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Abstract: Bio-lubricants have demonstrated promising tribological and physical properties, sug-
gesting their potential advantages in the lubrication of critical machinery components. This study
investigates the impact of using blended individual and hybrid nanoadditives, such as graphene
nanoplatelets, ZnO, and an ionic liquid (IL) of Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)
phosphinate, on the rheological, tribological, and physical characteristics of rapeseed oil. A commer-
cial cutting fluid (BLASER Vasco 6000) (VB 6000) is used for comparison. The results revealed a sub-
stantial improvement in viscosity index (VI) values for mixtures containing graphene nanoplatelets,
reaching up to 150%, as compared to VB 6000. Regarding the tribological behavior, the friction
coefficient achieved a reduction of up to 20% at room temperature (RT) and 26% at 60 °C for the
hybrid containing all three nanoadditives (H3), outperforming the commercial fluid. Moreover, H3
demonstrated the most substantial reductions in wear volume (84%) and surface roughness (60%).
The wettability of H3 benefited from the combined mechanisms of the applied nanoadditives; its
application the contact angle decreased by 63%, revealing its outstanding spreadability. The results
reveal the high potential of the H3 hybrid as a competitive and green metal working fluid that can
replace hostile and toxic ones in industrial applications.

Keywords: graphene; ionic liquid; ZnO; rheology; rapeseed oil; wettability; metal cutting fluid;
tribology

1. Introduction

The environmental impact of petroleum-based lubricants poses a significant challenge
due to their limited biodegradability, leading to soil and water contamination upon disposal.
A notable solution available in the United States involves the recycling of approximately
1.3 billion gallons of used oils annually to fuel critical industrial operations such as boilers,
thus offering a sustainable approach [1,2]. An alternative perspective explores natural
bio-lubricants as sustainable and eco-friendly replacements for mineral and synthetic
counterparts. These bio-lubricants are free from harmful substances and toxic compounds
harmful to humans, such as sulfur. They also exhibit versatility in various applications,
including automotive, aerospace, and machinery systems, and prove particularly beneficial
in total-loss lubrication systems, safeguarding against potential harm to soil and drinking
water [3].

Recently, great attention has been redirected towards vegetable oil, as a natural oil,
due to its superior biodegradability over animal fats and esters [4]. It absorbs far greater
amounts of carbon dioxide through the photosynthesis process compared to that released
due to burning [5]. Among vegetable oils, rapeseed (Canola) oil stands out. This represents
15% of total world consumption of edible oil, ranking third after palm oil (32%) and
soybean oil (26%). Several research articles have considered rapeseed oil as a bio-lubricant
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in different industrial applications [6-8] due to its unique fatty acids profile. Its structure
contains high oleic acid content (50-65%), a moderate content of linolenic acid (10-20%) and
a low content of saturated fatty acids, such as palmitic (4-5%) and stearic acid (1.5-2%) [9].

According to a previous study, compared to mineral oil, rapeseed lubricant showed
a lower average coefficient of friction (COF) (by 20%) and a better pitting resistance (by
approximately 50%). However, rapeseed oil exhibited poor wear resistance due to th low
strength of the lubricating film, which resulted in metal-to-metal contact and adhesive
wear [10]. Kandeva et al. [11] focused on studying the behavior of rapeseed oil with novel
metal additives in terms of friction and wear using a pin-on-disc tribosystem. They found
that the COF and wear rate were reduced by 55% and 61%, respectively, by increasing
concentration of copper-based additive up to 3 wt.%.

Despite its noteworthy molecular structure, rapeseed oil is susceptible to oxidation,
especially at high temperatures, due to its remarkable percentage of unsaturated fatty
chains, containing C=C bonds [12,13]. The oxidation process is responsible for degrading
the properties of the bio-oil, significantly affecting the cold flow of the oil [14,15]. More-
over, its tribological and physicochemical properties require a significant improvement to
withstand harsh operation conditions.

Several recent investigations have considered ionic liquids (ILs) as promising nanoad-
ditves to mineral and bio-based lubricants due to their distinctive physicochemical and
tribological characteristics, offering outstanding thermal stability, high fire resistance, in-
herent polarity, and low volatility [16-18]. Presilla et al. [19] studied the impact using
non-halogenated ILs of bis(oxalato)borate [BOB] and bis(mandelato)borate [BMB] in combi-
nation with LiX grease. The findings suggested that grease compositions with the applied
ILs can offer effective boundary lubrication. This leads to minimal wear and lower friction
values, even under moderate contact pressure and when the contact area remains partially
covered. According to the authors’ conclusions, this behavior outperforms that of the
conventional additives of Zinc dithiophosphate (ZDDP) and MoS;. Another previous
study proposed the use of ILs to lubricate 100Cr6 steel substrates instead of ZDDP. ILs are
preferred for their capacity to form efficient boundary tribofilms, especially at elevated
temperatures of up to 500 °C [20].

Despite the varied types of IL that exist, many investigations focus on phosphonium-
based ILs for their good miscibility in oils and their chemical inertness with most organic
species [21,22]. In the research conducted by Rohlmann et al. [23], the impact of blending
non-halogenated phosphonium orthoborate IL by up to 15 wt.% with bio-oils was studied.
The used bio-oils were oil-soluble polyalkylene glycol and Estisol 240 monoester. The
findings revealed that the monoester oil, in its pristine state, outperformed the polyalkylene
glycol in terms of wear resistance, exhibiting wear values approximately five times lower.
However, a noteworthy outcome emerged when IL was introduced into both bio-oils.
This addition led to a significant reduction in wear values for polyalkylene glycol, with
approximately 92% less wear compared to the result obtained using monoester oil.

Bambam et al. [24] compared the tribological behavior of three types of ILs added to
canola oil each with 1 wt.% to be used in machining operations. They used two halogen-
based ILs of BMIM PF4 and BMIM PF6 and one halogen-free IL of P6,6,6,14 [(C8)2 PO2].
The halogen-free phosphinate variety showed competent behavior compared to other
types as it reduced the COF and wear rate of canola oil by 48% and 73%, respectively.
Also, it increased the dynamic viscosity by 36% at RT. This IL type was recommended for
machining operations as it improved the cutting parameters by reaching reduction percent-
ages of 68% and 44% in surface roughness and temperature, respectively, as compared to
dry machining.

Other investigations introduced the hybridization idea between ionic liquid and other
additives, such as ZDDP [25], graphene [26] or, hexagonal boron nitride (h-BN) [27]. The
main purpose of these synergies is to combine outstanding tribological and physicochemical
properties into one lubricant [28-31]. Nasser et al. [32] investigated the effects of adding
1 wt.% phosphonium ionic liquid and 0.1 wt.% graphene to PAO32 mineral oil. They
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observed significant reductions in the coefficient of friction (COF) and wear rate, with
drops by up to 36% and 15%, respectively. In another study, the addition of 0.04 wt.%
graphene/ionic liquid composite to PAO6 resulted in a considerable decrease of 45% in COF
and a substantial 90% reduction in wear rate [33]. Despite the numerous investigations
in this field, a considerable research gap still remains concerning the hybridization of
ionic liquids with other nanoadditives in rapeseed oil. Additional research is needed to
investigate the potential advantages and combined effects of these hybrid lubricants in
applications involving rapeseed oil.

