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Abstract: In this study, tribological properties of custom formulated and stabilized nano lubricant
are investigated. Spherical CuO nanoparticles are suspended in 20W-50 mineral base lubricant us-
ing Oleic Acid (OA) as a surfactant. Three different nano lubricant concentrations with 0.2, 0.5, and
1 wt.% were analyzed through ASTM G-99 pin-on-disc tribometer standardized test under bound-
ary/mixed lubrication regimes. The generated friction and wear analyses confirm a consolidation of
tribological properties with a reduction in friction coefficient in the range of 14.59-42.92%, compared
with the base lubricant. Analysis of worn surfaces (SEM/EDX) as well as (AFM) was conducted.
Combined hypotheses were proposed from the analysis of worn surfaces; these hypotheses sug-
gested that CuO nanoparticles exhibit an integrated effect of two phenomenal lubrication mecha-
nisms. Additionally, dispersion stability evaluation of the suspended nanoparticles was performed
through Zeta potential, (FTIR), and sedimentation analyses. Stability results showed that steric sta-
bilization is the dominating effect of the repulsive forces between nanoparticles, surpassing the elec-
trostatic repulsive forces.

Keywords: Oleic Acid (OA); ASTM G-99; anti-wear/friction additives; zeta potential; colloidal
stability

1. Introduction

In different lubricated frameworks, mechanical friction through internal constituent
accounts for a significant portion of power losses. Controlling tribological performance
for these lubricants has a major role in limiting those losses. This development can be
achieved by diminishing the boundary friction coefficient, which is considered a crucial
factor for efficiency improvement [1]. Moreover, the Growing of global fuel energy con-
sumption with the necessity of a green environment to be in existence is the present dec-
ade challenge. Studies conducted by the USA Department of Energy [1,2] concluded that
22% of global energy consumption savings could be achieved by reducing frictional losses
emerging from many areas, such as power generation, transportation, and industrial sec-
tors. Researchers have discovered that ordinary lubricants nowadays and various surface
enhancements may not afford enough protection to meet durability, functioning, and oil
utilization [3,4]. Over the last few years, attention to the employment of nanoparticles as
an environmentally friendly lubricant additive had steadily expanded. This is due to the
apparent moderation in wear properties of nano lubricants [5]. There are many reasons
for the motivation of using nanoparticles as a lubricant additive. An essential advantage
is the teeny sizes of nanoparticles that empower them to enter the contact area's micro
crevices. This gives rise to a positive lubrication mechanism.

Tribo-chemical film formation is often encountered, and even nanoscale ball bearing
mechanisms have been proposed in many recent studies as well [6,7]. Spikes [8] has
pointed out numerous benefits during his study of nanoparticles as lubricant additives.
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The study revealed many benefits, such as low interaction with other lubricant additives,
high probability of protective film formation on contact surfaces, high durability com-
pared with traditional lubricant additives, high ability to withstand extreme operating
temperature, and good solubility in non-polar lubricants. The influence and performance
of nano additives depend on many factors, such aas their concentration, their size, mor-
phology, and their compatibility with base lubricants [9].

A recent study was conducted with CuO and ZnO with a concentration of 0.5 wt.%
compared with the commonly used anti-wear additive ZDDP [10]. Both of the nanoparti-
cles showed a considerable tribological enhancement regarding friction reduction and
anti-wear behavior.

Robert Jackson [11] studied the effect of adding CuO nanoparticles to a base lubri-
cant. Results showed a reduction in friction coefficient by 14 and 23% for two different
nanoparticle concentrations of 1.0 and 2.0%wt., respectively. Manu Varghese [12] studied
the enhancement of CuO's tribological properties with coconut oil, a concentration of 0.34
wt.% led to a reduction of 8% in the coefficient of friction. Oleic Acid (OA) had been used
in many studies as a surfactant for nano lubricants. This leads to enhancing the dispersion
stability of the colloidal nanoparticles. Oleic Acid is believed to have a weak effect on
changing the chemistry of both base lubricants and fully formulated ones when using the
effective concentration [13-19].

ZnO and MoS2 nanoparticles were assessed as additives on diesel lubricants; this was
conducted under different concentrations of 0.1, 0.4, and 0.7 wt.% using a pin on disc tribo-
tester [20]. The overall results revealed that MoS:z could lessen the mass loss and coefficient
of friction of moving pairs up to 93% and 12.29%, respectively when using 0.7 wt.%. As
for ZnO, it was suitable for enhancing the thermophysical properties of the lubricant. The
flashpoint of nano lubricant expanded by 5.88% and 5.04% for ZnO and MoS, respec-
tively, when applying 0.7 wt.%. The pour point of the lubricant decreased for both nano-
particles under a concentration of 0.4 wt.%. The viscosity index increased by 7.88% and
7.04% for ZnO and Mo$S, respectively, with a concentration of 0.7 wt.%. At all tested tem-
peratures, ZnO nano lubricant showed a higher viscosity value than MoSz. The highest
viscosity increase was at 100 °C by 9.58% and 10.14% for MoSz and ZnO, respectively, for
0.7 wt.% in nanoparticle content.

Hybrid nano-diamond/nano-graphite was tested at a concentration of 1% v/v [21].
The test was carried out under no external loading. The average fuel consumption was
reduced by 21% when compared to the base lubricant, and the viscosity index was re-
duced by 6%.

