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Abstract

Investigating the tribological performance of multiwalled carbon nanotubes (MWCNTs),
polytetrafluoroethylene (PTFE), and MWCNT/PTFE blended as lubricant additives in
commercially available base jatropha oil (BJO) during body-body contact was conducted
in this work. Using a four-ball tribo tester, the tribological tests were carried out on alloy-steel
contacts. To assess the best performance, several concentrations of MWCNT, PTFE, and
MWCNTs + PTFE nanomaterials were also varied. The tribological results showed that
compared to the BJO, individual MWCNTs, and PTFE, the MWCNTs + PTFE blended
nanomaterials in the BJO demonstrated significantly improved friction reduction and higher
anti-wear capability. In terms of friction, wear resistance and surface roughness, 1 wt.%
MWCNTs (40.08% and 0.33 mm) exhibited outstanding performance wear mitigation while
0.4 wt.% PTFE (49.77 %) produced optimal coefficient of friction. In comparison to the BJO,
the BJO with an ideal concentration of 0.8 wt.% MWCNTs + 0.4 wt.% PTFE nanoparticles
significantly reduced the wear and friction coefficient by 44.43 % and 55.11 %, respectively.
A 3D optical profilometer and a field emission scanning electron microscope were used to
analyse the morphology and chemical content of the worn steel substrate surfaces, thus detected
elements of the formulations as revealed by energy-dispersive X-ray spectroscopy.
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1. Introduction

Due to the lack of effective methods to use chemicals, lubricants, and additives to reduce
machine element damage, limit pollutant generation, and improve power from industries and
transportation networks, numerous studies have been carried out to reduce excessive friction
and wear during equipment mechanisms. According to reports, excessive wear or lubricant film
breakdown account for over 50% of severe mechanical failures, and wear is responsible for
about 80% of mechanical component failures. These findings highlight the direct impact of
tribological performance on operational efficiency and reliability [1], [2]. Therefore, improving
rolling bearing lubrication performance, prolonging their service life, and lowering friction-
related energy consumption continue to be important scientific and engineering issues in
bearing design and real-world applications. In the subject of tribology, however, this is

accomplished when the right product is combined with the right tools and work ethic.

The tribological performance of various nanoparticle additions has been extensively studied
throughout the years. Certain materials, such as Cu [3], [4], [5], MoS2 [6], [7], BN [8], [9],
graphite [10], graphene [11], [12], carbon nanotubes [13], [14], [15], have been demonstrated
in lab experiments to reduce wear and friction. The majority of the aforementioned additives
have been shown to reduce wear and friction, however others do not. Another well-established
and successful approach is the addition of solid lubricants to base oils to improve anti-wear and
friction-reduction performance [16]. Numerous studies have demonstrated that a suitable
concentration of nano-additives, such as polytetrafluoroethylene (PTFE), can significantly
lower the friction coefficient and wear because of their exceptionally low shear strength and
superior self-lubricating qualities [17]. According to Liu et al., under water-based lubrication
conditions, 0.5 wt.% PTFE@silica Janus nanoparticles considerably decreased wear and
friction [18]. Ali et al. showed that the AISI 52100-AISI 1010 tribo-pair's wear and friction
performance were significantly enhanced by adding about 1.0 wt.%PTFE nanoparticles to
vegetable oil, and that this blend with antioxidant additives produced a synergistic result under

high operating conditions [19].

Additionally, a concentration of 3.0 wt.% significantly improved the lubricant's welding
load, anti-wear, and friction-reducing capabilities, according to Dubey et al.'s investigation into
the tribological behavior of nano-PTFE utilized as a lubricant addition [17]. However, particle
agglomeration caused performance to deteriorate with additional concentration increases [17].
PTFE breakdown and its reaction on metal surface to generate a chemically bonded FeF tribo-

film were the main causes of the extreme-pressure performance improvement of up to 392% at



an optimal concentration of 6.0 wt.%, according to Saini et al.'s study of the interfacial
mechanism and extreme-pressure performance of submicron PTFE particles in bio base oil

[20].

Presently, carbon nanoparticles are widely acknowledged as effective additives due to their
exceptional physical and chemical properties, including their strong chemical structure,
outstanding thermal conductivity, effective load-carrying tendency, and low surface energy
[21][22]. Urea-modified fluorinated carbon nanotubes (UF-CNTs) exhibiting hydrophilic
properties were synthesized by Min et al. [23]. Urea's amino functionality can efficiently create
hydrogen bonds with water in aqueous conditions, giving UF-CNTs better tribological
performance and high dispersibility in bio base lubricant. Furthermore, whereas nano additives
seem to be perfect for reducing wear and friction, their tendency to group together significantly

limits their applicability [23], resulting in poor dispersion and high sticky friction.

