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Preface

This Reprint presents a collection of research articles focused on advancing boundary

lubrication, an essential area for reducing friction, wear, and energy loss in mechanical systems.

It includes molecular-level simulations, predictive models, experimental techniques, and the

development of advanced lubricants and additives, such as nanomaterials and sustainable bio-based

formulations. The aim is to offer a comprehensive overview of how fundamental understanding and

applied research together improve tribological performance under challenging operating conditions.

The motivation for compiling this Reprint stems from the urgent need for reliable and

sustainable lubrication solutions that promote efficiency, durability, and environmental responsibility

in engineering applications. By collecting contributions from various fields within tribology, this

collection acts not only as a record of current advances but also as a guide for future research

directions.

This work is intended for researchers, engineers, and students in tribology, mechanical

engineering, and materials science, as well as industry practitioners, for whom advanced lubrication

strategies are essential. We hope that this compilation will inspire new ideas, foster interdisciplinary

collaboration, and support the ongoing advancement of boundary lubrication science and technology.

William Chong

Guest Editor

ix





lubricants

Article

Coarse-Grained Molecular Dynamics Simulations of Organic
Friction Modifier Adsorption on Rough Surfaces under Shear

Jiahao Tang 1, William Woei Fong Chong 2,3 and Hedong Zhang 1,*

1 Department of Complex System Science, Graduate School of Informatics, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8601, Japan

2 Faculty of Mechanical Engineering, University Teknologi Malaysia (UTM), Johor Bahru 81310, Malaysia
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* Correspondence: zhang@i.nagoya-u.ac.jp; Tel.: +81-052-789-4803

Abstract: Reducing friction energy losses is crucial in mechanical systems, often achieved through
lubrication strategies employing friction modifiers. These additives adsorb onto surfaces, forming
boundary film to prevent solid–solid contacts. However, atomistic simulation techniques used to
study these additives often ignore surface roughness due to high computational cost. This study
addresses this gap by employing Coarse-Grained Molecular Dynamics (CG MD) to investigate the
impact of surface roughness on the adsorption of Organic Friction Modifiers (OFMs) under shear.
Traditional self-diffusion methods prove inadequate for determining the damping coefficients in CG
models because of strong OFM adsorption effects. Therefore, shear-induced motion is introduced for
the coefficient determination. The simulation reveals that a symmetrical model (identical opposing
surfaces) shows OFM slip, desorption, and re-adsorption trends on rough surfaces, while an asym-
metrical model (smooth cylinder on a flat surface) demonstrates increased adsorption on rough flat
surfaces (up to 60.9%) compared to smooth flat surfaces under similar shearing conditions. However,
rough flat surfaces with a smaller wavelength (6 nm) exhibit faster OFM desorption along the asperity
region, up to four times more than a 24 nm wavelength surface. This research emphasizes the impor-
tance of considering surface roughness in simulating OFM behavior for lubrication applications.

Keywords: coarse-grained; molecular dynamics; surface roughness; friction modifiers

1. Introduction

Enhancing lubricity for mating surfaces is imperative in mechanical systems to min-
imize their energy losses due to friction. This is often achieved by incorporating small
quantities of friction modifier additives into low-viscosity base oils [1–5]. In contrast to
commonly used friction modifiers that contain sulfur and phosphorus, such as Molybde-
num Dithiocarbamate (MoDTC) and Molybdenum Dithiophosphate (MoDTP), Organic
Friction Modifiers (OFMs) are composed solely of carbon, hydrogen, oxygen, and nitrogen,
thereby garnering significant attention and usage in pursuing greener lubrication [2,6,7].
However, OFMs are generally not as effective as molybdenum compounds in reducing
friction [8,9]. Therefore, it is crucial to further improve the performance of OFMs.

Typical OFM molecules comprise at least one polar head group and one alkyl chain
tail. Previous studies have suggested that OFMs form adsorbed films on sliding surfaces,
preventing direct solid–solid contacts, thereby reducing friction in the boundary and mixed
lubrication regime [6,10–12]. The chemistry of OFMs and solid surfaces determines their
interaction strength. Additionally, the morphology of solid surfaces, including surface
roughness and textures, determines the pressure distribution in the contact region. Conse-
quently, these factors affect the structural and mechanical properties of OFM adsorption
films under shear. A thorough understanding of these correlations is essential for improving
the friction reduction performance of OFMs.

Lubricants 2024, 12, 30. https://doi.org/10.3390/lubricants12020030 https://www.mdpi.com/journal/lubricants1
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Several advanced experimental technologies have been employed to investigate the
surface adsorption of OFMs. Atomic Force Microscopy (AFM) has been utilized to mea-
sure the morphology and frictional properties of adsorbed films [13–17]. Quartz Crystal
Microbalance (QCM) has been adopted to assess not only adsorption mass but also adsorp-
tion kinetics [18–21]. Additionally, Neutron Reflectometry (NR) has been used to analyze
the structure of adsorption films in more detail, including the number of layers and the
thickness and density of each layer [22–24]. These experimental approaches significantly
contribute to understanding the effect of OFM chemistry on surface adsorption, primarily
under static conditions. Regarding the polar head groups, which govern the surface ad-
sorption strength, studies have indicated that carboxyl and amine groups are more effective
than alcohol, ester, and nitrile groups [2,6,20,25]. Additionally, increasing the number of
polar groups can enhance adsorption strength through multi-site adsorption or chelate
effect [20,26–29]. Studies have also shown that straight tails, such as saturated or trans-
unsaturated alky chains, form more densely packed adsorption films than kink tails, such
as cis-unsaturated alky chains, resulting in better friction-reducing performance [15,30].
Nevertheless, measuring adsorbed OFM films on rough surfaces becomes challenging due
to their typical thickness of approximately 1 to 2 nm [14,15]. Therefore, there remains a
scarcity of research on the correlation between surface roughness and the adsorption effi-
cacy of OFMs. Furthermore, the limitations of experimental technologies become apparent
in the lack of thorough analyses concerning the distribution and mechanisms of adsorption
and desorption on rough surfaces, especially in the presence of shearing [31].

To address this gap, Molecular Dynamics (MD) simulations are often employed to
fundamentally elucidate the adsorption of molecules like friction modifiers at the atomic
level. Shi et al. [32] investigated the impact of molecular polarity and temperature on the
physisorption behavior of OFMs. Ewen et al. [33] focused on the slip and friction behavior
of alkanes on monolayer OFM films adsorbed on solid surfaces during shear motion. Chen
et al. [34] recently analyzed the adsorption behavior of N-(2,2,6,6-tetramethyl-1-oxyl-4-
piperidinyl)-dodecaneamide (TEMPO-based) OFM on iron oxide surfaces, revealing the
mechanism behind its experimentally proven superior lubrication performance. Concern-
ing surface roughness, Eder et al. [35] studied different molecular surface coverages and
rough substrates, focusing on the Derjaguin offset. Ewen et al. [36] demonstrated that OFMs
can strongly adsorb onto surfaces with random nanoscale roughness (0.2–0.8 nm RMS) to
prevent direct contact with solids under high-pressure conditions. Their study highlighted
the correlation between nanoscale roughness and stearic acid coverage, indicating lower
friction forces in systems with higher coverage.

While the above studies contributed valuable insights, it is crucial to note that the
most widely used atomistic simulation techniques have size limitations, where the surface
roughness dimensions were either minimized or the system was completely immersed in a
lubricating solution [37–39]. One significant concern with this approach is the potential
oversight of the space for liquid molecule dispersion out of confinement during shearing.
This assumption may impact the number of molecules available for adsorption within
the confinement.

To address the limitation and simulate larger systems that better mimic realistic contact
conditions, we propose using Coarse-Grained (CG) models to simulate the adsorption
behavior of OFMs on rough surfaces. CG models allow for the simulation of larger systems
with significant surface roughness. However, there remains a challenge in developing
CG models that can accurately reproduce the static and dynamic characteristics of target
systems [40,41]. Expanding on our previous research [42], we introduce an enhanced
approach to replicate the dynamic characteristics of CG models against All-atom (AA)
models. This improved methodology is applied to larger-scale rough surface structures,
enabling the study of the motion and distribution of OFMs during shearing processes in a
more representative manner.
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2. Simulation Details

2.1. Simulation Method

In this study, MD simulations were performed using CG models and Dissipative
Particle Dynamics (DPD) [43–45]. The equation governing the motion of CG beads is
expressed as follows:

Mi
..
ri = FC

i + FD
i + FR

i , (1)

Here, Mi and ri represent the mass and position of CG bead i, and FC
i , FD

i , and FR
i denote

the conservative, damping, and random forces exerted on CG bead i, respectively. FC
i

is derived from the negative derivative of interactive potentials between CG beads (CG
potentials), and FD

i and FR
i are calculated as follows:

FD
i = ∑j fD

ij = ∑j
−ζ‖w‖

D
(
rij

)(
eij·vij

)
eij

−ζ⊥w⊥
D
(
rij

)[
vij −

(
eij·vij

)
eij

], (2)

FR
i = ∑j fR

ij = ∑j
σ‖w‖

R
(
rij

)(
eij·θij

)
eij

+σ⊥w⊥
R
(
rij

)[
θij −

(
eij·θij

)
eij

], (3)

Here, eij =
(
ri − rj

)
/rij denotes the unit vector from bead j to i, vij = vi − vj represent

the relative velocity of bead i to j, and θij is a time-varying three-dimensional vector with
normally distributed random numbers as its elements. The superscripts ‖ and ⊥ indicate
directions parallel and perpendicular to eij, respectively. The parameters ζ (referred to as
damping coefficient) and σ and weight functions wD and wR serve to adjust the strength of
damping and random forces. To achieve the canonical ensemble, the following relationships
must hold for both the parallel and perpendicular components:

σ2 = 2kBTζ, (4)

[
wR

(
rij

)]2
= wD

(
rij

)
=

[
max

(
0, 1 − rij/rDPD

c

)]2
, (5)

where kB is the Boltzmann constant, T is the temperature, and rDPD
c is the cutoff distance for

the damping and random forces. For simplicity, we used ζ‖ = ζ⊥ and w‖
D
(
rij

)
= w⊥

D
(
rij

)
in this study.

The CG potentials and damping coefficient must be determined a priori. The for-
mer affects the static and dynamic properties of simulation systems, whereas the latter
solely affects the dynamic properties of simulation systems. Therefore, this study initially
derived the CG potentials by matching static properties obtained from AA simulations
and then determined the damping coefficient by aligning with dynamic properties from
AA simulations.

All AA and CG MD simulations were conducted using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [46], specifically with an in-house extended DPD
package for the CG simulations [45]. The simulation results were visualized using the
Open Visualization Tool (OVITO) [47].

2.2. Materials and Coarse-Grained Models

Dodecane (C12H26), stearic acid (C18H36O2), and hematite plates with (100) surface
orientation were used as base oil, OFM additive, and solid surfaces, respectively. As illus-
trated in Figure 1, dodecane and stearic acid molecules were coarse-grained by mapping
three consecutive carbon atoms and their bonding atoms into a single bead, with the inter-
action center defined as the center of mass of the constituent atoms. Thus, each dodecane
and stearic acid were modeled as four and six beads, respectively, connected by springs.
The bead containing the carboxyl group was polar, while the others were nonpolar. For
simplicity, the constituent beads of dodecane and stearic acid are collectively referred to
as “liquid beads” hereafter. The hematite plates were coarse-grained by arranging solid

3
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beads in a simple tetragonal lattice with lattice constants a = b = 5.714 Å and c = 5.814 Å
(see Figure 1).

Figure 1. Schematic of coarse-grained models (right) mapped from all-atom models (left). a, b, and c
are the lattice constants in the x, y, and z directions, respectively.

As depicted in Figure 2, CG potentials included bond–length potentials (Ubl−np and
Ubl−p), bond–angle potentials (Uba−np and Uba−p), nonbonded liquid–liquid interaction
potentials (Ull−np and Ull−p), and nonbonded liquid–solid interaction potentials (Uls−np
and Uls−p). The subscripts “np” and “p” indicate involvement without and with polar
beads, respectively, with Ull−np being the only exception, which was also applied to polar
and nonpolar liquid bead pairs. Notably, Ull−p and Ull−np were applied to liquid–bead
pairs not involved in the bond–length and bond–angle interactions. These potentials were
derived through the iterative Boltzmann inversion method, aligning with reference distri-
bution functions characterizing static structural properties obtained from AA simulations,
the same as in our previous studies [42,48]. Specifically, our previous work [42] exten-
sively covered the derivation and validation of Ull−np, Ubl−np, and Uba−np for dodecane,
demonstrating their high accuracy and transferability across a wide pressure range of up to
1 GPa. The remaining CG potentials, Ubl−p, Uba−p, Ull−p, Uls−p, and Uls−np, alongside
their validation, are detailed in Appendix A.

Figure 2. Schematic of all potentials between CG beads.

4
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2.3. Determination of Damping Coefficients

The damping coefficients included ζll−p, ζll−np, ζls−p, and ζls−np for bead pairs of polar
liquid, nonpolar liquid, polar liquid–solid, and nonpolar liquid–solid. Note that ζll−np was
also used for bead pairs of polar and nonpolar liquids. Conventionally, damping coefficients
are adjusted by matching the self-diffusion coefficient of thermal motion obtained from
AA simulations. However, due to the strong interactions of the polar end groups, stearic
acid molecules form dimers in the bulk and adsorb on solid surfaces [49,50]. Therefore,
thermally induced motion rarely occurs between the polar end groups and between them
and solid surfaces, making it challenging to adjust ζll−p, and ζls−p by the conventional
method, as evident from Equation (2). In this study, we addressed this challenge by
employing shear-induced motion rather than thermal motion [51].

In brief, ζll−np was initially determined by matching the shear viscosities from non-
equilibrium AA and CG MD simulations of bulk dodecane systems under shear. Subse-
quently, ζll−p was determined similarly using bulk stearic acid systems and the previously
determined ζll−np. For adjustment of ζls−np and ζls−p, we matched the Coefficients of
Friction (CoF) from non-equilibrium AA and CG MD simulations, using a single layer of
dodecane and stearic acid, respectively, lying flat between two hematite (100) surfaces, and
applying a normal pressure and moving the upper solid surface horizontally. Appendix B
provides details of the simulation setups and calculation of viscosities and CoF.

Figures 3 and 4 show the variation of bulk shear viscosities and CoF with the liquid–
liquid and liquid–solid damping coefficients in the CG simulations, respectively. The values
obtained from the parent AA simulations are also plotted in the figures with horizontal lines
for comparison. These shear-related properties increase monotonically with the damping
coefficients, showcasing their effectiveness in fine-tuning the damping coefficients. Table 1
summarizes the final values of ζll−np, ζll−p, ζls−np, and ζls−p, along with the corresponding
shear-related properties from the CG and AA simulations. The good agreement validates
the high accuracy of our CG models, even for reproducing dynamic properties.

Figure 3. Variation of viscosity with the damping coefficients between liquid beads. Markers and
horizontal lines indicate the results from CG and AA simulations, respectively.

5
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Figure 4. Variation of CoF with the damping coefficients between liquid and solid beads. Markers
and horizontal lines indicate the results from CG and AA simulations, respectively.

Table 1. Determined values of damping coefficients and comparison of viscosity and CoF between
coarse-grained and all-atom simulations.

ζ [(kcal·fs/(mol·Å2)] Coarse-Grained All-Atom

Viscosity, η [mPa·s]
ζll−np = 4.1 1.34 1.18
ζll−p = 36 5.98 6.24

CoF
ζls−np = 18 0.0906 0.0912
ζls−p = 132 0.211 0.196

2.4. Models and Conditions of CG Shear Simulations

This study used two types of models, symmetric and asymmetric, for the CG shear
simulations, as shown in Figures 5 and 6. The symmetric model had identical smooth or
rough solid surfaces on the top and bottom, while the asymmetric model had a smooth
cylindrical solid surface at the top and a smooth or rough flat surface at the bottom. In the
symmetric model, the entire region between the solid surfaces was pressurized, whereas,
in the asymmetric model, the pressure was only present in the region below the flat apex
(24 nm in length) of the upper cylindrical surface, allowing liquid films to disperse from
the pressurized region to surrounding spaces.

Both models had dimensions of 48 and 4 nm in the x and y directions, respec-
tively, with periodic boundary conditions applied. A one-dimensional sinusoidal function
z = A sin(2πx/λ) was used to describe the roughness of the upper and lower solid surfaces
in the symmetric model and the lower solid surface in the asymmetric model. To capture
the essence of surface roughness effect at reasonable computational costs, the amplitude
A was fixed at 1.7 nm, and the wavelength λ was varied to 24, 48 nm, and infinity in the
symmetric model, and 6, 12, 24, 48 nm, and infinity in the asymmetric model. It is to note
that λ = ∞ means smooth surfaces. The radius of curvature of the cylindrical upper surface
was 40 nm.

6
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Figure 5. Front view of symmetric models. The gray, light blue, and green represent the solid,
nonpolar liquid, and polar liquid beads, respectively. The top arrow indicates the shear direction of
the upper solid.

Figure 6. Front view of asymmetric models. The gray, light blue, and green represent the solid,
nonpolar liquid, and polar liquid beads, respectively. The top arrow indicates the shear direction of
the upper solid.

A monolayer physically adsorbed film was formed by placing the polar liquid beads
of 168 stearic acid molecules on each solid surface, with the molecular chains perpendicular
to the surface. This corresponded to an areal density of 0.875 molecules per nm2. Then,
a mixed solution of 300 dodecane and 300 stearic acid molecules was inserted into the
central region between the two solid surfaces. The liquid films were then compressed by
applying a constant pressure of 0.5 GPa on the upper solid surface for 0.5 ns. The shear
simulation was performed by moving the upper solid surface at 10.0 m/s in the x direction
while keeping the lower solid surface stationary. The system temperature was maintained
at 353.15 K, and the simulation timestep was set to 5.0 fs. Movie S1 in the Supplementary
Materials demonstrates the shear motion in the asymmetric model with a wavelength of
6 nm.

7
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3. Results and Discussion

3.1. Symmetric Models
3.1.1. Adsorption Behavior

In the symmetrical model, Figure 7a depicts the time-dependent changes in OFM
adsorption during the shearing of identical opposing surfaces. The adsorption criterion is
that the distance between the OFM polar beads and their nearest solid beads is less than
0.7 nm, corresponding to the equilibrium distance of interaction between the polar liquid
bead and the solid bead (Uls−p). The adsorption fraction is calculated using n(t)/N, where
n(t) represents the number of adsorbed OFMs at time t, and N = 636 is the total number of
OFMs. It is noted that the number of adsorbed OFM molecules presented is only along
the bottom surface. Figure 7a reveals that the adsorption of OFM reaches a steady state
after 20 ns; however, contrasting the stable saturation on the smooth surfaces, fluctuations
in OFM adsorption are observed on the rough surfaces. The mean adsorption fraction is
calculated from the final 30 ns of the simulations, as shown in Figure 7b. The adsorption
fraction decreases slightly with increasing roughness wavelength, by 3.2% (24 nm) and 6.2%
(48 nm) compared with the smooth surfaces. The error bars indicate that the variations
in adsorption fraction on the rough surfaces are approximately twice as large as those on
the smooth surfaces, emphasizing higher fluctuations on rough surfaces. These findings
suggest that, in comparison to the stable adsorption of OFMs on smooth surfaces, as also
confirmed in previous simulation studies [7,32], the adsorption of OFMs on rough surfaces
is less stable.

 
(a) (b) 

Figure 7. (a) Adsorption trend throughout the simulation duration in the symmetric model. (b) Mean
and standard deviation (indicated by error bars) of adsorption fraction during the last 30 ns of the
simulations for surfaces with different wavelengths.

3.1.2. Interpretation of Fluctuating OFM Adsorption Behavior

Figure 8a examines the fluctuating adsorption behavior of the OFM molecules on the
rough surfaces in the symmetric model. Although the fluctuation period for the surfaces
with a 48 nm wavelength is half that for the surfaces with a 24 nm wavelength, the reasons
for the fluctuations are the same, as explained below. Therefore, the subsequent discussion
will focus on the 24 nm wavelength. As observed at 18.8, 19.4, and 19.9 ns, there are
three significant states of the fluctuations: local maximum adsorbed OFM molecules,
transitioning state, and local minimum adsorbed OFM molecules. Snapshots of these states
are provided in Figure 8b–d.

8
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(a) 

   

(b) (c) (d) 

Figure 8. (a) Fluctuations in OFM adsorption on rough surfaces in the symmetric model.
(b–d) Snapshots showing three characteristic states for adsorption of OFM molecules on the surfaces
with 24 nm wavelength. Dodecane molecules are omitted for clarity. The gray, light blue, and green
represent the solid, nonpolar liquid, and polar liquid beads, respectively. The red and blue indicate
polar liquid beads that initially adsorbed and re-adsorbed onto the convex region of the lower surface,
respectively. The arrows at the top of the snapshots indicate the shear direction of the upper solids.

To comprehend the movement of OFMs during shearing, attention is focused on a
cluster of polar beads (depicted in red) already adhered to the convex areas of the lower
corrugated rough surface in Figure 8b. Under sufficiently high pressure during shearing,
this cluster of OFMs (in red) slips from the convex region as opposing peaks align, as in
Figure 8c. As the shearing progresses, these OFM molecules slide away from the convex
region, detaching and migrating to the concave region. Concurrently, another cluster
of OFMs (depicted in blue) is sheared onto the vacant sites along the convex region. In
Figure 8d, these OFM molecules (in blue) re-adsorb onto the convex region of the opposing
surface. Meanwhile, the disengaged molecules (in red) are either carried away until they
coincide with another convex region or re-adsorb along the transitional slope region of
the surface feature. This slip, desorption, and re-adsorption cycle persists throughout
the simulation, contributing to the fluctuating adsorption trend illustrated in Figure 7a.
The cyclic behavior is attributed to the identical opposing rough surfaces (i.e., roughness
amplitude and wavelength), potentially resulting in a less stable layer of adsorbed OFM.

3.2. Asymmetric Models
3.2.1. Adsorption Behavior

In the asymmetrical model, Figure 9a illustrates the variation in OFM adsorption
over a 300 ns simulation as a smooth cylinder slides across a smooth, flat surface or a flat
surface, with sinusoidal roughness wavelengths ranging from 6 to 48 nm. On the smooth

9
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surface, the plot indicates an initial increase followed by a gradual decrease in adsorbed
OFM, finally leveling off into a steady state. This initial rise is attributed to the wedge
effect induced by the cylindrical indenter, drawing in additional molecules, including those
not initially adsorbed. Some of these molecules may adhere to available sites, increasing
adsorption coverage within the confinement. However, sufficiently high pressure and
shear forces could also lead to the slip and subsequent removal of adsorbed OFMs within
the confined space. This cyclic process continues until a steady state is reached, typically
around 200 ns in the simulation.

 
(a) (b) 

Figure 9. (a) Adsorption trend throughout the simulation duration in the asymmetric model.
(b) Mean and standard deviation (indicated by error bars) of adsorption fraction during the last
100 ns of the simulations for surfaces with different wavelengths.

Similarly, simulations involving flat bottom surfaces with varying roughness reach a
steady state at around 200 ns, displaying a consistent increase before saturation. The total
number of adsorbed OFM molecules increases with smaller roughness wavelength values.
Comparing this behavior with sliding on the smooth flat surface, the contact experiences
an increase in mean OFM adsorption sites ranging between 9.9% (48 nm) and 60.9% (6 nm),
as depicted in Figure 9b. The impact of surface roughness in the asymmetric model is
clearly more pronounced than in the symmetric model shown in Figure 7b. Notably, the
curvature of the indenter closely resembles the surface asperity curvature with a 48 nm
wavelength, leading to a similar fluctuation as observed in Figure 7a. This behavior
reflects the cyclic slip, desorption, and re-adsorption pattern of OFM molecules observed
previously. The fluctuations diminish when the curvature of the indenter deviates from the
surface asperity curvature.

The study further investigates specific locations on the rough surface where OFM
molecules adhere, including the concave, convex, and transitional slope regions within the
confinement, as shown in Figure 10. For all the rough surfaces, the adsorption fraction is
the highest on the slope region. This is because that the total area of slope regions is the
largest, providing more adsorption sites than the convex and concave regions. Moreover,
due to the corner effect, more solid beads are in close contact with the polar beads adsorbed
on the slope regions compared to the other regions, thereby resulting in stronger adsorption
in the slope regions.
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Figure 10. Average adsorption fraction over the last 100 ns in different regions of rough surfaces with
varying wavelengths.

With decreasing wavelength, i.e., increasing surface roughness, the adsorption fraction
increases on the slope and convex regions but decreases on the concave regions. Particularly,
the change induced by surface roughness is more pronounced in the slope regions than in
the convex and concave regions, which dictates the trend of increasing adsorption fraction
with decreasing wavelength as observed in Figure 9b. The reasons are discussed below,
based on the motions of OFMs as shown in Movie S2 in the Supplementary Materials.
Due to the shear motion of the upper surface in the horizontal direction, OFMs possess
horizontal rather than vertical velocity. As seen in Movie S2, OFM molecules not adsorbed
onto the convex regions tend to traverse horizontally in the shallower cavity regions instead
of diffusing vertically into the deeper cavity regions. If there are unoccupied slopes in the
shallower regions, OFMs are likely to adsorb onto these slopes; otherwise, they move to
the next convex region. As the wavelength decreases, although the total area of the slopes
remains nearly constant, the area of slopes in the shallower region increases. This provides
more favorable adsorption sites, resulting in a higher number of adsorbed OFMs on the
slope regions. Additionally, with decreasing wavelength, the distance and travelling time of
OFMs between neighboring convexes decrease. The shortened time make it more difficult
for OFMs to diffuse to the deeper cavity regions, thereby leading to a decreased adsorption
in the concave regions. Moreover, compared to OFMs in larger cavities of surfaces with
longer wavelengths, OFMs in smaller cavities of surfaces with shorter wavelengths are
more likely to entrain into the contacting interface, consequently resulting in an increased
adsorption fraction in the convex regions.

3.2.2. Interpretation of OFM Desorption in Shearing

Focusing on the convex region, where boundary friction is expected to occur, the
desorption time (td) for OFMs on a convex region is calculated as td = tend − t0, where
tend is the time at which the last initially adsorbed OFM leaves the original convex region,
and t0 is the time at which shearing commenced. Figure 11 presents the desorption time,
indicating the duration needed for OFM, initially pre-adsorbed in convex regions, to
completely desorb from their original locations. The plot illustrates a noticeable increase in
the desorption time with larger roughness wavelength values. The variations in desorption
time can be attributed to the increased number of surface peaks or asperities, with a smaller
wavelength value correlating to an expedited OFM desorption process.
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Figure 11. Time for OFM desorption from convex regions on rough surfaces with varying
wavelengths.

To further interpret OFM desorption time, the current study employs the Greenwood
and Williamson (GW) rough surface contact model [52]. The model assumes only one
rough surface, similar to the asymmetric model simulated in the present study. Following
this model, predictions for asperity contact area and contact load for the asymmetrical
model, between the flat apex of the upper cylindrical surface and the rough flat surface, are
made based on the following equations [52]:

Total asperity contact area
(

m2
)

: A
a
= π(ξβσ)F1(h/σ)A, (6)

Total asperity contact load (N) : Pa =
4
3

(
ξβ1/2σ3/2

)
F3/2(h/σ)EA, (7)

where E, A, and h refers to the reduced modulus of elasticity, apparent contact area, and
gap between the upper and lower surfaces, in the units of Pa, m2, and m, respectively.
Equations (6) and (7) highlight that the primary roughness geometrical factors influencing
asperity area and load are (ξβσ), and

(
ξβ1/2σ3/2

)
, respectively.