Copper and hybrid copper/graphene nanoparticles were evaluated as automobile en-
gine nano lubricants with different concentrations (0.03, 0.4, 0.6 wt.%) using ring and liner
tribo-tester [22]. Oleic Acid was used as a surfactant with 2 wt.% from the base oil weight.
Results showed that hybrid Cu/Gr nano lubricants have a promising function for increas-
ing the lifespan of frictional components and fuel economy in engines. The friction coeffi-
cient decreased by 17.3-23.6% and 26.5-32.6% for the Cu and Cu/Gr nano lubricants, re-
spectively. Simultaneously, the wear rate decreased by 13-20% and 25-30% for Cu and
Cu/Gr nano lubricants, respectively. The morphology results of AFM and SEM/EDX rec-
ognized the formation of the tribo-film on the frictional surfaces. The evaluated surfaces
presented smooth worn areas that promoted a low surface roughness, which can increase
the lifespan of the internal components in engines, especially the ring and liner. This im-
provement can reduce gas leakage from the combustion chamber area, leading to more
convenient pressure inside the cylinder, thus enhancing the fuel consumption and reduc-
ing exhaust emissions.

Hybrid Al2Os/TiO2 nanoparticles were examined under different working conditions
with an engine lubricant concentration of 0.1 wt.% [18]. Results showed a reduction in
both friction coefficient and wear rate by 39-53% and 25-33%, respectively. The reinforce-
ment in this nano lubricant's tribological behavior had been justified due to the combined
effect of the tribo-film formation and nano ball bearing.
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In many studies, nanodiamond particles have been found to provide a significant
reduction in friction and wear when used as a nonadditive for engine oils [23]. Nanodia-
monds can significantly improve engine oil performance due to their ability for the pol-
ishing mechanism throughout the surface asperities and enhancing the strength of the
formed tribo-films.

The nano lubricants of base elements as Fe, C, Gr, Cu, Co, and other base candidates
showed a promising improvement in both tribological and thermal properties [24,25].
However, oxides, as CuO, ZnO, and GrO, manifest themselves to have a long-lasting sta-
ble time [26]. This is due to the plenty of hydroxyl or carboxyl groups on their surface,
which help their interaction with surfactants to improve their dispersion stability in non-
polar mediums [27]. In addition to their substantial dispersion stability, oxides have ex-
traordinary tribological as well as thermal properties. CuO nano lubricant has been stud-
ied to enhance the durability of piston linear contact in engines [28]. The study showed an
improvement in COF by 80%.

The fundamental concept of all mentioned nanomaterials in different lubricant stud-
ies aims to reduce the irreversible losses through friction and wear arising from many
sorts of machines and instruments. This is to balance the incrementalism demands of ef-
ficient energy production and minimize its drawbacks on the environment [29]. To bridge
this gap, designing machinery with low friction losses is the primary requirement for a
potential reduction in energy loss of 40% over the upcoming 15 years [2].

Over the last decade, nano lubricants, as new technology, have been used as one of
the most pivotal solutions to curtail systematic machinery losses [30]. Studies on nano
lubricants based on nano CuO focused only on their tribological properties or thermal
stability with paying no attention to dispersion stability. This would have a considerable
effect on these nano's final behavior.

The present study offers extensive experimental work toexplore the tribological
properties of custom formulated and stabilized nano lubricant. This nano lubricant holds
spherical CuO nanoparticles suspended in 20W-50 mineral-based lubricant. The CuO
nano lubricant is tribologically tested using a test rig with a pin-on-disc system (ASTM G-
99). This system offers a good compromise between actual and laboratory tests. Samples
of pins were selected for surface analysis through Scanning Electron Microscopy/Energy-
Dispersive X-ray spectroscopy (SEM/EDX), as well as Atomic Force Microscopy (AFM).
Moreover, stabilization analyses were conducted for the nano lubricant through sedimen-
tation, (FTIR), and Zeta analyses.

2. Experimental Setup and Procedure
2.1. Nanoparticles and Base Lubricant

A mineral lubricant of 20 W-50 was selected to be the base fluid. The main properties
of nanoparticles (CuO) and base lubricants used in the experiments are listed in Table 1.
Copper oxide nanoparticles were dispersed into the base lubricant at three different wt.%
concentrations 0.2%, 0.5%, and 1%. These concentrations were selected based on the effec-
tive concentration in many studies [13,31,32].

Table 1. Material properties of nanoparticles and base lubricant.