The residual charges in an additive's materials cause the H and O atoms to have a significant
electric dipole, which grounds them to gravitate toward the charges and instinctively create
hydrogen bonds with hydrophilic clusters in an aqueous setting, encasing the nano additives in
a hydration layer [24]. This guarantees that the nano additives are separated, giving them
superior dispersion and minimal shear force [25], which can be achieved via sonication
practices. More so, PTFE polymer chains are commonly utilized in lubrication operation to
promote lubricity because of their ability to surround hydrogen atoms by the many functional
groups [26]. With friction coefficient of less than 0.026, Zhao et al.'s research polymer grafted
hydrogel composite [27] showed a durable low-friction characteristic under very challenging
test conditions. Surface functionalization with hydrophilic and charged polymers has been
shown to be a dependable technique for enhancing the tribological capability of anti-wear

additives.

Understanding Determining the potential applications of different nano additive compounds
requires an understanding of their tribopair chemistry. To the best of our knowledge, no
comprehensive study has been conducted on the tribological interactions among different
MWCNT anti-wear additives and PTFE self-lubricating polymer in jatropha oil and AISI E-
52,100 material. The aim of this study was to investigate the tribological lubricity of multi-wall
carbon nanotubes (MWCNTs), PTFE polymer, and blended PTFE/MWCNT using jatropha oil
as the fundamental lubricant on AISI E-52,100 material. According to the literature [28], these
materials were selected because of their effectiveness in basic vegetable lubricants, their eco-

friendliness, and their variety of sizes and shapes.



2. Experimental
2.1 Lubricant samples and characterization

The concentrations listed in Table 1 were used to create the oil samples using BJO,
MWCNTs, and PTFE additives (supplied by Sigma Arich Malaysia). In this work, 1 wt.%
MWCNTs and 0.5 wt.% PTFE were chosen as the concentrations. These concentrations were
based on how well they performed in earlier research. Magnetic stirring at 2500 rpm for 1.5
hours was used to prepare the blends; this method worked well for creating homogenous
blends. In order to determine the repeatability of the results, the additive composition was
chosen to provide a clear and consistent wear and COF decrease within the test conditions in

this work, as discovered after three separate experiments.

Table 1. Samples Code and concentrations

Samples Code Base oil MWCNT (wt. %) PTFE (wt. %)
First phase of testing
BJO BJO - -
BJO + MWCNT BJO 0.8 -
BJO + MWCNT BJO 1 -
BJO + MWCNT BJO 1.2 -
BJO + PTFE BJO - 0.2
BJO + PTFE BJO - 0.4
BJO + PTFE BJO - 0.6
Second phase of testing
BJO (A) BJO
1.2 wt.% MWCNT + 0.2 wt.% PTFE (B) BJO 1.2 wt.% MWCNT 0.2 wt.% PTFE
1.2 wt.% MWCNT + 0.4 wt.% PTFE (1) BJO 1.2 wt.% MWCNT 0.4 wt.% PTFE
1.2 wt.% MWCNT + 0.6 wt.% PTFE (D) BJO 1.2 wt.% MWCNT 0.6 wt.% PTFE
1 wt.% MWCNT + 0.2 wt.% PTFE (J) BJO 1 wt.% MWCNT 0.2 wt.% PTFE
1 wt.% MWCNT + 0.4 wt.% PTFE (F) BJO 1 wt.% MWCNT 0.4 wt.% PTFE
1 wt.% MWCNT + 0.6 wt.% PTFE (C) BJO 1 wt.% MWCNT 0.6 wt.% PTFE
0.8 wt.% MWCNT + 0.2 wt.% PTFE (E) BJO 0 wt.% MWCNT 0.2 wt.% PTFE
0.8 wt.% MWCNT + 0.4 wt.% PTFE (G) BJO 0 wt.% MWCNT 0.4 wt.% PTFE

0.8 wt.% MWCNT + 0.6 wt.% PTFE (H) BJO 0 wt.% MWCNT 0.6 wt.% PTFE




2.2 Analytical tools

A field emission scanning electron microscope (FESEM, JEOL-6100, JOEL Co.,
Japan) equipped with energy dispersive X-ray spectroscopy (EDS) at a magnification of 200
nm was used to examine the morphology and elemental components of MWCNT, PTFE and
MWCNT-PTFE hybrid. Concurrently, the polyphosphate surface structure was investigated. A
dynamic light scattering (DLS) particle size machine was used to measure the particle size
distribution. Chemical bonding signals were obtained using Fourier transform infrared
spectroscopy (FT-IR). The Raman spectrometer operated in the 400-2500 cm ™! spectral range
and employed line scan mode to detect the carbon signals. Using the thermal gravimetric
analysis (TGA) equipment, the thermal characteristics were measured between 50 and 950 °C

at a heating rate of 10 °C per minute under nitrogen.
2.3 Rheological characterization