Utilizing the model, the rough surfaces generated with different wavelength values
are translated into GW parameters, as detailed in Table 2. Since the amplitude remains
constant, the variations in the adopted configurations of rough surfaces result in the same
RMS roughness of 1.204 nm. The distinction lies in the mean asperity peak radius (β) and
density (ξ). Following the GW parameters, a surface with a smaller wavelength value
yields higher asperity density and smaller-sized asperities (based on curvature radius).

Table 2. Surface properties based on Greenwood and Williamson’s rough surface contact model.

Wavelength
[nm]

RMS
Roughness, σ

[nm]

Mean Asperity
Peak Radius, β

[nm] [53]

Mean Asperity
Peak Density, ξ

[nm−2] [53]

Mean Asperity
Slope (rad) [54]

(ξβσ)
(×10−2)

(
ξβ1/2σ3/2

)
(×10−3)

6
1.204

0.5431 27.7778 1.1304 1.8170 27.0585
12 2.1477 6.9444 0.5654 1.7964 13.4524
24 8.5834 1.7361 0.2827 1.7948 6.7232

Table 2 reveals a consistent total asperity contact area across the various generated
rough surfaces, while the load supported by surface asperities exhibits a significant differ-
ence. Surfaces with a 6 nm wavelength value are expected to carry an asperity load up to
three times larger than those with a 24 nm wavelength value. The faster desorption rate
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observed for smaller wavelength values in Figure 11 is likely attributed to the increased
load on surface asperities or the convex region, resulting in quicker desorption of OFM
molecules. The faster desorption could also encourage more OFM molecules to migrate to
the transitional slope region during shear, further increasing the adsorbed molecules in
this region, as shown in Figure 10.

Additionally, Table 2 highlights the association between smaller wavelength values
and higher mean asperity slopes. Sliding on such slopes often aligns with Euler’s inter-
locking mechanism, where shear is proportionate to the tangent of the asperity slope. In
scenarios involving potential solid wear particles (of similar length scale as the surface
roughness) in the concave region, the surplus of adsorbed OFM molecules along the transi-
tional slope between the concave and convex regions, particularly with smaller wavelength
values, offers a more convenient pathway for these particles to slide out of the concave
region with greater ease. Consequently, an enhanced number of adsorbed OFMs in this
region is a mitigating factor, reducing the potential for erosive wear.

4. Conclusions

In this study, CG MD was employed to model OFM adsorption under shear in two
distinct configurations: (1) symmetric model (identical opposing surfaces) and (2) asym-
metric model (smooth cylinder on flat surface). The construction of the CG model faced
challenges due to the strong effect of OFM adsorption and dimer cluster, making the
traditional self-diffusion methods unsuitable for determining the damping coefficients of
DPD. To address this challenge, shear-induced motion was employed, allowing the CG
model to accurately match the viscosity of the AA model in liquid–liquid situations and the
CoF of the AA model in liquid–solid situations. This approach yielded a more appropriate
determination of the damping coefficients, improving the relevance of the CG model in
simulating OFM behavior under shear conditions.

The symmetric model, considering identical opposing surfaces in shear, reveals that,
despite a higher number of adsorbed OFMs by up to 6.2%, a distinct cyclic slip, desorption,
and re-adsorption process occurs when opposing surfaces share similar roughness wave-
length and amplitude during shear. This cyclic behavior, absent in the atomically smooth
flat-on-flat configuration, emphasizes the complex nature of OFM adsorption behavior
under shear conditions in the presence of surface roughness.

Simulations with a more realistic contact scenario with the asymmetric model involv-
ing a smooth cylinder sliding on a rough flat surface also show an overall increase in
adsorbed OFMs, reaching a substantial 60.9%. This increase is observed primarily in a
rough flat surface with a 6 nm wavelength compared to sliding on a smooth flat surface.
However, it is important to note that this configuration’s surplus of adsorbed molecules
mainly accumulates along the transitional slope between convex and concave regions. This
rough flat surface also exhibits faster OFM desorption along the convex or asperity region,
attributed to the larger load carried by the asperity along the convex regions, reaching up
to four times compared to a rough surface with a 24 nm wavelength.

In summary, this study observed the varying OFM adsorption and desorption be-
havior under diverse shear conditions, particularly concerning surface roughness. Unlike
observations on atomically smooth surfaces, the cyclic patterns of OFM desorption and
re-adsorption between rough surfaces, alongside enhanced adsorption in realistic con-
tact scenarios, underscore the pivotal role of surface roughness in dictating the dynamic
behavior of OFM adsorption under shear.

The study highlights the potential ramifications of overlooking surface roughness
when simulating or designing OFM molecular structures. Such oversights may com-
promise the reliability of friction-reducing performance. Striking a balance between
simulation details and complexity while accurately modeling rough surfaces is essen-
tial. This ensures a comprehensive understanding of OFM interactions under varying
shear conditions, facilitating reliable predictions and informed design choices for OFMs
in lubrication applications.
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Supplementary Materials: The following supplementary information can be downloaded at: https://
www.mdpi.com/article/10.3390/lubricants12020030/s1, Movie S1: Shear motion in the asymmetric
model with a wavelength of 6 nm. Movie S2: Representative motions of OFMs observed in the
asymmetric model with a wavelength of 12 nm. The other OFM and dodecane molecules are omitted
for clarity.
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Appendix A. Coarse-Grained Potentials and Validation

Appendix A.1. Liquid–Liquid Potentials

The figures below present the bonded potentials for bond–length (Ubl−p) and bond–
angle (Uba−p), as well as the nonbonded potential (Ull−p) for polar beads, alongside their
corresponding distribution functions. In all the distribution functions, the coarse-grained
(CG) results reasonably closely match the all-atom (AA) results, validating the accuracy of
the corresponding CG potentials.

 
(a) (b) 

Figure A1. (a) Coarse-grained bond-length potential involving polar bead, Ubl−p. (b) Bond length
distribution functions derived from simulations of an isolated stearic acid using all-atom and our
coarse-grained models.
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(a) (b) 

Figure A2. (a) Coarse-grained bond-angle potential involving polar bead, Uba−p. (b) Bond angle
distribution functions derived from simulations of an isolated stearic acid using all-atom and our
coarse-grained models.

 

(a) (b) 

Figure A3. (a) Coarse-grained nonbonded polar liquid–liquid potential, Ull−p. (b) Radial distribution
functions of polar beads derived from simulation of bulk stearic acid systems using all-atom and our
coarse-grained models.

Appendix A.2. Liquid–Solid Potentials

The figures below present the nonpolar and polar liquid–solid potentials, Uls−np and
Uls−p, alongside the number density distributions (NDDs) of nonpolar and polar liquid
beads versus their distance from the solid surface. In Figure A4b, the CG result strongly
aligns with the AA one. Similarly, Figure A5b demonstrates a close match between the
first peak in the CG and AA results. These validate the effectiveness of the CG liquid–solid
potentials in reproducing the structures of dodecane and adsorbed stearic acid films on
hematite surfaces.
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(a) (b) 

Figure A4. (a) Coarse-grained nonbonded nonpolar liquid–solid potential, Uls−np. (b) Number
density distribution functions of nonpolar liquid beads derived from simulation of a dodecane film
on a hematite plate using all-atom and our coarse-grained models.

 

(a) (b) 

Figure A5. (a) Coarse-grained nonbonded polar liquid–solid potential, Uls−p. (b) Number density
distribution functions of polar liquid beads derived from simulation of a stearic acid film on a
hematite plate using all-atom and our coarse-grained models.

Appendix B. Simulation Setup for Fine-Tuning Damping Coefficients

Appendix B.1. Liquid–Liquid Damping Coefficients

As described in the main text, the liquid–liquid damping coefficients ζll−np and ζll−p
were determined by matching the shear viscosities from non-equilibrium AA and CG
simulations of bulk dodecane and stearic acid systems under shear, respectively. All
simulations maintained a temperature of 353.15 K. The bulk dodecane system comprised
405 molecules in a box of 6.25 nm × 6.25 nm × 4.17 nm in the x, y, and z directions, yielding
a density of 0.69 g/cm3 at 0.1 MPa, which was the same as in our previous study [42]. The
bulk stearic acid system contained 283 molecules in a box of 6.26 nm × 6.26 nm × 4.17 nm
in the x, y, and z directions, producing a density of 0.83 g/cm3, which approximates the
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experimental value under identical temperature and pressure conditions [55]. Periodic
boundary conditions were applied to all the three directions.

To derive bulk viscosities, a constant engineering strain rate was applied to deform
the simulation boxes and the motion of the systems was calculated using the SLLOD
algorithm [51]. As depicted in Figure A6, shear was applied to the x–z plane in the x
direction at a velocity of 1 m/s, generating a velocity gradient in the y direction. Viscosities
were calculated using the equation η = −Pxy/s, where Pxy is the pressure tensor and
s
(
= vx/ly

)
is the shear rate with vx being the shear velocity and ly being the box length

in the y direction. Each shear simulation spanned 3.1 ns. The individual viscosity values
shown in Figure 3 and Table 1 in the main text are the average over the last 1 ns of three
independent simulations.

Figure A6. Snapshot from coarse-grained shear simulation of bulk stearic acid. The green and light
blue represent the polar and nonpolar beads, respectively.

Appendix B.2. Liquid–Solid Damping Coefficients

As described in the main text, the liquid-solid damping coefficients ζls−np and ζls−p
were determined by matching the coefficients of friction (CoF) from non-equilibrium AA
and CG simulations, which involved the shearing of a monolayer layer of dodecane and
stearic acid, respectively, between two hematite substrates. As depicted in Figure A7, the
solid substrates measured 4.03 nm and 4.12 nm in the x and y directions, respectively, with
periodic boundary conditions applied. The confined liquid film comprised 50 dodecane or
30 stearic acid molecules.

A normal pressure of 0.5 GPa and a shear velocity of 10 m/s in the x direction were
applied to the top layer of the upper substrate, while the bottom layer of the lower substrate
remained fixed. CoFs were computed by dividing the shear stress in the x direction of the
x-y plane by the normal pressure. Each shear simulation spanned 5 ns. The individual CoF
values shown in Figure 4 and Table 1 in the main text are the average over the last 2 ns of
three independent simulations.

Figure A7. Snapshot from coarse-grained shear simulation of confined monolayer stearic acid film
between solid substrates. The green, light blue, and gray represent the polar and nonpolar liquid
beads and solid beads, respectively.
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Abstract: The forthcoming revolution in mobility and the use of lubricants to ensure ecological friend-
liness intensifies the pressure on tribology for predictors in new life cycles, mainly addressing wear.
The current paper aims to obtain such predictors by studying how the wear processes that occur in a
standard FE8 bearing test rig under thin film lubrication are conducted by the properties of the lubricant
rather than simple viscosity parameters. Assuming that the activity of a lubricant with respect to the
temperature, surface, and chemicals is a matter of its chemical potential, the results show that the nature
of the base oil is a key parameter, apart from the chemical structure of the additives. Moreover, it
becomes clear that chemical predictors are changing by altering the conditions they are exposed to. As
an important result, the lubricant is effective in the prevention of wear if it has the capacity to uptake
and transmit electrical charges due to its polarisability during a wear process.

Keywords: tribology; wear; thin films; wear prediction; lubricants; chemistry; statistics

1. Introduction

1.1. A Few Aspects

The discipline of how power converts in a system of mating components with relative
motion is the central topic of tribology. In a general view, at least two solid components are
moved relatively against each other under force (the power input) and in the presence of a
lubricant as a soft material in a randomly defined environment (see Figure 1).

Solid State Body 1

Solid State Body 2

Lubricant as Soft Matter

Environment

Figure 1. Abstract representation of a Tribosystem.

Tribology appears as a scattered cross-discipline, merging physical sciences and chem-
istry while adapting to self-generated theories. However, a concise definition is hard to state,
and it is commonly established (see, for example, [1–5] and many more). The friction and
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lubrication of solids (solid-state bodies) were studied previously by Bowden and Tabor [6].
Lubrication as a soft matter medium, separating the solid-state bodies, has been extensively
studied within EHL (elastohydrodynamic lubrication) (see, for example, [7–13] and many
more). Basically, EHL is the topic of how a lubricant, as a body of soft matter, enters and
passes a converging gap between two solid bodies. It undertakes the effort to define the
role of the hydrostatic pressure that lifts off the moving solid parts. This effect reduces
the direct touch of the solid bodies might lead to the consequence of wear. Hence, EHL is
related to the Reynolds theory of fluid transportation in pipes (see, for example, [14–16]
and many more). Similar to modern drive train technology (e.g., automotive), lubrication
films narrow down in order to reduce the friction caused by splash losses, and thin films
in the region of sub-microns and nanoscales appear. Thin film lubrication (TFL) became
a field of intense research (see, for example, [17–20] and more). While within EHL and
TFL, a lubricant is treated as a continuum, the continuous reduction in the tribofilm into a
molecular dimension (a few nanometers) means that their chemical properties, e.g., electron
transfer and photon emission processes, emerge. These processes are the domain of Tribo-
catalysis (TC) (see, for example, [21] and more). Chemical processes related to catalysis are
discussed as significant in understanding the role of functional additives in TFL and bound-
ary lubrication. Plenty of studies have been carried out in order to investigate how the
chemical structure is related to the function and the life of a drive train component (see, for
example, [22] and more). Irregularities by the appearance of unexpectedly high wear and
other effects caused by the use of additives that should prevent wear are reported (see, for
example, [23,24] and more). Materials exposed to wear, where the solid bodies are touching
each other, act under transient and non-equilibrium conditions (see, for example, [25–27]
and more), emitting and exchanging photons, electrons, charged and non-charged particles
(see, for example, [28–30] and more), denoted commonly as fracto-emission (FE). Lower-
ing the film thickness in tribological contact brings both solid-state and lubricants under
perpetual stress, causing the excitation of the molecular and solid-state structure. As the
input frequency of stress is high compared to the relaxation and repairs the capability of
the partner, electron and photon exchange processes appear, but also chemical reactions.
The engineering of the transition from TFL to TC and FE is hard to parametrise by the
components tested due to the many apparent scales (from a few nanometers to meters).
Both engineering molecular processes and trans-scale modeling have given the motivation
to undertake multi-scale modeling (see, for example, [17,31–33] and more).

1.2. White Etching Cracks (WEC) and Lubricants

WEC came into the interest of industry and research within more than a decade [34].
The failure has been attributed to material degradation processes (see, for example, [35,36]
and more) in relation to lubricants and parametrised conditions (see, for example, [37,38]
and more). Even though some patterns with respect to the compositions of lubricants are
reported (see, for example, [39,40] and more), a clear pattern in relation to the structure of
any chemical and stoichiometry is missing.

1.3. A Distinct Perspective

The continuous reduction in the tribogap (schematical sketch, see Figure 2) puts
the lubricant constituents under stress. A (see Figure 2) reflects the situation where the
thermal motion and mutual electronic excitation by neighbouring molecules are in balance
with relaxation to the ground state. This basically reflects EHL and viscous flow. As
their collision rates increase and the space becomes narrower, the molecules react with
density and increase in symmetry, and their narrowing could lead to a superstructure
(see Figure 2B). This self-organised structure acts as a new species, different in physics
(e.g., A), solubility, viscosity, friction, and functional release. Narrowing the tribogap
further (see Figure 2C) finally causes the disruption of the molecular system as the collision
rates and the mutual touchdown do not allow structural relaxation.

21



Lubricants 2023, 11, 514

A                                                    B                                                   C

Normal Distribution                  Self Organization Disruption

Figure 2. Reducing the tribogap from (A) (EHL) to (B) (TFL) to (C) (TC) as a scheme. Red dots shall
mark cluster formation as consequence of spatial stress.

We argue that the capability of a lubricant to undergo the transition from A → B → C
is a key parameter in lubrication.

2. Materials and Methods

With reference to the basic investigations, as described in the previous section, we
tried to set up an empirical-based concept on how the molecular transition from EHL
toward TFL and TC could be described. As lubricants in the life cycle are a) constituted
of many components and b) exposed to complex loading, we took the concept presented
earlier [41–43]. Basically, the mutual interaction therein is described as a matter of a non-
dimensional factor Di,j, which arises from the chemical potential of a pair i,j of constituents.
Di,j could be interpreted as a lubricant stress factor caused by impact stress from the
tribological gap (see Figure 2). This concept neglects the equilibrium that each molecular
system tries to reach under stress but describes instead the proximity or distance to the
equilibrium. Ideally, the equilibrium is reached if Di,j = 1 is the chemical potential of a set
of equal components i,j, which, per definition, means Di,j = 1. As an activity parameter, we
took, according to [41–43], the dipolemoment divided by the sum of all dipolemoments
as well as the induced dipolemonent divided by the sum of all induced dipolemoments
as non-dimensional parameters to calculate the stress response factor, Dij, between the
components i and j. If Di,j < 1, it stays within {0,1} and denotes it’s probability to be present
in the system. If, in contrast, Di,j > 1, we define the appearance of clusters by dividing Di,j
by a number n (n ∈ Z), so that Di,j comes back into {0,1}. The number n is interpreted as
degeneration, as the factor leading to clusters within the system of constituents. Notably,
Di,j and the clusters appear simply as transient probabilities independent of how far they
are from a thermodynamic equilibrium. Within a real lubricant, all combinations i,j have
to be calculated by means of increasing activity. This leads to a matrix of cluster and non-
cluster presence for each activity level on all possible combinations i,j related to the given
activity. As all combinations are allowed per activity, the individual percentages of the
dipole (cluster/non-cluster) and inducible dipoles (polarisabiliy) (cluster/non-cluster) are
calculated. The dipole moments and polarisabilites are calculated using the semiempirical
PM3 method (Hyperchen 8.0™). The chemical structures are derived either by brand
name or by retro-analysing the lubricant with infrared and XRF analyses. All calculations
described here are automised using the system software tool Solu42TM 1.1.

3. Experimental Section

In order to evaluate the system, an FE8 test rig (according) to the DIN 51819 standard
was used (see Figures 3 and 4 (taken from [39]).

A set of test lubricants divided into Extreme Pressure (EP) and Anti-Wear (AW) candi-
dates given by the chemical structure of the additives was used (see [43]) and Appendix A.
All permutations for any component pair i,j as a function of a virtual activity were calcu-
lated using Software Package Solu42TM. For the driving factor for the interaction of the
components, their activity coefficient taking the relative dipolemoment was finally given
by the dipolemoment of an individual divided by the sum of all components used. The
same investigation was used to calculate the relative polarisabilities (the induced dipole
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moment). The dipolemoments and polarisabilities of all components are retrieved via a
calculation using the semiempirical parametrised method 3 (PM3) with Hyperchem(8.0)™.
As explicitly explained in [43], the factor Di,j is obtained as follows:

Di, j = ln(ai)/ ln(aj) (1)

Figure 3. Structure of the FE8 test rig: 1. Frame and crane for the test head. 2. Torque transducer
3. Thermocouples for each bearing. 4. Test head. 5. Acceleration sensor 6. Driving unit 7. Control
cabinet for terminals for cooling and fan heating. (Source [39]).

Figure 4. Test head with axial cylindrical roller bearings. 1. Housing. 2. Test bearing 2 (test head-
sided bearing). 3. Spacer 4. Test bearing 1 (motor sided bearing). 5. Shaft. 6. Clamping bolt.
7. Bearing seat. 8. Drainpipe. 9. Cap. 10. Bearing support with screwed-on pilot pin. 11. Lid cup of
spring package. 12. Lid. 13. Auxiliary bearing. Both test bearings consist of stationary housing (HW)
and a rotating shaft washer (SW). Figure adapted from Source [39] and [43]).
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(ai): Dipole activity for the relative dipolemoments and polarisability activity for the
relative polarisability. The term Di,j is calculated using means in relation to increasing
tribological activity (aj), which is basically the activity with respect to the surface (S) and
the “inner” structure of the fluid (L).

If Di,j > 1, it is interpreted as a cluster (CL). Calculating all combinations, it comes
down to the following predictors:

CL_Di_Add_S: Dipolar cluster formation of the additive at the surface
CL_Po_Add_S: Polarisability cluster formation of the additive at the surface
Di_Add_S: Dipolar formation of the additive at the surface
Po_Add_S: Polarisability formation of the additive at the surface
CL_Di_Add_L: Dipolar cluster formation of the additive within the liquid (L)
CL_Po_Add_L: Polarisability cluster formation of the additive within the liquid (L)
Di_Add_S_L: Dipolar formation of the additive within the liquid (L)
Po_Add_S_L: Polarisability formation of the additive within the liquid (L)
CL_Di_L_S: Dipolar cluster formation of the liquid at surface S
CL_Po_L_S: Polarisability cluster formation of the liquid at surface S
If more than one Baseoil component is present, e.g., Li,j, the combinations are extended

for each i,j.
CL_Di_Add_Li,j: Dipolar cluster formation of the additive within the liquid Li,j
CL_Po_Add_Li,j: Polarisability cluster formation of the additive within the liquid Li,j
Di_Add_S Li,j: Dipolar formation of the additive within the liquid Li,j
Po_Add_S_ Li,j: Polarisability formation of the additive within the liquid Li,j
CL_Di_Li,j: Dipolar cluster formation of the additive within the liquid Li,j
CL_Po_Li,j: Polarisability Cluster formation of the Additive within the liquid Li,j
Di_Li,j_S: Dipolar formation of the liquid Li,j at surface S
Po_Li,j_S: Polarisability formation of the liquid Li,j at surface S
CL_Di_Li,j_S: Dipolar cluster formation of the liquid Li,j at surface S
CL_Po_Li,j_S: Polarisability cluster formation of the liquid Li,j at surface S

4. Results

The results of the component testing versus the variants in lubricants and their chem-
ical predictors are exemplified in Table 1 for activity parameter 1, which represents the
lowest activity. For the computation of the entirety of the chemical predictors, we used
Hyperchem 8.0™ as a base in order to calculate the dipolemoment and the polarisability
of each component. The computation of the chemical predictors as a function of imposed
surface activity was carried out by the software package Solu42TM. The results were split
into non-clusters and clusters (CL) for the various combinations given by the base oil and
the additives. For computation, an increase in surface activity was used (for details, please
contact the authors). In order to obtain the main predictors explaining the individual wear
of the test rig components, e.g., cage, rollers, and washers, but also the average wear and
the wear of single components, a variety of statistical methods were used.

The boxplot is a standardised graphical representation that effectively illustrates the
distribution of data by utilising its five-number summary, which includes the minimum
value, the first quartile (Q1), the median, the third quartile (Q3), and the maximum value.
Boxplots provide valuable insights into the presence of outliers and their corresponding
values, as well as the symmetry of data, the degree of data clustering, and the skew-
ness of data [44]. We calculated the average wear for each lubricant to better represent
its corresponding wear. Figure 5 illustrates that the average wear of AW has outliers
(2 dots in red rectangle shape). After removing these outliers, a clearer representation of
the distribution of the average wear for both EP and AW is shown in Figure 6. The
spread of average wear for EP is noticeably wider than AW. Despite their medians be-
ing closely matched, EP displays a right-skewed distribution, while AW leans toward a
left-skewed pattern.
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Figure 5. Box plot comparing the average wear between EP and AW (excluding outliers).

Figure 6. Box plot comparing the average wear between EP and AW.

4.1. Comparison of Wear Characteristics between EP and AW Lubricants

From Figure 7, overall, the median lines on the box plots suggest that EP lubricants
tend to have higher wear attributes than AW across all four wear types. For the roller
and cage types, AW data cluster tightly around the median and show much lower wear
compared to EP. By contrast, for the housing and motorside types, the wear data for AW
are more spread out, with the medians slightly different from EP.

Figure 7. Box plot comparing the wear components between EP and AW.
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4.1.1. EP Lubricant Wear Profile

Under EP lubrication, the wear values associated with the rollers, housing, and
motorside mostly fall within the 1 to 200 range, while the wear cage displays range from 10
to approximately 500. This range has enhanced data dispersion that is considerably higher
than other wear types within the EP category (Figure 8).

Figure 8. Box plot comparing the wear components of EP.

4.1.2. AW Lubricant Wear Profile

The wear characteristics of rollers, housing, and the motorside in AW lubricants
typically fall between 0 and about 150. On the other hand, the wear cage varies from
30 to 350; however, this variation is not as pronounced as with EP lubricants. Notably, the
wear roller in AW exhibits lower wear than the other types, as 50% of the data fall between
0 to approximately 70. The chemical codes AW6a and AW10a stand out as outliers since
they fall beyond the average range indicated by the box plot’s whiskers, which is another
important point to make (Figure 9).

Figure 9. Box plot comparing the wear components of AW with outliers (dots in red rectangle shape)
(left) and without outliers (right).

4.2. Correlation between Average Wear and Chemical Predictors of EP and AW Lubricants

We used correlation analysis in our study to evaluate the linear relationships between
chemical predictors and average wear. The correlation coefficients (r) were calculated to
provide an indication of the strength and direction of these interactions. An r value near
1 or −1 indicates a strong positive or negative connection, respectively, whereas values
closer to 0 imply a weaker link. Positive correlation indicates that one variable increases
as the other increases, and negative correlation means that, as one variable increases, the
other decreases.
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A significance level (α) of 0.05 was used to examine the statistical significance of
the observed connections. This criterion indicates that there is a 5% chance we could
reject the null hypothesis of no correlation when it is true (Type I error). In this analysis,
correlations with p-values less than 0.05 were considered statistically significant, implying
strong evidence against the null hypothesis.

To emphasis the most significant connections discovered in our data, we selected
highlighted correlations that exceeded a magnitude of 0.6, representing a moderately
strong correlation.

For activities ranging from 1 to 10, both CLPo_Add_L1 and Po_L1_S in AW indicate a
positive and moderately strong correlation with average wear. Meanwhile, other chemical
predictors display only weak correlations. However, they are not statistically significant
(p-value < 0.05) (Figure 10). While the correlation coefficient indicates a relationship, the
absence of statistical significance shows that conclusions should be drawn with caution.
This means that while the correlation value suggests a relationship, the results are not
strong enough (at the 5% significance level) to conclude that it is not simply caused by
random variability in the data. AW’s limited dataset size may have contributed to the high
p-value.

 
Figure 10. Correlation coefficient between average wear and chemical predictors of AW across
different chemical activities (excluding outliers).

In the EP group, activity 4 is the only activity where Po_L1_S exhibits a positive and
moderately strong relationship. Activity 2 shows that CLDi_L1_S and Di_Add_L1 have a
negative, moderately strong correlation with average wear. A positive, moderately strong
correlation is evident between average wear and both Di_Add_S (for activities 15–80) and
Po_L1_S1 (for activities 4 and 15–10,000). Conversely, both Di_Add_L1 and Di_L1_S show
a negative, moderately strong correlation between the average wear in activities 2, 4, and
15–10,000 and 15–10,000, respectively. Importantly, all these observed correlations are
statistically significant (Figure 11).

A positive relationship with average wear suggests that as the values of these chemical
predictors increase, the average wear also tends to increase. On the other hand, a negative
relationship with average wear suggests that, as these chemical predictors increase, the
average wear tends to decrease.

Furthermore, the intermediate strength of these correlations shows that these relation-
ships are notable but not exactly linear.
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Figure 11. Correlation coefficient between the average wear and chemical predictors of EP across
different chemical activities.