This study investigates the impact of incorporating various weight percentages of
a phosphonium-based ionic liquid, graphene nanoplatelets, and ZnO nanoparticles as
individual nanoadditives, as well as three hybrid combinations of these nanoadditives,
on the properties of commercial rapeseed oil. Ionic liquid and ZnO are selected for their
physicochemical and tribological properties, while graphene is chosen as a two-dimensional
layered antifriction nanoadditive [34,35]. The main objective is to reach optimum rheolog-
ical, tribological and physical behavior when employing hybrid nanoadditives with the
rapeseed oil. The dynamic viscosity is measured in this work at two different temperatures
for all tested mixtures to give an indication of rheological behavior, while tribological
parameters, such as COF and wear volume values are recorded at a 1 GPa loading condi-
tion to define the tribological properties for all mixtures. A wettability test is conducted
for selected mixtures, which exhibit outstanding wear behavior, to assess their physical
behavior. All findings are compared with those of a commercial cutting fluid BLASER
Vasco 6000.

2. Materials and Methods
2.1. Materials and Characterization

In this work, a commercially available edible refined rapeseed oil was purchased
from the local market to act as the base bio-oil. 6000. To enhance the properties of bio-oil,
three distinct types of nanomaterials were simultaneously utilized as nanoadditives, along
with their combined incorporation. These nanomaterials were graphene nanoplatelets
(size of 6-8 nm; purity of 99.5%) (Gr), zinc (II) oxide (ZnO) powder (size of 90-210 nm;
purity of 99.9%) and Trihexyltetradecylposphonium bis (2,4,4-trimethylpentyl)phosphinate
(purity of >90%) ionic liquid (IL) [P66614] [TMPP]. All these nanomaterials were supplied
by Ionic liquids technology (Iolitec) GmbH, Heilbronn, Germany. These nanomaterials
were selected for their specific properties and potential benefits in enhancing the bio-0il’s
performance. To assess the performance of the obtained mixtures, a commercially available
cutting fluid of BLASER Vasco 6000 (VB 6000) was used for comparison. Table 1 displays
information about rapeseed and VB 6000 oils.

Table 1. Properties of the proposed base oils.

Item Rapeseed Oil Blaser Vasco 6000
Viscosity at 40 °C 32 mm?/s 42 mm?/s
Viscosity at 100 °C 7 mm? /s 8 mm?/s
Water-miscible, Ester oil base,
Structure Fatty acid structure boron, formaldehyde and
chlorine-free
Flash Point °C 218 129

To analyze the particle morphology, size, shape, and the degree of particle aggregation
for both graphene and ZnO nanoparticles, scanning electron microscopy (SEM) (JEOL
JSM-IT200,) and transmission electron microscopy (TEM) (JEOL JEM-2100, JEOL Ltd.,
Tokyo, Japan) were employed. For SEM sample preparation, coated powder samples with
platinum—palladium (coating was performed using a JEOL JEC-3000 FC Auto Fine Coater)
were affixed to a double-face carbon tape. For TEM sample preparation, the nanoparticles
were dispersed in an ethanol solution and then underwent sonication for a duration of
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15 min. A small droplet of the resulting solution was then placed onto a copper—carbon
grid using the drop-casting technique. The analysis was carried out at 200 kV.

Microstructural phases and crystallinity percentages were determined using X-ray
diffraction (XRD) spectroscopy (Empyrean Malvern Panalytical, Almelo city, The Nether-
lands), showing the characteristic peaks for both ZnO and graphene. Regarding the
attached functional groups, Fourier-transform infrared (FTIR) spectroscopy (Bruker Com-
pany, Billerica, MA, USA) was used to detect the quality of each nanostructure, providing a
wide range of detection of up to 4000 cm ™!

In order to confirm the structural quality of graphene along with its layered nature,
Raman spectroscopy (WITec alpha 300 R, Braunschweig, Germany) was used to analyze
the vibrational modes. A graphene sample was tested in a special chamber, within which
the sample was exposed to a laser beam of 532 nm wavelength under 3 mW. The results
were detected in 20 s with 5 accumulations.

2.2. Sample Preparation

In this subsection, the focus is on describing the sample preparation techniques for the
mixtures, including details on sample size and the weight percentages of the nanoadditives.
Initially, each sample was prepared with a volume of 10 mL. Afterwards, various weight
percentages of graphene (0.5 wt.%, 1 wt.%, 2 wt.%, and 4 wt.%), ZnO (0.05 wt.%, 0.1 wt.%,
0.25 wt.%, and 0.5 wt.%), and IL (1 wt.%, 2 wt.%, and 5 wt.%) nanoadditives were accurately
weighed using a suitable commercial scale (Mettler-Toledo GmbH, Germany) in order to be
mixed individually with the bio-oil samples. Also, three hybrid mixtures of 1% IL-4% Gr,
0.1% ZnO-4% Gr and 1% IL-0.1 ZnO—4% Gr were considered in this study, as shown
in Table 2.

Table 2. Designation of each lubricant mixture.

Sample Designation Content
S1 Pure rapeseed oil
52 Rapeseed oil + 0.5 wt.% Gr
S3 Rapeseed oil + 1 wt.% Gr
54 Rapeseed oil + 2 wt.% Gr
S5 Rapeseed oil + 4 wt.% Gr
56 Rapeseed oil + 1 wt.% Ionic liquid
S7 Rapeseed oil + 2 wt.% Ionic liquid
S8 Rapeseed oil + 5 wt.% Ionic liquid
59 Rapeseed oil + 0.05 wt.% ZnO
S10 Rapeseed oil + 0.1 wt.% ZnO
S11 Rapeseed oil + 0.25 wt.% ZnO
512 Rapeseed oil + 0.5 wt.% ZnO
H1 Rapeseed oil + 1% IL + 4% Gr
H2 Rapeseed oil + 0.1% ZnO + 4% Gr
H3 Rapeseed oil + 1% IL + 0.1% ZnO + 4% Gr

The mixing process was conducted in accordance with articles from the literature,
especially the ones introducing the hybridization idea. It involved two main steps. In
the first step, the specified nanomaterials were individually mixed with the oil samples
using a Sonorex high-performance ultrasonic bath (BANDELIN GmbH, Berlin, Germany),
operating at a frequency of 35 kHz for a duration of 1 h for each sample. This ultrasonic
bath facilitated the dispersion and incorporation of the nanoadditives into the bio-oil.