A rotational rheometer (Anton Paar MCR702e Multidrive) with a rheological cell
attached to a concentric cylinder flow geometry (DG28.91) was used to measure the shear
viscosity of the oil samples. This can have an impact on the viscosity of oils and, consequently,

the tribological performance.
2.4 Tribological testing

Tribological assessments of the oils were performed using a four-ball tester (Fig. 1) in
agreement with the test parameters listed in Tab. 2. According to the approach described by
[29][30], the test circumstances were based on the standard ASTM D4172 protocol. The four-
ball tester was equipped with a direct current (DC) power supply to supply constant voltage
through the four-ball connections. The standard AISI 52100 bearing steel balls that were tested
had a diameter of 12.7 mm, a surface roughness of 0.02 um, and a hardness of 64 HRC. The
tester's software measured and recorded CoF for post-analysis. The wear scar diameter for each
test was calculated by measuring the circular-type wear scars that developed on the three
bottom balls using optical microscopy. To generate the composition of the tribofilm generated,
a circular wear scar from one of the three bottom balls and a ring-type scar from the upper ball
used for each test were also investigated using energy-dispersive X-ray spectroscopy (EDS)
using a Jeol SEM microscope. After testing, an atomic force microscope (AFM) is used to

evaluate the wear scar volume and depth on the flat plate.
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Fig. 1. Presentation of four-ball test set-up and snapshots of the upper and lower balls.

Tab. 2. Analysis operating conditions.

s/n  Parameter Value
1 Test duration [minutes] 60
2 Load Kg 40, 60, 80, 100, 120
3 Humidity [%] 32
4 Amount of oil [ml] 25
5 Speed [rpm] 80, 100, 1200
6 Temperature [°C] 75£2
7 Voltage range [V] 0.6-1.6
8 Maximum Hertzian contact pressure [GPa] 4.5
9 Number of each test (new sample and new balls) 3
3. Results and discussion

3.1 Characterization findings

Fig. 3a—c displays micrographs taken with a FESEM for both pure and mixed
nanoparticles. The spherical and amorphous morphology of dry PTFE nanoparticles, which
appear to cluster due to their plymer nature, is depicted in Fig. 3a. A microscopic image of
MWCNT nanoparticles showed tube like structure nano-sized tubes as seen in Fig. 3b due to
the lack of constraint in the direction of thickness. Spherical PTFE nanoparticles are clearly
well trapped within the carbon nanotubes in Fig. 3¢, which shows a picture of a homogeneous
combination of PTFE and MWCNT nanoparticles. However, the detected elements were

presented in Tab. 3.



Fig. 2: FESEM images of nano additives of (a) PTFE, (b) MWCNT and (¢c) MWCNT/PTFE

Tab. 3 Elemental distribution in MWCNTs and PTFE under EDS analysis

Material/Elements (wt.%) C 0 P F
MWCNTSs 80 20 - -
PTFE polymer 11.8 8.5 423 37.8
MWCNT-PTFE 51.61 12.01 21.1 18.77

The Raman spectroscopy analysis of MWCNT is shown in Fig. 3 (a). It shows two
peaks at 1245.70 cm™' and 1580.31 cm ™, respectively. The record on the peaks were ascribed
to the vibrations of the carbon atoms in the graphene layer. The results matched the findings
that had been reported [31]. The G-band's band defect is more noticeable than the D-band's

intensity.

FT-IR was used to assess the functional groups in the formulation as shown in Fig. 3
(b). Due to functional groups, every other portion of the curve, with the exception of the base
PTFE polymer's ending curve, resembles the blended additives. The samples' spectra reveal
functional group distortion bands for methyl and methylene CH3 and CH> at 1685.11 cm™! and
1492 cm™!, as well as aliphatic broadening bands CHs and CH> at 2887.33 cm ™! and 2795.66
cm !, An enormous and prevailing band at about 3355.09 cm™! was initiate in the PTFE when
comparing the behaviours and functional groups in the spectra of the various samples.
However, this band was reduced under the spectra of blended samples due to the lower amount
of O-H/N-H group, which resulted in shrinkage on the peaks, particularly when MWCNTs
were added. The hydroxyl group (OH) was shown to be linked to a rocking vibration in the
PTFE spectra at the 3718.21 cm™! band, which was inadequate for other samples and caused in

peak shift.