Finally, the fact that these correlations are statistically significant suggests that the
observed relationships are not the result of random chance. The data show sufficient
evidence against the null hypothesis.

4.3. Relationship of Average Wear and Mean of Cluster and Non-Cluster Chemical Predictors of EP
and AW Lubricants:

In the EP category in Figure 12, we computed the average for the attributes of both
cluster and non-cluster chemical predictors for each chemical code. When plotted against
their average wear, the following distinct patterns emerged:

• The cluster and non-cluster groups scatter in contrasting directions, almost as if they
mirror each other.

• There is a dramatic shift in patterns from activity 1 to activity 15. Beyond that, from
activity 20 to 10,000, the changes are subtle.

• In activity 1, the non-cluster group stays on the left side of the graph. As activities
progress, it moves gradually to the right. Conversely, the cluster group follows
mirrored behaviour, initially starting on the right and moving leftward. The side
switch can be observed from activity 7.

• Low-wear and high-wear groups can be observed in both cluster and non-cluster
groups where data points above the 100 mean wear are considered high wear and
below this is low wear.

In the AW category in Figure 13, we applied the same method as in EP and obtained
the same pattern. However, there were some differences in AW.

• There is a dramatic shift in patterns in activities 1, 10 and 15.
• The side switch starts in activity 10, which is one activity after EP.
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Figure 12. Scatter plot of average mean and average attributes of cluster and non-cluster chemical
predictors across chemical activity 1–40.

Figure 13. Scatter plot of average mean and average attributes of cluster and non-cluster chemical
predictors in each chemical activity (AW—excluding outliers).

4.4. Relationship of Average Wear and Chemical Predictors of EP and AW Lubricants:

In Figure 14, Di_Add_L1 exclusively resides in the low-wear zone and exhibits a
negative correlation with average wear. By contrast, other chemical predictors are present
in both the high- and low-wear zones. Notably, ‘CLDi_Add_S’ is observed in activities 1, 2,
4, and 7, while both ‘CLPo_Add_S’ and ‘CLDi_L1_S’ appear in activities 1, 2, 4, 7, and 10.

Figure 14. Scatter plot for average wear and chemical predictors in each chemical activity (EP).
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For AW (Figure 15), Di_Add_L1 had a similar trend to EP, which exclusively resides in
the low-wear zone with a negative relationship with the average wear except in activities
2,15,25, and 30, which show a positive relationship. Additionally, CLDi_Add_L1 only
appears in the high-wear and AW group.

Figure 15. Scatter plot for average wear and chemical predictors in each chemical activity (AW)
excluding outliers.

The differences in oil codes between the low- and high-wear groups are explained
in Figure 16. The blue and green oil codes, which stand for Trimethylolepropaneoctoate
(TMP) and PAO8 + TMP, respectively, are most frequently found in the high-wear cat-
egory. The presence of the orange, purple, and red oil codes, which stand for PAO8,
PAO40 + PAO8, and PAO40 + TMP, respectively, distinguished the low-wear group by
contrast. Notably, CLDi_L1_S is primarily found in the low-wear zone, while Di_Add_L1
is only present there. Nevertheless, both wear zones are covered by chemical predictors,
such as CLDi_Add_S, CLPo_Add_S, CLDi_Add_L1, CLPo_Add_L1, Di_Add_S, Po_Add_S,
Di_L1_S, and Po_L1_S.

Figure 16. Scatter plot of average wear and chemical predictors grouped by oil code (EP).
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Figure 17 shows that for AW, TMP and PAO 8 are the only two oil codes in AW. In
particular, the connection between Di_Add_L1 and CLDi_L1_S is constant and is only
observed in the low-wear category. This suggests that increasing the predictor has no effect
on the average wear; instead, it stays the same.

Figure 17. Scatter plot of average wear and each chemical predictor (AW) grouped by oil code
(excluding outliers).

4.5. Relationship of Average Wear and Chemical Predictors of AW Lubricants with outliers:

On the other hand, if outliers are taken into account, Figure 18 shows that Di_Add_L1
and CLDi_L1_S appear in the high-wear range with the outliers, although they still show
the same consistent association.

Figure 18. Scatter plot of average wear and each chemical predictor (AW) grouped by oil code
(including outliers).
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The correlation coefficient for the AW group, as shown in Figure 19, highlights a
difference when outliers are taken into account: the correlations between average wear and
chemical predictors for AW and EP shift in the reverse directions, but AW still shows no
statistically significant result.

Figure 19. Correlation coefficient of average wear and chemical predictors of EP (left) and AW
(right) across chemical activity (including outliers).

4.6. Logistics Regression to Observe Relationship of Wear Category and Chemical Predictors

As we classified the wear into low and high categories, we utilised g logistic regression
to determine how chemical predictors influence these distinct wear levels. Notably, the
logistic regression analysis is exclusively applied to the EP group, as AW did not yield
statistically significant results.

To address issues with multicollinearity, we chose to include only three predictors
(CLPo_Add_L1, Di_L1_S, and Di_Add_L1) in our model. These three predictors were
chosen due to their low variance inflation factors (VIFs) (Figure 20), which indicates
insignificant collinearity issues. In addition, their correlation coefficients with the wear
category are the highest compared to those of the other variables (Figure 21).

Figure 20. VIF factor.

This logistic regression model shows that “CLPo_Add_L1” and “Di_Add_L1” have
statistically significant positive and negative influences, respectively, on the probability of
being in the high wear category, while “Di_L1_S” has a statistically significant negative
influence (Figure 22).

For each unit increase in “CLPo_Add_L1,” log-odds of being in the high wear category
increased by 1.9086 units (p < 0.001). An increase in one unit in “Di_L1_S” was associated
with a decrease of approximately 0.0725 units in log-odds of the high wear category
(p < 0.05). Conversely, for every unit increase in “Di_Add_L1,” log-odds of being in the
high wear category decreased by approximately 0.3294 units (p < 0.001).
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Figure 21. Correlation matrix (red for negative and green for positive, the intensity represents
the magnitude).

Figure 22. Logistic regression result (EP).

These findings illuminate the relationships between these chemical predictors and
wear patterns. The statistically significant coefficients indicate that “CLPo_Add_L1” posi-
tively influences high wear, whereas “Di_L1_S” and “Di_Add_L1” negatively influence
high wear in EP lubricants. “CLPo_Add_L1” had a statistically significant positive co-
efficient, showing that higher quantities of this chemical predictor are related to an in-
creased chance of high wear in EP lubricants. By contrast, the predictors “Di_L1_S” and
“Di_Add_L1” had statistically significant negative coefficients, indicating that higher quan-
tities of these chemical predictors are associated with a reduced likelihood of high wear.

In conclusion, our logistic regression analysis reveals the significant influence of these
chemical predictors on wear categories, casting light on the factors that contribute to wear
patterns in our study.

4.7. Other Significant Findings

The AW group, without outliers, only shows a significant correlation in the wear roller.
CLPo_Add_L1 shows a strong positive relationship with the wear roller for all activities. By
contrast, ‘Po_L1_S’ demonstrates this strength of association only in activities 1–15, whereas
‘CLDi_Add_S’ demonstrates a similar strength of association only in activity 10 (Figure 23).
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Figure 23. Correlation of wear cage and EP predictors (left) and wear roller and AW predictors
excluding outliers (right).

Given the high correlation observed with CLPo_Add_L1, implying a strong linear
relationship, we proceeded to conduct a linear regression analysis with this predictor
(see Figure 24). Additionally, we included Po_L1_S as it contributed to an improved
R-squared value. The results of this regression analysis yielded an adjusted R-squared
of 0.67. This figure indicates that the selected independent variables in the model, such
as “CLPo_Add_L1” and “Po_L1_S,” explain approximately 66% of the variation in the
dependent variable, “Wear_Roller.” Notably, some prospective predictors were excluded
from the model on purpose. Their lack of statistically significant relationships with the
dependent variable and their inability to enhance the adjusted R-squared value led to
this conclusion.

Figure 24. Linear regression wear roller—AW excluding outliers.

Interpreting the coefficients, for every one unit of change in CLPo_Add_L1, there
was an estimated change of 17.0164 units in the wear roller. Similarly, a one-unit change
in Po_L1_S corresponded to an estimated change of 4.33 units in the wear roller. These
findings illuminate the impact of both CLPo_Add_L1 and Po_L1_S on the wear roller in
the AW group.

5. Conclusions

Commonly accepted hypotheses in tribology state that, in the case of boundary lubri-
cation, functional additives prevent direct metal–metal contact in the contact zone of the
machinery element. Traditionally, boundary lubrication is associated with the relation of
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the film height in the contact toward the height of the asperities. The film height is calcu-
lated traditionally using the theory of elastohydrodynamics (EHL), stating that the viscosity
(e.g., film thickness) locally present in the contact zone is the prime predictor defining a
boundary situation. Classical EHL states that viscosity, as the relevant predictor, transforms
using the local energy impact in the contact zone given by temperature, temperature flashes,
and shear impact, both leading to a decay in the viscosity. By contrast, the pressure assumed
to be locally present in the contact zone compresses the lubricant, which is associated with
an increase in viscosity in the lubricant by means of a viscosity-pressure coefficient. A lot of
computational effort is carried out in order to obtain an insight into these processes and the
structure–property relationship given by the chemical structure of the lubricant and their
ingredients. However, up until now, no specific rules have been seen regarding how wear
processes are assumed to prevent, but in some cases, are also found to promote and are
predictable. The transit of EHL toward thin film lubrication (TFL) and tribocatalysis (TC) is
accompanied by various physical transitions within the lubricant, notified as their “inner”
structure herein. The exposure to the impact of tribological stress causes the lubricant to
transform its spatial solute structure before it starts to react chemically. These structural
changes are described within this paper by calculating the chemical potential, differentiated
in the dipolar and induced dipolar (polarisability) activity appearing at the surface (S) and
in the solvent (L). Solutes in solvents and at surfaces may create clusters under stress in
order to dissipate it. This study permuted all different structural rearrangements of the
lubricants in relation to imposed external activity. This activity could arise from tempera-
ture, pressure, and surfaces becoming active due to the tribological impact. The study here
applies the assumption comprising the formation of “inner” structures, clusters (CL), and
non-clusters to a variety of lubricants with well-known chemical structures and their ability
to prevent or induce wear using the bearing test rig FE8 (DIN 51819). The lubricants were
divided into two different base oils (Poly-a-Olefine (PAO) and an Ester (Trimethylpropane
Octoate (TMP) and were placed under different extreme pressure (EP) and anti-wear (AW)
additives. The wear within this test is scattered over the single constituents, e.g., cage,
rollers, and washer. For all the different lubricants, the “inner” structure was calculated as
dipolar and induced dipolar activity and their likelihood to form clusters at the surface
and within the base oil. A detailed statistical investigation, searching for relations of the
“inner” structure with individuals, but also the average wear led to the following results:

The base oil, rather than the additives, significantly guides the appearance of high or
low wear.

The lubricant predictors change abruptly due to the increase in the surface activity.
This leads to the conclusion that determining the activity of a lubricant during any test
requires a careful definition of how the load capacity of the component is related to the
load capacity of the lubricant. This is to say, the result of any load-related tribological test
may abruptly change under different test conditions.

The encapsulation of induced dipole moments (clustered polarisability) and additives
in a solvent are relevant as clusters promote significant wear. We are interpreting this result
by the fact that a wear process is highly transient by exchanging electrons, charged and
uncharged particles. These transient exchange processes are scavenged if the lubricant
uptakes them via charge dissipation due to its polarisation ability. If the “inner” structure
of the lubricant clusters the polarisability within the solvent, this functionality is blocked,
and the wear process is not dissipated in the lubricant.

The presence of outliers in the AW dataset, combined with its small size, suggests
the unfavourable effect on statistical metrics in smaller datasets, thus misleading the
interpretation of the results. The situation emphasises the importance of dataset size
and quality in tribological research. It raises the delicate problem of how to approach
outliers, particularly in smaller datasets, where their influence can be clearer. The topic for
discussion is whether outliers should be thoroughly accounted for in order to maintain the
dataset’s accuracy or whether they should be set aside because they may represent unique
but real-world conditions. This opens the door to a broader discussion about improving
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data-gathering procedures in tribology. Future research could focus on increasing the AW
dataset to either confirm or refine the current study’s conclusions while carefully examining
the influence of outliers in the analysis.

6. Summary

The transition from EHL toward TFL and TC requires a detailed understanding of how
lubricants uptake the exposition to contact stress. Apart from viscosity-related parameters,
the “inner” structure of a lubricant comes into the picture. Despite the huge variety of
chemicals, the simple calculation of the dipolar and induced dipolar structure leads to
powerful (e.g., robust) predictors for wear under thin film lubrication (TFL) conditions.
Despite the fact that the chemical structures had to be assumed due to their technical grade,
the prediction is seemingly very robust if the extreme pressure additives are taken. This
insight is even more important as new lubricants with respect to the prediction of wear
have to be found for E-mobility and ecology purposes.

Author Contributions: Conceptualization, W.H. and L.K.; methodology, W.H. and L.K.; software,
W.H. and L.K.; validation, W.H. and B.G.; formal analysis, L.K.; investigation, W.H.; resources, W.H.;
data curation, L.K.; writing—original draft preparation, L.K.; writing—review and editing, W.H. and
L.K.; visualization, W.H. and L.K.; supervision, J.F.; project administration, J.F.; funding acquisition,
B.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

List of Additives
EP

1. Triphenylphosphorothionate
2. Tridodecyltrisulfide
3. Sulfurated Isobutene S2Cl2 Route
4. Sulfurated Isobutene NaSx Route
5. Sulfurated Rapseed Oil
6. Dithiophosphoric Acid Isopropylester

AW

1. Methylenebisdithiocarbamate
2. Molybdenumbisdithiocarbamate
3. Zinc-2-ethylhexyldithiophosphate
4. Molybdenum-2-ethylhexyldithiophosphate
5. Tricresylphosphate
6. 2-Ethylhexyldithiophosphate-Amine neutralised
7. Bis-C13-alkylammonium -dihexylphosphate
8. 2.6-Dimercaptodithiazole
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Abstract: Based on the analysis of standards for the testing of lubricants, both liquid and plastic, on a
four-ball tribometer, and the analysis of the parameters by which lubricants are evaluated, this paper
proposes a methodology and an integral parameter for the estimation of tribological properties. The
methodological approach proposed in this paper allows for the integration of a variety of parameters
provided in the standards for the testing of lubricants into one indicator. Herein, we show that the
developed technique is based on the energy approach and takes into account the specific wear work of
the test material (steel balls) in the lubricating medium to be investigated. The results of laboratory tests
of a wide range of lubricants are presented: hydraulic fluids, motor and transmission oils of various
purposes and classifications. It is shown that the magnitude of the integral parameter can be used to
assess the effectiveness of anti-wear and anti-scuff additives in base lubricants, as well as the ranges of
their applications. This allows for differentiation and quantitative evaluation of the effectiveness of
such additives. The obtained results allow us to state that all tests according to the developed method
are reproducible and homogeneous, which is confirmed using the Cochran criterion. The coefficient
of variation during testing does not exceed 18%. We show that the presented methodology and the
integral parameter can be used in the first stage of the laboratory selection tests of new lubricants and
additives of various origins, reducing the costs of their development and implementation.

Keywords: lubricants; hydraulic oils; motor oils; gear oils; four-ball tribometer; anti-wear additives;
extreme pressure additives

1. Introduction

An analysis of publications published in various scientific journals allows us to con-
clude that, recently, new types of lubricant additives and dopants have been actively
developed. Much attention has been paid to additives based on nanomaterials, as well as
environmentally friendly lubricants based on vegetable oils. The search for the optimal
concentrations of additives, the use of additives in the base lubricant and the evaluation
of the effectiveness of such additives require a large number of laboratory, standard and
operational tests.

In order to reduce the time and costs of such studies, developers use laboratory tests
on a four-ball tribometer. Such tests are the first stage of research and allow for the rapid
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evaluation of the effectiveness of lubricants, the establishment of optimal concentrations
and justification for areas of research.

The second stage is the testing of new lubricants on real tribo-system constructions
in the form of standard tests or controlled operation. Therefore, the use of a four-ball
tribometer in the first stage of research can reduce the time required for testing and increase
the efficiency of such studies.

The methodology for the study of lubricants using a four-ball tribometer is set out
in the standards of various countries: GOST 9490, ASTM D4172, ASTM D2596, ASTM
D2783, ASTM D5183 and DIN 51350. The standards allow for the determination of several
parameters, the physical meanings of which differ and are sometimes contradictory, making
it difficult to formulate specific conclusions. In our opinion, the tribological properties of
a lubricant should be evaluated by an integral indicator that takes into account the inter-
action of the lubricating medium (additives and dopants in the base lubricating medium)
with friction surface materials under various loads, revealing the mechanisms of physical
adsorption and chemisorption and the chemical reactions that affect the wear resistance of
the tribo-system. Such an approach can increase the efficiency of the development of new
lubricants and make the test procedure on a four-ball tribometer more informative.

An overview of various designs of tribometers that are used in the laboratory testing
of materials and lubricants for friction and wear is presented in [1]. Among the variety
of test equipment constructions, specific consideration is given to the four-ball tribometer.
This device is used to determine the tribological characteristics of lubricants, both liquid
and plastic.

According to the authors of [2], traditional tests on a four-ball tribometer make it
possible to optimize base lubricant additives and dopants through an assessment of their
effective actions. We believe that such a methodological approach makes it possible to
reduce the number of preliminary tests and to detail the work of extreme pressure additives.

The authors of [3] used a four-ball tribometer to test the extreme pressure properties of
lubricants according to ASTM D2596. The authors investigated various lubricants and their
ability to prevent burrs. A feature of the tests was the change in the rotational speed of the
tribometer rotor. The authors found that the change in the rotor speed and the acceleration
time of the rotor changed the magnitude of the burr load. In our opinion, these studies
show the necessity of meeting the requirements of the standards for testing using a four-ball
tribometer, which set out the testing procedure. Otherwise, the results obtained in different
laboratories and by different researchers will vary significantly, making it impossible to
analyze such data and create databases. Changes to the methods set out in the standards
should be substantiated.

The anti-wear and extreme pressure properties of motor oils were studied in [4–6]
using a four-ball tribometer according to ASTM D4172 and ASTM D2783. The tribological
characteristics of fresh and used SAE 15W40 and SAE 20W50 engine oils were evaluated
at different operating times in the engine [5]. The presented results allow us to state that
the chosen test method is highly informative. This method allows for the evaluation of the
effectiveness of additives in motor oils, such as colloidal particles and ionic liquids [4], as
well as carbon nanotubes [6]. These works confirm the high sensitivity and information
contents of tests conducted on a four-ball tribometer.

A study of the efficiency of the use of graphene-based organic additives based on
graphite, which provide a tribo-chemical reaction during friction with metal surfaces, was
described in [7]. The authors of the work showed the high efficiency of using a four-ball
tribometer in the study of such additives. According to the test results, organic additives
are physically or chemically adsorbed on rubbing metal surfaces with the formation of
monolayers, which indicates the high information content of the chosen method.

The results of tests of greases conducted on a four-ball tribometer were presented in [8–10].
For example, the addition of ash from rice husk was shown in [8]. In [9,10], additives to
lithium grease in the form of talc nanoparticles were studied. The main conclusion of the works
listed above was that tests using a four-ball tribometer can achieve highly reproducible results.
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Therefore, we can state that the use of a four-ball tribometer in the first stage of the qualifying
tests of oils, lubricants, additives and dopants can help to obtain reliable information about the
selected areas of research, introducing corrections into research in the first stages of testing and
reducing the financial costs and time spent on controlled exploitation [9–12].

A good result was achieved using a four-ball tribometer in the study of the tribological
characteristics of vegetable oils. The investigation of sunflower vegetable oil with nano-
additives at various concentrations was shown in [13], which allowed the authors to establish
the optimal concentration. The purpose of the studies presented in the article was to assess
the anti-wear characteristics of vegetable-based lubricants. The test results from the presented
work enable us to assert the high information value of employing a four-ball tribometer in
studying the anti-wear and extreme pressure properties of vegetable-based lubricants.

The evaluation of the tribological characteristics of various lubricants, both liquid and
plastic, with the addition of nanoparticles, where the main tool is a four-ball tribometer, was
described in [14–21]. The tribological properties of SiO2 nanoparticles used as additives
to a base oil were studied in [15]. In this work, the authors used a four-ball tribometer to
evaluate the anti-wear properties of the base oil in comparison with SiO2 nanoparticles in
the base oil. A strong correlation was observed between the anti-wear properties of oils
with additives, their solubility, and the additive content in the base oil. This affirms the
high information value of the chosen research method [16].

The tribological properties of a paraffin lubricant with ZnO and CuO nanoparticles
were studied in [17]. Using a four-ball tribometer, the extreme pressure and anti-wear
properties of lubricants with nano-additives were assessed according to the ASTM D2596
and ASTM D2266 standards.

In [18], the tribological performance of castor grease with and without two-dimensional
(2D) lamellar nanomaterials was evaluated using a four-ball tribo-tester following the
ASTM standards. The test results demonstrated high measurement reproducibility.

Nanoparticles, specifically activated carbon, in lithium grease, were discussed in [19,20],
while hybrid nano-oils were studied in [21,22]. The possibility of using nanoparticles and
polytetrafluoroethylene simultaneously was considered by the authors of [23].

The tribological characteristics of lubricants containing carbon spheres were discussed
in [24]. In all these works, experimental studies were conducted using a four-ball tribometer.
The authors of these works highlight the high reproducibility of the experimental results.

The works in [25,26] consisted of experimental studies on the tribological characteristics
of lubricants using a four-ball tribometer with polytetrafluoroethylene additives. Appropriate
concentrations of polytetrafluoroethylene additives in base oils were established.

All the works mentioned relied on tests conducted using a four-ball tribometer [14–26].
In [27,28], the authors proposed an energy parameter, namely the specific work of the wear
of a test material composed of ball-bearing steel in the tested lubricating medium, to assess
the tribological characteristics of lubricants. The study demonstrated that the value of
the specific wear work can serve as a comprehensive energy parameter for the evaluation
of the lubricating properties of liquid and plastic materials. The presented methodology
and parameters for the assessment of the effectiveness of anti-wear and extreme pressure
additives include the mandatory determination of the wear index and its inclusion in the
general formula. In our opinion, this methodological approach reduces the information
content of the test results obtained from a four-ball tribometer [24,29,30]. Excluding the
wear indicator from the general formula for the estimation of the integral parameter can
significantly enhance the method’s information content.

According to the authors of the referenced works [14–28], testing on a four-ball tribome-
ter provides highly reproducible results across multiple experiments and offers valuable
data. In our view, conducting tests on a four-ball tribometer should be the primary and
essential step in the study of lubricants, both liquid and plastic. These tests help to identify
areas for further research in terms of developing promising lubricants and determining the
initial optimal content of additives and dopants in the base lubricant [31].
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A prerequisite for such studies, constituting the second stage of testing, is the imple-
mentation of bench tests on actual machinery or controlled operation tests. During this
phase, optimal concentrations will be refined, and factors such as the friction losses and wear
rates of the primary tribo-systems in the machinery will be determined when employing
new lubricants. For example, in works [32,33], plant-based additives were examined as envi-
ronmentally friendly additives to lubricants using a four-ball tribometer. Studies involving
nanomaterial-based additives, such as fullerenes [34,35], were conducted in works [34–40].
Such investigations necessitate rapid and efficient laboratory tests to identify directions for
further research. The work [28] demonstrates the utilization of an integral parameter in
assessing the tribological properties of lubricants in mathematical models.

An analysis of the methods using a four-ball tribometer, as outlined in ASTM D4172
and ASTM D2783, reveals several crucial indicators.

Point B on the ASTM D2783 characteristic curve, which characterizes a lubricant,
determines whether the lubricant possesses anti-wear properties. These properties are
typically conferred by surfactants and their physical adsorption to the friction surface.
A shift in point B to the right on the graph indicates the presence of a surfactant in the
lubricant, functioning as an anti-wear additive. The primary mechanism of interaction
between such additives and the friction surface is physical adsorption.

Conversely, the ASTM D2783 standard does not mandate tests at point A. For instance,
GOST 9490 prescribes test conditions at point A, which entails a load of 196 N or 20 kg. This
load applies to all lubricants except gear oils. For gear oils, the load at point A is increased
to 392 N or 40 kg. Consequently, an AB segment is established, signifying specific physical
attributes. This range represents the performance of anti-wear additives in a lubricant with
a broader AB range situated lower on the graph field, indicating the superior anti-wear
properties of the lubricant.

Section 2, as presented in the ASTM D2783 standard, is the BC segment, which
characterizes the rapid increase in the wear scar on the three lower balls as the load increases.
Since the load increases in accordance with the standard’s load series, the temperature in
the friction zone also rises. The elevated temperature causes the physical adsorption of
lubricant molecules to the friction surface to diminish. Consequently, the wear scar and
temperature on the friction surface increase rapidly. This rise in temperature indicates
chemical reactions between the extreme pressure additives and the friction surface material.
On the curve, there is a transition from point B to point C, accompanied by deceleration (or
a halt) in the growth of the wear scar. The BC segment signifies the presence and effective
operation of extreme pressure additives in the lubricant. If extreme pressure (EP) additives
are not available, at point C, the scoring of the friction surfaces begins, and the balls may
weld together. However, a large BC segment leads to a high wear rate in the materials
due to active chemical processes occurring on the friction surfaces. The seizure of the
friction surfaces is eliminated, and the wear rate of the materials is increased. A smaller BC
segment indicates superior extreme pressure properties of the lubricant.

Section 3, represented by the CD segment, characterizes the performance of the
extreme pressure additives in the lubricant. With an increase in the test load, following
the standard’s load series, the temperature in the friction zone increases significantly. The
temperature is the driving force behind the chemical reactions on the friction surfaces that
prevent the scuffing or welding of the balls. The physical meaning of the CD segment
indicates the effectiveness of the extreme pressure additives in the lubricant. The wider
the CD segment, the better the extreme pressure properties of the lubricant. However, the
height of point D on the graph negatively affects the wear resistance. Due to the active
reactions of the chemical elements in extreme pressure additives with the metal surface, the
size of the wear scar increases significantly. Such a lubricant prevents seizure but results in
a high wear rate. Ideally, point D should be positioned as far to the right as possible on the
graph field and below.
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The next load after point D is the welding load, at which either the four-ball pyramid
welds together in an oil bath or the four-ball tribometer automatic shuts down. This
occurrence signifies the loss of extreme pressure properties in the lubricant.

In our view, a test on a four-ball tribometer can serve as the initial stage in evaluating
liquid and plastic lubricants, offering a preliminary assessment of their tribological charac-
teristics. This method enables the determination of the directions for further research in the
development of new lubricants at a minimal cost.

The purpose of this investigation was to establish an integral parameter for the evalu-
ation of the tribological properties of lubricants, providing a differentiated assessment of
the contribution of anti-wear and extreme pressure additives or dopants.

2. Materials and Methods

The testing unit, following the four-ball scheme, is depicted in Figure 1. It consists
of three fixed lower balls (1) and one upper rotating ball (2) secured with a collet (3). The
upper rotating ball (2) is subjected to pressure, represented by the load N, against the three
lower balls (1).

Figure 1. Scheme of a four-ball friction unit. 1—three lower fixed balls; 2—rotating upper ball;
3—collet; N—load.

The external view of the four-ball assembly is shown in Figure 2, and a four-ball
tribometer is illustrated in Figure 3.
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Figure 2. External view of the four-ball assembly. 1—fixed lower balls; 2—a glass for a lubricant to
be tested; 3—nut for fixture of the three lower balls.