Material Properties
Bulk Hardness
. ‘v (% . L . 5
Nanoparticles Morphology Purity (%) Melting point (°C)  Density (g/cm?) (Mohs-HRC)
CuO Nearly spherical 99.9 1326 6.30 3.5-20
Base lubricant Density at 15 Kinematic Viscosity index Flashpoint (°C) Pour point (°C)
°C(kg/md) Viscosity(cSt) y P P
20W-50 892.1 1764 (40°C) 123 240 24

19.1 (100 °C)
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2.2. Preparation and Surface Modification of CuO Nano Lubricant

Nano lubricant was prepared using the two-step method [33,34], which is the most
widely accepted approach for preparing nanofluids. Oleic Acid (OA) was added as a sur-
factant to nano lubricant to enhance nanoparticle stabilization by minimizing the aggre-
gation and sedimentation [3,13,31,35]. OA’s active ratio ranges from 1 wt.% to 11 wt.% of
nanoparticles [33]. The preparation steps of CuO nano lubricant were conducted, as fol-
lows (based on the two-step method):

¢ Oleic Acid was added by 8 wt.% (nanoparticles basis) to a 500-mL preparation beaker
with 50 mL ethanol under the magnetic steering process to enhance the pervasion
and spreading of oleic acid.

e  While the solution is mixed under magnetic steering, a specific CuO nanopowder
concentration is added to the Becker.

e  The solution was then heated under magnetic stirring until all Ethanol was entirely
volatile.

e The resulted solution is CuO nanoparticles capped by OA as a surfactant.

e  The base lubricant was then added slowly to the resulted solution until a homoge-
nous solution of nano lubricant was obtained.

e  Finally, the solution was placed into an ultrasonic probe for 30 min. for further dis-
persion and nano lubricant homogenization.

Therefore, the formulation of nano lubricant compromised CuO%wt., OA%wt., and
base lubricant%wt., as shown in Table 2.

Table 2. The formulation of CuO Nano lubricant.

Nanoparticles Concentration Base Lubricant (20W-50) Additive Solution
0.2 wt.% CuO 99.78% oil 0.216% Solution (0.2 wt.% nanoparticles + 0.016 wt.% OA)
0.5 wt.% CuO 99.46% oil 0.54% Solution (0.5 wt.% nanoparticles + 0.04 wt.% OA)
1 wt.% CuO 98.92% oil 1.08% Solution (1 wt.% nanoparticles + 0.08 wt.% OA)

2.3. Characterization of Nanoparticles and Dispersion Stability

Copper oxide nanoparticles were analyzed using X-Ray Diffraction (XRD) to charac-
terize the crystalline structure, which indicates the current phase and the purity of Copper
Oxide. Transmission electron microscopy (TEM) was used to analyze the surface mor-
phology of nanoparticles.

2.4. Dispersion Stability Analysis for Prepared CuO Nano Lubricants

In this study, two significant dispersion methods of sedimentation and zeta potential
analyses were conducted to analyze CuO's dispersion stability capped with OA. Oleic
acid’s primary function is to form a barrier between colloidal particles within nanofluid
by the meaning of steric and electrostatic stabilization. OA is an ionic surfactant that con-
sists of two parts. Hydrophilic head of the carboxyl group (-COOH-) and a hydrophobic
tail of hydrocarbon group [15,36]. The hydrophilic head is adsorbed to the hydrophilic
CuO nanoparticles. This is because CuO has been proved to have a high affinity to car-
boxyl groups [37], whereas the hydrophobic tail is extended to the solution of hydrocar-
bon lubricant. The result is a continuous endeavor, in which OA's hydrophilic head is
trying to bind with CuO. The hydrocarbon tail group binds with the mineral lubricant
forming micelles of CuO capped by OA [38,39]. Eventually, these micelles would provide
a barrier against aggregation. The sedimentation test is conducted by taking many pho-
tography shoots during a specified period. The Zeta analysis is conducted through the
Malvern Zetasizer nano series Z-S. The equipment could measure both the size of CuO
nanoparticles suspended in the lubricant as well as the zeta potential.
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The general criteria of Zeta potential value that determine the system's stability are
approaching +25 mV or -25 mV [34,40]. This is to say that this suspension system is con-
sidered to be stable. Moreover, OA-treated CuO nanoparticles were analyzed using Fou-
rier transform infrared spectrometry (FTIR-BRUKER-A225/Q), Multiple Crystals CRY).
This is to present the functional group in OA/CuO treatment and to justify the results of
XRD for the purity of CuO nanopowder.

2.5. Setup of Tribological Testing

Tribological properties of CuO nano lubricant were conducted through the Com-
puter Control Vertical Universal Friction and Wear Testing Machine Model MMW-1A.
An ASTM standard Pin-on-disc test (ASTM G-99) was conducted. This test simulates most
of the critical machinery and the tribological behavior of engine components as pins,
shafts, piston skirts, piston rings, valve train, and cylinder liners under mixed/boundary
lubrication regimes [41-43]. The test is done under an average working temperature at 60
degrees Celsius. This test simulates the wear process under different loads and sliding
speeds with friction coefficient versus sliding distance as output data. A total of six runs
were performed for each of nano lubricant concentrations under different levels of testing
parameters of the load and sliding speed according to the literature [44]. The accuracy of
test variation and repeatability of data were considered by varying loads, speeds, and
concentrations of nanoparticles, as well as calibrating the load cell before starting all of
the tests. The same technique was considered in many studies, as in [45]. The nominal
chemical composition of disc and pin alloys, as well as testing configuration, are outlined
in Tables 3 and 4, respectively. The coefficient of friction was recorded by pin-on-disc test
rig instantaneously. Mean values have been calculated for all runs under different testing
configurations of load and sliding speed. Moreover, the average mass loss and specific
wear rate for pins were calculated for all runs using the following formula:

|4

K =
Fy*d

@™

where K is the specific wear rate (mm*/Nm) (sometimes called the wear coefficient [46]),
V is the worn volume of the pin (mm?®), Fy is the normal load (N), and d is the sliding
distance (m). The worn volume of the pin is calculated from mass loss and density (o =
Aw/V). Specific wear rate is considered an accurate indication of the wear properties of
lubricants under extreme sliding conditions [18]. For rheological behavior as viscosity,
adding CuO with OA has a weak effect, as mentioned in [11].