This is due to the fact that the propagation of oil monomer components inside the

polymer chains had a slight structural variation at room temperature and in the absence of



external influence [31]. However, every other sample exhibited a significant change, which
was explained by the identification of different molecular components and a reduction in the
C=C group caused by the addition of base lubricants. The high vibration of the N-H group and
its shared vibration with the C—H group led to the development of peaks at 1338.50 cm™! and
997.51 cm™' when MWCNT + PTFE was utilized; nevertheless, other samples displayed strong
shifts indicating the production of new bound in varied unique formulations. The generated
spectra from those samples and those of previously discovered peaks that are comparable to
each other confirmed the compatibility of MWCNTs, PTFE, and base oil lubricant. The results

were in line with previous research [32].
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Fig. 3. (a) Raman spectroscopy of MWCNT and (b) FT-IR of the various samples.

The effectiveness PTFE, MWCNT, and PTFE-MWCNT on retaining heat was assessed
by TGA analysis, as shown in Fig. 4 (a). This is done to ascertain how resistant additives are
to heat when added to lubricants. The analysis of the basic lubricant alone revealed a weight
drop of 52.7%. As observed, the weight loss was significantly decreased when paired with
different additives, falling to 49.2%, 44.2%, and 32.9% under PTFE, MWCNTs, and PTFE-
MWCNT, respectively. The drop demonstrates that, in comparison to base lubrication, the
embedding of additives positively reduced the temperature effect on the created lubricants;
nevertheless, this effect was more noticeable under PTFE and MWCNT. The PTFE, MWCNT,
and PTFE-MWCNT trends were similar, indicating strong compatibility that led to enhanced
thermal characteristics. Bhadra made a similar observation on their analysis [40]. Fig. 4
displays the distribution particles of the additives MWCNTs and PTFE-MWCNT under a
dynamic light scattering (DLS) particle size machine. The findings demonstrate that the chosen
PTFE, MWCNT, and PTFE-MWCNT polymer additives effectively disperse ethanol via

sonication, with average mean particle sizes of 37.9 nm, 17.5 nm, and 48.3 nm, respectively.
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Fig. 4. (a) TGA and (b) dynamic light scattering of the samples used.

The of BJO, blended PTFE, MWCNTs, and PTFE-MWCNT additives at various
concentrations and temperatures between 40 and 100 °C are displayed in Fig. 5, and the related
viscosity index is shown in Fig. 5 (a). The graphic demonstrates how each tested lubricant's
kinematic viscosity decreases as temperatures rise. This is comparable to documented literature
[41, 42]. At40 °C and 100 °C, BJO produced 27.4 ¢St and 7.5 ¢S t, respectively. The blended
lubricant progressively loses its viscometric qualities at high temperatures, exhibiting lower
values due to the thermal impact [39]. Additionally, results showed that all oils, the exception
of 0.6 wt.% PTFE, had viscosity amounts that were closer to one another at 100 degrees Celsius
when additives were added. However, 0.4 wt.% + 1 wt.% MWCNT showed rather distinct

results, indicating moderate viscosity in the solution.

Due to the absence of polymer ingredients, MWCNT additives exhibit weak viscosity
tendency, which is comparable to the performance of 0.4 wt.% PTFE. The optimal viscosity
value was 38.4 at 40 °C for 0.6 % PTFE, 18.2 ¢St at 100 °C, and 35.7 ¢St at 40 °C and 14.9
cSt at 100 °C for 0.4 wt.% PTFE, in contrast to BJO at 27.5 ¢St and 8.1 at 40 and 100 °C. BJO
produced a viscosity index of 210.3 when the viscosity index was evaluated as shown in Fig.
5 (b). Under 0.4 wt.% PTFE + 1 wt.% MWCNT had the highest value (427.3), followed by 0.
6 wt.% PTFE (420.9), according to the study. As seen in Fig.6 (b), 0.8 wt.% MWCNT (390.7)
had the lowest viscosity index of any nano lubricant. This shown that the concentration cannot
produce adequate lubrication and that the high concentration may be incompatible. Similar

findings have been documented [43].
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3.2 Frictional Analysis