 

Figure 3. External view of a four-ball tribometer.

The foundation for the development of an integral parameter for the assessment of
the tribological properties of lubricants, with a differentiated evaluation of the contribution
of anti-wear and extreme pressure additives, was presented in [27]. The study introduced
an energy parameter—the specific wear work of the test material (ball-bearing steel balls)
in the tested lubricating medium. This parameter characterizes the amount of friction work
required to remove a unit volume of material from the friction surface, expressed as J/m3,
in the form of wear particles. The specific wear work serves as an integral energy parameter
whose value can be used to evaluate the anti-wear and extreme pressure properties of
lubricants. This manuscript is a continuation of the work presented in [26] and offers an
improved technique for the assessment of tribological properties. This work takes into
account the requirements outlined in the ASTM D4172 and ASTM D2783 standards.

The specific wear work A is calculated using the following expression:

A =
f · P · l

d3 , J/m3 (1)
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where f —the coefficient of friction during tests on a four-ball tribometer;
P—the load chosen based on the load range specified in the ASTM D2783 standard,

dimension N;
l—the friction path during testing, dimension m;
d—the average diameter of the wear spots on the three lower balls during the test,

dimension m.
This parameter can be applied to evaluate the anti-wear and extreme pressure proper-

ties of liquid and plastic lubricants.
The methodological approach involves employing this parameter according to For-

mula (1) for all three ranges, AB, BC, and CD, that characterize the lubricant. Such a
methodological approach allows for differentiation in the effectiveness of anti-wear and
extreme pressure additives. The sum of these properties results in an integral parameter
reflecting the tribological properties of the lubricant [29,30].

As mentioned previously, the AB range is utilized to assess anti-wear properties, and the
specific wear work for this range, denoted as AAB, is calculated using the following expression:

AAB =
PB

∑
i=196

fi · Pi · li
d3

i
, J/m3 (2)

where
PB
∑

i=196
—the sum of the values of tests from a load of 196 N (20 kg) to the load

preceding the point where the wear scar diameter increases. Such a load is denoted as PB.
According to the aforementioned standards for four-ball tribometer testing, this increase in
diameter should be at least 0.1 mm.

fi—the friction coefficient value at loads ranging from 196 N to PB.
Pi—the load value from 196 N to PB, N, applied according to the load range specified

in ASTM D2783. Tests must be carried out sequentially at all loads specified in the standard.
li—the friction path during testing, with the standard recommending a testing duration

of 10 s, resulting in a friction path of l = 5.88 m.
di—the average diameter of the wear spots on the three lower balls under loads

ranging from 196 N to PB, N, dimension m.
It should be noted that if the test duration remains consistent at 10 s, then the friction

path remains the same, l = 5.88 m.
The higher the value of the specific wear work within the AB segment, the better the

anti-wear properties of the lubricant.
The second segment, BC, which signifies the shift from anti-wear properties to extreme

pressure properties, can be determined using the following expression:

ABC =
PC

∑
PB+1

fk · Pk · lk
d3

k
, J/m3 (3)

where
PC
∑

PB+1

—the total value of tests from the load at which the wear scar diameter increases

by at least 0.1 mm, denoted as PB+1, up to the load where the increase in the wear scar
diameter ceases, denoted as PC.

fk—friction coefficient value under loads ranging from PB+1 to PC.
Pk—the load value from PB+1, N, to PC, N, applied according to the load series specified

in ASTM D2783. Tests should be performed sequentially at all loads outlined in the standard.
lk—the friction path during testing, equal to 5.88 m.
dk—the average diameter of the wear spots on the three lower balls under loads

ranging from PB+1, N, to PC, N, dimension m.
Based on experience gained from testing various lubricants, it is observed that the range

of the BC segment typically encompasses no more than two loads from the load range.
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The greater the specific wear work value in the BC segment, the faster the EP additives
of the lubricant come into effect, and the more effective their action.

The third segment, denoted as CD, characterizes the performance of extreme pressure
additives and can be determined using the following expression:

ACD =
PD

∑
PC+1

f j · Pj · lj

d3
j

, J/m3 (4)

where
PD
∑

PC+1

—the total value of tests from the load where the growth in the wear scar ceases,

denoted as PC+1, up to the load that precedes the welding load, denoted as PD.
fj— the friction coefficient value under loads ranging from PC+1 to PD.
Pj—the load value from PC+1, N, to PD, N, applied according to the load series specified

in ASTM D2783. Tests must be conducted sequentially at all loads outlined in the standard.
lj—the friction path during testing, equal to 5.88 m.
dj—the average diameter of the wear spots on the three lower balls under loads

ranging from PC+1, N, to PD, N, dimension m.
Based on the experience of testing various lubricants, as well as additives and dopants

used with them, it is observed that not all lubricants under high loads ensure the welding of
balls during testing. Some lubricants do not result in welding. Instead, there is accelerated
wear of the three lower and one upper balls. In such cases, the standard recommends
stopping the test with the load when the wear scar exceeds 3 mm.

The greater the value of the specific wear work in the CD segment, the better the
extreme pressure properties of the lubricant. This area can be referred to as the “carrying ca-
pacity” of the lubricant, as extreme pressure additives ensure the operation of tribosystems
under increased loads and elevated temperatures of the friction surfaces.

With the expressions for the calculation of the specific work of friction on three segments of
the curve characterizing the lubricant’s performance—see Formulas (2)–(4)—we can derive an
expression for the calculation of the integral parameter of the lubricant’s tribological properties,
represented by the formula

A = AAB + ABC + ACD, J/m3 (5)

The physical interpretation of this integral parameter for the assessment of the tribo-
logical properties of lubricant A, with a differentiated assessment of the contribution from
each of these segments, is illustrated in Figure 4.

Figure 4. Physical interpretation of the integral parameter for assessment of the tribological properties
of lubricants.

The developed methodological approach allows us, within the framework of the ASTM
D2783 standard, to determine the presence of antiwear and extreme pressure properties of
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a lubricant, as well as to differentially evaluate the contribution of each of the three sections
to the integral properties.

3. Results of the Experiments

The purpose of the experimental studies was to confirm the information content and
reproducibility of the developed methodological approach and the integral parameter in
assessing the tribological properties of various lubricants.

For testing, hydraulic fluids (hydraulic oils), engine oils and gear oils were chosen.
Hydraulic fluids and motor and transmission oils belong to the category of liquid

lubricants. The purpose of our research was to develop an integral parameter to evaluate
the tribological properties of liquid lubricants only. Excluding from this list, for example,
hydraulic fluids that simultaneously serve as lubricants for hydraulic units, would make
our study incomplete. Therefore, our study examined all types of liquid lubricants.

As hydraulic liquids simultaneously perform the functions of lubricants, we selected
working liquids (ISO 6743-4), the tribological properties of which are presented in Table 1.
The tribological properties of motor oils are presented in Table 2, and those of transmission
oils in Table 3. Each type of lubricant is represented by at least three types. For instance,
hydraulic fluids include four types (Table 1), motor oils include seven types (Table 2) and
transmission oils include three types (Table 3).

Table 1. Tribological properties of hydraulic oils.

Lubricant
Classification

AAB × 1011,
J/m3

ABC × 1011,
J/m3

ACD × 1011,
J/m3

A × 1011,
J/m3

ISO-L-HH 43.54 2.12 0 45.66

ISO-L-HL 57.64 8.87 0.69 67.2

ISO-L-HM 75.45 11.26 1.84 88.59

ISO-L-HV 83.13 13.5 2.3 98.93

Table 2. Tribological properties of motor oils.

Lubricant
Classification

AAB × 1011,
J/m3

ABC × 1011,
J/m3

ACD × 1011,
J/m3

A × 1011,
J/m3

SAE 20W-30
API SF 92.93 13.13 2.49 108.55

SAE 10W-30
API SH 113.2 16.12 2.89 132.21

SAE 20W-40
API CD 124.2 17.8 3.1 145.1

SAE 20W-40
API SJ/CF 159.7 19.5 3.72 182.92

SAE 20W-40
API CF-4 198.7 21.7 4.5 225.27

SAE 10W-40
API SL/CF 224.65 23.4 4.87 252.92

SAE 5W-30
APICH 258.26 25.2 5.18 288.64
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Table 3. Tribological properties of gear oils.

Lubricant
Classification

AAB × 1011,
J/m3

ABC × 1011,
J/m3

ACD × 1011,
J/m3

A × 1011,
J/m3

SAE 85W-90
API GL-3 67.55 13.44 8.08 89.07

SAE 80W-90
API GL-4 165.72 24.64 12.43 202.79

SAE 75W-90
API GL-5 213.25 31.75 15.54 260.54

The choice of oil brands was intended to cover the entire range of tribological properties
of lubricants, from minimum values to maximum, in accordance with the requirements of the
ASTM D4172 and ASTM D2783 standards. With this methodological approach, we considered
the entire range of properties that exist today in the liquid lubricant market. We do not refer
to specific brands of lubricants but to their classification according to SAE and API.

The abovementioned lubricants were tested in accordance with the ASTM D2783
standard, using the specified load range. Testing for hydraulic and motor oils began with a
load of 196 N or 20 kg, with a sequential load series. For gear oils, testing commenced with
a load of 392 N or 40 kg.

Based on the results of three repetitions, we calculated the average diameter values of
the drift flames on the three lower balls, the root mean square values of the registration val-
ues of the diameters of the drift flames during the experimental studies and the coefficient
of variation in the measurement of the diameter.

The root mean square deviation of the diameter values of the wear spot during
experimental studies was determined using the following formula:

Sd =

√
1
n

n

∑
i=1

(di − dav)
2, m, (6)

where di, dav—the diameter of each wear spot in the sample and the average value for the
number of repetitions n, respectively, dimension m.

n—the number of results obtained during the testing of the coating material.
The coefficient of variation in the diameter measurements of wear spots was deter-

mined as follows:

vd =

(
Sd
dav

)
· 100%. (7)

The experimental sample of wear spot diameter values obtained during the experimen-
tal studies was assessed for uniformity and reproducibility across multiple experiments
using Cochran’s C test:

Gp =
S2

d(max)
n
∑

i=1
S2

d(i)

, (8)

where S2
d(max)—the maximum value of the dispersion of the wear spot diameters (di)

measured during the experiment;
S2

d(i)—the value of the variance of the i-th experiment for the parameters to be mea-
sured during the experiment—di.

The hypothesis was tested using the following condition:

Gp < Gtable, (9)

where Gtable—the tabular value for Cochran’s C test, with a predefined confidence factor
q = 0.90.
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If condition (9) is met, it indicates that the obtained experimental results exhibit
uniformity and reproducibility.

4. Discussion

As indicated in the tables above, the integral parameter A—see Formula (5)—dimension
J/m3, exhibits significant variation across different lubricants. For instance, hydraulic oils have
A values ranging from 45.66 to 98.93 ×1011 J/m3, engine oils show values between 108.55 and
288.64 ×1011 J/m3 and gear oils exhibit values ranging from 89.07 to 260.54 ×1011 J/m3.

The most pronounced result was obtained when examining the anti-wear and extreme
pressure properties separately. The value of the AAB range indicates the presence of anti-
wear additives or dopants in the lubricant. Notably, motor oils (as shown in Table 2) tend
to display the maximum values of this range, while hydraulic oils (as seen in Table 1)
exhibit the minimum values. This range serves as a useful metric for the evaluation of the
effectiveness of anti-wear additives and dopants in a lubricant.

On the other hand, the value of the ACD range signifies the presence of extreme pressure
additives or dopants within the lubricant. Here, gear oils (Table 3) tend to exhibit the maximum
values. For instance, the ACD range varies within 8.08–15.54×1011 J/m3. In contrast, hydraulic
oils (Table 1) display the minimum values, ranging from 0 to 2.3 ×1011 J/m3. This range is
instrumental in assessing the effectiveness of EP additives and lubricant dopants.

Furthermore, the value of the ABC range provides insights into the effectiveness of
the transition from antiwear to extreme pressure properties within the lubricant. Gear oils
(Table 3) generally show higher values in the ABC range, signifying a more effective transition
to extreme pressure additives. This suggests that the gear oils selected for testing possessed a
superior set of extreme pressure additives compared to the engine oils presented.

The laboratory test results for various lubricants assessed on a four-ball tribometer led
to the following conclusion (as summarized in Table 4).

1. All test results were reproducible and uniform, with the calculated values of Cochran’s
C test (Formula (8)) being less than the tabulated values at a given confidence level of
probability q = 0.95. This applies to scenarios where the number of test repetitions
was 3 and the number of logged values was 9. Consequently, the condition was
satisfied; see Formula (9).

2. The coefficient of variation during testing did not exceed 18%; see Formula (7). This
indicates the minimal scatter of the test results.

3. The technique presented in this article and the integral parameter for the evaluation
of the tribological properties of lubricants—see Formula (5)—can be used at the initial
stage of the qualifying laboratory tests of new lubricants, additives, and dopants of
various origins.

The physical interpretation of the tribological properties of lubricants for various purposes,
along with characteristic areas of operation for various additives, is shown in Figure 5.

The format adopted for the presentation of the research results in Figure 5 allows us
to illustrate the physical meaning of the integral parameter used to assess the tribological
properties of liquid lubricants. The presented Figure 5 clearly differentiates among var-
ious categories of lubricants. The x-axis represents the load range that the lubricant can
withstand, characterizing its extreme pressure properties. Greater values indicate better
anti-scuff properties. The y-axis reflects the ability of the lubricant to prevent wear, with
higher integral parameter A values signifying better anti-wear properties.

The developed technique and the integral parameter for the estimation of the tribo-
logical properties of lubricants differ from those that are already known because they are
based on an energy approach—the specific work of wear determined on the test material
(balls made of ball-bearing steel) in a lubricating medium, as presented in this research.
This parameter characterizes the amount of friction work required to remove a unit volume
of material from the friction surface (dimension J/m3) in the form of wear particles. This
approach enables the evaluation of the lubricant as a whole and the differentiation of its
components, including its anti-wear and extreme pressure properties.
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Table 4. Lubricant statistical parameters.

Lubricant
Classification

Sd × 10−3,
m

vd,
%

Gp Gtable

ISO-L-HH 0.155 17.32 0.432 0.478

ISO-L-HL 0.137 17.24 0.413 0.478

ISO-L-HM 0.113 16.26 0.412 0.478

ISO-L-HV 0.09 14.53 0.388 0.478

SAE 20W-30
API SF 0.052 13.23 0.410 0.478

SAE 10W-30
API SH 0.043 12.52 0.410 0.478

SAE 20W-40
API CD 0.041 11.83 0.394 0.478

SAE 20W-40
API SJ/CF 0.04 11.54 0.380 0.478

SAE 20W-40
API CF-4 0.04 11.72 0.345 0.478

SAE 10W-40
API SL/CF 0.039 10.49 0.340 0.478

SAE 5W-30
APICH 0.039 10.28 0.340 0.478

SAE 85W-90
API GL-3 0.055 14.32 0.410 0.478

SAE 80W-90
API GL-4 0.047 13.55 0.380 0.478

SAE 75W-90
API GL-5 0.042 10.45 0.375 0.478

Figure 5. Physical interpretation of the integral parameter for assessment of the tribological properties
of lubricants: 1—ISO-L-HM hydraulic oil; 2—engine oil SAE 5W-30, API CH; 3—gear oil SAE 75W-90,
API GL-5.

Further development of this method for the testing of lubricants on a four-ball tri-
bometer aims to enhance the efficiency of screening tests during the development of
new lubricants, such as vegetable oils. Lubricant additives using nanomaterials, such as
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fullerenes, are actively being developed, as discussed in [26]. Additionally, this parameter
can be utilized in modeling friction and wear processes in tribo-systems to monitor the
lubricating medium, as presented in [24,27].

5. Conclusions

Based on the analysis of standards for the testing of lubricants—both liquid and
plastic—an energy parameter is proposed: the specific work of wear of the test material
(steel balls) in the lubricating medium to be investigated. Unlike known parameters, this
energy parameter is associated with the work of friction expended in removing the volume
of material from the friction surface during testing. Experimental evidence demonstrates
that this proposed parameter evaluates the range of operation of anti-wear and extreme
pressure additives in the lubricant, allowing for the differentiation of their effectiveness.

The results of laboratory tests on various lubricants using a four-ball tribometer
verify that, according to the developed method, all tests are reproducible and uniform, as
confirmed by Cochran’s C test. The coefficient of variation during testing does not exceed
18%, indicating minimal variation in the test results.

The technique presented in this article and the integral parameter for the assessment
of the tribological properties of lubricants can be applied in the initial stages of laboratory
selection tests for new lubricants, additives, and dopants of various origins.
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Abstract: In the presented work, a methodical approach was developed for determining rational
operation modes of tribosystems, taking into account their design. This approach makes it possible in
the designing stage, according to the predicted operating modes, to calculate the limits and margins
of stable work in operation. The definition of the robustness of the tribosystem and the criteria for
assessing the robustness are formulated based on the theory of stability of technical systems. It is
shown that such a methodical approach allows for determining the modes of the rational operation
of the designed structures without damaging the friction surfaces. Experimental studies have proven
that not all designs of tribosystems lose stability due to the appearance of friction surface burrs. There
are designs where the loss of stability occurs upon the appearance of accelerated wear. The developed
criteria take into account two options for the loss of stability. An experimental verification of the
modes of loss of stability of tribosystems was performed by the appearance of a burr or the beginning
of accelerated wear with the calculated values of the robustness criteria. The obtained results allow
us to conclude that the modeling error is within 8.3–18.7%, which is a satisfactory result in the study
of friction and wear processes. Robustness criteria is based on the coefficient of friction RRf and
wear rate RRI, and must be used when designing new constructions of tribosystems. Theoretical
calculations of such criteria and the dependence of their change on changing the predicted operating
modes will allow for justifying rational operating modes within their stability.

Keywords: tribosystem; limit lubrication mode; burr of friction surfaces; accelerated wear; stability
of technical systems; robustness; modelling; robustness criteria; modelling error; modes of operation

1. Introduction

The stable operation of tribosystems in the entire load–speed range of operation is the
most important characteristic that the reliability indicators of machines and mechanisms
depend on. The range of the stable operation of tribosystems is predicted at the stage of
the construction development of new machines and is based on the experimental data of
previous designs or experimental data of laboratory bench tests.

The most promising direction is mathematical modelling of the limits of the stable
operation (robustness) of tribosystems, which will allow for significantly reducing material
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resources during the construction of new equipment. The development of such models
is based on the theoretical foundations of the stability of technical systems, developed by
O.M. Lyapunov, who created the modern theory of the stability of motion of mechanical
systems determined by a finite number of parameters.

The concept of the stability of tribosystems is the most important qualitative as-
sessment of their dynamic properties and depends on constructive, technological, and
operational factors. Through the stability of the operation of tribosystem, it is possible
to restore the original mode of operation after the removal of an external influence. In
addition, an important parameter is the limit of the loss of the stable operation of the
tribosystem, i.e., the amount of load and the sliding speed when burr or accelerated wear
occurs [1,2]. According to this, three types of tribosystems were formulated in [1].

1. Stable tribosystems, which, after being brought out of equilibrium by any external
disturbance (change in load or sliding speed, or the short-term cessation of lubricant
supply), after the removal of this disturbance, return to the original stable state, i.e.,
the established operating mode.

2. Neutral tribosystems, which, after removing the disturbance, switch to a state of
stable operation in a new mode, which is different from the original one.

3. Unstable tribosystems, which, as they are brought out of equilibrium by any exter-
nal disturbance, do not return to the original stable state after the removal of this
disturbance, but switch to the mode of accelerated wear or to burr, i.e., cease operation.

It should be noted that majority of studies are devoted to the failure of tribosystems
due to the burring (seizing) of friction surfaces. However, there are options for terminating
the operation of tribosystems due to the appearance of accelerated wear.

The task of determining the limits of the stable operation (robustness) of tribosystems,
considering the design, manufacturing technology, and the load–speed range of operation,
is an urgent task. This task is solved in the stage of designing new structures of tribocou-
plers, which allows for increasing their resource and reliability in operation. This article
deals only with sliding friction processes.

An analysis of recent publications on the use of mathematical models for predicting
the reliability and service life of tribosystems at the stage of development and design allows
us to conclude that entropy analysis is promising in the study of energy dissipation during
friction [3–6]. For example, in [4], a mathematical model for predicting the reliability of
rolling bearings is developed on the basis of the hierarchical Bayesian method of maximum
entropy. Theoretical developments that show the relationship of wear with the thermody-
namic concept of entropy are presented in [5–7]. This approach allowed the authors of the
work to study the effect of consistent grease on the resources of tribosystems.

On the basis of the provisions of the thermodynamics of open systems in [8–10],
equations for the conservation of mass and energy are proposed, which allow for simulating
various modes of energy dissipation in a tribosystem, considering the friction surface. These
equations can be considered as a tool for modelling various modes of energy dissipation in
the dynamic contact of friction surfaces with the development of practical recommendations
for the design of new structures.

For simulating the work of tribosystems and predicting the resource, the authors
of [11–13] used the achievements of artificial intelligence, particularly artificial neural
networks. The authors showed that the use of this approach allowed for modelling and
forecasting the wear and reliability of tribosystems during exploitation.

The authors of [10–14] paid attention to the importance of considering the friction
surface in mathematical models. For example, the importance of considering the roughness
of the friction surface in the models is noted in [14], the values of the actual contact area
are noted in [15,16], the change in the roughness of friction surfaces during running-in or
running-out in is noted [17], and the distribution of actual pressures and stresses over the
contact surface is noted in [18,19]. According to the results of the authors, consideration
of the listed factors will increase the accuracy of modelling and predicting the resources
during the operation of tribosystems.
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The authors of [20,21] note that mathematical models of the functioning of tribosystems
are tools for designing new friction units. The work presents a methodical approach
and models that consider the design of the friction unit, which increases the accuracy
of forecasting.

The authors of [22,23] aimed their work at considering the stability and efficiency of
tribosystems. The models created by the authors were built on the basis of stochastic models
of surface roughness. It was shown that the tribological behavior in contact depended on
the properties of the friction surfaces and the spectrum of loads. Moreover, edge effects
at the boundaries of the contact area affected the pressure distribution and membrane
thickness, which should be taken into account while modelling.

The authors of [24–26] noted that when developing mathematical models for the
functioning of tribosystems, it is necessary to consider wear during the running-in period.
Because of the intense deformation of microprotrusions, the running-in mode allows for
the formation of an equilibrium roughness of friction surfaces and a change in the structure
of thin surface layers, which are analyzed in [24]. Optimal running-in conditions will help
increase the service life and reliability of tribosystems.

The analyses of publications determining the boundaries of the stable operation of
tribosystems shows that these are the operating modes when the scuffing or seizing of
friction surfaces occurs with the transfer of material from one triboelement to another.

The difficulty in predicting the failure of tribosystems is a fundamental problem of
tribology, which is noted in [27]. The article presents an analysis of various factors (residual
stresses, surface free energy, and surface topography) that lead to the initial phase of the
process of burr. The studies presented in [28] are aimed at a better understanding of the
occurrence of burr. The authors affirm that the parametric assessment of the state of the
friction surface is of crucial importance in the technology of preventing burrs.

The durability limits of the tribosystem and the transition from stable to unstable
operating conditions, namely seizing, were studied in [29]. The purpose of the research
was to determine the boundaries of the stable operation of tribosystems and to use the
obtained results while designing tribosystems.

The authors of [30] studied the influence of random overloads on the occurrence of
burrs in tribosystems. The results of the research were the determination of the boundary
of the exit of the tribosystem to the burr. The mechanism of occurrence of burrs, based on
adiabatic shear instability, was experimentally evaluated in [31]. The authors of the work
related the mechanism of burr formation to the density of dislocations in the surface layer.

The equations for modeling the burr of friction surfaces, which were obtained on the
basis of adiabatic shear instability, are presented in [32]. With the help of equations, it is
proposed to model the mechanism of loss of strength from the surface layer of the material
during adiabatic shear. The main factor in the loss of strength is the work of friction. On
the basis of this mechanism, a quantitative criterion for predicting reliability has been
developed, where burr formation is the result of competition between thermal strength
loss and strain hardening during adiabatic shear.

The mechanism of burr formation in friction nodes was the subject of tribological
studies in [33]. According to the authors, the approach to this problem requires taking into
account a large number of working parameters for predicting burr. This work proposes
using the parameter (pressure × velocity × time) instead of the frequently used parameter
(pressure × velocity). According to the authors, such an approach will allow for taking
into account the duration or frequency of loads during the operation of friction nodes.
These parameters can significantly affect the stability of the properties of the lubricating
membrane, especially in the context of the formation of an elastohydrodynamic membrane
or boundary layer.

The results of the gear tests on a test bench with changes in the torque, sliding speed,
oil bath temperature, gear geometry, and viscosity of the base lubricant are presented
in [34]. The developed model takes into account normal pressure and tangential stresses
at several points along the line of the clutch of the gear. Gear seizure results are analyzed
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using two different approaches: one takes into account the general parameters of the gear,
including the clutch line, and the other, based on the local parameters of the roughness of
the friction surfaces, is determined using the mixed lubrication model. An analysis of the
roughness level was used to explain the causes of burr formation.

A method for predicting the appearance of burr on friction surfaces, using the analysis
of the dynamics of the transient process, is proposed in [35]. Quasi-static and nonlinear
dynamic models take into account the increase in temperature during the transition process
when the load changes during operation. The model allows for determining the thickness
of the lubricating membrane on the friction surface and for determining the limit of the
burr when the load changes.

The processes of the stability of tribosystems when oscillations occur in frictional
contact were studied in [36,37]. For example, strict criteria for the stable operation of
tribosystems in various modes of frictional sliding and the occurrence of vibrations were
presented in [36]. The stability of the tribosystem, with the help of a complex analysis of the
oscillating elements of the tribosystem and their influence on the process was investigated
in [37].

Studies on the burrs of the gear were presented in [38,39]. The flash point on the
actual contact patches was explored in [38]. The optimization of the design of the gearbox
according to the criterion of power loss due to friction in the gears was described in [39].

The analysis of works devoted to the determination of the limits of the stable operation
of tribosystems allowed us to conclude that when developing and justifying such criteria,
it is necessary to take into account the constructive, technological, and operational factors
of tribosystems. In the works listed above, the geometric dimensions of tribocouplers,
physical and mechanical properties of combined materials of triboelements, the tribological
properties of the lubricating medium, and theroughness of friction surfaces are not suffi-
ciently taken into account. Accounting for the mentioned factors will allow us to extend
the obtained criteria to a wide class of tribosystems and make such an analysis systematic.

2. Materials and Methods

The purpose of this study is to develop a methodical approach for determining the
robustness of tribosystems in conditions of extreme lubrication, modelling changes in the
robustness of tribosystems at the stage of constructive development, and experimental
verification of the modelling error.

To substantiate the methodical approach in the research, we will use the equation of
the dynamics of tribosystem functioning, which is given in [1].

The friction unit is modeled as a series and parallel connection of dynamic links from
which the equivalent transfer function of the friction unit is obtained. On the basis of
the equivalent transfer function, a differential equation for the process of operation of the
friction unit is written.