In the second step, the obtained mixtures underwent 10 min of agitation using a
Sonopuls ultrasonic homogenizer (BANDELIN GmbH, Berlin, Germany), equipped with
an MS72 probe. The homogenization parameters were set to 50% amplitude, a frequency of
20 kHz, and a depth of immersion of about 1.5 cm. This agitation process ensured proper
homogenization and uniform distribution of the nanoadditives within the mixtures, as
shown in Figure 1.
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Figure 1. A representation of the prepared samples.

The combination of the ultrasonic bath and the ultrasonic homogenizer in the sample
preparation process aimed to achieve the effective dispersion and homogeneity of the
nanoadditives in the bio-oil mixtures, thereby ensuring reliable and consistent results
throughout the study.

2.3. Rheological Behavior

To comprehensively assess the rheological properties of the mixture samples, dynamic
viscosities were measured using a rotational rheometer (Kinexus Prime lab +, Netzsch
GmbH, Selb, Germany) according to ASTM D2196-20, as shown in Figure 2. For each
sample, a volume of 0.3 mL was utilized to determine the viscosity measurements. The
rheometer subjected the samples to a wide range of shear rates, spanning from 0.1 to 100/s.
This broad range of shear rates allowed us to investigate the non-Newtonian behavior
of samples.

Applied Shear

Machine Head

Conical Upper Plate

— : _’%’ Lubricant Film
Pl 4
ﬂpper late |3 Lower Plate

[ Loverpiao|
Lubncanl Film
e -
~T,q.

[ aw i
| , nn'ﬁﬂl

Figure 2. Shear viscosity test setup.

In addition to shear rate analysis, the measurements were carried out at two distinct
temperatures of 40 °C and 100 °C, with 3 repetitions. This temperature-dependent analysis
allowed for the examination of how the samples’ rheological behavior was influenced by
changes in operating temperature. To evaluate the Newtonian behavior of the mixtures,
a power law model was employed to fit the viscosity data [36,37]. The power law model
helped us to understand the relationship between shear rate and viscosity, enabling the
classification of the samples as either exhibiting Newtonian or non-Newtonian behavior
according to the following formula:

n=Ky", 1)

where 1 represents viscosity, y represents shear rate, K represents the consistency index,
and n represents the flow behavior index.

2.4. Tribological Properties

The tribological behavior of each mixture was investigated in terms the of coefficient of
friction using the same rheometer (Kinexus Prime lab +, Netzsch GmbH, Selb, Germany). A
volume of 0.11 mL of each mixture was used in the testing process. The testing attachment
consisted of a rotating ball made of 316 stainless steel with a diameter of 12.7 mm. The
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ball was designed to make contact with three pads of the same material at three distinct
points [38], following the guidelines outlined in ASTM D-4172, as shown in Figure 3. A
similar technique was proposed in a previous investigation [39].

T

Torque

Fn
Normal
Load

Front View Top View

Plate

Figure 3. Ball on three-plate setup.

To capture the tribological response, a wide range of angular velocities was applied
to each mixture, ranging from 0.1 to 300 rad/s. The resulting frictional torque values
generated during the test were recorded. The measurements were conducted at two
different temperatures: 25 °C and 60 °C under a pressure of 1 GPa, with 3 repetitions.
The obtained torque values in the boundary regime were translated into the coefficient of
friction using the formula:

w=T./6/3Fr, )

where u represents friction coefficient, T represents frictional torque, F represents the
normal load, and r represents the radius of contact surface.

Regarding wear analysis, a Milli Tribotester (Tribotechnic company, Clichy, France)
was employed (as depicted in Figure 4) to assess wear characteristics. The test protocol
followed ASTM G133-05, which involved scratching a lubricated 316 stainless steel sub-
strate using a 100Cr6 round pin with a diameter of 3 mm. All experiments were conducted
at room temperature, maintaining consistent testing conditions including a normal radial
load of 1 N (Hertzian contact pressure of 1 GPa), a sliding speed of 4 mm/s, and a stroke
length of 2 mm. The outcomes of this analysis, involving wear volume, and surface texture,
have been presented and discussed in detail using 3D laser scanning microscope (VK-X250,
Keyence GmbH, Neu-Isenburg, Germany).

Specimen

Oscillation Motion

Figure 4. Milli tribotester setup.
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2.5. Wettability Analysis

Selected representative samples were chosen in order to be assessed for their wettabil-
ity. The wettability test was conducted on the chosen samples using the Kriiss EasyDrop
(FM40, KRUSS GmbH, Hamburg, Germany) goniometer device, according to ASTM D7334-
08. The test procedure started with the placement of an oily droplet of 0.3 uL on a flat and
polished 316 stainless steel surface using a suitable syringe. After reaching an equilibrium
state (within 30 s), a Monochrome interline CCD camera with the assistance of SW21
(DSA 1) software captured suitable images of the droplet, allowing us to specify its contact
angle. The test was repeated 4 times and the average value was taken.

3. Results and Discussion
3.1. Materials and Characterization
3.1.1. ZnO Characterization

Figure 5 offers an in-depth microstructural analysis of ZnO nanoparticles, utilizing
both scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
micrographs. The SEM examination (as illustrated in Figure 5a) was conducted at magnifi-
cations of x20,000 and a resolution of 1 pm. It revealed an irregular structure characterized
by crystal formations resembling rosettes. This structure was consistent with the wurtzite
hexagonal phase, which was confirmed in previous research articles [40,41]. In terms of the
TEM micrograph, images were captured at magnifications of x50,000 and a resolution of
500 nm. The findings from the SEM micrograph were supported by the TEM micrograph
(depicted in Figure 5b), which showed hexagonal nanoparticles with an estimated size
of 95 nm.

—— 100.0nm

(a) (b)
Figure 5. (a) SEM; (b) TEM micrographs for ZnO powder.

The graphical representation in Figure 6 clarifies the X-ray diffraction (XRD) pattern of
ZnO nanoparticles. An array of angular positions (20) were observed at 31.6, 34.28, 36.08,
47.4,56.42, 62.74, 66.18, 67.78, 68.96, and 76.98 degrees. These angles were associated with
the corresponding hkl indices (100), (002), (101), (102), (110), (103), (200), (112), (201), and
(202) [42]. The conspicuous manifestation of these distinct peaks offered solid structural
integrity of ZnO, with a notable absence of impurities [43]. It is important to note the very
sharp (101) peak in the data, which indicates a highly organized ZnO structure. This finding
matches the detailed data in the JCPDS card no. 36-1451. [41]. Using the Debye-Scherrer
formula, the calculated crystallite size was found to be approximately 30.10 nm with the
full width half maximum (FWHM) value of 0.29.
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Figure 6. XRD pattern for ZnO powder.