Table 3. Materials of Tribo-pair.

Specimen Material Chemical Composition
Pin—K 510 1.1% C, 0.25% Si, 0.30% Mn, 0.70% Cr, 0.10% V
Disc—K 340 1.1% C, 0.90% Si, 0.40% Mn, 8.30% Cr, 2.10% Mo, 0.50% V

Table 4. Testing configuration for each concentration of Nano lubricant.

Test Rig Test Parameters
ASTM G-99 Normal Loads (Fy), N Sliding Speed (V), m/s (rpm)
Run#1 147 0.5 (2006)
Run # 2 147 1(413)
Run # 3 392 1(413)
Run # 4 147 1.5 (620)
Run #5 392 1.5 (620)

Run #6 392 0.5 (206)
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2.6. Analyses of Surface Topography and Surface Morphology

To reveal the character of worn surfaces, selected samples of the pin on disc tests
were examined under different microscopic examinations. Scanning electron micros-
copy/Energy-dispersive X-ray spectroscopy (SEM/EDX), and Atomic force microscopy
(AFM) were conducted to analyze the surface damage features, as well as the surface en-
hancement that was adopted by nano lubricant. SEM analysis has been used mainly to
reveal the severity of wear mode inherited by tested friction pairs, whereas EDX was used
to provide elemental identification of the tested surfaces. This is to investigate tribo-sin-
tering and mending lubrication mechanisms. AFM is used to provide three-dimensional
topographic features of the tested surfaces to examine out polishing lubrication mecha-
nism assorted by nanoparticles (Topographical analysis) [11].

3. Results and Discussion

3.1. Structure of Nanoparticles

The particles of TEM analysis appear elongated and not spherical because of the na-
ture of the agglomeration of the powder nanoparticles, Figure 1a. The Copper oxide na-
noparticles are dark brown with a surface morphology nearly spherical with an average
size of 35 + 5 nm, Figure 1b.

(b) Y CuO Particle Diameter

\

§ N\

45 50

25 30 35 4
Diameter (nm)

27,
7%
Wi

Figure 1. (a) (TEM) micrographs of CuO nanoparticles, (b) Size distribution of CuO nanoparticles.

Figure 2 shows the XRD pattern of the Copper oxide nanoparticles. In this pattern,
most of the diffraction peaks are indexed to the cupric oxide (CuO). This indicates that
nanoparticles are CuO only without any additives. Mainly, Copper Oxide could be found
in two phases as Cu,0 (Cuprous Oxide) and CuO (Cupric oxide), depending on the va-
lence state of the copper [47]. The peak resulted from the XRD pattern has an angulation
20 ranges from 35.7 to 38.5, represented by (002) and (111) crystallographic planes, respec-
tively. This is the same as reported in the literature for CuO (Cupric oxide) nanoparticles
with no existence of any impurities or other peaks corresponding to Cu,0 or Cu(OH),
phases [32,48-50]. The peaks of 32.6, 49, 53.6, 61.7, 66.2, and 68.4 are represented by crys-
tallographic planes of (110), (-202), (020), (-113), (-311), (220) respectively. These results
are consistent with the standardized copper oxide nanopowder peaks, as mentioned in
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[51]. These resulted diffraction sharp peaks indicate a pure monoclinic CuO copper oxide
nanopowder.

(002)

1000

(111)

Counts/s

202)

113)
311)

220)

ST L LW S Y VLWV

10 20 20 40 & 60 70 80

Position+[261]

Figure 2. Analysis of (XRD) pattern for copper oxide nanoparticles.

Figure 3 shows FTIR spectra results for CuO nanopowder, Oleic acid, and oleic acid-
modified CuO nanoparticles. For CuO nanoparticles, the resulted spectra display an ab-
sorbed band of approximately 406 and 640 cm™, which show the characteristic mono-
clinic band of pure copper oxide, as mentioned in an earlier study [50]. For OA, the C-H
stretching vibration peaks of both -CH,- and -CH3- are showed approximately at 2927
cm~! and 2852 cm™?, respectively, as mentioned by Zhang [15]. Moreover, the character-
istic peak of the carboxylate groups of the OA head appears at approximately 1710 cm™*
[15]. Interestingly, this characteristic peak is not shown at the spectra of OA-modified CuO
nanoparticles. This is because of the OA and CuO nanoparticles chemical reaction to attain
OA'’s grafted layer on to CuO’s surface. This is to afford OA modified CuO nanoparticles
that can be stable in non-polar systems.