The differential equation of the third order is written in operator form, as follows:

(T1T2T3)p3 + (T1T2 + T1T3 + T2T3)p2 + (T1 + T2 + T3 + K2K3T1)p + K2K3 + 1 = (K1K2T3)p + K1K2, (1)

where p is the differentiation operator, which is equivalent to writing d/dt;
T1, T2, T3 are the time constants in the dimension of seconds (s);
K1, K2, K3 are the gain coefficients, which are dimensionless quantities.
In [1], it was proven that time constant T1 characterizes the change in the structure of

the materials of the surface layers during run-in. It is defined by the following expression:

T1 =
trun

3
, (2)

where trun ia the tribosystem run-in time in the dimension of seconds.
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Time constant T2 has a physical sense of the time, during which the temperature
is equalized by the volumes of triboelement materials when the load and sliding speed
change. It is defined by the following expression:

T2 =
254 · Vrun

arun · dacs · nacs
, (3)

where Vrun is the stated volume of materials of the moving and stationary triboelements of
the tribosystem, in the dimension of m3, and is determined by Expressions (2) and (3), which
are given in [40], taking into account the total volume of the material of the friction node;

arun is the given coefficient of the thermal conductivity of the materials of the moving
ar and stationary as triboelements, in the dimension of m2/s, and is calculated according to
Expression (6), which is given in [40];

dacs is the diameter of the actual contact spot, in the dimension of m, and it is calculated
according to the expression given in [41];

nacs is the number of contact spots on the friction surface, and is calculated according
to the expression given in [41].

Time constant T3 characterizes the time until the friction and wear parameters stabilize
in the new operating mode of the tribosystem. Time constant T3 has different expressions
to the model wear rates T3(I) and friction coefficient T3(f ):

T3(I) =
428000 · Vde f

.
εrun · d3

acs · nacs
, (4)

T3( f ) =
1068000 · Vde f
.
εrun · d3

acs · nacs
, (5)

where Vdef is the given volume of deformable surface layers, measured in m3, and is
determined by the expression given in [40], using Formulas (15) and (16);

.
εrun is the indicated value of the rate of deformation of the surface layers of the

materials of the movable and immovable triboelements, in the dimension of c−1, which is
calculated according to the formulas given in [30], using Formulas (8)–(10).

The coefficient K1 includes the degree of external influence on the tribosystem, consid-
ering the design features, which was proven in [40]:

K1 =
Qmax

Q0
, (6)

where Q0 and Qmax are the initial value of the Q-factor of the tribosystem and the value
of the Q-factor that was formed during the run-in. They are determined by the formulas
given in [41].

Coefficient K2 characterizes the sensitivity of the tribosystem to changes in the
external conditions:

K2 =
5500 · WTR · K f

Qmax • arun
, (7)

where WTR is the speed of dissipation in the tribosystem, measured in J/s, which is
calculated according to the equations given in [1], using Formula (8);

Kf is the shape coefficient of the tribosystem, in the dimension of m−1, and includes the
friction areas and the volumes located under the friction areas of the moving and stationary
triboelements. It is calculated according to the equation given in [41].

Coefficient K3 characterizes the ability of the tribosystem to change the structure of
the surface layers of the triboelement materials during transient processes:

K3 =
170 · RS2

TS(max) · arun
.
εrun

, (8)
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where RSTS(max) is the maximum value of the rheological properties of the combined
materials in the tribosystem after running-in, measured in dimension m−1, and is calculated
according to the equations given in [42].

Formulas (7) and (8) are obtained for the specific design of the friction unit. The design
is taken into account by using the shape factor, Kf. The shape factor takes into account
the magnitude of the friction areas and the volumes of material that are placed under the
working areas of friction. Values of 5500 and 170 were introduced to improve the accuracy
of the simulation. When changing the structure of the friction unit, it is necessary to adjust
the values of these coefficients.

To analyze the stability of the technical systems, several special methods have been
developed, which are called stability criteria in the theory of automatic regulation. Stability
criteria are divided into two varieties—algebraic and frequency.

Algebraic criteria are analytical and frequency criteria are grapho analytical [43–45].
At the same time, all criteria are based on the theory of the stability of technical systems
developed by Lyapunov [46–49].

The algebraic criterion, Hurwitz’s criterion [50–52], is the most common criterion and
is used to determine the stability of technical systems when the characteristic equation
is known. As the characteristic equation acts the left part of the differential equation in
operator form (1).

Let us write down the characteristic equation, making a substitution and equating it
to zero:

A0 p3 + A1 p2 + A2 p + A3 = 0, (9)

where
A0 = T1 · T2 · T3, (10)

A1 = T1 · T2 + T1 · T3 + T2 · T3, (11)

A2 = T1 + T2 + T3 + K2K3T1, (12)

A3 = K2 · K3 + 1, (13)

According to Hurwitz’s algebraic stability criterion, a technical system is stable when
all coefficients Ai of the characteristic Equation (9) are more than zero. This is a necessary
condition for stability:

A0 > 0; A1 > 0; A2 > 0; A3 > 0, (14)

A sufficient condition for stability is that all determinants from the coefficients Ai of
the characteristics in Equation (9) are more than zero.

If at least one of the determinants is equal to zero, then the system is on the verge of
loss of stability. If at least one of the determinants is negative, then the system is unstable.
In the tribosystem, burr or accelerated wear occur.

According to the rules, let us write down all of the determinants for the characteristic
Equation (9):

Δ1 = A1 > 0, (15)

Δ2 =

∣∣∣∣A1 A3
A0 A2

∣∣∣∣ = A1 · A2 − A0 · A3 > 0, (16)

Δ3 =

∣∣∣∣∣∣
A1 A3 0
A0 A2 0
0 A1 A3

∣∣∣∣∣∣ =
∣∣∣∣A1 A3
A0 A2

∣∣∣∣A3 > 0 = (A1 · A2 − A0 · A3) · A3 > 0, (17)

Let us write down the value of the determinantΔ3 in the following form:

Δ3 = (A1 · A2 − A0 · A3) · A3 > 0, (18)

Expression (18) is a necessary and sufficient condition for the stable functioning of the
tribosystem according to the Hurwitz criterion. Using this expression, you can determine
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the range of stable operation for the tribosystem, namely the range of robustness. The
more the value of Δ3, measured in dimension s3, the more the margin of robustness for the
tribosystem. When the value Δ3 = 0, the tribosystem works on the verge of loss of stability,
with negative values for Δ3, and there is burr or accelerated wear and the tribosystem has
“lost stability”.

To compare tribosystems and build a rating on the margin of stable operation, it is
necessary to obtain a dimensionless parameter—a criterion that depends on constructive,
technological, and operational factors. The most acceptable, in our opinion, is the analysis
of the expression of the stability of technical systems based on the Hurwitz algebraic
criterion, using formula (18).

Based on the formulated approach, let us write down, in a general form, the evaluation
criterion for the margin of stable operation of the tribosystem—the robustness criterion:

RR =
A1 · A2

A0 · A3
> 1, (19)

where RR is criterion of tribosystem robustness, with a dimensionless value.
The physical meaning for determining the robustness of the technical systems is given

in [53].
An analysis of Equation (1) shows that processes of friction and wear in the tribosystem,

especially the running-in processes, depend on the first derivative of the input effect on the
tribosystem, i.e., on the load speed. The load speed of the tribosystem can be considered by
the coefficient of the change in the load speed, which is proportional to the right-hand side
of the differential Equation (1):

kd ≈ (K1K2T3)
dWi
dtl

+ K1K2, (20)

where the amount of load (external influence during experimental studies) on the tribosys-
tem is determined by the following expression:

Wi = N · vsl , (21)

where N is the load on the tribosystem, N;
vsl is the sliding speed, m/s;
tl is the load change time, s.
With the help of laboratory experimental studies carried out on various designs of

tribosystems with different amounts of load on the tribosystem and different rates of
load change, an expression for calculating the coefficient of change of the load speed
was obtained.

Determining the robustness of the tribosystem using the friction coefficient parameter
is completed as follows:

kd( f ) = 0.62 ln(
K1 · K2 · T3( f )

tl
). (22)

Evaluating the operation of the tribosystem by the wear rate parameter is completed
as follows:

kd(I) = 0.95 ln(
K1 · K2 · T3(I)

tl
). (23)

Including the expressions of the coefficient of change in the load speed (22) and
(23), which were obtained according to the results of experimental studies, equations for
determining the robustness of tribosystems (19), including expressions (10)–(13), will be
presented in the following form.
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To determine the robustness of the tribosystem by the friction coefficient:

RR f =

((
T1T2 + T1T3, f + T2T3, f

)
×

(
T1 + T2 + T3, f + K2K3T1

))
(

T1T2T3, f K2K3 + T1T2T3, f

)
· kd( f )

> 1. (24)

To determine the robustness of the tribosystem by the rate of wear:

RRI =
((T1T2 + T1T3,I + T2T3,I)× (T1 + T2 + T3,I + K2K3T1))

(T1T2T3,IK2K3 + T1T2T3,I) · kd(I)
> 1. (25)

It is necessary to calculate criteria for the robustness of the tribosystem RRf and RRI
for each load of the operating range of tribosystems, including the analysis of the obtained
values. If the value of the criterion is more than one, then the tribosystem works in a
stable range. The more the value of the robustness criterion, the more the margin of
sustainable work.

If the value of the criterion is equal to one, the tribosystem works on the verge of loss
of stability. If the value of the criterion is less than one, the tribosystem has lost stability,
and burr or accelerated wear has occurred.

To answer the question of which the parameter loss of stability occurred in, it is
necessary to calculate two criteria: according to the coefficient of friction, formula (24) and
according to the rate of wear, formula (25). The value of the criterion, which first becomes
less than one, answers the question on which parameter the loss of stability occurred.

Figure 1 presents the theoretical dependence of the change in the robustness criterion
of various structures of tribosystems according to the friction coefficient on the value
of the input influence, using formula (24). Input influence on the tribosystem, W, W, is
represented as the product of load, N, and sliding speed, m/s, using formula (21). Different
designs of tribosystems are included by the value of the Q-factor, Qo, J/m3, [41,42].

Figure 1. Dependencies of changes in the robustness criterion of various designs of tribosystems
according to the coefficient of friction on the value of the input impact: 1—steel 5140 + steel
5140, Kf = 6.25 m−1, hydraulic oil HH, ISO-L-HL, Q0 = 1.12·1010 J/m3; 2—steel 5140 + bronze
C61900, Kf = 12.5 m−1, motor oil SAE 40, APICC, Q0 = 5.5·1010 J/m3; 3—steel 5140 + brass CW723R,
Kf = 14.5 m−1; transmission oil SAE120, APIGL-4, Q0 = 7.69·1010 J/m3.

Experimental studies were carried out on a universal friction machine according to
the «ring-ring» kinematic scheme. The design of the friction machine is presented in [41].
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The friction unit is represented by movable sample 1 and fixed sample 2. The friction
between the samples occurs over the area of the ends. During the tests, fixed sample 2 is
pressed against movable sample 1 by load N. Friction occurs over the area of the ends. The
movable sample performs a rotational movement around its axis. An acoustic emission
sensor GT300 is mounted on fixed sample 2. The acoustic emission signal from the GT300
transducer with a frequency of 100–800 kHz is transmitted to a preamplifier and then to
a USB oscilloscope, which acts as an A/D converter. Then, the signal in a digital code is
entered into the computer to calculate the diagnostic parameters.

The AE signal from the friction zone is recorded by a broadband sensor GT300
(100–800 kHz), Figure 2, which is installed on a fixed triboelement, transmitted to an
amplifier, then, in analog form, to a PV6501 USB oscilloscope, which performs the func-
tions of an analog-to-digital converter and spectrum frequency analyzer at the same time.
After processing in a USB oscilloscope, the digital signal enters the computer, where it is
processed by special software.

Figure 2. Block diagram of experimental equipment for recording and processing AE signals:
1—movable triboelement; 2—fixed triboelement; N—load.

Samples for testing are presented in Figure 3, where movable sample 1 is made of
steel5140, and fixed sample 2 is made of various materials: steel 5140, bronze C61900,
and brass CW723R. Thus, during the tests, it was possible to obtain various constructions
of tribosystems, for example, a movable sample of steel 5140 + fixed sample of steel
5140; movable sample steel 5140 + fixed sample bronze C61900; movable sample steel
5140 + fixed sample brass CW723R. At the same time, the friction area of fixed samples 2
was changed, which made it possible to obtain different coefficients for the shape of the
tested tribosystems.

Figure 3. Samples for testing: 1—movable sample steel 5140; 2—fixed samples: steel 5140, bronze
C61900, brass CW723R with different friction areas on the end surfaces; 3—friction surfaces of the
moving sample; 4—friction surfaces of a fixed sample.
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During the tests, the load on the tribosystem increased at different load speeds: 1 s,
10 s, and 20 s.

The loss of stability of tribosystems, according to the coefficient of friction was deter-
mined by using the value of the moment of friction, which was registered by the recorder
of machine 2070 SMT-1. According to the parameter of the start of accelerated wear, the
loss of stability was determined by using of the acoustic emission method. The measuring
complex and the method for recording the acoustic emission signals are given in [54]. To
record acoustic eradiation from the friction zone, the acoustic emission sensor is installed
on a stationary triboelement.

According to the results of three repetitions, the average burr load or the onset of
accelerated wear, the root mean square deviation of values of registered values during
experimental studies, formula (26); coefficient of variation of measurements of external
influence, when the occasion of loss of stability of the tribosystem occurs, formula (27);
modelling error according to the formula (28), were determined.

The root-mean-square deviation of the values of the external influence during experi-
mental research is represented by the formula:

SWb =

√
1
n ∑n

i=1

(
Wb(i) − Wb(aw)

)2
, (26)

where Wb(i), Wb(aw) are the values of external influence on the tribosystem, formula (21), at
which there is a loss of stability (burr or accelerated wear), which is measured during the
experiment and is averaged over the number of repetitions n.

The coefficient of variation of measurements of external influence, when the occasion
of loss of stability of the tribosystem occurs, is determined by the expression:

vWb =

(
SWb

Wb(aw)

)
· 100%, (27)

The relative error of modelling the robustness of tribosystems is determined by
the expression:

eWb =

∣∣∣∣∣
Wb(exp) − Wb(s)

Wb(exp)

∣∣∣∣∣ · 100%, (28)

where Wb(exp), Wb(s) is the value of the magnitude of the external influence on the tribosys-
tem at which a loss of stability (burr or accelerated wear) occurs, which is measured during
the experiment and according to the results of the simulation.

3. The Results of the Experimental Research

The results of modelling the robustness of tribosystems and the results of the experimen-
tal testing are presented in Table 1. The purpose of the experimental research is to compare
the calculated values of the magnitude of the external influence on the tribosystem Wb(s), at
which a loss of stability occurs (burr or accelerated wear), according to formulas (24) and (25),
when RRf and RRI are equal to the unit, with the results of the experiment Wb(exp).

The nature of the change in the value of the external influence on the tribosystem in
which the loss of stability Wb(exp) for various designs of tribosystems occurs, which are
evaluated by the shape factor Kf, m−1, is presented in the first block of Table 1. Experimental
studies of the limits of the stable operation of tribosystems are performed for the tribosystem
steel 5140 + bronze C61900, and lubricating medium Ey= 3.6·1014 J/m3, (motor oil SAE 40,
API CC). The parameter Ey takes into account the tribological properties of the lubricating
medium. The technique for determining Ey is described in [41]. The sliding speed is not
changed and is equal υsl = 0.5 m/s. During the experiment, the values of the shape factor
of the tribosystem vary, Kf = 6.25–22.6 m−1. This value is obtained by changing the friction
area of the stationary triboelement. The load is increased from the initial value of 400 N,
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to the value when the tribosystem loses stability, i.e., burr or accelerated wear occur. The
initial roughness of the friction surfaces for all experimental conditions was Ra = 0.2 μm.

Table 1. The results of testing the error of modelling the range of robustness of various designs
of tribosystems.

Construction of the Tribosystem
Wb(s),
N·m/s

Wb(exp),
N·m/s

SWb,
N·m/s

vWb,
%

eWb,
%

Steel 5140 + bronze C61900, motor oil SAE 40, APICC,
Ey = 3.6·1014 J/m3, Kf = 6.25 m−1 1300 (I) * 1200 (I) * 200 16.6 8.3

Steel 5140 + bronze C61900, motor oil SAE 40, APICC,
Ey = 3.6·1014 J/m3, Kf = 12.5 m−1 1900 (I, f) * 1700 (I, f) * 300 17.6 11.7

Steel 5140 + bronze C61900, motor oil SAE 40, APICC,
Ey = 3.6·1014 J/m3, Kf = 22.6 m−1 2300 (f) * 2000 (f) * 400 20.0 15.0

Steel 5140 + bronze C61900, Kf = 12.5 m−1, hydraulic oil
HH, ISO-L-HL, (Ey = 2.43·1014 J/m3)

850 (f) * 1000 (f) * 200 20.0 15.0

Steel 5140 + bronze C61900, Kf = 12.5 m−1, motor oil SAE 40,
APICC, (Ey = 3.6·1014 J/m3)

1900 (I, f ) * 1700 (I, f ) * 300 17.6 11.7

Steel 5140 + bronze C61900, Kf = 12.5 m−1, transmission oil
SAE 120, APIGL-4, (Ey = 4.18·1014 J/m3)

2600 (I) * 2350 (I) * 350 14.8 10.6

Steel 5140 + steel5140, (RSTS(max) = 326.7 m−1),
Kf = 12.5 m−1, motor oil SAE 40, APICC, Ey = 3.6·1014 J/m3 1300 (f ) * 1150 (f ) * 250 21.7 13.0

Steel 5140 + bronze C61900, (RSTS(max) = 436.0 m−1),
Kf = 12.5 m−1, motor oil SAE 40, APICC, Ey = 3.6·1014 J/m3 1900 (I, f ) * 1700 (I, f ) * 300 17.6 11.7

Steel 5140 +brass CW723R, (RSTS(max) = 460.9 m−1),
Kf = 12.5 m−1, motor oil SAE 40, APICC, Ey = 3.6·1014 J/m3 1950 (I, f ) * 1800 (I, f ) * 300 16.6 8.3

Tribosystem No. 1: Steel 5140 + Steel 5140,
(RSTS(max) = 326.7 m−1), Kf = 6.25 m−1, hydraulic oil HH,

ISO-L-HL, (Ey = 2.43·1014 J/m3), Q0 = 1.12·1010 J/m3
650 (f ) * 800 (f ) * 150 18.7 18.7

Tribosystem No. 2: Steel 5140 + bronze C61900,
(RSTS(max) = 436.0 m−1), Kf = 12.5 m−1, motor oil SAE 40,

APICC, Ey = 3.6·1014 J/m3, Q0 = 5.5·1010 J/m3
2000 (I, f ) * 1700 (I, f ) * 300 17.6 17.6

Tribosystem No. 3: Steel 5140 + brass CW723R,
(RSTS(max) = 460.9 m−1), Kf = 14.5 m−1,transmission oil SAE

120, APIGL-4, Ey = 4.18·1014 J/m3, Q0 = 7.69·1010 J/m3
3100 (I) * 2700 (I) * 350 12.9 14.8

Notation in the table: (f) *—loss of stability according to the coefficient of friction (burr); (I) *—loss of stability
due to the appearance of accelerated wear; (I, f) *—loss of stability due to the coefficient of friction (burr) or the
appearance of accelerated wear.

With Kf = 6.25 m−1 the loss of stability for the tribosystem occurs after the appearance
of a burr. When increasing the form factor to Kf = 22.6 m−1, the loss of stability of the
tribosystem occurs after the appearance of accelerated wear.

The calculation of the error for determining the limit of the stable operation of tri-
bosystems according to formula (28) when the shape factor of tribosystems changes allows
us to confirm that the value of the error is equal to eW = 8.3–15.0%, at the coefficient of
variation vW = 16.6–20.0%. As it follows from the obtained results, an increase in the shape
factor leads to an increase in the modelling error.

The results of experimental studies on the change in the value of the external influence
on the tribosystem in which the loss of stability occurs when the tribological properties of
the lubricating medium are changed Ey is presented in the second block of Table 1.

The results are presented for the tribosystem: steel 5140 + bronze C61900; form factor
Kf = 12.5 m−1. As a factor, the following changes have been selected: hydraulic oil HH, ISO-
L-HL, (Ey = 2.43·1014 J/m3); motor oil SAE 40, API CC, (Ey = 3.6·1014 J/m3); transmission
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oil SAE 120, API GL-4, (Ey = 4.18·1014 J/m3). The sliding speed did not change and was
equal υsl = 0.5 m/s.

The calculation of the error for determining the limit of the stable operation of tri-
bosystems, when the tribological properties of the lubricating medium change, allows us
to assert that the value of the modelling error is within eW = 10.6–15.0%, at the coefficient
of variation vW = 14.8–20.0%. A greater error is inherent in the use of lubricants with low
values of tribological properties.

The results of experimental studies on the change in the value of the external influence
on the tribosystem in which the loss of stability occurs when the rheological properties
of the structure of the combined materials in the tribosystem are changed RSTS(max) are
presented in the third block of the Table 1.

The results are presented for the tribosystem: form factor Kf = 12.5 m−1. Lubricating
medium—motor oil SAE 40, API CC, (Ey = 3.6·1014 J/m3). As a factor that changes, have
been selected: steel 5140 + steel 5140, (RSTS(max) = 326.7 m−1); steel 5140 + bronze C61900,
(RSTS(max) = 436.0 m−1); steel 5140 + brass CW723R, (RSTS(max) = 460.9 m−1).

Comparing the experimental results with the results of modelling when chang-
ing the rheological properties of the combined materials in the tribosystem allows us
to affirm that the error value is within eW = 8.3–13.0%, at a coefficient of variation
vW = 16.6–21.7%. A greater error is inherent in the use of composite materials with low
values of rheological properties.

The results of experimental studies regarding the change in the value of the external
influence on the tribosystem in which a loss of stability occurs when all of the above factors
are changed, which can be considered by the Q-factor of the tribosystem Q0, are presented
in the fourth block of Table 1. The determination of the Q-factor of the tribosystem is given
in [41].

The results are presented for three tribosystems.

1. Tribosystem №1: «steel 5140 + steel 5140», (RSTS(max) = 326.7 m−1); Kf = 6.25 m−1;
lubricating medium Ey = 2.43·1014 J/m3, (HH, ISO-L-HL). The value of the Q–factor
of the tribosystem Q0 = 1.12·1010 J/m3.

2. Tribosystem №2: «steel 5140 + bronze C61900», (RSTS(max) = 436.0 m−1); Kf = 12.5 m−1;
lubricating medium Ey = 3.6·1014 J/m3, (SAE 40, API CC). The value of the Q–factor
of the tribosystem Q0 = 5.5·1010 J/m3.

3. Tribosystem №3: «steel 5140 + brass CW723R», (RSTS(max) = 460.9 m−1); Kf = 14.5
m−1; lubricating medium Ey = 4.18·1014 J/m3, (SAE 120, API GL-4). The value of the
Q–factor of the tribosystem Q0 = 7.69·1010 J/m3.

An increase in the Q-factor value of the tribosystem, which is subject to change
at the same time, impacts: the shape factor, tribological properties of the lubricating
medium, rheological properties of the combined materials in the tribosystem, the thermal
conductivity of the materials of the moving and stationary triboelements, the load, and
the sliding speed. The efficiency of tribosystems varies from values Q0 = 1.12·1010 J/m3,
(tribosystem №1), to values Q0 = 7.69·1010 J/m3, (tribosystem №3). An increase in the
Q-factor contributes to an increase in the robustness of tribosystems.

Comparing the experimental results with the simulation results when all of the above
factors are changed, makes it possible to assert that the value of the simulation error is
within eW = 14.8–18.7%, at the coefficient of variation vW = 12.9–18.7%. A bigger error is
inherent in the application of tribosystems with low Q-values.

The results of the experimental studies allow us to state that not all tribosystems lose
stability due to the appearance of burrs on the friction surfaces (according to the friction
coefficient parameter), the mark in the table (f) *. There are a few possible options, when
the loss of stability occurs due to accelerated wear of materials, a mark in the table (I) *. Or
the appearance of a burr and accelerated wear have equal value, a mark in the table (I, f) *.

The experimental data, shown in Table 1, were obtained with a load time for the
tribosystem equal to 20 s. At this value for the load time, the coefficient of change for
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the load speed corresponds to the minimum values: kd(f) = 3.42; kd(I) = 4.37, formulas (22)
and (23). When the load time is reduced, to 1 s, the coefficients increase significantly, for
example: kd(f) = 6.4; kd(I) = 7.38. The introduction of the coefficient for the change in the
load speed (22) and (23) into the calculation expressions for determining the robustness of
tribosystems (24) and (25) allows for reducing the modelling error.

4. Discussion

According to the obtained research results, it is possible to formulate a definition
of the term that characterizes the limits for the stable operation of the tribosystem—the
robustness of the tribosystem. This is a dimensionless value that corresponds to the modes
of operation of the tribosystem without damaging the friction surfaces.

Calculation of tribosystem robustness criteria RRf, formula (24), and RRI, formula (25),
makes it possible to determine the rational modes of operation of tribosystems at the stage
of design and engineering development. The operation of tribosystems in a certain range
will increase their resource and reliability.

The robustness criteria are obtained on the basis of the theory of stability of technical
systems, the foundations of which were developed by Lyapunov and can be applied to a
diverse class of tribosystem designs. Experimental studies have proven that not all designs
of tribosystems lose their stability due to the appearance of burrs on the friction surfaces.
There are structures where the loss of stability occurs after the appearance of accelerated
wear. Developed criteria RRf and RRI consider two options for the loss of stability.

The obtained results for modelling the stable operation of tribosystems and the values
of the reserve of stable operation should be used in the design of new structures. By solving
constructive, technological, and operational tasks, it is possible to obtain a rational design
of the tribosystem, which will satisfy the design tasks and will be operated in a range of
speeds and loads with a margin of robustness.

5. Conclusions

A methodical approach has been developed to determine the rational modes of opera-
tion of tribosystems, considering their design. This approach makes it possible to calculate
the limits and margin of stable operation in exploitation at the design stage, according to
the predicted operating modes.

The definition of the robustness of the tribosystem and the criteria for assessing the
robustness are formulated on the basis of the theory of stability of technical systems. It
is shown that such a methodical approach allows for determining the modes of rational
operation of the designed structures without damaging the friction surfaces. Experimental
studies have proven that not all designs of tribosystems lose their stability due to the
appearance of burrs on the friction surfaces. There are structures where loss of stability
occurs after the appearance of accelerated wear. The developed criteria consider two
variants of stability loss.

An experimental verification of the modes of loss of stability of tribosystems by the
appearance of a burr or the beginning of accelerated wear with the calculated values of
the robustness criteria was performed. The obtained results allow us to conclude that the
modelling error was within the limits of 8.3–18.7%, which is a satisfactory result in the
study of friction and wear processes.