Figure 7 illustrates results of the Fourier-transform infrared (FTIR) spectral analysis,
showing the functional groups contained in ZnO nanostructure. It becomes evident that
the sample manifested an intermediary adsorption peak placed at 557.98 cm~!, indicating
to metal oxide (Zn-O) functional group. This peak served to corroborate the structural
robustness and stability. This finding conformed to the XRD findings, which was previously
demonstrated through previous studies [44,45]. Regarding vibrational peaks within the
range of 800 to 1000 cm~!, they were linked to the Zn-OH group [46]. Of note, the
resonance of hydroxyl (O-H) stretching vibrations appeared at dual frequencies of 3441.30
and 2923.90 cm ™!, revealing the presence of water molecules within the ZnO structure [47].
The moderate existence of the C-O functional group at 1633.42 cm ! suggested the possible
involvement of carbonaceous materials during ZnO fabrication process [48]. Moreover,
the vibrational peaks at 1260.84 and 1383.22 cm ™!, ascribed to the C-H2 and C-H bands
correspondingly, could be a result of the monoacetate group [49].
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Figure 7. FTIR spectrum for ZnO powder.
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3.1.2. Graphene Characterization

Graphene nanostructure was examined to establish its morphology using SEM and
TEM. As shown in the SEM images (Figure 8a), less entangled layered nanosheets were
recorded, with few folds and wrinkles. The size of each nanosheet was estimated as a ratio
between length and thickness (aspect ratio) reaching up to 600. As for TEM micrograph, it
confirmed the layered nature of the characterized nanosheets, providing an approximate
number of layers to be 4 (Figure 8b).

(b)

Figure 8. (a) SEM; (b) TEM micrographs for graphene nanosheets.

By studying XRD pattern, shown in Figure 9, it is possible to clearly observe the
graphitic basal plane of (002) at 26 = 24.63°, denoted by a distinctive near-sharp peak. The
significance of this peak offered clear affirmation of the graphene structure. Furthermore,
the proximate sharpness of the peak served as a strong indication of a graphene structure
with few layers, defined by a crystallinity ratio of 54%. Using Scherrer’s and Bragg’s
formulas, the average grain size, along with d-spacing, were estimated to be 1.44 nm and
0.37 nm, respectively.

N
o
=
800 - A Graphene
. 600 I
%) J
E ‘D
=}
Q
S
> 400
2
c
g
£
200 -
. TR “\
0 I
T 1 .. T 1
20 40 60 80

2 Theta

Figure 9. XRD pattern for graphene nanosheets.

The FTIR spectrum of graphene is depicted in Figure 10a, covering a wide wavelength
range from 500 to 3500 cm~!. Notable vibrational peaks emerged prominently at 3421.43,
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Transmittance %

1629.73, 1386.57, 1191.48, and 754.28 cm L. The robust presence of the O-H functional group
became evident at 3421.43 cm !, denoting the water content embedded within the graphene
structure. The vibrational band at 1629.73 cm ™!, indicating C=C stretching, suggested a
significant degree of structural integrity. Meanwhile, the modest signal at 1191.48 cm ™!
(C-O) implied a restricted abundance of oxygen species capable of infiltrating the covalent
basal plane bonds. Additionally, the 1386.57 and 754.28 cm ™! wavenumbers correspond
to C-H bending, revealing a marginal presence due to the limited functionalization of
hydrogen species with carbon atoms.
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Figure 10. (a) FTIR; (b) Raman spectra for graphene nanosheets.

In Raman analysis (depicted in Figure 10b), the outcomes revealed three distinct peaks
at 1350, 1595, and 2925 cm ™1, characterizing the D-, G-, and 2D-bands correspondingly. The
D-band predominantly signified structural imperfections. In contrast, the G-band provided
insight into the arrangement and symmetry of graphene layers. The 2D-band signified
the stacking of layers across the entire graphene structure. The spectrum showed a clear
D-band, which suggested that there were significant edge defects in the structure. This
matched with the calculated ID/IG ratio of 0.98. Also, the 12D /IG ratio of 0.91 confirmed
the same number of graphene layers, which was defined in TEM observations.

3.2. Rheological Behavior
3.2.1. Effect of Shear Rate

In the present and upcoming subsections, the main rheological mechanisms of each
nanoadditives are illustrated in comparison to rapeseed oil. In the viscosity index subsec-
tion, the commercial cutting fluid BLASER Vasco 6000 (VB 6000) is used for comparison.
Figure 11 shows the shear viscosity patterns for each nanoadditive at both 40 °C and 100 °C
under a wide range of shear rates. Generally, the addition of nanoparticles to rapeseed
oil increases its viscosity at both operating temperatures. Also, increasing the operating
temperature has a significant impact on reducing viscosity levels in all samples. This reduc-
tion occurs because the forces between the fluid and the nanoparticles, as well as within
the fluid itself, decrease. At elevated temperatures, increased thermal energy results in
higher molecular movement and weaker interactions between molecules, which promotes
improved fluidity and easier flow, making the system less resistant to deformation or
shear [50,51]. The effect of each nanomaterial in improving the rheological properties of
rapeseed oil at both temperatures will be discussed in detail in the next subsection.
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Figure 11. Shear viscosity curves for graphene (a,b), IL (c,d), ZnO (e,f) and hybrid samples (g/h) at

both 40 °C and 100 °C, as compared to rapeseed oil sample (S1).
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Turning to the shear rate effect, it can be seen in the figure that rapeseed oil in its
plain form experiences Newtonian behavior at nearly all shear rates. When graphene
nanoadditives are incorporated into the rapeseed oil at concentrations up to 2 wt.% (from
52 to S4), a minor exponential decrease in shear viscosity is observed, according to the
power law model, at extremely low shear rates with an n value of about 0.98, as shown
in Figure 11a,b. This minor decrease indicates a slight shear thinning behavior, where the
fluid’s viscosity decreases with increasing shear rate, resulting in improved flowability at
higher velocities.

The shear thinning behavior observed in the mixtures can be attributed to the align-
ment of graphene nanopoarticles, which is in the direction of flow during shearing, moving
to align with separate layers to avoid collisions [52,53]. As the fluid experiences shear
forces, the graphene nanosheets align and reduce their flow resistance, particularly at
low concentrations. This alignment phenomenon contributes to the observed decrease in
viscosity at low shear rates [36]. It is essential to note that the steady-state (Newtonian)
behavior of the mixtures starts from a shear rate of 10 s~!. This means that, at shear rates
below 10 s~ 1, the samples exhibit shear thinning behavior, while at shear rates above this
threshold they demonstrate a constant viscosity like that of Newtonian fluids. This latter
outcome is due to the weakened effect of the intermolecular bonding between the nanofluid
molecules [54].

Examining the highest percentage of graphene nanoaddition (S5), with the aim of
reaching a Newtonian state around 80 s}, reveals a significant exponential decrease in
dynamic viscosity (n = 0.63) across a wide range of shear rates, particularly at 100 °C.
The primary cause of this behavior is the tendency of graphene at higher percentages to
agglomerate and form clusters. However, during the test, these agglomerations break
up, facilitating the alignment of graphene sheets within the oil matrix. As a result, the
nanofluid exhibits reduced viscous dissipation, allowing for smoother flow. This behavior
is consistent with findings reported in previous literature [55].