R

()

3 oA o | |7
c - u- “1
s [ Cuo \)
.t -

E —— OA - modified CuO |
= Cu-0 |

A7 | NIC-HI
4750 4250 3750 3250 2750 2250 1750 1250 750 250
1

Wavenumber cm™

Figure 3. Analysis of (FTIR) spectra for functionalized OA-CuO nanoparticles.
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3.2. Dispersion Stability

Stabilization analysis of CuO nanoparticles dispersed with OA was conducted
through two methods, Zeta and sedimentation analyses. Figures 4 and 5 show the zeta
and sedimentation analyses correspondingly for the three different nano lubricant con-
centrations used over the current study. The zeta analysis shows weak repulsive forces
between particles handled through the electrostatic stabilization for all concentrations.
This is because the minimum acceptable Zeta potential value is recommended by litera-
ture to be 25 mV (negative or positive). However, the most effective value is shown to be
for 0.2% and 0.5 wt.% CuO with —24.9 and —22.6 mV, respectively. Whereas, for 1 wt.%
CuO, a low value of —2.8 mV, is recognized. This could be explained through the size of
dispersed CuO nanoparticles with the base lubricant (Figure 4). The peaks of size for dis-
persed 0.2 and 0.5 wt.% CuO are shown to be within the size range of the CuO nanopar-
ticles as obtained (35 + 5) with 34.2 and 39.4 nm, respectively. Whereas, for 1 wt.% CuO,
an extraordinary size of 53.1 nm is recognized. This could clarify the hypothesis triggered
through this study by the surface analysis for the weak tribological performance of 1 wt.%
CuO, which accounted for nanoparticles' agglomeration at this concertation. Zeta's results
recommend that the dominant repulsive forces between CuQO nanoparticles are a steric
repulsion instead of electrostatic repulsion.

45 - _ ZletaPotential (mV): -24.9 = 0.2 % wt CuO
36 -
_ Zeta Potential (mV) : —2.80 4—0.5 % wt CuO
z 27 e
g - _ —e—1%wt CuO
8 18 Zeta Potential (mV) : —22.6
c -
9
0

0 25 50 75 100 125 150 175 200 225 250

Size of CuO nano particles (nm)

Figure 4. Zeta sizer and Zeta potential analyses for different concentrations of CuO Nano lubricant
dispersed with oleic acid.
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Figure 5. Photographs of sedimentation analysis of CuO nano lubricant. (a) Base lubricant, (b) 0.2
wt.% CuO, (c) 0.5 wt.% CuO, (d) 1 wt.% CuO, (e) 0.2 wt.% CuO + OA, (f) 0.5 wt.% CuO + OA, and
(g) 1 wt.% CuO + OA.

The steric stabilization could be slightly discerned through the sedimentation analy-
sis (Figure 5). Sedimentation analysis was carried out through two months of test dura-
tion. Three photographs were taken, respectively, for each case. One after the first day,
and second and third photographs after the first and second months. The test was con-
ducted with transparent vials to observe any sedimentation that shall happen during the
test duration. OA's addition as a surfactant had increased the turbidity of CuO nanopar-
ticles through the base lubricant, as shown in Figure 5, compared to the bare CuO nano
lubricant without OA as shown in Figure 5b—d.

The zeta potential in non-polar mediums is known to be weak (in the range of 20 mV
or lower) compared to the steric potential. The steric potential is considered the dominant
repulsive force due to OA's grafted layer. This is considered a critical point that had been
rarely discussed in most studies related to nano additives in non-polar mediums. Most of
the published studies just concentrated their works on nano lubricant tribological effects
without mentioning the colloidal system's stability factor. This stabilization of nano lub-
ricant ensures that the dispersed nanoparticles will effectively enhance the tribological
properties of base lubricant during the flow of fluid in the long term.

3.3. Friction Studies

Figures 6 and 7 show the coefficient of friction (COF) as well as the average COF
under different working conditions of the contact loads (147 N, 392 N) and sliding speeds
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(0.5, 1, 1.5 m/s). From the first glance of friction results, the highest COF value would be
observed at the onset of each test. This comes back to the static friction (static COF) that
must be overcome at the beginning of the sliding motion between any two surfaces. Other
fluctuations in COF along the rest of the sliding distance are according to the dynamic
COF, which accounted for the energy required to shear the adhered peaks of surface as-
perities during the relative motion of surfaces. All CuO nano lubricant concentrations
show a considerable COF reduction under most testing conditions concerning the base
lubricant. At run # 1, with a contact load of 147 N and a sliding speed of 0.5 m/s (206 rpm),
there is a clear trend of reduction in COF for all CuO concentrations concerning the refer-
ence lubricant. However, some CuO concentrations failed to enhance the lubrication pro-
cess and, on the contrary, increase the COF as in runs 3, 4, and 5 for 0.2 and 1 wt.% CuO.
It can be figured out that raising load and sliding speed simultaneously increases the COF
for the base lubricant. This verifies that the test is undergoing boundary and mixed lubri-
cation regimes. This is considered a regular phenomenon at these lubrication regimes
where the high normal load would squeeze the lubricant. The film thickness of lubricant
will be smaller than the average surface roughness of sliding surfaces, and then higher
contact at the micro peaks of asperities is expected. This would also increase the shear
strength and plastic deformation of asperity peaks at the surface of contact, raising the
coefficient of friction.