Robustness criteria based on the coefficient of friction RRf and wear rate RRI, must be
used when projecting new designs of tribosystems. Theoretical calculations of such criteria
and the dependence of their change on changing the predicted operating modes will allow
to justify rational operating modes within the limits of their stability.
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Nomenclature

T1, T2, T3 time constants, dimension s.
K1, K2, K3 amplification factors, dimensionless values.
trun tribosystem run-in time, dimension s.
Vrun the given volume of materials of the moving and stationary triboelements of the

tribosystem, dimension m3

arun given coefficient of thermal conductivity of materials of movable ap and fixed an
triboelements, dimension m2/s.

dacs diameter of the actual spot of contact, dimension m.
nacs the number of contact spots on the friction surface
Vdef given volume of deformable surface layers, dimension m3.
.
εrun the magnitude of the rate of deformation of the surface layers of the materials of the

movable and fixed triboelements, dimension s−1.
Q0 and Qmax the initial Q-factor value of the tribosystem and the Q-factor value after run-in,

dimension J/m3.
WTR speed of dissipation in the tribosystem, dimension J/s.
Kf tribosystem form factor, dimension m−1.
RSTC(max) the maximum value of the rheological properties of the combined materials in the

tribosystem after the completion of running-in, dimension m−1.
N load on the tribosystem, dimension N.
vsl sliding speed, dimension m/s.
tl load change time, dimension s.
kd(f) coefficient of change of load speed according to the friction coefficient parameter,

dimensionless value.
kd(I) coefficient of change of the load speed according to the parameter of the wear rate,

dimensionless value.
RRf robustness of the tribosystem according to the friction coefficient, dimensionless value.
RRI robustness of the tribosystem according to the rate of wear, dimensionless value.
Wb(i), Wb(aw) the value of the magnitude of the external influence on the tribosystem at which

occurs the loss of stability (burr or accelerated wear), according to the results of the
experiment and according to the results of simulation, dimension J/s.

Ey tribological properties of the lubricating medium, dimension J/m3.
SWb root mean square deviation of values of external influence during experimental

studies, dimension J/s.
vWb coefficient of variation of measurements of external influence, at which the event of

loss of stability of the tribosystem occurs, %.
eWb relative error of modeling the robustness of tribosystems, %.
Ra initial roughness of friction surfaces, dimension μm.
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Regime of Curing of Composite Patch on Repair Process Efficiency. Polymers 2021, 13, 4342. [CrossRef]
27. Wojciechowski, Ł.; Mathia, T.G. Proposal of invariant precursors for boundary lubricated scuffing. Wear 2015, 340–341, 53–62.

[CrossRef]
28. Wojciechowski, Ł.; Wieczorowski, M.; Mathia, T.G. Transition from the boundary lubrication to scuffing—The role of metallic

surfaces morphology. Wear 2017, 392–393, 39–49. [CrossRef]
29. Pusterhofer, M.; Summer, F.; Gódor, I.; Grün, F. Cumulative damage assessment of tribological durability limits. Wear 2020,

456–457, 203318. [CrossRef]

69



Lubricants 2023, 11, 17

30. Savolainen, M.; Lehtovaara, A. An experimental approach for investigating scuffing initiation due to overload cycles with a
twin-disc test device. Tribol. Int. 2017, 109, 311–318. [CrossRef]

31. Hershberger, J.; Ajayi, O.O.; Zhang, J.; Yoon, H.; Fenske, G.R. Evidence of scuffing initiation by adiabatic shear instability. Wear
2005, 258, 1471–1478. [CrossRef]

32. Zhang, C.; Peng, B.; Gu, L.; Wang, T.; Wang, L. A scuffing criterion of steels based on the friction-induced adiabatic shear
instability. Tribol. Int. 2020, 148, 120–134. [CrossRef]

33. Wojciechowski, L.; Mathia, T.G. Focus on the concept of pressure-velocity-time (pVt) limits for boundary lubricated scuffing.
Wear 2018, 402–403, 179–186. [CrossRef]

34. Castro, J.; Sottomayor, A.; Seabra, J. Experimental and analystical scuffing criteria for FZG gears. Tribol. Ser. 2003, 43, 651–661.
[CrossRef]

35. Xue, J.-h.; Li, W.; Qin, C. The scuffing load capacity of involute spur gear systems based on dynamic loads and transient thermal
elastohydrodynamic lubrication. Tribol. Int. 2014, 79, 74–83. [CrossRef]

36. Im, K.; Avouac, J.-P. Linear stability analysis of the condition for vibration during frictional slip. J. Mech. Phys. Solids 2022,
167, 104993. [CrossRef]

37. Sui, X.; Ding, Q. Bifurcation and stability analyses for a pad-on-disc frictional system. Int. J. Non-Linear Mech. 2018, 107, 112–125.
[CrossRef]

38. Onishchenko, V. Investigation of tooth wears from scuffing of heavy duty machine spur gears. Mech. Mach. Theory 2015, 83, 38–55.
[CrossRef]

39. Parmar, A.; Ramkumar, P.; Shankar, K. Macro geometry multi-objective optimization of planetary gearbox considering scuffing
constraint. Mech. Mach. Theory 2020, 154, 104045. [CrossRef]

40. Voitov, A.V. Parametric identification of the mathematical model of the functioning of tribosystems in the conditions of boundary
lubrication. Probl. Tribol. 2021, 27, 6–14. [CrossRef]

41. Vojtov, V.; Biekirov, A.; Voitov, A. The quality of the tribosystem as a factor of wear resistance. Int. J. Eng. Technol. 2018, 7, 25–29.
[CrossRef]

42. Voitov, A.; Fenenko, K.; Fenenko, O. Simulation of change in rheological properties of structure of combined materials in
tribosystem. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1021, 012052. [CrossRef]

43. Havrylenko, Y.; Kholodniak, Y.; Halko, S.; Vershkov, O.; Bondarenko, L.; Suprun, O.; Miroshnyk, O.; Shchur, T.; Śrutek, M.;
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Abstract: In today’s fast, globalised world, lubrication has become essential in enhancing engine
efficiency, including in the marine sector. While the number of fishing vessels increased, so did the
environmental pollution issues, due to inefficient engines. An outboard engine oil’s tribological,
oxidation and thermal conductivity behaviour play a crucial role in improving the quality of an
outboard engine’s life. In this research, Ti3C2Tx MXene nanoparticles with different interlayer spacing
were synthesised via an advanced microwave–hydrothermal approach. Later, the nanoparticles were
dispersed in TC-W outboard engine oil to formulate the Ti3C2Tx MXene nanolubricant with different
concentrations. The results show that nanolubricant with a 0.01 wt.% Ti3C2Tx MXene concentration
with higher interlayer spacing reduced the coefficient of friction, and the average wear scar diameter
by 14.5% and 6.3%, respectively, compared to the base oil. Furthermore, the nanolubricant with a
0.01 wt.% concentration of the Ti3C2Tx MXene nanoparticle showed an improvement of 54.8% in
oxidation induction time compared to the base oil. In addition, MXene nanolubricant established a
more than 50% improvement in thermal conductivity compared to the base oil.

Keywords: MXene; tribology; nanolubricant; oxidation; thermal conductivity

1. Introduction

The rapidly expanding numbers of engine-powered fishing vessels, seafood industries
and sea transport in international trade have resulted in a rise in the use of marine engines,
which reward the world with beneficial effects on economic growth [1]. However, the
offering does not come empty-handed, and there is a high price we have to pay. Human
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health, aquatic life, and the air and marine environment have all been compromised due to
the poisonous emissions from inefficient marine engines and lubricants [1–4]. Therefore,
improved marine engine oil is extremely important for enhancing engine performance
and efficiency. Enhancing marine lubrication is expected to reduce wear and friction,
extend the life of the mechanical components, increase fuel efficiency, and lower emissions.
Furthermore, improved lubrication protects health and the environment, especially for
populations living near ports and coasts, including aquatic species, in agreement with the
United Nations Sustainable Development Goals (SDGs); in particular, for SDG 14, which is
focused on “Life Below Water,” it is crucial to explore innovative solutions that can mitigate
marine pollution and promote sustainable practices, as well as SDG 13, climate action,
SDG 14, underwater life and SDG 15, life on land [5].

Researchers have shifted their focus onto harnessing nanomaterials to enhance tradi-
tional lubricants and optimise engine performance, due to the rapid growth of nanotech-
nology. It is feasible to improve lubrication, boost fuel efficiency, and extend engine life
by introducing nanotechnology nanoparticles into the outboard engine oil and ultimately
contribute to reducing marine pollution [6,7]. Nanolubricants are specially engineered at
the nanoscale, allowing them to offer enhanced lubricating properties compared to conven-
tional lubricants. These nanoscale additives possess unique characteristics that minimise
friction and wear between engine components [8–10]. By reducing friction, nanolubricants
help optimise the engine’s mechanical efficiency, improving fuel economy and reducing
emissions. In addition to their superior lubricating properties, nanolubricants exhibit
enhanced thermal stability. The nanoscale structure of these lubricants enables better heat
dissipation, reducing the risk of thermal degradation and maintaining optimal operating
temperatures within the engine [11,12]. This improved thermal stability translates to more
efficient engine performance and longevity.

Nanotechnology is the manipulation and control of materials at the nanoscale level,
which is generally between 1 and 100 nanometres. Materials have distinctive character-
istics at this size that differ from their bulk counterparts. The capacity to manufacture
nanoparticles with specific properties and functions has opened up new possibilities for
improving lubricants in various applications [13]. The incorporation of nanoparticles into
engine oil has various prospective benefits. Firstly, nanoparticles can minimise friction
between moving engine parts by generating a protective coating that lowers metal-to-metal
contact, thus reducing wear and tear [14,15]. Additionally, these nanoparticles can improve
thermal conductivity, allowing for improved heat dissipation and lower operating tem-
peratures. This characteristic is especially important for outboard engines used in harsh
maritime conditions. Furthermore, the unique physicochemical features of nanoparticles
can improve the engine oil’s detergency and dispersibility, boosting its capacity to remove
and suspend pollutants [16].

Furthermore, emerging research suggests that incorporating 2D MXene additives
into marine engine oils holds great potential in addressing tribological problems [17]
and significantly reducing pollution. MXenes are two-dimensional (2D) materials with
layered transition metal carbides, nitrides, or carbonitrides. These 2D materials are typically
prepared by etching initial materials known as MAX phase, represented by the generalised
formula Mn+1AXn. Here, “M” stands for the transition metals, “A” is an element from
group 12 to 16 of the periodic table, “X” can be either carbon (C) or nitrogen (N), while
“n” in this formula can range from 1 to 3 [18–21]. Ti3C2Tx MXene, in particular, has
received a lot of interest in recent years due to its exceptional features, including strong
electrical conductivity, thermal stability, and excellent mechanical strength [22,23]. These
properties make it an intriguing choice for adding to engine oil in order to improve
lubrication and reduce engine friction. Dispersing Ti3C2Tx MXene nanoparticles into
engine oil has many potential advantages [24]. These nanoparticles can build a strong
protective coating on the engine surfaces, minimising friction and wear between moving
parts. The Ti3C2Tx MXene’s peculiar 2D structure helps it to adhere tightly to surface
imperfections, encouraging improved lubrication and lowering the risk of surface damage.
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Furthermore, MXenes’ excellent thermal conductivity allows for effective heat dissipation,
which aids in temperature management and prevents excessive engine overheating [25,26].
The Ti3C2Tx MXene nanoparticles also have intrinsic tribological qualities, such as strong
load-bearing capacity and good anti-wear capabilities. Their inclusion in engine oil can
result in lower frictional losses, increased fuel economy, and a longer engine life [27].

Until recently, various synthesis approaches have been developed to achieve MXene
production. Conventional wet-chemical etching at room temperature, involving hazardous
HF etchant, offers a simple and accessible method but a toxic handling environment, and
lacks control over morphology and homogeneity [28,29]. Hydrothermal and solvothermal
heating methods enable the formation of crystalline MXenes at controlled temperatures and
offer versatility, but they require specialised equipment and longer reaction times [30–32].
On the other hand, the electrochemical process provides precise control over MXene proper-
ties, but is limited to precursor materials stable under electrochemical conditions [33]. While
the minimal intensive layer delamination (MILD) synthesis approach offers safer handling
conditions and well-delaminated MXene sheets with preserved morphology, the formation
of MXene sheets can be relatively slow, leading to extended synthesis durations [28,34].
Notably, the microwave-assisted hydrothermal method presents a compelling advantage
in the characterisation of MXenes [34,35]. By utilising microwave irradiation during the
hydrothermal synthesis, this method offers rapid synthesis times, improved crystallinity,
enhanced homogeneity, and controlled morphology of the resulting MXenes [34,36–38].
According to Numan et al. [34], using microwaves together with the hydrothermal method
facilitates the efficient energy transfer and heating of the reaction mixture, promoting the
formation of high-quality MXene layers. Unlike the conventional hydrothermal method,
the microwave-assisted hydrothermal technique combines heat from microwave irradi-
ation and the hydrothermal process, providing a short heating time and reducing heat
losses [39,40]. Furthermore, the rapid synthesis and low operating temperature of the
microwave-assisted hydrothermal method, which is from 35 to 200 ◦C [35], hinders the
exposure of MXene to long and high heating temperature, which possibly increases the
tendency of oxidation, as in the hydrothermal approach.

This work adopted a novel method to synthesise Ti3C2Tx MXene nanoparticles with
a variable interlayer spacing, utilising an advanced microwave-hidrothermal synthesis
platform which significantly decreased synthesis time and energy consumption. This study
aims to examine and understand the underlying process by which the addition of Ti3C2Tx
MXene improves base oil performance. Various characteristics, such as the coefficient of
friction (COF), average wear scar diameter (WSD), oxidation induction time (OIT), and
thermal conductivity, were carefully investigated to attain this aim. The ultimate goal is
to understand better the impacts of Ti3C2Tx MXene additions on engine oil behaviour,
which might lead to new high-performance lubricants. Using Ti3C2Tx MXene additives,
the findings of this study will provide essential insights into the performance enhancement
of engine oil, which demonstrate great promise in mitigating tribological problems and
overcoming pollution challenges. Through concerted efforts and interdisciplinary research,
we can pave the way for a cleaner and more sustainable future for our marine ecosystems.

2. Materials and Methods

2.1. Materials

Materials used to prepare the MXene powder included titanium aluminium carbide
(Ti3AlC2, Mesh 400, 99.9%) purchased from Xiamen Tob New Energy Technology Co., Ltd.,
Xiamen City, Fujian Province, China, hydrochloric acid, HCl (37% v/v, Merck, Rahway, NJ,
USA), lithium fluoride, LiF (300 mesh), and ethanol (96%) purchased from Sigma Aldrich,
Petaling Jaya, Selangor, Malaysia. The lubricant oil used was outboard engine oil with
certified TC-W specifications by National Marine Manufacturers Association, NMMA. All
chemicals were of analytical grade and were used without further purification.
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2.2. Synthesis of Ti3C2Tx MXene

Ti3C2Tx MXene was synthesised using an advanced microwave hydrothermal synthe-
sis platform (Milestone, flexiWAVE, Sorisole (BG), Italy). Ti3C2Tx MXene was produced
in situ HF by combining LiF and HCl. A total of 2.5 M LiF was added and dissolved in
10 mL of 6 M and 9 M concentrated HCl in a Teflon tube to prepare a 6 M-Ti3C2Tx MXene
and 9 M-Ti3C2Tx MXene, respectively. A total of 0.5 g of MAX phase was progressively
added to the LiF/HCl solution, to avoid risky exothermic reactions. The mixture was then
magnetically stirred for 30 min, followed by 30 min of sonication. The combined solution
was then transferred into an advanced microwave hydrothermal for time-effective etching.
Using an advanced microwave-assisted hydrothermal approach, synthesis was carried
out at 30 ◦C with a reaction time of 10 min. Figure 1 shows the illustration of Ti3C2Tx
MXene synthesis via advanced microwave–hydrothermal synthesis. When the reaction was
completed, the acidic mixture was washed and rinsed a few times with deionised water
and ethanol, before being centrifuged for 5 min at 5000 rpm using a Sartorius centrifuge
(Goettingen, Germany). The supernatant was discarded, and the washing process was
repeated until a stable black MXene colloidal solution was attained. The MXene solution,
which is devoid of the aluminium layer and any subsequent products, was then taken as
pure MXene. After that, this solution was applied to the MXene layer’s delamination or
opening process. In order to obtain the MXene powder, a freeze dryer was used to carry out
the freeze-drying process. The synthesis methodology has been adopted from our previous
work [34,41].

Figure 1. Schematic illustration of Ti3C2Tx MXene synthesis via advanced microwave–
hydrothermal synthesis.

2.3. Characterisation

The phase structure and crystallinity of as-synthesised 6 M-Ti3C2Tx MXene and 9 M-Ti3C2Tx
MXene nanosheets were analysed using an X-ray diffractometer (XRD, BRUKER D8 advance)
with Cu Kα radiation (U = 40 kV, I = 30 mA, and λ = 0.154 nm). The 2θ-degree patterns
were observed between 5 and 80◦ at a 5◦/min scanning rate. Energy-dispersive X-ray spec-
troscopy (EDX, Quanta 400F, Cambridge, MA, USA) was used to determine the elemental
composition of the MXene. The morphology characterisation of Ti3C2Tx MXene nanosheets
was examined utilising field emission scanning microscopy (FESEM, ZEISS SUPRA 55VP).
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2.4. Formulation of Ti3C2Tx MXene Nanolubricant

The nanolubricant samples were formulated by dispersing 0.005 wt.%, 0.01 wt.%, and
0.05 wt.% as-synthesised 6 M-Ti3C2Tx MXene and 9 M-Ti3C2Tx MXene powder in 100 mL
TC-W certified outboard engine oil by NMMA. In order to ensure homogenised dispersion
of nanoparticles and obtain stability, oil samples were subjected to sonication using a water
bath sonicator for 30 min and further homogenised for 10 min utilising a high shear lab
mixer. For each concentration, three samples were prepared and repeatedly measured to
minimise the errors and inconsistencies, ensure reliability and maintain quality control.

2.5. Physiochemical Characterisation of Ti3C2Tx MXene Nanolubricant

A stability test was conducted using Zeta Potential (Malvern Zetasizer 3000HSA)
for each oil sample, to ensure the stability of Ti3C2Tx MXene nanolubricant and no MX-
ene flocculation build-up in the oil. A viscometer (Viscometer SWM 3000, Anton Paar,
Graz, Austria) was utilised to measure the density, kinematic viscosity, and viscosity in-
dex of the formulated 6 M-Ti3C2Tx MXene and 9 M-Ti3C2Tx MXene nanolubricant. The
kinematic viscosity of the oil samples was measured at temperatures of 40 ◦C and 100 ◦C.
Kinematic viscosity in the present study was calculated according to Equation (1):

v =
μ

ρ
(1)

where ν, μ and ρ represent kinematic viscosity, dynamic viscosity and density, respectively.
The viscosity index (VI) is the rate of viscosity change as a function of temperature. In
essence, VI is necessary to determine whether the lubricant satisfies the asset’s requirements,
depending on the operating temperature range. The VI was determined according to the
standard ASTM D2270 and calculated using Equation (2):

VI =
L − U
L − H

× 100 (2)

where U denotes the oil’s kinematic viscosity at 40 ◦C, whereas L and H are the reference
oil’s kinematic viscosities at 40 ◦C and 100 ◦C, respectively, as determined by ASTM D2270.

2.6. Four-Ball Tribotesting of Ti3C2Tx MXene Nanolubricant

The tribological testing was conducted using a four-ball tribometer (DUCOM), fol-
lowing standard testing ASTM D 4172, to investigate the friction and wear properties of
nanolubricant with different Ti3C2Tx MXene concentrations. The temperature used was
75 ◦C, the rotational speed was 1200 rpm, and the applied load given to the other three balls
was 392.5 N. The test was performed for 3600 s. Carbon–chromium steel balls were used
in this test. Table 1 shows the mechanical properties of the balls used. After the testing,
the image of the wear scar on the metal balls was analysed using field emission scanning
electron microscopy and energy-dispersive X-ray spectroscopy (FESEM and EDX, Quanta
400F, Cambridge, MA, USA). The mechanical properties of the carbon-chromium steel balls
used in the test are shown in Table 1.

The coefficient of friction was calculated using Equation (3):

μ = 2.22707
τ

ρ
(3)

where μ represents the coefficient of friction, τ denotes the average frictional torque in
kg-cm, and ρ is the load applied while performing the tribotest.
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Table 1. Mechanical properties of the carbon-chromium steel ball-bearing used in four-ball tribotesting.

Mechanical Properties Value

Hardness (H) 1 HRC
Density (ρ) 7.79 gm/cm3

Surface roughness (Ra) 0.22

2.7. Oxidation Analysis of Ti3C2Tx MXene Nanolubricant

MXene nanolubricants and outboard engine oil samples were measured to determine
their oxidation induction time (OIT). The differential scanning calorimetry (DSC) method,
following standard procedure ASTM 6186, was utilised to study the oxidative stability
of nano marine oil. The tests were conducted using high-pressure differential scanning
calorimeters (HP-DSC 250, from TA Instrument, Cheshire, UK). In this experiment, oxygen
pressure was set and maintained at 200 psi throughout the experiment. A total of 3 mg of
each sample was inserted into a standard aluminium pan as a test cell, while an empty pan
was used as a reference. Both were used for oxidation testing and placed in a DSC cell. The
DSC lid was closed, and oxygen was purged into the system until the pressure reached
200 psi. In the isothermal procedure, the measurements were performed at a temperature
of 185 ◦C for 70 min. The DSC curve appeared in the form of exothermic heat flow during
the initial state of the oxidation reaction, indicating the oxidation process. The oxidation
induction time, which is the time required to begin the oxidation process of a sample,
was determined from the DSC curve. Based on this curve, the point of intersection of the
extrapolated baseline and the tangent line, which is the leading edge of the exothermal
peak, represented the OIT.

2.8. Thermal Conductivity Analysis of Ti3C2Tx MXene Nanolubricant

The good thermal conductivity of lubricating oil is the key to the excellent performance
of the lubricating oil. The thermal conductivity of lubricating oil samples with different
concentrations of Ti3C2Tx MXene was evaluated using laser flash analysis, LFA HyperFlash,
NETZSCH, Germany. In this experiment, samples were filled into the sample ring evenly.
Before the sample holder components were assembled, the top and bottom sealing discs
were sprayed with graphite to promote absorption. The sample was then subjected to laser
flash analysis, LFA. Heating was applied from room temperature to 100 ◦C at a rate of
10 ◦C/min. The experiment was conducted in a nitrogen atmosphere.

3. Results and Discussions

3.1. Chemical and Structural Characterization of Nanomaterials

The phase structure, crystallinity, morphology and elemental composition of bulk
MAX phase precursor and as-synthesised 9 M-Ti3C2Tx MXene, as well as 6 M-Ti3C2Tx
MXene nanosheets, were characterised by XRD, FESEM, and EDX; these are presented
in Figure 2. The XRD patterns in Figure 2A were observed to validate the formation
of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene from MAX phase Ti3AlC2. The XRD
result evidently exhibits that the Ti3C2Tx MXene is effectively attained from the etching
and exfoliating of the MAX phase through advanced microwave-assisted hydrothermal
synthesis. The XRD data for the MAX phase diffraction (002), (004), (101), (103), (104),
(105), (109), and (110) planes are observed at 9.7◦, 19.2◦, 34.1◦, 39.0◦, 41.9◦, 56.5◦, and 60.4◦,
respectively, consistent with the standard (JCPDS No.52-0875). After going through the
advanced microwave–hydrothermal synthesis, most of the sharp peaks at Ti3AlC2 almost
disappeared, and a sharp diffraction peak at 9.64◦ 2θ, corresponding to the (002) diffraction
plane, are gradually shifted from 9.64◦ to 6.13◦ and 6.54◦ for 9 M-Ti3C2Tx MXene and 6 M-
Ti3C2Tx MXene, respectively. The (002) plane broadened and shifted towards a lower angle,
suggesting that the grain size reduced and the nanosheet spacing of MXene increased, in
agreement with the previous literature [34,42]. According to the Bragg formula, the c-lattice
parameters for 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene are about 24.73 Å and 22.10 Å,
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respectively. The result indicates that, with higher HCl concentration, in this case 9 M, more
H+ ions are provided by HCl to react with fluoride salt to form HF. Sufficient HF eases
the etching of Al and expands the interlayer spacing between MXene sheets easily [43].
Furthermore, a higher amount of H+ in 9 M HCl promotes hydrophilicity. H+ attracts
more water molecules to intercalate between MXene nanolayers during etching, resulting
in an increased expansion of interlayer spacing compared to the lower concentration of
HCl. Figure 2B,C,F depict the morphological structure of MAX phase Ti3AlC2, 9 M-Ti3C2Tx
MXene and 6 M-Ti3C2Tx MXene, respectively, after going through etching and exfoliation
with HCl/LiF via advanced microwave-assisted hydrothermal synthesis. In Figure 2B, the
bulk MAX phase precursor Ti3AlC2 microstructure shows a solid and stacked multilayer
nanosheet structure. In contrast, in Figure 2C,F, crumpled MXene sheets can be seen,
signifying the exclusion of the Al element from packed MAX layers throughout the etching
and exfoliation. The result demonstrates an effective formation of thin layers of 2D MXene
nanosheets using an advanced microwave-assisted hydrothermal approach. The elemental
mapping of both MXenes in Figure 2D,G shows the uniform spatial distribution of Ti, C,
F, Cl, O, and Al. To validate the XRD and FESEM result, the EDX elemental spectrum in
Figure 2E,H demonstrates that both MXene samples contain Ti, C, F and a small amount of
O, Cl, and Al elements. The EDX analysis verifies the formation of MXene and the removal
of most Al elements from the MAX phase.

Figure 2. Structural characterisation of as-synthesised Ti3C2Tx MXene. (A) XRD diffractogram
of MAX phase, 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene. (B) FESEM micrographs of MAX
phase. (C) FESEM micrographs of 9 M-Ti3C2Tx MXene. (D) 9 M-Ti3C2Tx MXene corresponding EDX
elemental mapping. (E) Elemental composition of 9 M-Ti3C2Tx MXene calculated from EDX analysis.
(F) FESEM micrographs of 6 M-Ti3C2Tx MXene. (G) Corresponding EDX elemental mapping of
6 M-Ti3C2Tx MXene. (H) EDX spectra of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene, respectively.

3.2. Physiochemical Characterisation of Nanolubricant

The zeta potential measures the strength of the electrokinetic potential, such as the
attractive and repulsive interactions between particles suspended in a dispersion [44,45].
The size of the zeta potential value will determine whether the dispersion is relatively
stable. The larger the absolute magnitude of the zeta potential, the stronger the dispersion
will resist aggregation, resulting in a more extended period of stability. On the other hand,
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the dispersion is more likely to coagulate, and its stability time is shortened when the
absolute value of the zeta potential is closer to 0 mV. Figure 3A explains the stability ranges
of the zeta potential. For zeta potential values between 0 and ±5 mV, the dispersed phase
strongly tends to agglomerate; for values between ±10 and ±30 mV, an incipient instability
is indicated; for values between ±30 and ±40 mV, moderate stability is identified; for
values between ±40 and ±60 mV, good stability is specified; and for values higher than
±61 mV, excellent stability is signified. Thus, nanolubricant stability is significantly affected
by their electrokinetic properties. Due to the strong repulsive forces exerted by the high
surface charge density, the probability of flocculation is reduced [45–47].

Figure 3. (A) Schematic illustration explaining stability and zeta potential ranges. (B,C) The zeta
potential of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene nanolubricants before 14 days, after 14 days,
and after 30 days.

Figure 3B shows the zeta potential of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene
nanolubricant before 14 days, after 14 days, and after 30 days. In this study, the zeta poten-
tial of MXene nanolubricant dispersion shows >61 mV, presenting the excellent stability
of both 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene, regardless of the concentration,
before and after 14 days. However, the stability of MXene nanolubricant deteriorates after
30 days, where zeta potential is less than 30 mV, indicating coagulation of MXene nanopar-
ticles occurred after one month. It is also observed that the zeta potential value almost
linearly decreased with Ti3C2Tx MXene concentration. This suggests that there is restricted
nanoparticle mobility at higher concentrations, which inhibits the building of the energy
barrier and causes particle agglomeration and sedimentation. In other words, the stearic
repulsion between nanoparticles rises with concentration, causing them to aggregate and
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reduce the zeta potential value. According to Said et al. [44], when particle concentration
rises, the average static surface-to-surface spacing decreases, which causes the particle to
cluster. Thus, high spacing between the particles for 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx
MXene would be ineffective.

