa-
rates the sliding contact surfaces of ball specimens. The
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nanomaterial present on the surface as a layer acts as a
roller, thereby minimizing friction and wear.

On the other hand, an increase in nanomaterial percent-
age in blend oil resulted in a noticeable increase in wear
scar and friction, which is evident in Fig. 7e. Increased
CNT weight percentages in the lubricant cause the sliding
contact surfaces of the ball specimen to clump together
and interlock with one another, increasing the resistance
to relative motion between the sliding contact surfaces
during tribotest. Consequently, the high concentration of
FMWCNT-blended lubricant resulted in an increase in
wear on specimen contact surfaces than that of specimen
lubricated by using a lesser concentration of FMWCNTSs in
blend lubricant oil [38]. A non-uniform carbon oxide film
depicted in Fig. 7e, highlighted in black colour precipita-
tion on the tribocontact surfaces, can be ascribed to an
increase in I/l value (1.64). The higher Ijy/I ratio incre-
ment for the nano-based blend oil tribofilm reveals that the
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nanomaterials were mechanically sheared and stressed due
to sliding action during lubrication.

3.4 Friction-induced vibration response
on tribocontact surfaces

The efforts were made to correlate the friction generated
in the tribosystem with the vibration signals acquired from
the test rig. Figure 8a—e depict the RMS values of vibration
signals acquired from the tribometer, in which the speci-
mens were lubricated by using blend oil with various weight
percentages of FMWCNTs. The RMS and friction values
showed a similar trend with respect to operating time. Dur-
ing tribotests, the operating parameters, viz. lubricant tem-
perature, viscosity and surface roughnes values, get change
at tribocontact region which leads to breakdown of lubricant
film thickness. As a result, the normal load acting on the
specimen is increased, which results in scuffing wear on the
sliding contact surfaces. An increase in load cycles on the
specimen further causes severe wear thereby result in a rise
in vibration levels. On the other hand, the development of
scuffing causes the removal of metal particles/wear particles
from the sliding track and causes higher temperature and a
negative effect on the intended lubrication performance in
the tribopairs. However, the lubricant samples blended with
FMWCNTs showed a better lubrication performance than
that of individual CGO, which is vividly discussed in the
aforementioned results and discussion sections.

Figure 8a indicates the trends of RMS values extracted
from the vibration signals; these vibration signals were
acquired from the specimen which lubricated under CGO.
In this CGO lubrication conditions, the RMS values showed
an overall increase trend with respect to operating time. Fur-
thermore, Fig. 8(b-e) depict the blend oil and FMWCNTs
with different concentrations (0.05 wt.% and 0.1 wt.%) sig-
nificantly reducing RMS values of vibration signals by over
5.5% and 7%, respectively. This reduction is due to the roll-
ing/mending effect of FMWCNTs during lubricating action
in the sliding contact surfaces. The blend with 0.25 wt.% of
FMWCNTs showed a little higher RMS level in comparison
to the lower concentration nanomaterials blends.

However, the results showed about a 3% reduction in
RMS values of vibration signal than that of RMS values
obtained from the test setup lubricated under CGO. The
above-discussed results were clearly indicated in Fig. 8b—f,
which suggests that the nanoadditives significantly affect
friction and wear reduction. This could be due to the syn-
ergistic effect of nanoadditives and lubrication character-
istics of CGO-palm oil blend charecterisctics. An increase
in the weight percentage of nanomaterials in the lubricant

affects the shear stress of lubricant, i.e. a blend containing
0.25 wt.% nanolubricant, which contains a large number of
nanomaterials, results in higher shear stress than that of a
blend with a lower weight percentage of nanomaterials. The
higher shear stress causes an increase in asperity contacts
on sliding contact surfaces, thereby increasing friction and
vibration levels in the tribopairs. It was also postulated that
the excess amount of nanomaterials acts as a third body par-
ticle between the contact surfaces, which increases fiction-
induced vibrations [39].

4 Conclusions

Experimental studies were conducted to analyse the tri-
bological characteristics of vegetable oil blended with
commercial-grade oil (CGO) lubricant with the addition of
FMWCNTs. The lubrication performance was assessed by
analysing the wear volume, topography, dynamic response
and spectrometric studies of the sliding contact surfaces. The
findings from the experimental investigations are presented
below.

1. Wear scar diameter of ball specimens lubricated with
0.1 wt.% nanoblend showed 38% reduction, which is
superior to other oil lubrication conditions. Moreover,
other nanomaterial blended lubricant samples exhibited
consistent wear scar diameters.

2. The wear volume findings obtained from ball specimens
lubricated with 0.1 wt.% nanolubricant presented an
average reduction of 35% compared to samples lubri-
cated with commercial-grade oil.

3. The AFM results showed the synergistic effect of nano-
Iubricant by reducing 88% surface roughness Rq param-
eter values with 0.1 wt.% nanolubricant compared to
surface lubricated with commercial oil.

4. SEM/EDX results analysed an in-depth examination
of elemental transfer films on tribosurfaces in addition
to the Raman spectrometry.

5. The specimens lubricated with CGO showed a higher
vibration response than other nanoblend lubricants.
Adding 0.1 wt.% nanoblend lubricant resulted in
lesser friction-induced vibrations, approximately 7%
lower than those observed with CMO.

This study explores the application of a blend with
FMWCNT in machine components like bearings, gears and
rotating machines. The testing is underway, and the results
will be duly considered in future research publications.
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«Fig.8 Mean vibration RMS signal plots from four-ball tribometer
tests under the same sliding condition but using different lubricant
oil samples (a) CGO oil, blend with various weight percentages
of FMWCNT, (b) 0.025 wt.%, (c) 0.05 wt.%, (d) 0.1 wt.%, (e) 0.25
wt.%, (f) Average value of vibration signals.
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