Run#1
147 N, 0.5 m/s
—Base lubricant —0.2% wtCu0 —05%wtCu0 — 1% wtCu0
] W%W%mmwmwwwwm
s
k]
3 AR A A AAAAAAAR AT AAARAAAAA S AR A FAAATAA
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g I P e A AR AR AR A AR ARl nAnnnnannan
8 A
7""'!\'. I 'J\ I
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S YA i i
0 T T T — .J - — |
0 50 150 250 350 450 550
Sliding distance
Run # 2
- 147N,1mfs
' —Base lubricant —— 0.2 % wt CuO 0.5%wt Cu0 — 1 % wt Cu0
$
s - TIT L nn————r—innnn
E oD ,W
v 0.02 A L
o
£
3
(%)
0 T T T T T T T T ; T T !
0 50 150 250 350 450 550

Sliding distance
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Coefficient of friction

Coefficient of friction

Coefficient of _friction

Coefficientof _friction

Run# 3
392N, 1m/s
0.06 -
——Base lubricant — 0.2 % wt Cu0 — 0.5 %wt Cu0 ——1 % wt CuQ
0.04 -
0.02 -
0 T T T T T T T T T T T 1
0 50 150 250 350 450 550
Sliding distance
Run#4
147 N, 1.5 m/s
0.04 1 ——Baselubricant —— 0.2% wt Cu0 —— 05 % wt Cu0 —— 1% wt CuO
i o SRR
T T —
0.02 4 —
Lr %
0 T T T T . \
0 50 150 250 350 450 550
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Run #5
392N,1.5m/s
0.04 1 — Base lubricant —— 0.2 % wt Cu0 —— 0.5 % wt CuO —— 1 % wt CuO
n
0.02 4 L i
T —
0 T T T T T T T T T T T |
0 50 150 250 350 450 550
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Run#é6
392N, 0.5m/s
——Base lubricant ——0.2%wtCu0 —0.5%wtCu0 —1%wtCu0
0.04
: "“hh*.‘ i ERARRRAARAAIARRARAA D i oRa AR A A8 ki
Wi R A BARAR) andan
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! WU "'J'IUGJ“:U_U.’L'.‘L.|‘.J A UL
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Figure 6. Experimental runs of the pin on disc test show the variation of friction coefficient vs.
sliding distance under different CuO nano lubricant conditions.
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Figure 7. The average friction coefficient for experimental runs of the pin on disc test.

Moreover, the lubricating oil would be unable to separate the asperities of contacts
effectively. Hence, the wear rate of frictional surfaces starts to grow. This is remarkable at
the specific wear rate (Figure 8). The specific wear rate is increasing with load and sliding
speed simultaneously in the case of base lubricant. The reason is also related to the high
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normal load with a sliding speed, which prevents the production of a sufficient thick lub-
ricant film from separating the peaks of asperities at the contact area. Hence, a higher rate
of asperities deformation is attainted. For CuO nano lubricant, lower COF and specific
wear rate are observed at the same conditions (higher load and sliding speed). This means
that the nano lubricants system works correctly at these lubrication regimes to boost the
tribological properties of base lubricants. This is correlated to less time for contact at as-
perities, which leads to minimal time for asperities distortion. Thus, the entire contact area
at frictional surfaces decreases, causing a decline in the COF and wear rate. It is observed
that, at the lowest normal load and sliding speed of 0.5 m/s—147 N, nano lubricant with
0.2 wt.% achieved the lowest COF and wear rate. This is because, at this condition, the
film thickness is sufficient to separate the two frictional surfaces slightly; consequently, a
low rate of asperities contact is obtained. For 0.5 wt.% nano lubricant, a convenient, low
COF, and wear rate are discerned under most of the testing conditions of load and sliding
speed in contrast with the base lubricant.
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Figure 8. Specific wear rate for experimental runs of the pin on disc test.
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Meanwhile, for 1 wt.% nano lubricant, the scenario got worsened. At this high con-
centration of nano lubricant, COF and wear rate had risen. These observations are then
requireing more verifications through both surface and stabilization analyses. These re-
sults are consistent with the reported studies for nanoparticles conducted with boundary
lubrication and mixed lubrication regimes. The reported studies recommended that there
is usually optimum concertation of the added nanoparticles to boost the lubricant tribo-
logical properties for different working conditions [28]. Many hypotheses had been re-
ported in the literature for CuO nanoparticles engaged in the lubrication of sliding sur-
faces. It is believed that CuO nanoparticles can manifest a combination of two kinds of
lubrication mechanisms at boundary/mixed lubrication regimes. These two mechanisms
are named Tribosintering and Third body (nano-ball bearings) [9,11,52]. In the Tribosin-
tering mechanism, the small size of nanoparticles allows them to penetrate the contact
surfaces and filling the micro-grooves of asperities (valleys). A very thin layer, named
tribo-film, is formed. During the sliding motion at boundary/mixed lubrication, nanopar-
ticles that fill the micro valleys of asperities will be trapped under the effect of heat gen-
erated by friction and high contact pressure.

Nanoparticles will exfoliate and flattened on the frictional surfaces. The real contact
area of asperities will grow. This will cause the contact pressure to be diminished. More-
over, the presence of this tribo-film would reduce direct contact and deformation/collision
between asperities. Hence, lowering the shear stresses at contact as well as the specific
wear rate. The formation of tribo-film is mainly affected by two critical parameters, the
hardness, and size of nanoparticles. The hardness of nanoparticles shall be lower than the
hardness of frictional pairs. When nanoparticles are harder than frictional pairs, they will
be prone to scratch and indent the frictional surfaces. This will lead to high plastic defor-
mation of surfaces and, thus, prominent wear rate and COF.