The coefficient (COF), surface roughness (Ra) and wear diameter (WSD) of each
additive sample was tested under 80 N and further investigated at other different loads (40, 60
and 100 N) at different operating speeds as displayed in Fig. 6 in comparison to pure BJO.
lubricant. As revealed in Fig. 6 (a), all samples showcase a good COF reduction compared
BJO. As demonstrated in Fig. 6 (a), the average COF of base lubricant alone under 80 kg was
0.217. In relation to that, MWCNT concentrations of 1.2 wt.%, 1 wt.%, and 0.8 wt.%, yielded
COF reduction of 44.2%, 45.2% and 37.8% whereas PFTE concentrations of 0.6 wt.%, 0.4
wt.%, 0.2 wt.% as mention in lubrication formulation (Tab. 1) produced COF reduction of
48.8%, 49.8% and 46.1%, respectively. The study observed that PTFE had a bigger effect than
MWCNTs, with COF ranges from 0.109 to 0.117, while MWCNTs range from 0.119 to 0.135.
As presented in Fig. 6 (b), under surface roughness assessment, inclusion of additives reveals
wear reduction, thus demonstrated the MWCNT performed better the PTFE. Because of their
special tubular nanostructure, remarkable mechanical strength, and capacity to create
protective tribofilms during sliding, MWCNTs exhibit great wear-resistant performance.
However, 1 wt.% MWCNT produced the optimal results followed by 1.2 wt.% MWCNT
before 0.8 wt.% MWCNT, while PTFE candidates yielded very similar and close related values

indicating poor anti wear tendency.

To better understand behaviour under the testing setups, the friction reduction and anti-
wear impacts of the selected additives compared to BJO were examined at various loads at an
operating speed of 1000 rpm, as illustrated in Fig. 6 (c and d). The average friction coefficient
and ball wear scar diameter fell more significantly in comparison to the base lubricant as the

loads increased from 40 kg to 80 kg, but increased at 100 kg. This is due to the fact that



nanoparticles' diffusion into the contact area aids in the creation of tribofilms [26]. At 40 kg,
60 kg, 80 kg and 100 kg under BJO the friction coefficient and wear diameter were 0.137 and
0.527, 0.185 and 0.543, 0.217 and 0.571, 0.219 and 0.583, respectively. Using MWCNT, the
COF varies from 0.117 to 0.161, while PTFE yielded range from 0.109 to 0.121, respectively.
Accordingly, the study discovered that optimal COF reduction was under 0.4 wt.% PTFE,
while best of wear reduction was observed with 1 wt.% MWCNT. Thus, all PTFE candidates
demonstrates better COF performance while MWCNT yielded outstanding wear protection.
The percentage COF and WSD reduction generated from the use of various formulation are

presented in Tab. 4, depending on the imposed load.

Tab. 4. % reduction in worn scar diameter and COF from individual additions

Lubricants/condition Average COF reduction (%) Average WSD reduction (%)

40N 60 N 80N 100 N 40N 60 N 80N 100 N

Base jatropha oil 0.137 0.185 0.217 0.219 0.527 0.543 0.571 0.583

0.8 wt.% MWCNTs  8.76%  26.89% 23.82% 23.33% |2391% 28.11% 37.79% 31.05%

1 wt.% MWCNTs 10.94% 31.31% 38.53% 31.22% | 25.80% 34.59% 46.08% 42.92%

1.2 wt.% MWCNTs  5.84%  26.89% 24.34% 24.36% |22.01% 36.22% 44.24% 41.55%

0.2 wt.% PTFE 13.87% 37.84% 46.08% 44.75% | 835% 8.10% 10.16% 12.35%

0.4 wt.% PTFE 1533% 42.16% 49.77% 48.97% | 24.29% 23.94% 22.42% 19.21%

0.6 wt.% PTFE 12.41% 38.38% 48.84% 46.12% | 10.06% 8.47% 12.25% 13.04%
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Fig. 6. (a) Coefficient of friction, (b) surface roughness (Ra), average COF and average WSD from the various individual additives under different

loads; 40 N, 60 N, 80 N and 100 N, and temperature of 75°C.



To further assess industrial applicability, it is necessary to combine the two separate
additions to examine their synergistic effect because the performance of the individual
additives varied. The synergistic tendency of MWCNT and PTFE and tribological performance
was evaluated under extended operating condition (80 kg, 100 kg and 120 kg) and elevated
temperature (80 °C) with rotation speed of 1200 rmp, as shown in Fig. 7. The findings show
that BJO undergoes pronounced COF fluctuations (Fig. 7 (a)) and severe wear loss (Fig. 7 (b))
during prolonged testing. The BJO graph shows irregular trend throughout the time duration.
This indicates gradual breakdown of the lubricating film under cumulative fatigue. The BJO
produced COF value of 0.568 under 100 kg. In contrast, the various formulated MWCNT +
PTFE system remains highly stable and enhanced in all the tested samples, thus revealed
synergistic tendency with 0.8 wt.% MWCNT + 0.4 wt.% PTFE (G) (COF = 0.341) showing
optimal frictional control. Accordingly, the surface roughness (Ra) was examined via
microscopy using a surface profilometer. The findings showed that the blending samples
revealed outstanding performance compared to individual additives tested, supported the

findings under COF analysis (Fig. 6 (a and b)).