Next we examine IL samples (from S6 to S8), which exhibit a minimal shear thickening
behavior (n of up to 1.105) at both operating temperatures, specifically at very low shear
rates below 5 s~1, as shown in Figure 11c,d. However, as the shear rate increases beyond
this threshold, the samples demonstrate an extended Newtonian behavior throughout the
test. Shear thickening behavior is commonly observed in colloidal systems and suspension
solutions [56,57], and it is influenced by two key factors: particle size and the concentration
of the nanoadditive (volume fraction). In this case, the concentration of the IL in these
samples is considered high, resulting in a significant decrease in the critical shear rate value.
As a result, the onset of shear thickening occurs at lower shear rate values, as reported
previously [58].

The presence of the ionic liquid in the rapeseed oil matrix leads to an increase in
the molecular chain length, primarily due to the excellent dispersion of this type of ionic
liquid within the oil. This dispersion results in the formation of a complex network
structure, which weakens the Brownian motion and decreases the critical shear strain [59].
Therefore, the viscosity of the mixture increases under low shear rates in shear thickening
behavior. The interaction and arrangement of the ionic liquid molecules creates temporary
particle-like structures that impede the flow of the oil, leading to a jammed state [60]. It
is noteworthy that this finding is particularly interesting, as shear thickening behavior at
lower shear rates is not commonly observed in studies involving ionic liquids, as stated in
previously published articles [61-63].

Figure 11d,e shows the rheological behavior of samples containing ZnO nanoparticles
(from S9 to S12). When testing all samples at 40 °C and 100 °C with n of up to 1.162, it can
be seen that the shear thickening behavior normally appears at lower shear rates (up to
5s~1). However, testing sample S11 at 100 °C shows instable behavior of shear thickening
to be followed by thinning until a Newtonian state beyond 20 s~! is reached

In order to illustrate the mechanism of shear thickening behavior of ZnO, the nanopar-
ticle size should be taken into concern. Regarding this case, ZnQO, as illustrated in the
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characterization section, has significantly higher particle size than graphene, which en-
hances the likelihood of hydro-cluster formation [64]. As clusters form, the inter-particle
contacts and interactions between the nanoparticles become more significant. The presence
of these particle clusters leads to an increase in resistance to flow, resulting in shear thick-
ening behavior [65,66]. The rearrangement and realignment of these clusters under shear
pressure causes further disruption and the reformation of particle contacts, contributing to
increased viscosity and resistance to flow.

Regarding the hybrid interaction between different nanomaterials in the rapeseed oil,
Figure 11g,h reveal that all hybrid samples displayed shear thinning behavior until nearly
20 s~! at both temperatures, followed by the emergence of a Newtonian attitude. The shear
viscosity in the shear thinning zone experiences a lower reduction rate as compared to
4 wt.%, especially i H1 and H3 samples. This may be due to the role of IL in enhancing
the dispersion of graphene and ZnO in the base bio-oil. According to previous studies,
combining ionic liquid (IL) with various nanoadditives is a promising approach because of
ILs” ability to disperse these nanomaterials effectively in lubricating oils [26,67-69]. How-
ever, sample H2 recorded the highest dynamic viscosity, with remarkable shear thinning
due to the poor dispersion of the ZnO and graphene combination in rapeseed oil. This
poor dispersion is attributed to the complete difference in nanostructure between ZnO
and graphene.

The reasons behind the effectiveness of ILs in enhancing the dispersion of nanomateri-
als in base oils are illustrated in four main points. The first one is the surface interaction
of polar regions of IL molecules with the surface of the nanomaterial, which decreases
susceptibility to agglomeration [21]. Meanwhile, the second one is due to the adsorption of
IL molecules to the functional groups attached to the nanoparticle structure, leading to quite
compatible mixtures [70]. Turning to the third one, ILs possess high thermal stability [71],
which enhances the nanoparticles stability in the mixture at higher temperatures. The
final reason lies in the liquid nature of the IL at room temperature (RT), allowing effective
penetration through the nanomaterial structure [72].

3.2.2. Effect of Nanoadditive Concentration

Figure 12 displays the distribution of average dynamic viscosities for different sample
mixtures. It is clear that all nanoadditives increased the dynamic viscosity of rapeseed oil
(S1) at 40 °C and 100 °C by 2% to 180% for the former and 2% to 406% for the latter. The most
prominent impact here was attributed to graphene, which contributed most significantly to
the enhancement percentage of dynamic viscosity. However, IL and ZnO nanoadditives
showed a slightly comparable enhancement percentage at both operating temperatures.
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Figure 12. Dynamic viscosity values for the prepared mixtures at 40 °C (blue) and 100 °C (orange).
In general, when nanoparticles are dispersed within an oil layer, it can indeed lead to an

increase in viscosity. This effect is primarily attributed to the changes in the microstructure
and interactions within the fluid system. As the nanoparticles interact with each other and
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with the oil molecules, they create additional friction and resistance to flow, resulting in
an overall increase in viscosity. Regarding graphene nanoadditive, the viscosity continues
increasing with raising the amount of graphene in bio-oil, reaching the highest viscosity
value at both operating temperatures [73,74]. This may be attributed to the agglomeration
effect when introducing higher amounts of graphene inside the oil matrix, leading to a
prominent increase in the collision between the nanoparticles and the bio-oil molecules [75].
While this effect is somewhat observable for different ZnO weight percentages, there is
only an enhancement from 2 to 8% due to their lower concentrations in the bio-oil [50,76].

IL possesses a slightly higher enhancement compared to ZnO, falling in the range
of 5 to 10%. The reason behind this finding is that the longer alkyl chain length of the
cations in the IL can contribute to an increase in viscosity because the van der Waals forces
between these longer alkyl chains and the oil molecules can be stronger. In addition, longer
alkyl chains have a greater ability to entangle with each other and with the oil molecules,
forming a more intricate network that hinders fluid flow and results in higher viscosity.
This matches with the shear thickening behavior found in the previous subsection. These
findings confirm those in the previous literature [24,77]. Upon analyzing the hybrid samples
(Figure 11g,h), it becomes evident that all three hybrid mixtures exhibit elevated viscosity
values at both temperatures, with H2 displaying the highest values. This observation
reaffirms the inadequate dispersion of ZnO with graphene in the bio-oil matrix, particularly
in the case of H2. A slight contrast can be observed between H1 and S5 samples, indicating
the superior dispersion capability of the ionic liquid (IL) at a high percentage of graphene
in the bio-o0il matrix. Surprisingly, H3 maintains a lower viscosity value similar to that of
other hybrid mixtures at 100 °C, despite containing both graphene and ZnO nanoparticles
in the bio-oil matrix. This favorable outcome is likely due to the high thermal properties of
graphene along with the distinguished thermal behavior of IL and ZnO, contributing to
the enhanced stability under high-temperature conditions, especially for H3.