Figure 4 presents the kinematic viscosity of MO, 9 M-Ti3C2Tx MXene, and 6 M-
Ti3C2Tx MXene nanolubricants tested at 40 ◦C and 100 ◦C. The results show a trend
of reduction in kinematic viscosity when the temperature rises. With the increment in
temperature, the thermal energy induces higher kinetic energy towards molecules, which
causes rapid and mobile movement. The attractive binding energy between the molecules
decreases, significantly reducing the kinematic viscosity [11,48]. Therefore, the kinematic
viscosity findings show that MXene nanoparticles assist in modifying the viscosity of the
nanolubricant when the temperature changes. In addition, the kinematic viscosity shows
little increase after adding different concentrations of MXene nanoparticles. There are
no significant changes between the kinematic viscosity of 9 M-Ti3C2Tx MXene and 6 M-
Ti3C2Tx MXene nanolubricants, due to minimal differences in interlayer spacing of MXene
nanosheets, which is considered a negligible factor influencing the kinematic viscosity of
the lubricant. Thus, the reduction in kinematic viscosity suggests that MXene nanoparticles
work as an increasing catalyst as the concentration of MXene increases, regardless of the
size of the c-lattice parameter.

Figure 4. Kinematic viscosity at 40 ◦C and 100 ◦C of (A) 9 M-Ti3C2Tx MXene nanolubricant and (B) 6
M-Ti3C2Tx MXene nanolubricant.

Furthermore, the demand for engine oils with higher fuel-saving efficiency has been
driven by the need to reduce CO2 emissions from marine transportation. The implemen-
tation can be anticipated by developing an engine oil with a high viscosity index (VI).
In general, engine oils become more viscous at lower temperatures, increasing engine
drag. High VI reduced oil viscosity at lower temperatures, improving fuel-saving effi-
ciency. Figure 5 exhibits the variation in viscosity index with different concentrations of 9
M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene nanolubricants. Figure 5 reveals that adding
0.01 wt.% of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene elevated the VI of base oil by
1.14% and 0.76%, respectively. Compared to base oil, MXene nanolubricants show slightly
higher VI, which offers low viscosity change at varying temperatures, improved thinning
resistance, and preserved protective oil film strength under high pressure and temperature.
This finding demonstrates that using MXene nanoparticles in outboard engine oil poten-

79



Lubricants 2023, 11, 264

tially enhances the viscosity index and increases engine oil preference for high-temperature
use.

Figure 5. Viscosity index of the nanolubricant with 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MX-
ene nanolubricant.

3.3. Tribological Analysis of Ti3C2Tx MXene Nanolubricant

As is well known, adding excessive or insufficient nano-additives with the ideal
interlayer spacing of MXene can cause lubricating oil performance to be compromised.
The coefficient of friction (COF) and average wear scar diameter (WSD) of MXene nanolubri-
cant with different interlayer spacing and concentrations of Ti3C2Tx MXene nanoparticles
in outboard engine oil are therefore used to determine the optimal interlayer spacing and
concentration. The results are shown in Figure 6. As depicted in Figure 6A, the COF of
the base oil is 0.1252. The COF first decreased when 9 M-0.005 wt.% and 9 M-0.01 wt.% of
MXene were added to the base oil. Nanolubricant with 9 M-0.005 wt.% of Ti3C2Tx MXene
contains an adequate number of nanoparticles to promote formation of a protective layer
between the mating surfaces. Building a tribofilm comprised of nanosheets helps mitigate
the friction caused by the slippage of the individual layers of nanosheets [49]. Further
addition of MXene concentration, 9 M-0.01 wt.%, shows a significant decrement of COF,
possibly attributed to the optimal amount of nanosheets to form a homogenous tribofilm
during sliding and deformation of individual nanosheets, which results in a reduction in
friction between mating surfaces. However, the COF started to increase when the concen-
tration reached up to 9 M-0.05 wt.%, which can be attributed to the flocculation of Ti3C2Tx
MXene nanoparticles, dramatically expanding the nanoparticle size. Consequently, the
nanoparticles cannot enter the tiny space between the friction contact, leading to higher
COF [8,49,50].

It should be noted that adding 6 M-Ti3C2Tx MXene, with lower interlayer spacing, into
base oil exhibits the same COF reduction trend, with an insignificant percentage of COF
decrement (less than 10%). This may be due to deficient interlayer spacing to facilitate lower
shear strength, which promotes better lubricity to reduce friction, compared to 9 M-Ti3C2Tx
MXene nanoparticles with higher interlayer spacing. On the other hand, 6 M-0.01 wt.%
Ti3C2Tx MXene nanolubricant also demonstrates the highest improvement in COF amongst
other 6 M concentrations, suggesting that 0.01 wt.% of MXene is the optimal amount to
establish a uniform tribolayer between mating surfaces. Overall, MXene additive nanolu-
bricants with varying concentrations and interlayer spacing assist in reducing COF and
wear, showing potential as an anti-friction and anti-wear agent. In evaluation with other
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reported studies, a comparison table showing our results and the tribological performance
of other nanomaterials is attached in Appendix A.

Figure 6. (A) The coefficient of friction of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene nanol-
ubricants. (B) The average wear scar diameter of 9 M-Ti3C2Tx MXene and 6 M-Ti3C2Tx MXene
nanolubricants.

Figure 6B presents the average wear scar diameter (WSD) with varying MXene ad-
ditive concentrations in outboard engine oil. The WSD of the ball without any addition
of MXene additive is 818 μm. Figure 6B shows that 0.005 wt.%–0.05 wt.% of 9 M-and
6 M-Ti3C2Tx MXene additive dispersed in outboard engine oil improved WSD from 0.6%
to 6.3% in comparison with base oil, while higher improvement in WSD is shown by
9 M-Ti3C2Tx MXene nanolubricant compared to 6 M-Ti3C2Tx MXene nanolubricant; how-
ever, no significant difference in WSD reduction associated to the variation in interlayer
spacing. The result also demonstrates 0.01 wt.% 9 M-Ti3C2Tx MXene additive establishes
the lowest average WSD. The decrease of WSD of 0.01 wt.% 9 M-Ti3C2Tx MXene is at-
tributed to the forming of a thin lubricating layer between the contact surfaces, which helps
minimise contact pressure and frictional torque [47]. Furthermore, the occurrence of the
mending effect can promote the reduction in the average WSD. This effect occurs when the
2D nanoparticles accumulate and deposit in the tiny cracks and ridges of mating surfaces,
smoothing them out and lowering the average WSD. This mechanism and result are in
agreement with former studies [8,41,51,52].

These findings were further confirmed with FESEM and EDX analyses on the steel
ball surface, as shown in Figure 7. In Figure 7A, the surface of the ball bearing with base oil
with no addition of MXene shows darker concentric grooves, indicating a deeper furrow.
The lowest WSD was chosen to compare with the WSD of a non-additive nanolubricant. In
Figure 7B, with 0.01 wt.% 9 M-Ti3C2Tx MXene additive, the scar under FESEM observation
appears to be brighter, representing a shallower furrow. Bright and smooth wear tracks
appeared when the lubricant with Ti3C2Tx MXene nanoparticles was mixed, demonstrating
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a reduction in the contact surfaces between the steel balls. It is hypothesised that MXene
nanosheets can easily slide and infiltrate the oil surface due to their two-dimensional
structure. Additionally, nanosheets offer a continuous layer on sliding surfaces because of
their excellent contact adherence. This behaviour is associated with the mending property
of Ti3C2Tx MXene. The nanoparticles repair the scratched and worn surfaces by being
deposited into worn surfaces, while building a protective layer to eliminate direct contact
between the two contact surfaces, minimising the wear scar diameter. The adherence of
Ti3C2Tx MXene nanoparticles on the cracks assists in a reduction in the depth of the grooves,
as evidenced in Figure 7D by the presence of Ti element in the EDX elemental spectrum
of the scar on the steel ball. In comparison, no Ti element was observed on the steel ball
scar with the base oil lubricant in Figure 7C. The experimental tribological results above
suggest that, with an optimal concentration of 0.01 wt% Ti3C2Tx MXene in the outboard
engine oil, COF and WSD can be significantly improved.

Figure 7. FESEM images of wear scar diameter with (A) base oil and (B) 9 M-0.01 wt.% MXMO. EDX
elemental spectra of the wear scar with (C) base oil and (D) 9 M-0.01 wt.% MXMO.

According to the previous study, the development of tribofilm and the mending effect
is the fundamental mechanism for reducing frictional wear in the case of Ti3C2Tx MXene
nanolubricant. The two-dimensional plane structure of Ti3C2Tx MXene allows it to glide
between the oil surface easily. Furthermore, when the concentration of Ti3C2Tx MXene
grows, it will agglomerate and precipitate, increasing wear and friction between mating
surfaces. The wear process of Ti3C2Tx MXene nanosheets is related to the segregation
of interlayers into different layers [53,54] due to reduced van der Waals or Coulombic
repulsive interactions at contact points. Thus, a higher interlayer spacing with lower van
der Waals interaction easily disintegrated into individual layers and quickly adhered to
the worn surface, promoting better lubricity to the contact surface, resulting in higher
improvement in COF and wear compared to Ti3C2Tx MXene with lower interlayer spacing,
as supported by the previous literature [55]. Thus, the findings show that adding Ti3C2Tx
MXene to the lubricant substantially enhances its tribological properties.
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3.4. Oxidation Analysis of Ti3C2Tx MXene Nanolubricant

High loads and temperatures and continuous air contact are the main contributors to
the oxidation of lubricants in the transportation industries, including marine transportation.
Oxidation accelerates the degradation of base oils and additives, decreasing their efficiency,
performance, and life expectancy. Figure 8 displays the oxidation induction time (OIT) of
9 M-Ti3C2Tx MXene nanolubricant since 9 M-Ti3C2Tx MXene nanolubricant consistently
shows better physiochemical and tribological properties compared to 6 M-Ti3C2Tx MXene
nanolubricant. The results show OIT enhancement by adding 9 M-Ti3C2Tx MXene to the
outboard engine oil. Compared with base oil, the OIT improves by 35.1%, 54.8% and
30.1% for 0.005 wt.%, 0.01 wt.% and 0.05 wt.%, respectively. Amongst other concentra-
tions of nanolubricant formulation, the nanolubricant with 0.01 wt.% 9 M-Ti3C2Tx MXene
nanoparticles was found to enhance theOIT by the most suggesting that this concentration
is the optimal concentration of MXene additive in the outboard engine oil, which offers the
anti-oxidation effect that can expand lubricant service lifespan.

Figure 8. The oxidation induction time (OIT) of nanolubricants with different MXene concentrations.

3.5. Thermal Conductivity Analysis of Ti3C2Tx MXene Nanolubricant

In order to reduce the heat generated by the moving components of an engine and
overcome mechanical fatigue, a good lubricant is required to possess a high level of thermal
conductivity [12]. The thermal conductivities of Ti3C2Tx MXene with TC-W certified out-
board engine oil samples for different concentrations are plotted in Figure 9A as a function
of temperature from 40 ◦C to 100 ◦C. The influence of concentration and temperature on
the thermal conductivity of Ti3C2Tx MXene nanolubricant was analysed. The standard
deviations for the thermal conductivity of the samples are ±0.002. The result shows that the
thermal conductivity of Ti3C2Tx MXene nanolubricant samples almost linearly increased
with Ti3C2Tx MXene concentration from 0.005 wt.% to 0.05 wt.% in engine oil. The high
concentration of Ti3C2Tx MXene dramatically increases with the content of Ti3C2Tx MX-
ene nanoparticles in the oil sample. The sample of oil with 0.05 wt.% of Ti3C2Tx MXene
exhibits the maximum thermal conductivity, which is 0.14 W/m K at 40 ◦C, and increases
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to 0.28 W/m K at 100 ◦C, with 59% and 69.7% of thermal conductivity enhancement,
respectively, as shown in Figure 9B. With higher concentrations of MXene and uniformly
dispersed ultra-high thermal conductivity nanoparticles, the nanoparticles are easily con-
nected with each other to enhance heat dissipation. In other words, the molecular collisions
between the base oil and more nanoparticles led to higher thermal conductivity. [49,56,57].
In addition, Ti3C2Tx MXene nanosheets offer a high aspect ratio due to the size and layer
morphology, which provide an increased contact interface to improve the thermal conduc-
tivity of lubricants with a higher amount of MXene nanoparticles [12,48]. Furthermore, the
improvement in thermal conductivity of Ti3C2Tx MXene nanolubricant is associated with
the vast basal plane of Ti3C2Tx MXene sheets present in outboard engine and the intense
heat conductivity across the basal plane of Ti3C2Tx MXene nanoflakes [58,59]. These planes
have a high density of delocalised electrons, and can transfer heat quickly and efficiently
through the material, which significantly improves the thermal conductivity of Ti3C2Tx
MXene nanolubricant.

Figure 9. (A) Thermal conductivity of Ti3C2Tx MXene with outboard engine oil as a function of
temperature for the varying MXene concentrations of 0.005, 0.01, and 0.05 wt.%. (B) Percentage of
thermal conductivity enhancements of Ti3C2Tx MXene with outboard engine oil as a function of
temperature for different concentrations.

Figure 9 shows that thermal conductivity also increases with temperature elevation.
The molecules in base oil obtain a high-velocity vibration as the temperature rises. Dispers-
ing Ti3C2Tx MXene nanoparticles in outboard engine oil also induces a random collision;
striking and hitting nanoparticle surfaces causes the Brownian motion effect. Under the
high-temperature condition, the Ti3C2Tx MXene nanoparticles gain more energy, and the
Brownian motion effect becomes more intense, which results in a fascinating phenomenon
known as thermophoresis [49,59,60]. Thermophoresis is the movement of particles brought
on by a temperature gradient in the fluid. Brownian motion and thermophoresis both
promote particle collision, though thermophoresis may sometimes have a more substantial
impact. These particle collisions often result in an increase in thermal conductivity.

It is also worth noting that, at low temperatures, the lubricant’s viscosity is higher,
which can limit the mobility of the Ti3C2Tx MXene nanosheets in the lubricant. This can
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decrease the effect of Brownian motion and the lubricant’s thermal conductivity because
the Ti3C2Tx MXene nanoparticle transport between the MXene layers is decelerated. As
the temperature increases, the lubricant’s viscosity decreases, allowing for greater mobility
of the Ti3C2Tx MXene nanosheets. This leads to an increase in the thermal conductivity of
the lubricant attributed to the high Brownian motion effect [61–63].

4. Conclusions

The current work has effectively established Ti3C2Tx MXene nanoparticles as a po-
tent anti-friction, anti-oxidant, and excellent thermal conductor additive with improved
tribological, oxidation, and thermal conductivity performance in outboard engine oil. In
the tribological analysis, nanolubricant with 0.01 wt.% concentration of Ti3C2Tx MXene
nanoparticles shows outstanding results in reducing the friction coefficient and average
wear scar diameter, with 14.5% and 6.3% decrement, respectively, compared to the base
oil. This is due to the tribofilm and mending effect, which promotes the formation of a
protective film between the frictional surfaces and the deposition of nanoparticles in the
cracks and ridges, decreasing the COF and average WSD. Furthermore, the addition of 0.01
wt.% Ti3C2Tx MXene nanoparticles depict significant increases in OIT by 54.8% compared
to base oil, revealing its anti-oxidation effect that can extend lubricant service duration.
For the thermal conductivity analysis, the deployment of Ti3C2Tx MXene nanoparticles
shows an increasing trend in thermal conductivity as the number of nanoparticles increases.
This can be explained by the high aspect ratio and the large basal plane of Ti3C2Tx MXene
nanoparticles, the effect of Brownian motion, and the thermophoresis phenomenon, which
enhanced the thermal conductivity with increasing nanoparticles and temperature.
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Appendix A

Material Base Fluid Concentration
Enhancement of Tribological Properties

Reference
COF Wear

MXene Ti3C2TX nanosheets
DI- H2O

(AP30-Ti3C2TX)
0.8 mg/mL 34.74% 45.58% [64]

MXene Ti3C2TX DI- H2O 5 wt.% 20% 48% [65]
MXene Ti3C2TX PAO8 base oil 0.8 wt.% 9.5% 7.7% [66]

Ti3C2TX Outboard oil 0.01 wt.% 0.8% - [1]

TiO2/Ti3C2TX Oil 1.0 wt.%
29.1% (with 20N

load)
Depth: 30 μm

Width: 280 μm
[67]

Ti3C2(OH)2 100SN base oil 1.0 wt.%
around 20% (with

15N load)
- [68]

Ti3C2TX Liquid paraffin 1.0 wt.% 49.6% - [69]
KTO-Ti3C2Tx PAO8 base oil 1.0 wt.% 30.6% - [55]
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TDPA-Ti3C2 Castor oil 0.1 wt.% 27.9% 55.1% [70]
DDP-Ti3C2Tx 500SN base oil 0.3 wt.% COF: 0.11 87% [71]

MXenes/MoS2
heterojunction

Liquid paraffin 5.0 wt.% 39% - [72]

Ti3C2Tx/MoS2
heterojunction

150SN base oil 0.3 wt.% 39% 85% [73]

MXene-HS PAO 10 1.0 wt.% COF: 0.12 82% [74]

Hybrid MoS2@Ti3C2
SAE

5W-40-based engine oil
0.05 wt.% 13.9% 23.8% [47]

MoS2
SAE 20W50 diesel

engine oil
0.01 wt.% 19.24% 19.52% [49]

WS2
Base oil + PVP

surfactant
1.0 wt.% 33% 45% [75]

Multi-layered graphene PAO2 oil 0.05 wt.% 78% 16% [76]
Graphene nanoplatelets

(GNPs)
Palm oil TMP 0.05 wt.% 5% 15% [77]

Graphene nanoparticle (GP) Synthetic oil, PAO4 0.01 wt.% 78% (at 60–100 ◦C) 90% (at 60–100 ◦C) [78]
Graphene PAO4 oil 0.01 wt.% 50% greater than 50% [79]

Graphene Vegetable oil -
From 0.0825 to

0.0714
From 414 to 374 [80]

GO DI-H2O 26.1% 39.4% [81]

GO DI-H2O 0.1 wt.%
0.03 (2.3 times

lower than 0.5 wt%
ND)

- [82]

GO DI-H2O 0.1 wt.% COF: 0.05
No obvious wear
after 60 000 cycles

[83]

CNT Pure palm oil 2 wt.%
COF: 0.121
(APE-10)

- [84]

MXene Ti3C2TX
TC-W outboard engine

oil
0.01 wt.% 14.5% 6.3% Our work
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Abstract: Energy saving and reduced consumption of key materials such as bearings in high-end
equipment can be realized by synthesizing a new lubricating functional additive, copper-doped
carbon quantum dot dispersion liquid (Cu-CQDs) via hydrothermal reaction with glycerol, cupric
chloride dihydrate, and choline chloride as raw materials. The influence of the dispersion liquid
containing Cu-CQDs nanoparticles on the lubricating properties of polyethylene glycol (PEG200) was
investigated on a four-ball friction tester. The wear scars of steel balls after friction were analyzed
using a scanning electron microscope accompanied by energy dispersive spectroscopy (SEM/EDS),
photoelectron microscopy, and Raman spectroscopy. The results revealed the friction and wear
mechanism of Cu-CQDs. Cu-CQDs dispersion liquid can significantly enhance the lubrication
performance of PEG. The average friction coefficient of PEG containing 2.0 wt% Cu-CQDs dispersion
liquid was 40.99% lower than that of pure PEG. The friction and wear mechanism can be ascribed to
friction, inducing Cu-CQDs to participate in the formation of boundary lubricating film, resulting in
a low friction coefficient and wear scar diameter.

Keywords: copper doping; carbon quantum dots; boundary lubricating film; friction and wear mechanism

1. Introduction

Nanoparticles have broad application prospects because of their unique nano-size
effect and superior chemical properties [1]. Many kinds of nano-materials exist, including
copper, silver, nickel, molybdenum disulfide, tungsten disulfide, graphite nanosheets,
nanospheres, graphene, carbon nanotubes, and carbon quantum dots (CQDs), which can
be divided into organic, inorganic, and metal-based nanoparticles. Nanoparticles have
been widely used in real life as lubricant additives. Its excellent antifriction and anti-
wear properties and unique self-healing ability are potential substitutes for traditional
additives that meet the developing requirements of high-performance lubricants [2,3].
It is well known that a large amount of energy loss in industrial production is caused
by friction and wear. Improved lubrication can save 30% of energy. Therefore, how
to save energy and reduce consumption is the focus of tribology scientists. The use of
superior lubricants with the proper functional additives can prolong the life of mechanical
components and realize energy savings and reduced consumption [4,5]. He et al. [6]
used it as a functional additive of N32 lubricating oil. The nano copper bearing function
improved the lubricating film’s wear resistance and played a good role in reducing friction
and anti-wear. Qin et al. [7] investigated halloysite nanotubes as an oil-based additive to
improve the anti-wear properties. The outstanding wear resistance of the surface lubricated
by the calcined product is attributed to the faster and easier formation of a multilayer
nanocrystalline tribo-film. Jiang et al. [8] investigated and compared the tribological
behaviour of steel/steel surface lubricated by poly alpha olefin (PAO 6) oil containing
MoS2/h-BN hybrid nanoparticles. The formation of the tribo-film on the surface of the

Lubricants 2023, 11, 86. https://doi.org/10.3390/lubricants11020086 https://www.mdpi.com/journal/lubricants90



Lubricants 2023, 11, 86

tribo-pair resulted in a lower friction coefficient and wear rate. Lahouij et al. [9] have
studied the influence of the crystal structure of IF-MoS2 nanoparticles on the lubricating
properties of the fullerenes added to a synthetic base oil. The good lubricating properties of
poorly crystallized particles by their higher ability to exfoliate and to form rapidly a tribo-
film made of h-MoS2 sheets on the surfaces compared to the perfectly crystallized particles.
Li et al. [10] reported that nano-Cu powder can significantly improve the lubrication
performance of PEG. The tribological mechanism can be attributed to the formation of
copper deposition film by nano-Cu, thereby reducing the friction coefficient and the wear
of friction pairs.

As a new material in the carbon family, CQDs are usually mono-disperse spherical
carbon nanomaterials with a size of less than 10 nm, which are new nanomaterials with
various industrial application prospects [11,12]. The research on the tribology of CQDs
is still in its infancy. CQDs have remarkable tribological properties and great potential to
become green and efficient lubricating materials. Kumar et al. [13] studied and introduced
several applications, development progress, antifriction performance, anti-wear perfor-
mance, and lubrication mechanism of lubricant additives based on carbon quantum dots
(CQDs), and provided some suggestions on complete functionalized or mixed doped CQDs
materials. Tang et al. [14] made a comprehensive and systematic review of the research
progress of carbon dots in the lubrication field. The research work of carbon dots in the
field of lubricating functional additives and lubricating coatings has been described in
detail. Three strategies for improving the lubricating effect (size and shape control, surface
modification, and heteroatom doping) have been pointed out, and the lubricating mecha-
nism of CQDs and the main challenges have been comprehensively analyzed. Ma et al. [15]
studied that CQDs and ionic liquid (IL) nanoparticles prepared by simple modification
showed excellent tribological properties as lubricating materials and obtained a super-low
friction coefficient of about 0.006 and wear rate of about 0.7 × 10−14 m3/Nm with the
CQDs content of 3.6 wt%. The results show that IL-modified CQDs can provide a new
idea for studying various lubricating materials to achieve ultra-low friction and can further
study other practical applications. Shang et al. [16] studied chemically grafted CQDs and
IL hybrid nanomaterials (CQDs/IL), and the hybrid nanomaterials with spherical shell
structure showed a synergistic effect in improving the friction reduction and anti-wear
properties of boundary lubrication. Tang et al. [17] found that the introduction of 0.1 wt%
CQDs in water reduced the friction coefficient and wear rate by 33% and 80%, respectively.
This finding can be attributed to the excellent tribological energy of CQDs from minimiz-
ing CQD sediment particles and reducing friction and wear through nano-bearing and
nano-filling mechanisms. Hu et al. [18] prepared water-soluble CQDs by adjusting the car-
bonation degree of ammonium citrate through a simple, low-cost bottom-up method. The
lubricity and inhibition of CQDs as nano-additive of water-based lubricant were studied.
CQDs as environment-friendly nano-additives have low friction coefficients, excellent wear
resistance, and excellent inhibition effect.

Limited studies have focused on the tribological properties of element-doped or hybrid
CQDs. He et al. [19] prepared a new type of nitrogen-doped CQD (N-CQD) nanoparticles by
solvothermal method. The particle diameter is about 10 nm. Nanoparticles have a graphene
oxide (GO) micro graphitization structure, and they were added to MoS2 nanofluids. The
tribological properties of the composite fluid were investigated, and the results show that
the friction process of MoS2 and N-CQDs nanofluids was in a mixed lubrication state. The
particles do not interfere with each other and play a synergistic role in lubrication. Ye
et al. [20] studied nitrogen-doped CQDs (N-CQDs) as functional additives and explored
their influence on the lubricating properties of bio-based castor oil. The chemical grafting of
CQDs in the olefins (PAO) with good dispersion. The friction mechanism can be attributed
to the continuous deposition of the wear surface by nanoparticles at the interface of the
friction pair, forming a thin protective film containing iron oxide, inorganic carbon, and
nitrogen. Tu et al. [21] synthesized a new green lubricating oil additive CQDs particle-
doped nickel (Ni-CQDs) with citric acid and nickel acetate as raw materials. The effects
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of CQDs and Ni-CQDs nanoparticles on the friction behaviour of polyethylene glycol
(PEG200) were investigated. Results show that both CQDs and Ni-CQDs particles can
enhance the lubrication performance of PEG200. Moreover, Ni-CQDs nanoparticles can
enhance the lubricating performance compared with ordinary CQD particles. This finding
can be attributed to the fact that friction induces Ni-CQDs to participate in the formation of
friction film, resulting in a low friction coefficient and wear rate. Huang et al. [22] found
that when CQDs/CuSx nanocomposite particles are used as additives, they show excellent
lubrication and superior repair ability of worn surfaces. The mechanism can be attributed
to the combination of the multilayer graphite structure of CQDs and the high chemical
activity of CuSx. Shang et al. [23] prepared a hybrid of CQDs and graphene oxide (GO)
through a one-pot method. The tribological behaviour of PEG as a lubricating additive
was studied. A significant antifriction effect was observed, and the mechanism can be
attributed to the synergistic effect of adsorption of spherical CQDs and GOs on the sliding
surface, which effectively protected the interface from bad friction and wear.

Limited research has focused on the preparation of metal-based biomass CQDs dis-
persion and its tribological properties. Therefore, the copper-doped CQDs dispersion was
prepared using a traditional hydrothermal synthesis method, and the influence of different
concentrations of the dispersion on the lubrication characteristics of PEG lubricant was
investigated. The successful implementation of this work has laid a certain foundation for
the development of high-performance lubricants and provided basic data for enriching the
tribological research of metal-based CQDs.