Again, as shown in Fig. 6 (c and d), the various blended samples were tested under
different loads in terms of COF and WSD. Corresponding to the previous findings, the
application of 0.8 wt.% MWCNT + 0.4 wt.% PTFE demonstrated remarkably good reduction
in both COF and wear reduction, while other samples revealed their friction controls in
different degree. The study observed that during the testing, the diminished viscosity of the
various formulation typically triggers elastohydrodynamic lubrication (EHL) film collapse,
transitioning to severe boundary lubrication but more pronounced with BJO. Nonetheless,
under 100 kg, 0.8 wt.% MWCNT + 0.4 wt.% PTFE (G) provides sufficient protection in this
higher working condition, lowering COF, Ra, average COF and average WSD by 57.01% and
37.61%, respectively. The enhanced thermal stability suggested by the TGA measurements is
consistent with this behaviour. This synergistic reinforcement shows that MWCNT + PTFE
significantly increases the BJO's load-bearing capacity, guaranteeing dependability under
heavily stressed regimes. The operation produced higher frictional energy and amply illustrated
the development of better tribo-film due to the elevated operating conditions. However, this
could be because of the superior sacrificial layer brought about by favourable tribo-chemistry
and frictional energy between the molecular components of the lubricant and the substrate. As
reported [33], [34] similar findings regarding the behaviour of microparticles in olive oil under

boundary and mixed lubricating conditions.
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Fig. 7. (a) Coefficient of friction, (b) surface roughness (Ra), average COF and average WSD from the various blended concentrations additives

under different loads; 80 Kg, 100 kg and 120 Kg, and temperature of 80°C



From the various investigation analysis, Tab. 5 lists the different COF and wear control from

various mixed nano lubricants.

Tab. 5. COF and Ra values recorded from different lubricants

Lubricants/ Average COF reduction (%) Average WSD reduction (%)
Condition (Code) @ 80 kg @100kg @120kg | @80kg @100kg @ 120kg
BJO (A) 0.363 0.382 0.421 0.663 0.693 0.718
B 32.51% 31.68% 35.63% 24.73% 25.97% 28.83%
C 35.81% 38.22% 42.76% 25.04% 27.71% 29.39%
D 36.36% 40.05% 42.04% 28.96% 33.19% 33.84%
E 39.94% 42.15% 43.71% 40.12% 37.23% 37.74%
F 42.98% 44.76% 48.93% 40.42% 37.66% 38.58%
G 48.21% 55.11% 52.09% 41.18% 44.43% 44.16%
H 46.28% 50.00% 51.78% 39.52% 41.56% 40.53%
I 36.36% 44.76% 42.99% 40.87% 43.27% 42.76%
J 39.12% 45.29% 45.61% 38.16% 43.43% 41.64%

Note: BJO = A; 1.2 wt.% MWCNT + 0.2 wt.% PTFE = B; 1 wt.% MWCNT + 0.6 wt.% PTFE =C; 1.2 wt.%
MWCNT + 0.6 wt.% PTFE = D; 0.8 wt.% MWCNT + 0.2 wt.% PTFE =E; 1 wt.% MWCNT + 0.4 wt.% PTFE
=F; 0.8 wt.% MWCNT + 0.4 wt.% PTFE = G; 0.8 wt.% MWCNT + 0.6 wt.% PTFE = H; 1.2 wt.% MWCNT
+ 0.4 wt.% PTFE =1; 1 wt.% MWCNT + 0.2 wt.% PTFE =J; as used in the study.

Furthermore, as to ascertain the efficacy of the formulation lubricity, as shown in Fig. 8, the
COF, Ra, WSD and wear rate of the optimal concentration (0.8 wt.% MWCNT + 0.4 wt.% PTFE)
were examined in comparison to the BJO under loads of 100 Kg at operating speed of 1500 rpm. When
compared to the results under 100 Kg (Fig. 8(a)), the study revealed that the COF decreased
significantly when compared to BJO lubricant, indicating that the use of 0.8 wt% MWCNT + 0.4 wt%
PTFE is very effective as depicted in Fig. 8 (a and b). At 100 Kg, BJO lubricant produced COF of
0.0905 and Ra of 0.74, whereas 0.8 wt.% MWCNT + 0.4 wt.% PTFE produced COF 0of 0.0711 and Ra
of 0.33.