3.2.3. Viscosity Index

To demonstrate the stability of oil films at elevated temperatures, Figure 13 presents
the viscosity index (VI) values for each oil mixture. Notably, the VB 6000 commercial
fluid exhibits the lowest VI among the tested lubricants. The VI values show an upward
trend with the addition of graphene, reaching a significant increase of 150% compared
to VB 6000. This represents the highest VI value achievable for individual mixtures,
highlighting the ability of graphene nanosheets to maintain their viscosity values even at
higher temperatures, especially at higher weight percentages [73]. Regarding both IL and
ZnO, the VI values are remarkably improved compared to VB 6000, with improvement
percentages ranging from 10% to 38%. Based on the previous findings, an outstanding
performance can be expected for the hybrid samples, which demonstrate a strong increase
in VI due to containing higher graphene weight percentage. This underlines the positive
impact of graphene on thermal stability of the oil film.
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Figure 13. Viscosity index values for all samples.
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3.3. Tribological Properties
3.3.1. Frictional Behavior

Figure 14 represents the average coefficient of friction values for all lubricant samples
at both RT and 60 °C under a contact pressure of 1 GPa within the boundary condition
regime. Compared to S1, it is clear that the COF for all mixtures is reduced by a range
starting from 11% to 41% at RT and from 1% to 35% at 60 °C. The reduction percentages
show a significant decrease when increasing the temperature, except for S2, S3, S5 and S8.
This finding matches the results of Zhao et al. [78]. These authors tested hydraulic oil with
multilayer graphene at a range of temperatures starting from RT until 100 °C and found a
slight decrease in COF values when increasing temperature compared to the RT condition.
Another study reported the same behavior when testing Castrol-ATF mineral oil mixed
with a hybrid of graphene and ionic liquid nanoadditives [35]. The main reason behind
that is the strong relationship between the boundary tribofilm strength and the operating
temperature. After an increase in temperature, the viscosity value decreases and a weaker
tribofilm of lower thickness forms between the contact bodies. By observing the VB 6000
commercial fluid, we find lower COF values than S1 at both temperatures, revealing its
improved frictional behavior. When compared with VB 6000, only H1 is higher in COF
at 60 °C. In addition, VB 6000 can function better at RT than S2, S7 and S8. However, H3
is considered the optimum sample for achieving the maximum reduction of up to 30% at
both temperatures compared to VB6000.
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Figure 14. Average friction coefficient values at boundary condition for all samples at room tempera-
ture (RT) (light blue) and 60 °C (orange).

Looking at the Stribeck curve of individual graphene additions (S2-S5) shown in
Figure 15a,b, COF values continue decreasing while graphene percentages increase un-
til reaching a maximum reduction of about 35% at S5 compared to the base bio-oil (S1).
Additionally, the difference between COF values for the same weight percentage at the
two operating temperatures is found to be negligible, especially for additions more than
0.5 wt.%. The optimum addition for this case is found to be 4 wt.% (S5) at both tempera-
tures. The observed phenomenon can be explained by considering the influence of high
loading conditions and the optimum concentration of graphene on the presence of nanopar-
ticles within the rubbing contact. At the optimum concentration, a stable and continuous
tribofilm is formed due to the strong interaction of nanoparticles. However, prior to the
optimum percentage of graphene, the tribofilm formed is expected to be weaker according
to previous investigations, which confirms that the optimal concentration of graphene
plays a crucial role in improving the strength of the tribofilm [79,80]. The strong tribofilm
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Friction Torque (N.m)

formed at the optimum concentration is explained by the effective presence and interaction
of nanoparticles within the rubbing contact [81]. Also, graphene nanoadditives activate the
sliding mechanism due to its layered 2D structure, which dissipates the frictional energy
easily between the contact surfaces, at least according to the discussion in a previous

study [82].
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Figure 15. Stribeck Curve for Graphene samples at (a) RT; (b) 60 °C at 1 GPa.
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IL nanoadditives (S6-S8) (Figure 16a,b) show an increasing trend, where the addition
of 1 wt.% (S6) represents the lowest COF at both temperature with a reduction percentage

of 40% at RT and 17% at 60 °C. It is obvious from the results that the difference between

COF values for S6 at both temperatures is a slightly higher compared to the rest of the IL
additions. This may be due to the ability of temperature increases to weaken the formed
protective layer at lower IL concentration. In addition, increasing the concentration of
IL will increase the thickness and robustness of the protective layers formed between the
contact bodies, which are supposed to be more stable at higher temperatures.
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Figure 16. Stribeck Curve for IL samples at (a) RT; (b) 60 °C at 1 GPa.

However, the increase in the IL concentration beyond 1 wt.% may lead to a slight rise
in COF values due to the formation of a complex network structure, causing a jammed state
at higher additions. This confirms the viscosity results. The tribo-mechanism is mainly
based on the IL alkyl chain, which is long and consists of anions and cations. The anions
are adsorbed to the metal surface because of the electrostatic attraction phenomenon [83].
Then, a layer of cations is uniformly arranged between the anions due to the van der Waals
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bonding between alkyl chains, forming a compact tribolayer. This leads to the formation
of a robust thin tribofilm, as shown in Figure 17 [84]. This tribofilm layers can be easily
sheared, leading to a significant decrease in the COF [77].

Tribofilm Direction

Figure 17. The tribo-mechanism of the applied ionic liquid.

Figure 18a,b illustrate the frictional behavior for different ZnO mixtures (59-512). It is
shown that the COF value reduces for all ZnO additions compared to rapeseed oil. The
COF recorded its lowest value at 0.1 wt.% (510), after which value increased again, reaching
its highest peak at 0.5 wt.% (512) at both operating temperatures. The maximum reduction
percentage was found to be up to 40% at RT and 28% at 60 °C for S10. Compared to S6, S10
can keep smaller difference between its COF values at both operating temperatures. This
may be because of the more efficient thermal stability of tribofilm formed at this weight
percentage as compared to the optimum percentage of IL. The reduction percentage in COF
in this case is higher than that stated in other previous studies. A previous investigation
recorded a reduction percentage in COF of about 22% after adding an optimum ZnO
addition of 0.6 wt.% to engine oil (1040 W) [85]. Also, another study reached an ultimate
reduction of 15% after employing 0.1 wt.% ZnO to castor oil [86]. However, these studies
confirmed the same tribo-mechanisms, which involve filling between the surface asperities
in order to heal the contact bodies and reduce roughness. Another mechanism involves the
activation of rolling action between the contact bodies, which illustrates why ZnO in 510 at
RT is better than graphene in enhancing the COF [76].
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Figure 18. Stribeck Curve for ZnO samples at (a) RT; (b) 60 °C at 1 GPa.

