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(Table 1) at various filler fractions: 0.01, 0.05, and 0.10 wt.%. Scanning electron microscopy
(Carl Zeiss, Sigma VP, NY, USA) was employed to examine the size and morphology of
HNS (Figure 1). From SEM images, it can be observed a tubular rod-type shape of the HNS.
The measured lengths of these nanostructures have a maximum of 589 nm and 120 nm as a
minimum. Average length was 302 nm with a standard deviation of 83 nm. The average
measured diameter was 61 nm + 18 nm, where the minimum and maximum diameters
were 28 nm and 96 nm, respectively.

Table 1. Material characteristics.

Materials Properties and Characteristics
Conventional Lubricant Density (20 C) Kinetic Viscosity (mm?/s)
190 @0 °C; 32-34 @40 °C;
3 ’ Y
Natural ester 0.92 g/cm 77_83 @ 100 °C
Nanostructures Properties

Chemical formula: H4Al,OgSiy. 2H,O
Specific gravity: 2.57 g/cm3
Molecular weight: 294.19 g/mol
Size-Length: 302 nm =+ 83 nm; Diameter: 61 nm + 18 nm

Halloysite (HNS)

Figure 1. HNS morphology at (a) 20 KX, and (b) 40 KX magnifications.

Table 1 depicts the general properties and characteristics of the natural ester, nanos-
tructures, and specimens for the tribological tests.

Nanolubricants Preparation

Homogeneous nanolubricants were prepared by a two-step methodology dispersing
HNS within the natural ester lubricant. For each set of nanolubricants 42 mL glass con-
tainers were prepared at 0.01, 0.05, and 0.10 wt.%. Water bath ultrasonication (Branson
ultrasonic homogenizer model 5510—Danbury, CT, USA, 40 kHz) was used for extensive
time (8 h). According to the following methodology, a constant temperature (24 °C) was
kept in the sonicator water bath to prevent the nanostructures from clumping together,
causing fast sedimentation. All glass vials specimens were kept on a shelf for about
15 days without significant particle sedimentation (Supplementary Materials). Preliminary
sonication of each sample for 15 min was performed before the experimental testing.

3. Experimental Details
3.1. Tribological Evaluations

For tribological measurements, COF and WSD were analyzed with a tribotester in a
four-ball configuration based on the ASTM D 4172 methodology. This tribosystem employs
three fixed steel balls on a cylindrical container (fluid cup) and one more on top of them
(Figure 2), applying a load P = 40 kgf (392 N). A temperature of 75 °C was employed for the
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evaluated nanolubricants; the upper ball rotates at a specific rotational speed n = 1200 rpm
during 1200 s. An AISI 52100 steel is used for the ball’s material (60 HRC and 12.7 mm in
diameter). This tribotester configuration is widely applied to determine the wear properties
of lubricating fluids and oils in sliding metal-metal applications. The anti-wear performance
of nanolubricants was tested with the block-on-ring configuration at room temperature
(24 °C), 3000 N load, 200 rpms, and time of 1200 s. The evaluated nanolubricants were
deposited in a fluid pool, allowing constant lubrication while the test ring was rotating. For
these evaluations, the blocks used were AISI 1018 steel with 79 HRB hardness, and the rings
were AISI D2 tool steel with 61 HRC hardness. To obtain statistically significant results,
four replicas were measured for each set of nanolubricants. Worn scars of steel components
were analyzed by a 3D surface profiler microscope measurement system (Keyence Corp
Precision, Itasca, IL, USA) and a TescanVega 3SB Scanning Electron Microscope (SEM).

lP = Load
Top view

Mn= Rotational
speed

Figure 2. Schematic of tribotesting four-balls setup.

3.2. Thermal Conductivity Evaluations

Thermal conductivity evaluations of HNS nanolubricants were evaluated with a TEM-
POS thermal analyzer device and KS-3 sensor probe (METER GROUP, Inc., Pullman, WA,
USA) following the transient hot-wire (THW) methodology. A temperature-dependence
scan up to 70 °C (343 K) was performed. Before thermal measurements, 20 min ultra-
sonication was applied to the samples. Above room temperature evaluations, before
measurements, each set of specimens was maintained at least 12 min in thermal equilib-
rium. This procedure promotes the preparation of stable homogeneous nanolubricants,
which are then evaluated. The obtained thermal conductivity values were compared with
the conventional natural ester (ko). The effective thermal conductivity of the nanolubricants
is kegf. For each set of specimens, at least six measurements were obtained, reporting the
average values with error bars as standard deviation.

4. Results and Discussion
4.1. Tribological Performance

The tribological behavior of natural ester lubricant was analyzed with reinforcement
of HNS. Figure 3 depicts COF curves recorded during block-on-ring evaluations being
consistent with the testing conditions for all the samples. The tribotests were performed
under lubrication with natural ester and HNS nanolubricants. It was observed that the
addition of diverse filler fractions of HNS resulted in a profound effect of friction reduction
during the tribological evaluations.