Applying 0.8 wt.% MWCNT + 0.4 wt.% PTFE significantly reduced the study's average COF
and WSD analysis, as seen in Fig. 8 (¢ and d), when compared to BJO. The WSD and wear rate of BJO
under 120 Kg was 0.63 mm and 11.7 * 107> mm?*/N.m, this produced a WSD percentage reduction of
50.7% and 56.4, respectively for 0.8 wt% MWCNT + 0.4 wt% PTFE. The findings demonstrate
effective surface protections of 0.8 wt% MWCNT + 0.4 wt% PTFE in comparison to BJO. It was
discovered that the operation could generate the frictional energy required for successful tribo-
reactions with tribo-film formations at 1500 rpm, which reduced wear and friction. This outcome was

consistent with reports found in the literature [35].
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3.3 Wear scar micrographs and additive mechanism

In comparison to BJO, the surface lubricated with 0.8 wt.% MWCNT + 0.4 wt.% PTFE seems
smoother and shallower as depicts in Fig. 9. The tribo-chemistry between the MWCNT and PTFE on
the sliding surface caused some healing effects on the grooves. The wear-resistant potential of the
nanoparticles and additional EDS inspection are indicated by the red lines (Figs. 9 (al-bl) on the
lubricated surface. By using EDS to reveal elements distribution on the different lubricated surfaces,
as indicated in Tab. 6, the anti-wear property improvement from MWCNT + PTFE particles was also
demonstrated. This clearly demonstrates that MWCNT + PTFE particles implanted on the contact
surfaces create a tribo-film that reduces wear and friction. This outcome is comparable to the earlier

analysis of nanoparticles on steel contacts [16][36], [37].

Fig. 9 (c and d) displays the 3D topographical pictures of the lubricated surfaces along with the
wear depth (Wd) that corresponds to them. The wear volume and surface roughness were greatly
decreased by the addition of MWCNT + PTFE particles. The rolling motion toward surface separation
may be the source of this. Additionally, the superior performance of MWCNT + PTFE is ascribed to



its nanoscale, which diffuses into the worn valleys and friction zone and helps the sliding surfaces

create an efficient tribo-film during tribo-chemistry operation. The literature has suggested a number

of ways that nanoparticles in nanofluid can reduce wear and friction, including the rolling effect,

mending/healing effect, improved thermal stability, polishing, and viscosity alteration performance.

Wear width (um)

Elements | Weight (%) | Atomic %
(az) OK 043 12.01
CK 11.4 30.22
Fel 84.3 40.09
Totals 100 100
Cc
Fe
Fe g
0 1 2 3 5 6 7 8 9 10
Full Scale 351 cts Cursor: 3.302 (2 cts) keV]
El Weight (%) | Atomic %
fe OK 09.3 12.01
c CK 18.1 30.22
PL 11.6 13.9
SK 31 2.1
Fel 58.3 40.09
Totals 100 100
P
s Fe
R » Fe P
1 2 3 4 5 (-] 7 8 9 10
Full Scale 147 cts Cursor: 4 215 (1 cts) keV]
b2 ]
B EL
sl (cl)
’é‘ ! et
2w
£
o ~1.84
8 144
E 117.3pm
LTS . .
S g0 Base jatropha oil
A
-18 - v T T T T
won) w00 1000 He 12 1w

I
X

(D
154
194 (d1)
v
= —‘Q‘V‘W—‘——"‘
l'l:«t‘ )ih\hﬂ 5 _:::
o 513um
2 4% t910 - 159
- 2104
v 254
0¥y I = 28] 0.8 wt.% MWCNT + 0.4 wt.% PTFE
-0.9, -3s M v Y Y Y v
o7 asw e - L w00 1000 AL 1200 100

Wear width (um)

Fig. 9: (a and b) SEM, 3D image showing the Ra and the corresponding EDS; (c and d) 3D images

showing wear scar and the corresponding wear depth under different working operations.



The EDS analysis of the different samples is shown in Tab. 6. As observed, Fe and Cr were
found to be significantly higher under BJO lubricated surface but to be lower when additives MWCNT
+ PTFE) were applied. Similar to a prior work [38], [39], the presence of F, P, N, and a large amount
of C on MWCNT + PTFE under EDS assessment indicated that the particles were involved in the
tribological process and hence had important anti-wear and friction-reducing activities during

lubrication.