On the contrary, the low hardness shall give a high probability for nanoparticles to
be mechanically exfoliated and deformed on the surface, forming the protective tribo-film.
For the size parameter, when the radius of the nanoparticles (r) is considerably more sig-
nificant than the average roughness (h) of frictional surfaces, nanoparticles would easily
escape from the contact area. Upon loading and shearing of asperities, nanoparticles will
be squeezed out of the contact zone, reducing the probability of forming the protective
tribo-film [53]. Therefore, the frictional surfaces will not acquire any tribological benefit
from nanoparticles, leading to a low lubrication mechanism at boundary/mixed regimes.
On the contrary, when the radius of the nanoparticles is much smaller than the average
roughness, the valleys of asperities would be filled effectively, allowing the formation of
the tribo-film upon the loading of frictional surfaces.

Hence, Nanoparticles can enhance and smooth out the frictional surfaces and signif-
icantly improve tribological properties. In this study, CuO nanoparticles have a low bulk
hardness of 3.5 Mohs (20 HRC), which is lower than the hardness of frictional pairs of pin
and disc (40 — 63 HRC). The size of spherical CuO nanoparticles is about 35 nm, which is
very small compared to the average surface roughness of pairs (also mentioned in this
study's proceedings).

In the third body mechanism, spherical nanoparticles as CuO would act as an artifi-
cial ball bearing (nano ball bearings). Spherical nanoparticles could roll among the fric-
tional surfaces in asperities, providing a transformation from a sliding friction of asperi-
ties to rolling friction. At rolling friction, less energy is required for the deformation/colli-
sion of asperities. This will result in a minimal wear rate and coefficient of friction. At all
events, an essential parameter that could affect lubrication mechanisms that are inherited
by the nano lubricant is the melting temperature of nanoparticles. This parameter should
be considered during nanoparticle-based lubricant design to guarantee that nanoparticles
will not melt through the lubrication fluid due to their working temperature.

Regarding this study, CuO nanoparticles have a melting point of 1326 °C, whereas
the base lubricant (20 W-50) has a maximum operating temperature of 240 °C. This ensures
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that the nanoparticle will not undergo the liquid phase under the lubricant's different op-
erating conditions, thus enhancing of tribological properties of the lubricant.

3.4. Surface Analysis Studies

In this section, the morphological examination is conducted of selected, tested pin
samples. In this way, a better insight into lubrication mechanisms inherited by nano lub-
ricant could be attained. All of the surfaces were cleaned by Ethanol before any test of
surface analysis. This is to remove any transient lubricant and debris deposited during the
friction test. Scanning electron microscopy (SEM) and electron dispersive X-ray spectros-
copy (EDX) were used to get to the bottom of the Tribo-sintering mechanism and the con-
sistency of tribo-film.

On top of that, Atomic force microscopy (AFM) was used to investigate the consoli-
dation of average surface roughness of the tested samples. Surface analyses were con-
ducted before and after friction tests. Figures 9 and 10 illustrate the SEM/EDX microscopy
results as well as 3D surface topography of AFM for selected samples. Figure 9a presents
the bare sample’s SEM surface analysis (as obtained) without performing any friction test.
This sample’s SEM micrograph shows a nearly blank surface without any wear scratches
with an extremely fine average surface roughness of 5.96 nm. The elemental analysis
(EDX) shows the primary alloying elements of pin material accompanied by a rough ap-
proximate elemental weight percentage at the surface.
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Figure 9. (SEM) micrograph with (EDX) analysis (a) bare sample, (b) Run # 6 (392 N- 0.5 m/s) Base Lubricant, (c) Run # 6
(8392 N- 0.5 m/s) 0.2 wt.% CuO, (d) Run # 6 (392 N- 0.5 m/s) 0.5 wt.% CuO, (e) Run # 6 (392 N- 0.5 m/s) 1 wt.% CuO.
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Figure 10. 3D surface topography of AFM (a) bare sample, (b) Run # 6 (392 N- 0.5 m/s) Base Lubricant, (c) Run # 6 (392 N-
0.5m/s) 0.2 wt.% CuO, (d) Run # 6 (392 N- 0.5 m/s) 0.5 wt.% CuO, (e) Run # 6 (392 N- 0.5 m/s) 1 wt.% CuO.

Figure 9b shows the surface analysis of base lubricant under the condition of a high
normal load. In this case, the high rate of interaction and deformation of asperities is the
dominant situation, particularly at higher contact load, where a high lubricant breakdown
occurs. This leads to the starvation of lubricant among asperities. Ploughing and scratch-
ing of asperities and micro pitting are the results in this case in the sliding direction. The
development of deep and wide furrows could be distinguished clearly as a prominent
remark resulted from high abrasive wear. The AFM could support these results in this
case (Figure 10b), where the broad and deep furrows are shown at a three-dimensional
roughness profile. The resulting surfaces were rough with 33 to 52 nm as average surface
roughness for low and high load conditions. This could be rationalized by the high wear
rate and coefficient of friction discussed in the previous section.
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The EDX analysis also shows the alloying elements of pin metal at the tested surface.
Figure 9c—e) show the surface analysis for nano lubricant tested with different concentra-
tions of CuO sintered nanoparticles under the high normal load condition. From the first
glance, the surface roughness of tested samples treated with nano lubricant was refined
in contrast with base lubricant cases (Figure 9a).