The previous findings demonstrated that samples S5, S6, and S10 exhibit the best
performance within their respective groups. That is why the hybrid samples were created
by combining S5 and S6, S5 and S10, and S5, 56, and S10. The purpose was to investigate
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the synergistic effect of graphene, IL and ZnO on the tribological characteristics of rapeseed
oil. Through an analysis of the hybrid effect on the base bio-oil (Figure 19a,b), it became
evident that all hybrid samples enhanced the tribological performance of rapeseed oil.
The coefficient of friction (COF) values were reduced by approximately 35-41% at RT and
1-35% at 60 °C.
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Figure 19. Stribeck Curve for hybrid samples at (a) RT; (b) 60 °C at 1 GPa.

Among the hybrid samples, H3 demonstrates the most significant effect, exhibiting
the least frictional behavior, followed by H2 and then H1. Also, a key observation is the
ability of hybrids containing ZnO (H2 and H3) to maintain a consistently low COF value at
both temperatures. This behavior can be attributed to the distinctive thermal properties
of both graphene and ZnO, especially when combined with IL (H3), enabling the hybrids
to withstand temperature variations without experiencing significant changes in their
coefficient of friction.

Notably, H3 is the optimum choice compared to all samples. This finding highlights
the positive impact of the hybridization process, especially between the three nanoadditives,
in terms of enhancing the frictional performance of rapeseed oil. Similar investigations
reached a slightly lower reduction percentage in the COF value after employing both
graphene and IL to PAO 32 mineral oil. However, this investigation only tested this hybrid
mixture at RT [32]. Another study recorded a decrease in the COF by 20% after adding 4
wt.% of a hybrid mixture of graphene oxide (GO)-5iO,-IL to a water-based lubricant [87].
However, the obtained results in this investigation contradict what Murthy et al. [88] found.
They confirmed the neutral effect of the 0.02 wt.% graphene-1 wt.% IL hybrid when added
to rotorcraft transmission oil. Also, there was no obvious enhancement in tribological
behavior compared to the base oil.

3.3.2. Wear Results

In the analysis of wear results, as shown in Figure 20, a difference in wear volume
values becomes evident between VB 6000 and S1 lubrication mixtures. The key differen-
tiator lies in the strength of the tribofilm formed during their application under specified
conditions. A weaker tribofilm is built in the case of S1, which cannot withstand the
abrasion and adhesion wear effect under the specified conditions. This susceptibility arises
from the inherent high polarity of rapeseed oil, which lacks the presence of efficacious
antiwear additives. Therefore, the formed tribolayer will be effective only in mild wear
conditions [10]. Conversely, VB 6000, under the same conditions, showcases improved
wear resistance, firmly establishing its superiority. However, the addition of nanoadditives
is considered an effective way to strengthen the rapeseed oil tribofilm to overcome the
different combined wear mechanisms and compete with VB 6000.
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Figure 20. A representation of wear volume values for all samples.

By studying graphene nanoadditive, a consistent decrease in average wear volumes
occurs until S5, which exhibits the most significant reduction of 25% compared to rape-
seed oil (S1). This reduction pattern aligns with the one of friction coefficients within
the graphene group (S2-S5), with S5 demonstrating optimal performance. Again, the
mechanism behind this improvement is based on the weak van der Waal bonding between
graphitic layers. This bonding can be easily disrupted, allowing for sliding between the
contacting surfaces [89]. However, it is important to note that, despite the reduction in
wear volume across the graphene mixtures, only the highest graphene concentration (S5)
outperforms the commercial fluid, achieving a 5% reduction in wear volume. This behavior
can be illustrated by the inability of graphene nanoparticles of percentages less than 4 wt.%
to achieve the appropriate surface coverage when compared to VB 6000 [73]. Hence, the
wear volume keeps declining when increasing graphene concentration until reaching a
superior surface protection than that of VB 6000. Due to its consistent decline in both COF
and wear results across various operating temperatures and tribological tests, graphene
emerges as the most stable nanomaterial in this investigation with predictable behavior.
This can be confirmed through the research of Nassef et al. [80], in which graphene was
added to lithium-based grease used to lubricate rolling bearings and showed consistently
stable behavior for not only wear results, but also in vibrational behavior.

Next we examine the IL nanoaddition, which shows a continuous exponential decrease,
reaching an extreme reduction percentage of 60% at S8 compared to rapeseed oil. The
significant superiority of the IL mixtures over the commercial fluid starts to appear in S7.
Then, it increases until reaching a noteworthy reduction in wear volume by 46%. According
to the frictional behavior discussion, the IL adsorbed layer is enriched with electrons owing
to the ionic nature of the IL, resulting in a significant enhancement of electronic conductivity.
This, in turn, contributes to notable improvements in heat transfer properties, especially
when increasing the IL concentration, which reduces the temperature in the wear track and
improves the wear behavior [90,91].

Concerning the incorporation of ZnO additives, it is observed that S9 exhibits the
lowest percentage reduction, accounting for a 72% reduction in wear volume compared
to VB 6000. Subsequently, this percentage gradually increases until it falls below VB 6000
by a margin of 3% at S12. This notable reduction in wear volume primarily arises from
the activation of a rolling action mechanism rather than a mending process within the
rubbing contact zone, as discussed in the frictional analysis. Furthermore, the increase
in wear volume can be attributed to the agglomeration of ZnO nanoparticles, resulting
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in the blockage of nanoparticle supply to the contact zone, as corroborated by previous
research [50]. An additional perspective on this phenomenon is offered by Singh et al. They
conducted trials to enhance the tribological behavior of Euphorbia Lathyris oil through
ZnO addition. Their findings suggest that exceeding the optimal ZnO percentage in the
oil leads to a significant increase in wear volume due to adhesive mechanisms. In their
study, they reported a 50% reduction in mass loss by incorporating 0.5 wt.% ZnO into the
lubricant [76]. However, these findings do not align with the results presented in the current
study, in which a higher percentage of reduction can be offered at very small percentage of
addition of 0.05 wt.% (S9).

By comparing the hybrid samples with the commercial VB 6000, the wear volume
diminishes by a range starting from 6% to 84%. This finding reveals the promising milestone
that can be achieved, especially after replacing VB 6000 with H3. H3 is considered the best
combination, followed by H1. Also, H3 can combine the whole tribo-mechanisms of the
individual nanoadditives into one mixture, which explains its superiority and excellence.

One crucial method for evaluating the effectiveness of the formed tribofilm is monitor-
ing the roughness values on the surfaces of the wear tracks [68]. In Figure 21, the average
roughness values (Ra) of the worn tracks for selected optimal samples are compared to
those of the base oils. It is evident that the surface lubricated with the VB 6000 commercial
fluid exhibits slightly smoother characteristics compared to S1. This observation aligns
with the wear volume results, indicating that the boundary film created by VB 6000 is
more stable than that of S1. When nanoadditives are introduced, there is a noteworthy
reduction in roughness values by 6%, 34%, and 42% for S5, S8, and S9, respectively. This
reduction signifies an enhancement in the bond strength between the lubricated surface
and the lubricant mixture, resulting in more robust and reliable tribofilms. Considering the
hybrid sample H3, it is evident that it exhibits a substantial 60% reduction in roughness
values compared to rapeseed oil (51). This reduction in the roughness value can be ascribed
to the synergistic effect of the three applied nanoadditives. These nanoadditives collaborate
to enhance and protect the tribo-surface by forming a remarkably robust and thin layer that
firmly adheres to the surface.