The initial measured COF for evaluated lubricants was in the vicinity of 0.085. After
the first minutes of testing, the HNS nanolubricants showed a significant decrease in COF.
Lower COF represents less energy loss caused by contact pairs friction. At merely 0.01 wt.%
concentration, it was observed a COF value of 0.075, with maximum improvement for
0.05 wt.% of 0.029. As can be observed, after the complete run of experiments, the HNS
nanolubricants showed superb behavior, reaching the greatest improvement of 87% at
0.05 wt.%, compared to pure lubricant.
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Figure 3. Block-on-ring evaluation for HNS nanolubricants showing COF versus time.

Figure 4 shows the average COF values for nanolubricants. COF was reduced from
0.042 for the natural ester to 0.015 with 0.01 wt.% HNS. The best improvement was observed
at 0.05 wt.% concentration, where COF is 0.006. It is also shown an increase in these proper-
ties at higher filler fractions because, at higher concentrations and increasing temperature,
nanostructures tend to agglomerate, decreasing the lubrication performance [73,74]. The
lower improvement was shown at 0.10 wt.% filler fraction; this can be attributed to a higher
concentration of nanostructure agglomeration. Nanostructures deposit in the surface de-
pressions; hence, as smaller the size of the nanostructures, the more likely to creep into
those gaps, minimizing contact and friction is mend to reduce the roughness and also to
withstand higher loads [39]. Previous research of sunflower and soybean nanolubricants
with SiO; displayed a reduction in the COF of 10% and 26% in comparison. [34].

0.06
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0.02

Coefficient of Friction (COF)

0.00
Natural Ester 0.01wt.% 0.05wt.% 0.10wt.

HNS concentration

Figure 4. Average COF results for natural ester reinforced with HNS nanostructures.

Figure 5 depicts SEM of the scars of worn steel balls for conventional natural ester
and HNS nanolubricants at various filler fractions. The average diameters of the three
bottom steel balls were used to calculate the WSD, as shown in Table 2. When HNS
were incorporated into natural ester, 188 pm scar diameter was measured, showing a
decrease of 8.29%, with the highest reduction of 37.56% (128 um) at 0.05 wt.%. The highest
concentration, 0.10 wt.% of HNS, showed a reduction of 28.29%. This minor decrease in
the lubrication properties for higher nanostructure filler fraction could be attributed to the
tendency of agglomeration of nanostructures, as was also observed in the COF evaluations.



Lubricants 2023, 11, 65

7 of 12

In accordance with Wu et al. [75], the experimental temperature has a direct impact on the
lubricating mechanisms; higher evaluation temperatures result in a decrease in viscosity,
which could affect the formation of the lubricant tribofilm between contact surfaces.

Natural ester @0.01wt.% HNS @ 0.05wt.% HNS @ 0.10wt.% HNS
lubricant

Figure 5. SEM of steel ball wear for: (a) natural ester, and (b—d) HNS nanolubricants.

Table 2. WSD of HNS nanolubricants by ASTM D5183.

. WSD (um)
Lubricant (Reduction %)
Natural ester 205
@ 0.01 wt.% HNS 188 (8.29%)
@ 0.05 wt.% HNS 128 (37.56%)
@ 0.10 wt.% HNS 147 (28.29%)

For anti-wear conditions, tribological mechanisms for HNS play a paramount role in
the lubricant characteristics and properties. It must be mentioned that the characteristics
and performance of the lubricant are significantly influenced by these nanostructures. The
size and morphology of HNS have considerable effects on the properties and characteristics
of conventional lubricants, such as have been observed with other rod-type structures such
as single/multi-wall carbon nanotubes (CNTs). These peculiar structures act by rolling
and sliding under transversal sliding forces action, playing a bearing-like function among
contact components and pairs in friction, changing the sliding friction into rolling friction
and enhancing the anti-wear characteristics of the material. According to Zhang et al. [76],
friction reduction is not promoted by the action of the nanorods themselves working as
molecular bearings. Instead, a vortex structure is developed during the friction process,
causing the rolling friction behavior. In this case, HNS has a load-bearing mechanism
that promotes the reduction of wear and lowers COF [77,78]. Additionally, the smoothing
and mending effects of nanostructures after being deposited on contact areas (COF reduc-
tion [39]) and the rolling-sliding effect by rod-type nanostructures (decreasing WSD [79,80])
could affect the tribological performance.

4.2. Thermal Performance

The Brownian motion of nanostructures within a fluid or lubricant is mostly governed
by the nanofluid thermal transport properties (thermal conductivity). Shafi et al. [81]
described how the Brownian motion of nanostructures enhances the thermal transport
behavior of a fluid or lubricant; first, nanostructures collide and create a solid- -solid con-
duction mode of heat transfer (percolation channel formation). Then, thermal conductivity
is enhanced by a convective heat transfer mode.

Figure 6 depicts the temperature-scanning evaluations for the thermal conductivity of
HNS nanolubricants at various concentrations. The natural ester did not exhibit significant
affectation in thermal conductivity (only a 2.4% increase) as the temperature was raised up
to 70 °C (343 K), compared to room temperature. Moreover, the nanolubricant’s thermal
performance was observed to be gradually enhanced with the HNS concentration increase.