Tab. 6. EDS elemental distributions analysis on the lubricated surfaces

Components C Cu 0) Cr Fe N F P
BJO 8.11 - 8.90 3.53 81.50 - - -
MWCNTs 16.71 - 9.8 1.02 64.1 - 11 5

This study found no evidence of a polishing impact from the nanofluid lubrication based on the
wear performance and friction of the nanoparticle MWCNT + PTFE). Fig. 10 models the rolling action
and healing mechanism of the nanoparticle (in this case, MWCNT + PTFE). This is due to the fact that
MWCNT + PTFE elements were present on every surface that the MWCNT + PTFE nanofluid
lubricated, which lowers the value of the Fe element in steel. Thus, the primary functions of MWCNT
+ PTFE during lubrication are rolling and mending/healing. However, as Fig. 10 (b) illustrates, the
nanoparticles' rolling mechanism reduced wear during sliding by keeping the two bodies apart from
direct contact. The decrease in the size of the furrows seen on the surfaces lubricated with the MWCNT
+ PTFE addition corroborated the outcome. Furthermore, the substrates demonstrated wear healing as
a result of the MWCNT particles filling the troughs during lubrication. The following is a suggested
tribological improvement from MWCNT + PTFE lubrication:

Equations (1) and (2) of the Hamrock-Dowson equation for elastic lubrication [40] [41] can be
used to estimate the observed minimum film thickness hmin. where 1 is dynamic viscosity, R is the
balls' radius (12/2 = 6 mm), Wy is the applied load, Ue is the operating speed, and Vball and Eball are
the steel ball's elastic modulus and Poisson's ratio (AISI 52100). applying the proper values and using
0.8 wt.% MWCNT + 0.4 wt.% PTFE for the analysis. For 100 kg, the lubricant's computed film

thickness at various contacts was 33 nm.

nu
hamin = 28R ()% (ERZ) o ey

2

= 2
E Epau(up) = Epqu(down) @



Due to heat from friction and increased contact pressure can lead to a potential tribo-chemical
response among additives and their surroundings, metal surfaces are crucial in the interface amid nano
additives and lubricant molecules in body-body sliding lubrication [11], [42], [43]. As a result, on the
friction surface, a tribofilm may develop. In this instance, MWCNT-PTFE, the lubricant, and their
chemically bound components produce the tribofilm adsorption. The tribofilm mechanism is
frequently the most comprehensive model for describing the anti-wear and friction reduction properties
of nanolubricants (Fig. 10). The majority of studies attributed nanolubricants' superior lubrication

effectiveness to their ability to produce a protective coating over rubbing surfaces.
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Fig. 10: Model mechanisms and tribo-film reactions towards tribo-pair wear shields for

MWCNT/PTFE lubrication.

4. Conclusion

In this study, the tribological characteristics of base jatropha oil under sliding test conditions
were investigated in relation to varying concentrations of MWCNT and PTFE nanoparticles. The

following conclusions were drawn from the findings:

e The study found that adding specific additives raised the lubricant's VI and viscosity in
viscometric tests, but this effect was more pronounced under PTFE. Using FT-IR analysis, the
formulation confirmed the presence of functional groups required for lubrication, such as

carbonyl, alkene, and aliphatic CHz and CH3 groups.



The sliding speed and operating load of the system have a significant impact on the nanofluid
tribological properties of MWCNT and PTFE particles. PTFE offered good COF results with
three distinct loads (40 kg, 60 kg, 80 kg, and 100 kg) operating at 80 rpm, however MWCNT
produced greater wear resistance than base jatropha oil. All of the tested lubricants, however,
performed better than the base jatropha when the load was increased to 80 kg with an operating
speed of 80 kg; however, 0.4 wt.% PTFE (49.77 %) and 1 wt.% MWCNT (40.08 %) produced

the best results in terms of COF and wear mitigation, respectively.

The synergistic effect of MWCNTs and PTFE additives greatly decreased the friction
coefficient and wear impact. The optimum results were shown by 0.8 wt.% MWCNTs + 0.4
wt.% PTFE (G), out of all the concentrations evaluated during the additives concentration
combined testing. Under 100 kg, the highest performance was similarly observed at an
operating speed of 1000 rpm. When compared to the base lubricant utilized, the combination
of the additives reduced COF by 55.11 % and wear by 44.43 %9%. This demonstrates that wear

resistance performs better than coefficient of friction

After the lubrication operations, the lubricated surface with 0.8 wt.%MWCNTs and 0.4 wt.%
PTF4 (G) smoothed to the surface of the base lubricant, which was thought to be essential in
lowering asperity-induced direct contact during operation. Complex tribo-chemical reactions
took place as a result of the BJO's inclusion of MWCNTs and PTFE additives during the
lubrication. Little elements of P, S, O, and Fe were found under EDS analysis on the steel
substrate, along with elements of many carbon constituents. Owing to the tribo-film's strength in
supporting significant loads during operation, the tribological performance was enhanced in
terms of lowering wear and friction as well as load carrying capacity. An further test using a 3 D
AFM machine revealed that the wear depth produced by the new lubricant 0.8 wt.% MWCNTs
and 0.4 wt.% PTF4 (G) was less than that of the BJO lubricated surface, and as a result, it was

suggested for industrial lubrication.
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