1.8
1.6 -
1.4

1.2—-
1.0-
0.8
0.6—-

Roughness (Ra) um

0.4
0.2

0.0 -

VB 6000 S1 S5 S8 S9 H3
Samples

Figure 21. Average roughness values for the worn surfaces of selected representative samples.

In Figure 22, the 3D wear scar profiles for S9 and H3 are presented alongside those
of 51 and VB 6000 oils for comparison. Notably, the wear scars on S1 and VB 6000 exhibit
greater depth, indicating the superior performance of 59 and H3 in terms of wear resis-
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tance. Notably, H3 shows nearly invisible wear scars within the 3D profile, revealing its
distinguished tribological properties.

()

(d)
Figure 22. 3D images of wear scars for (a) S1; (b) VB 6000; (c) S9 and (d); H3.

In order to analyze track morphology of the selected samples, Figure 23 reveals the
morphology of S1, VB 6000, S9 and H3. Regarding S1 (Figure 23a), it can be seen that the
surface morphology is full of deep beside shallow scratches accompanied with significant
delamination and adhesion wear. This is attributed to the significant weakness of the
built tribofilm in achieving full coverage and protection, confirming the wear volume
and roughness results. Looking at VB 6000 (Figure 23b), the severity of wear is reduced
compared to S1 due to the effect of antiwear additives in this commercial fluid. However,
there are still some severe, deep grooves, with significant adhesive wear in different spots,
a fact confirmed by the 3D image.

Considering the S9 sample (Figure 23c), the overall surface morphology is improved
by experiencing limited deep grooves along with slight adhesive wear. This behavior
confirms the outstanding wear properties of ZnO nanoparticles, which activate the rolling
action and allow for less wear action. Turning to the hybrid sample H3 (Figure 23d), a
discontinuous wear area is displayed with repetitive smooth surfaces separated by abrasive
wear grooves. However, these grooves are considered shallow according to the 3D image,
which denies the possibility of the existence of severe wear. This finding confirms the
positive synergistic effect of the applied three nanoadditives, which employ 3 different
tribo-mechanisms to protect the surface. Based on which, the built tribofilm is considered
to be the strongest, conforming to the roughness results.
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Figure 23. Surface morphology of wear scars for (a) S1; (b) VB 6000; (c) S9; (d) H3.

3.4. Wettability Analysis

Figure 24 shows the spreadability of selected samples of S9 (Figure 24c) and H3
(Figure 24d) in terms of the droplet contact angle with the steel substrate. The angle values
are compared to those of the base oils. It is observed that VB 6000 (Figure 24a) records the
highest contact angle of 27°, while the rapeseed base oil (S1) (Figure 24b) shows spreading
characteristic enhancements of 11%. This finding has been confirmed by Carvalho et al. [92]
after testing a vegetable-based emulsion as a cutting fluid on an AISI 1050 steel surface.
They suggested that the vegetable oil structure consists of polar molecules that exhibit
improved alignment and compatibility with the steel surface.
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Figure 24. Contact angles for (a) VB 6000; (b) S1; (c) S9; (d) H3 droplets.

The introduction of ZnO nanoparticles into rapeseed oil, as shown in the case of S9,
leads to a significant improvement in wettability, characterized by a notable reduction in
the contact angle to 20° (representing a 26% decrease compared to VB 6000). Regarding H3,
the contact angle is reduced by 63% and 58%, as compared to VB 6000 and 51, respectively.
To understand the mechanisms behind the enhanced wettability in the case of S9 and H3,
two primary factors are taken into consideration. The first is the structural arrangement of
nanoadditives [93] and the second is the adsorption of nanomaterials onto the substrate
surface [94].

The former mechanism involves the dispersion and alignment of nanoparticles at the
interface between the liquid and the substrate, effectively diminishing the contact angle by
minimizing the curvature of the liquid-steel interface. The latter mechanism encompasses
the adhesion of nanoparticles to the substrate surface via various intermolecular forces,
resulting in surface modifications conducive to improved wetting. In the cases of ZnO in
59 and H3, as well as graphene in H3, both mechanisms likely contribute to enhancing
interactions between the liquid and the substrate surface. As for IL, the elongated alkyl
chain inherent in IL structures serves to enhance ILs’ adsorption affinity for the steel
surface. Additionally, it is worth noting that prior investigations have documented the
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notably elevated polarity exhibited by phosphonium-based ILs, further augmenting their
adsorption characteristics [77,95].

4. Conclusions

This study extensively examined the impact of incorporating various highly effective
nanoadditives, including graphene nanoplatelets, ZnO, and IL, both individually and
in hybrid combinations with rapeseed oil. The primary goal was to assess how these
nanoadditives affect the rheological, physical, and lubrication properties of bio-oil. For
comparative purposes, a commercial cutting fluid (VB 6000) was introduced. The key
findings of this investigation can be summarized as follows:

e The addition of graphene to rapeseed oil resulted in shear thinning behavior, while
ZnO and IL exhibited a shear thickening trend. When these nanoadditives were
combined in hybrids, such as H1, H2, and H3, the shear thickening behavior of
Zn0O and IL transformed into a milder shear thinning behavior, approaching a near-
Newtonian behavior, particularly in H1 and H3.

e  VIvalues showed a drastic increase of up to 150% after adding graphene to rapeseed
oil, emphasizing its superior thermal stability when compared to ZnO and IL, which
exhibited enhancements in the range of 10% to 38% compared to VB 6000.

e  The frictional behavior of the prepared mixtures demonstrated reductions of up to
41% and 35% at room temperature (RT) and 60 °C, respectively, when compared to
the bio-oil sample (S1). Notably, H3 emerged as the optimal sample, exhibiting the
most substantial decrease in coefficient of friction (COF) by up to 30%, as compared to
VB 6000.

e  Concerning wear behavior, H3 exhibited negligible wear scar, achieving a superior
reduction in wear volume by 84% when compared to VB 6000. This highlights its
enhanced wear resistance, further supported by its minimal average roughness value
on the worn surface and the smoothest worn area.

e  The physical behavior of the chosen optimal samples, 59 and H3, was evaluated
by examining their wettability characteristics. H3 exhibited significantly superior
wettability on a stainless-steel surface, surpassing VB 6000 by 63%.

Based on the preceding findings, a strong recommendation is made to consider the H3
mixture as a promising lubricant candidate for metalworking processes. This recommenda-
tion is mainly based on its distinguished tribological behavior within rubbing contacts, its
improved VI value, and its remarkable wettability characteristics.
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