The roughness 3D plot for each case is shown as peaks and valleys with dark brown
color for low surface roughness ranging to bright yellow color for high surface roughness
(Figure 10). At 0.2 wt.% CuO, the average surface roughness (Sa) is ranged from 29 to 31
nm. At 0.5 wt.% CuO, the average had been dropped down to the range from 17 to 22 nm.
While, at 1 wt.% CuO, the average surface roughness was propagated to an extremely
high range from 60 to 91 nm. This is considered an abnormal case of the CuO nano lubri-
cant in contrast with the base lubricant. The rising of average surface roughness is corre-
lated with the low dispersion of nanoparticles at high concentrations. For most cases of
nano lubricant at 0.2 and 0.5 wt.% CuQ, it can be shown that there is an improvement in
the surface structure in contrast with low surface roughness and adequate wear charac-
teristics at these concentrations. This elucidated the lubrication mechanisms of tribo-sin-
tering and third body (nano-ball bearing) inherited by CuO nanoparticles. The surface of
the tribo-film is shown to be a polished surface with no or minimum amount of surface
furrows. This can be revealed from the arrangement and formation of the tribo-film for all
samples treated under nano lubricant.

The formation of tribo-film would also be recognized at high concentrations with a
high friction coefficient. This could be due to aggregated nano's unequilibrium effect on
the contact surface's dispersion stability. On the contrary, if the nanoparticle concentration
is low as in 0.2 wt.% CuO, there will not be enough nanoparticles to transfer the sliding
friction into rolling friction as well as exfoliating and forming of tribo-film.

The above results disclose that an optimum concentration of CuO nanoparticles is
required where the coefficient of friction and wear rate are minimum under different test-
ing conditions of nano lubricant. This optimum concentration is expected to improve the
tribological performance of the base lubricant effectively. Similar evolutions that resulted
from this study are presented in literature [9,12,54,55].

The results of EDX are illustrated in each case of the tested sample, as shown with
the elemental surface weight percentage. The copper tribo-film is shown as green spots
afforded with a black ground of the tested area, as shown in results. The weight percent-
age of copper tribo-film depends on nanoparticle concentration (Figure 9). At 0.2 wt.%
CuO, tribo-film surface concentration ranged from 0.12 to 0.29%. At 0.5 wt.% CuO, the
concentration ranged from 0.32 to 0.38%. For 1 wt.% The concentration dropped down to
0.08% at low load conditions and steeped up to 0.81 at high load conditions.

The instability of tribo-film formation at a high concentration of CuQO is correlated
with nanoparticle aggregation. At high concentrations, nanoparticles would aggregate to
form particles with a high weight compared to the nominal size. These aggregations
would then experience some difficulty to get involved with the contact region managed
by surface asperities. This will lead to a low quality of nano lubricant, which would ag-
gravate the wear rate and friction coefficient.

The formation of tribo-films is believed to be attributed to the atomistic response re-
sulting from the interaction between nanoparticles and the substrate material's asperities.
Theoretical analysis of the Lennard - Jones method and solid-liquid interaction through
molecular dynamics simulations confirmed that nanoparticles were found to repair the
substrate material's surface by filling in vacancies between asperities[56].

4. Conclusions

In the present study, tribological properties are investigated for a mineral base oil (20
W-50) mixed with copper oxide (CuO) as nonadditive and oleic acid (OA) as a dispersing
agent. Three concentration values by weight are used for the nano additive. The work is
implemented using a test rig with a pin-on-disc system (ASTM G-99).
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Based on surface analysis studies of bodies in contact, hypotheses on working mech-
anisms of CuO nanoparticles were proposed and compared with the literature. CuO na-
noparticles can manifest two different lubrication mechanisms: the third body (nano-ball
bearing) and Tribo-sintering mechanisms. The friction coefficient was found to be dimin-
ished by 37.9, 42.9, and 14.6% for the CuO Nano lubricant concentrations of 0.2, 0.5, and
1% wt., respectively. A dispersion analysis for nano lubricant was conducted through Zeta
potential and sedimentation tests. The low value of zeta potential indicates a weak elec-
trostatic repulsive stabilization between CuO nanoparticles capped by OA. In contrast,
the sedimentation analysis recognizes that nanoparticles have good stability, inherited by
the repulsive steric stabilization. OA can cover the CuO nanoparticles in steric stabiliza-
tion to change them from hydrophilic to hydrophobic particle and then reduce the aggre-
gation.

An optimum concentration of CuO nano lubricants was proposed to be 0.5 wt.%
CuO. Conversely, when the CuO concentration was raised to 1%, aggregation was ob-
served, leading to the aggravation of friction and dispersion aspects.

For future work, various study points are required. The dispersion analysis shall be
more investigated to find the optimum ratio of the surfactant. The lubrication mechanisms
hypotheses would be better studied under specialized simulation software to capture the
exact chemical reaction that could be endeavored to form the tribo-film of CuO nanopar-
ticles.
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