2. Experimental

2.1. Preparation and Dispersion of Materials
2.1.1. Preparation of Copper-Doped CQDs Dispersion

Precursor solution (DES): Choline chloride (analytically pure, Shanghai Zhanyun
Chemical Co., Ltd., Shanghai, China), cupric chloride dihydrate (analytically pure, Shang-
hai Zhanyun Chemical Co., Ltd.), and glycerol (analytically pure, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) were weighed at a proportion of 5:1:1, and the mixed
solution was poured into a 50 mL three-necked flask and placed in an oil bath to prevent
liquid splashing and water loss during heating. The bottle mouth was covered with a
rubber stopper. At room temperature, the oil bath was stirred and heated to 110 ◦C, and
the reaction lasted for 5 h until the precursor solution became stable. After the solution was
cooled to room temperature, it was sealed for use.

Hydrothermal synthesis: Approximately 1.0 g of DES solution was obtained, mixed
with 30 mL of pure water, placed in a beaker, and sealed. The mixture was stirred with
small magnets for 2 h until the DES solution was uniformly dispersed in pure water.
The sample was placed in mixed DES solution into a 50 mL reaction kettle lined with
polytetrafluoroethylene, the shell was tightened, the oven temperature was set to 220 ◦C,
and it was held for 24 h for the successful preparation of Cu-CQDs. After the reaction,
0.22 μ the supernatant was filtered out by PVDF membrane, and the macromolecular
impurities were removed by dialysis with 3500D dialysis bag for 2 days. After rotary
evaporation, the solution was freeze-dried to obtain copper-doped carbon dots dispersion.

2.1.2. The Mutual Solubility of Copper-Doped CQDs Dispersion with PEG200

The dispersion containing copper-doped carbon nanoparticles was added to the base
oil PEG200 (99%, Shandong Yousuo Chemical Co., Ltd., Heze, China) as a lubricating
additive. The dispersion characteristics of its nanoparticle dispersion with different mass
fractions in PEG are shown in Figure 1. The figure that copper-doped carbon dots have
good dispersion in PEG. The yield of copper-doped carbon nanoparticle dispersion is
approximately 95.35%. The formation mechanism can be summarized as follows: during
the formation of doped carbon dots, glycerol molecules, and cupric chloride molecules
experienced a process of "Dispersion pyrolysis, Aggregation carbonization, Hydrothermal
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recombination" three kinds of reaction processes [24]. The specific colour development
mechanism can be expressed in publicity (1).

[Cu(H2O)4]2+ +4Cl− � (CuCl4)2−+ 4H2O, H > 0 (1)

Figure 1. Mutual solubility of Cu-CQDs dispersions with different mass concentrations in PEG200.

Cu-CQD dispersions with different amounts of addition show different colours in PEG.
The colour change mechanism can be explained as follows: After dissolution in PEG200,
hydrated copper ions [Cu(H2O)4]2+, and tetrachloride copper complex ions [CuCl4]2− are
formed by the combination of Cl− and copper ions. The colour of the ions is yellow, because
the concentration of Cu-CQDs changes the equilibrium constant of copper tetrachloride
ion, making it move forward. With the increase in concentration, the colour of the solution
changed from blue to yellow-green and then yellow (Figure 1 shows the colour change of
copper-based CQDs in PEG).

2.2. Characterization of Physical and Chemical Properties of Cu-CQDs Particles in Dispersion Solution

Transmission electron microscopy (TEM, FEI Tecnai 200 kV) was used to character-
ize the internal structure of the Cu-CQDs particles in the dispersion solution and the
morphological characteristics of the primary particles. As shown in Figure 2a, the Cu-
CQDs particles were uniformly dispersed, and the average particle size was approximately
8.33 nm. Then, a fluorescence spectrophotometer (Edinburgh FLS1000, EI) was used to
obtain the fluorescence emission spectrum of copper-based carbon dots at the excitation
wavelength of 360 nm and at room temperature. Figure S1 shows that the maximum emis-
sion wavelength of fluorescence is 525 nm, and the maximum emission wavelength does
not change with time without a blue shift or red shift. The absorption spectrum of CQDs
was measured using an ultraviolet–visible absorption spectrometer (UV-1800, Mapada).
The dispersion of Cu-CQDs in water was conducted with Zeta spectroscopy (model Zs90).
It indicated that Cu-CQDs particles could be dispersed uniformly as shown in Figure 2b,c
shows that their absorption ranges are all in the ultraviolet light region, and relatively
wide absorption peaks belonging to the near ultraviolet region were observed between
200–250 nm, which can be attributed to π-π * transition of aromatic sp2 hybridization. The
molecular structure of the material was characterized using a Fourier transform infrared
spectrometer (NicoletiS50). The functional group absorption peak was inferred based on
the vibration form of the molecular group corresponding to the absorption peak. As shown
in Figure S2, the peak at 3357 cm−1 of Cu-CQDs shown in Figure 2b is the absorption peak
of -OH, the peak at 1636 cm−1 is the absorption peak of C=O, and the peak at 1080 cm−1 is
the characteristic absorption peak of C-O stretching vibration in -C-OH [25,26]. PEG200 is
a hydrophilic polymer with a large number of hydroxyl groups on its molecular surface,
which makes it show polar properties and can be well compatible with Cu-CQDs, which is
also the reason why PEG is selected as the base oil. Figure S2c shows the infrared spectrum
of PEG200. The peak at 3405 cm−1 is the absorption peak of -OH. In the figure, there is a
strong absorption peak at 1062 cm−1, which is the characteristic absorption peak of C-O-C
stretching vibration in the PEG200 molecule. Figure 2a shows the infrared spectrum of the
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added amount of 1.0 wt% Cu-CQDs in PEG200, the functional groups are almost the same
as PEG due to the small proportion of the added amount.

 

Figure 2. HRTEM, particle size distribution of Cu-CQDs in water and UV absorption spectrum of
copper-doped carbon quantum dots. (a) TEM images of Cu-CQDs; (b) particle size distribution of
Cu-CQDs in water; and (c) ultraviolet visible absorption spectrum.

2.3. Tribological Tests

The four-ball friction testing machine (MRS-10D type) is shown in Figure 3. Based
on the petrochemical industry standard parameters of 392 N and 1200 rpm/min, the
tribological test was carried out for 30 min at 25, 75, and 100 ◦C [27]. The GB/3142-2019
test standard was used to test the maximum seizure load (PB value, accuracy less than
10 N) of solution oils with different concentrations of Cu-CQDs. Table 1 provides the PB
values of solution oils with different concentrations of Cu-CQDs. The four steel balls were
arranged according to the regular tetrahedron, the upper ball rotated at 1450 ± 5 rpm/min,
the lower three balls were fixed together with oil boxes, and the load was applied to the
steel balls from bottom to top through the hydraulic system. During the test, the contact
points of the four steel balls were immersed in the lubricant. Each test lasted for 10 s. After
the test, the wear spot diameter of any steel ball in the oil tank was measured. The test was
repeated according to the specified procedure until the evaluation index representing the
bearing capacity of the lubricant was obtained [28].

The steel ball used in the test was ASTM E2100 bearing steel with a diameter of 12.7 mm,
which was manufactured according to the Chinese national standard GB/T308-2002. The hard-
ness of steel was set to HRC = 65, and the average surface roughness was Ra = 0.012 μm [29].
The lubrication state was reduced to the boundary lubrication condition by analysis of the
friction coefficients of samples and surface contact stress of steel balls [30]. The antifriction
and wear behaviours of Cu-CQDs as a lubricating additive under different working con-
ditions were explored by subjecting all oil samples to ultrasonic dispersion treatment for
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30 min. The test steel balls and oil box abrasives were cleaned with ethanol or petroleum ether.
Each group of experiments was carried out thrice independently to reduce the experimental
deviation [31,32]. SEM/EDS and a 3D laser scanning microscope (VK-X100k) were used to
analyze the morphology of the wear scar area and the element composition on the surface.
The valence states of chemical elements were studied by X-ray photoelectron spectroscopy
(ESCALAB 250), and the mechanism of friction and wear was expounded.

 

Figure 3. Schematic diagram of a four balls tribo-meter.

Table 1. PB value of solution oil with different concentrations of Cu-CQDs.

Sample Maximum Non-Seizure Load (N) Rate of Change (%)

PEG200 530 –
0.5 wt% Cu-CQDs 588 10.94%
1.0 wt% Cu-CQDs 588 10.94%
2.0 wt% Cu-CQDs 637 20.19%

3. Results and Discussion

3.1. Antifriction Property

Figure 4 shows the influence of different amounts of dispersion on PEG lubrication
characteristics at 25, 75, and 100 ◦C. As shown in Figure 4a, at 25 ◦C, with the increase in
the content of Cu-CQD dispersion, the friction coefficient also decreased, with a maximum
reduction of 19.83%, reflecting the Cu-CQDs can promote the antifriction property of
PEG200. Figure 4b,c show the change in friction coefficient under the lubrication of
different amounts of dispersion at 75 and 100 ◦C. With the increase in the content of Cu-
CQD dispersion, the friction coefficient decreased. With the increase in temperature, the
friction coefficient became considerably lower than that of pure PEG200. At 75 ◦C the
highest reduction was 31.86%. At 100 ◦C, the maximum reduction was 40.99%. At high
temperature, the lubricating performance of the oil sample was significantly enhanced, and
the results are shown in Figure 4c,d. By using the formulas σ = 1.5 × W1/(π × a2) [33],
the contact surface stress between steel balls during lubrication (W1 refers to the pressure
between steel balls, and a refers to the circular contact area between steel balls) can be
calculated, and the results are shown in Table 2. Combined with the friction coefficients
analysis of samples, which indicates that Cu-CQDs are in a boundary lubrication state when
lubricated with PEG at different temperatures, friction can induce Cu-CQDs to participate
in the formation of boundary lubrication film.

95



Lubricants 2023, 11, 86

Figure 4. The changes of friction coefficients with different mass fractions of Cu-CQDs dispersion
(1200 rpm/min, each group lasts for 30 min), (a) 25 ◦C; (b) 75 ◦C; (c) 100 ◦C; and (d) histogram of
average friction coefficient under different working conditions.

Table 2. Contact surface stress of oil samples under different temperatures.

Samples 25 ◦C (Gpa) 75 ◦C (Gpa) 100 ◦C (Gpa)

PEG200 0.33 0.54 0.24

0.5 wt% Cu-CQDs 0.51 0.47 0.37

1.0 wt% Cu-CQDs 0.43 0.68 0.51

2.0 wt% Cu-CQDs 0.41 0.36 0.29

3.2. Abrasion Resistance Property

Figure 5 shows the changes in average wear scar diameter (AWSD) under oil sample
lubrication with different Cu-CQD dispersions at different temperatures. When the oil
temperature was 25 ◦C the AWSD diameter of pure PEG200 was 0.71 mm. When Cu-CQD
dispersions with different contents were added, AWSD decreased slightly. The oil film
thickness of PEG possibly took an important role in reducing the AWSDs. However, when
adding high contents of Cu-CQDs, the aggregation role resulted in the high AWSDs.

At 75 ◦C, the AWSD of pure PEG200 was 0.56 mm. When 1.0 wt% Cu-CQDs dispersion
was added, the AWSD of the oil sample decreased significantly. Friction induced the
formation of tribo-film including components of Cu-CQDs particles. Chemical reactions
took place on the surfaces of steel balls during the friction process which is better than
that of oil film thickness. The AWSD of pure PEG was 0.83 mm at 100 ◦C. When 0.1 wt%
Cu-CQDs dispersion was added, the AWSD decreased to 0.57 mm, with a reduction rate
of 31.2%. Cu-CQDs nanoparticles can significantly improve the anti-wear properties of
base oil PEG200 at higher temperatures. However, with the increase in oil temperature
from room temperature to 75 and 100 ◦C, when 2.0 wt% of Cu-CQDs was added, AWSD
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is higher than that of other additions. After the tests, scratches of different degrees were
found at the bottom of the steel balls. When a high concentration of Cu-CQDs was added
to PEG200, a certain amount of Cu-CQDs nanoparticles or wear debris at the interface
of the friction pair will agglomerate, and abrasive wear will occur at the interface of the
friction pair, thus reducing the wear resistance property of PEG [34]. Friction film plays an
important role in wear resistance. The optimal concentration of Cu-CQDs nanoparticles
additive was 1.0 wt%. PB value in Table 1 also confirms the above experimental results,
and Cu-CQDs nanoparticles had the most significant wear resistance at high temperatures.

Figure 5. Change of average wear scar diameter under lubrication of Cu-CQDs dispersion with
different mass fractions (1200 rpm/min, each group lasts for 30 min).

3.3. Surface Analysis

The micro-oil stain analysis system (YP-2 type) was used to analyze the oil stain after
the experiment. Figure S3 shows the oil stain of 2.0 wt% Cu-CQDs at different temperatures.
The oil stain was possibly composed of copper ion and chloride ion complexes, iron filings
and iron oxides, and copper, and its derivatives. After friction, the wear debris and abrasive
particles in the dispersion show agglomeration in Figure S3a, and the colour of the oil
sample was significantly deepened in Figure S3c. Friction induced the oxidation of the oil.

Figures 6–8 show the cross-sectional area, three-dimensional morphology, average
wear scar diameter, and its change rate of wear scar area lubricated by different oil samples
at different temperatures. At 25 ◦C, many wide pits and deep grooves were observed on
the surface of the steel ball, as indicated by the red arrow in Figure 6. This finding shows
that the protection ability of pure PEG on the surface of steel balls is poor. When different
amounts of Cu-CQDs were added, the width and depth of the furrow on the surface of the
steel ball were significantly reduced, and the lubricating film formed. The average wear
scar diameter on the steel ball surface decreased significantly. When 0.5 wt% Cu-CQDs
was added, the AWSD decreased by 18.93% compared with pure PEG as shown in Figure 6.
At 75 ◦C, under pure PEG lubrication, the surface furrow was very deep, but the average
wear scar diameter slightly changed to approximately 560.72 μm. Different amounts of
Cu-CQDs were added, and only 1 wt% Cu-CQDs reduced the average wear scar diameter
by 11%, as shown in Figure 7. This conclusion can be attributed to the decomposition of
PEG at 75 ◦C, resulting in the improvement of lubrication performance, and the lubrication
efficiency is better than that of Cu-CQDs particles. At 100 ◦C, when 1.0 wt% Cu-CQDs was
added to PEG, the wear spot diameter of the steel ball decreased by the largest proportion.
In comparison with pure PEG lubrication (0.83 mm), the wear spot diameter decreased by
31.2%, as shown in Figure 8.

Figure 9 shows SEM/EDS analysis of the steel ball surface under different oil sample
lubrication. Figure 9a shows a deep furrow on the surface of the steel ball lubricated by
pure PEG, as indicated by the red arrow. This finding shows that PEG has a poor ability
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to protect the surface of the steel ball. The energy spectrum analysis shows that the main
elements on the surface are carbon, oxygen, and iron. When 0.5 wt% Cu-CQDs were added
to PEG, the width of the furrow of the ink mark on the steel ball surface was significantly
reduced, and the friction-induced boundary film on the surface was formed as shown by
the red arrow (Figure 9b). The energy spectrum analysis of the wear mark area shows
that, except for the steel ball component elements, the copper content was significantly
increased, reaching 0.8 wt%. Therefore, the friction-induced copper-doped carbon dots
participated in the composition of the boundary film. The furrow depth on the surface of
the steel ball was significantly reduced, and the surface smoothness was significantly better
than that of the sample without carbon dots when the steel ball was continuously added at
contents of 1.0 and 2.0 wt%. The results also confirmed that the copper-doped carbon dots
participated in the formation of boundary lubrication film and remarkably improved the
lubrication characteristics of PEG200.
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Figure 6. Cross-sectional area, three-dimensional morphology, average wear scar diameter, and
change rate of wear scar area lubricated by different oil samples at 25 ◦C.
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Figure 7. Cross-sectional area, three-dimensional morphology, average wear scar diameter, and
change rate of wear scar area lubricated by different oil samples at 75 ◦C.
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Figure 8. Cross-sectional area, three-dimensional morphology, average wear scar diameter, and
change rate of wear scar area lubricated by different oil samples at 100 ◦C.
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Figure 9. Surface wear scar morphology and energy spectrum analysis of steel ball lubricated by
different content of copper-doped carbon, (a,a′) pure PEG, (b,b′) 0.5 wt% Cu-CQDs, (c,c′) 1.0 wt%
Cu-CQDs, and (d,d′) 2.0 wt% Cu-CQDs.
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3.4. Analysis of Friction and Wear Mechanism

Generally, the heat generated by friction will lead to the oxidation of lubricating oil,
and the wear debris generated will also lead to further deterioration of the oil. PEG solution
with different amounts of Cu-CQDs added was easy to oxidize under friction induction
(Figure S3c), especially at high temperatures. The deterioration of oil products will reduce
the anti-wear property of lubricating oil film. The mechanism of the lubricating perfor-
mance of Cu-CQDs solution at high temperature was determined by heating the oil sample
in an air blast drying oven at a certain temperature and time, and the influence of local
high temperature generated at the steel ball interface during the friction process. A certain
amount of Cu-CQDs solution was taken and heated to 100 ◦C from room temperature
in an air blast drying oven. Cu-CQDs solution (2.0 wt%) was used to observe the colour
change clearly. When the heating lasted for 30 min, the solution turned brick red, as shown
in Figure S3b. When the solution was continuously heated or taken out of the oven for
storage, the solution turned yellow again. This finding confirmed that the newly prepared
2.0 wt% Cu-CQDs produced cuprous ions when heated, but cuprous ions are not as stable
as divalent copper ions in solution. The cuprous ion formed coordination compounds with
water molecules in Cu-CQDs. The simulated experimental proves that the cuprous ion in
solution will change into copper ion under high temperature and friction induce role.

According to the typical octahedral field and crystal field stabilization energy (CFSE)
formed in the ligand field theory [35]. The energy reduction after Cu (II) coordination is
relatively stable. However, the energy of Cu (I) is not stable, and the copper ion (Cu (II)) in
the solution was more stable than that of copper ion (Cu (I)) [36]. When the solution was
heated or taken out for standing, the unstable cuprous ion will self-disproportionate and
transform into a more stable copper ion (Cu (II)). This conclusion can be used to explain the
reason why the lubricity of PEG can be improved by the colour change of the oil sample
during the friction process. After friction, black agglomerated CuO particles were found
in the collected oil stain, indicating that the cuprous ions (Cu (I)) were oxidized to copper
oxide (Cu (II)) at the interface of the friction pair during lubrication and participated in the
formation of the boundary lubrication film. Figure 9 shows the EDS analysis in the wear
scar area. The content of copper element increased significantly, confirming that copper
oxides participated in the formation of boundary lubricating film.

The recognized lubrication mechanism of CQDs is the carbon film formed at the friction
interface, and the C-σ bond passivation is related [37]. The SEM/EDS image in Figure 9
shows that the carbon content in the wear area after PEG lubrication containing Cu-CQDs
(29.3 wt%) is significantly higher than that of pure PEG200 lubrication (19.5 wt%). This
finding proves that Cu-CQDs additives can be rapidly deposited and embedded in the wear
surface through physical absorption and electrostatic attraction [38]. With the increase in
time, during the friction process, copper and trace cuprous oxide form copper derivatives
on the surface of the friction pair. The continuous deposition of carbon at the interface
forms a protective film (boundary friction film), thus reducing the direct contact between
friction pairs and increasing the content of C and Cu. The composition of the boundary film
can be illustrated by the valence states of each element in Figure 10. Figure 10a shows the
general flow chart, indicating that Cu-CQDs induced by friction participate in the formation
of the boundary film. Figure 10b shows the valence spectrum of carbon element (C1s) in
the boundary film. The peak at 284.6 eV belongs to C-C or C-H in the film, and while
the peak at 288 eV belongs to C-O. Figure 10c shows the chemical valence state of oxygen
element (O1s) in the film. The peak at 529.4 eV belongs to iron oxide, while the peak at
532 eV belongs to ferric hydroxide [39]. Figure 10d shows the valence state of iron (Fe2p),
confirming that iron oxides are Fe (706 eV), FeO, Fe2O3, and Fe3O4 (709–711 eV) [40,41].
Figure 10e shows the valence of copper (Cu LMM). The peak at 910 eV belongs to copper
oxide, confirming that the friction induced copper-doped CQDs participate in the formation
of boundary lubrication film, thus playing a good role in friction reduction and anti-wear.
In addition, the low content of Cu-CQDs in PEG was dispersed uniformly which is easy
to form the boundary lubrication film under friction process; however, the high content of
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Cu-CQDs in PEG was easy to be agglomerated or wear debris resulted in abrasive wear. It
could be proved by the aggregates in PEG after friction.

  

Figure 10. Valence analysis of different elements in the wear scar region of steel ball: (a) XPS total
spectrum; (b) C1s; (c) O1s; (d) Fe2p; and (e) Cu2p.

4. Conclusions

High-performance lubricants for energy saving and reduced consumption were devel-
oped by preparing a novel copper-doped CQDs dispersion via hydrothermal synthesis. On
the four-ball friction tester, the influence of copper-based CQD dispersion with different
dosages on the lubrication performance of polyethylene glycol at different temperatures
was investigated, and the following conclusions were obtained:
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(1) The average particle size of the synthesized Cu-CQDs in the dispersion solution is
about 8.33 nm, which shows good dispersion in PEG200.

(2) At the different test temperatures, the anti-wear and antifriction properties of PEG200
were significantly improved by adding 1.0 wt% Cu-CQDs dispersion.

(3) The friction and wear mechanism of Cu-CQDs dispersion can be attributed to the
boundary lubrication film including the components of Cu-CQDs, thus reducing the
friction and wear of the friction pair.
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CQDs+PEG200; (b) pure Cu-CQDs; (c) PEG-200; Figure S3: (a) Agglomeration morphology of
Cu-CQDs in PEG after friction; (b) Color of 2.0 wt% Cu-CQDs after passing through an air blast
drying oven at 100 ◦C for 30 min; (c) Appearance color of oil stain at different temperatures of 2.0 wt%
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Abstract: Increasing demand for manufactured goods in industries such as automobiles, electron-
ics, construction, and aerospace has motivated researchers to develop sustainable manufacturing
processes. Most metal-forming lubricants are not eco-friendly; they may cause substantial chemical
emissions and constitute a community threat. Bio-oil lubricants are seen as possible replacements
for mineral oil-based lubricants. Computational modelling of the forging process uses the finite
element method to accelerate and improve design. This research intends to act as a case study and
demonstrate how friction behaves differently in open-closed forging tests of different palm oil deriva-
tives. The relationship between the different types of friction was studied using a cold forging test in
conjunction with the development of a Coulomb–Tresca friction model. From the results, it can be
shown that the friction behavior for the closed forging test (CFT) and the ring compression test (RCT)
differs; the CFT exhibits a diversified friction adaptation, while the RCT exhibits a single friction
adaptation. From both tests, palm stearin (PS) shows the lowest friction behavior where at RCT the
friction is estimated at m = 0.10/μ = 0.05 and the CFT has a varied friction and the average friction is
estimated at m = 0.352/μ = 0.1626. On the other hand, commercial metal-forming oil (CMFO) shows
the highest lubrication sample in friction, where the value of friction is similar to the no lubricant
sample (NA-O), which is (m = 0.45/μ = 0.1875) on the RCT test and (m = 0.424/μ = 0.1681) on the
CFT test.

Keywords: open-closed forging; renewable material; Coulomb–Tresca friction; simulation; palm oil

1. Introduction

The use of mineral-based lubricating oil raises environmental concerns since it is
known to have a high degree of toxicity and is seldom spontaneously dissolved in the
environment [1]. For many manufacturing procedures, particularly those that create cold
work, it is important that the die surface be lubricated. Metal-forming lubricants are used
in several processes to improve tool life, metal flow, and energy efficiency by reducing
friction and wear at the existing equipment contact [2]. Most commercial lubricants are
based on mineral oils, which are not environmentally friendly due to their toxicity and
non-biodegradability [3]. Commercial metal-forming oil also involve in open-loop system
where the lubricant will end up to the surrounding.

Palm oil is one of the world’s most widely used vegetable oils. It is most typically used
as cooking oil, also known as palm olein. Due to its greater hydrocarbon chain length and
low unsaturation, palm oil may be used as an industrial lubricant [4,5]. The length of the
fatty acid chain as well as the amount of unsaturation fatty acid impact the viscosity of palm
oil. Many studies have been undertaken to increase the capabilities of palm oil, but the
majority of the studies has been restricted to the oil generated up to a single fractionation
procedure, such as palm olein and palm stearin (PS) [5]. Many other varieties of palm
oil are generated at a greater level of fractionation, such as palm mid olein (PMO). The
tribological performance data for these oils is, indeed, quite limited [6].
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Open die forging normally entails inserting a solid cylindrical workpiece between two
flat dies and compressing it to reduce its height [7]. This process is commonly referred
to as simple upsetting. In reality, the specimen takes on the form of a barrel. In most
cases, barreling is generated by friction forces at the die-workpiece interfaces, which act to
prevent the outward flow of material at these interfaces from occurring. The workpiece
acquires the form of the die cavities (impression) as it is being agitated between the closing
dies in closed-die forging, where some of the material flows radially outwards and forms
flash [8]. A significant level of pressure is applied to the flash as a result of its large length
to thickness ratio. As a result of these stresses, radial material flow in the flash gap is met
with a lot of resistance due to the high friction caused by the material. The flash plays a
crucial impact in the flow of the material in impression die forging due to the strong friction
that facilitates the filling of the die cavities [9].

According to Hafis et al. [10], friction plays a significant role in the generation of
stress during metal-forming. Studies have been conducted to determine the impact friction
has on forming pressures and the consistency of deformed workpieces. It was suggested
by Groche et al. [11] that a friction coefficient might be estimated using data from the
normal metal flow that happens throughout a deformation process. There is a critical
need for research into friction and its impact on tribology and open-closed forging test.
Zhang et al. [12]’s friction model is often regarded via the lens of the traditional friction
conceptions whenever (1) and (2)):

τ = μp (1)

τ = mK (2)

where,

p = normal pressure
K = shear yield stress
τ = f rictional shear stress
μ = Coulomb f riction coe f f icient
m = Tresca shear f riction.

The majority of the earlier studies employed minerals and oils that are not suitable for
human consumption in the metal-forming process. These oils and minerals include molyb-
denum disulfide, soap, grease, wax, rapeseed, and many more. It was found that most of
this oil showed comparable results with commercial mineral-based oil [2,4,5]. Some of the
lubricant has also been modified by the addition of additives, such as those investigated by
Du et al., to make it meet the requirements set for commercial lubricants. [13]. It has been
shown by Okokpujie et al. [8] that including nanoparticles into copra vegetable oil improves
its rheological characteristics and results in less cutting force required during milling.

However, there is a limitation of study on the use of palm oil-based lubricant in
metal-forming applications, where the majority of the research applications on palm oil-
based were focusing mainly on experimental analysis only [6,14]. A variety of palm oil
derivatives were explored and simulated using the finite element method (FEM) to assess
as metal-forming lubricant potential. This was done to ensure that the researchers could
observe the frictional behavior of each sample test. This study aims to fill a research gap
by comparing friction behavior under various types of forging processes using the best
palm oil derivatives based on their physicochemical properties by modelling finite element
method of sample lubricant with different applications of the forging process (Open and
closed forging).

2. Methodology

2.1. Physicochemical Properties of Sample Lubricants

Table 1 summarizes the physical parameters of all six kinds of palm oil-based lubri-
cants. The six types of palm oil include refined, bleached and deodorized palm oil (PO),
palm fatty acid distillate (PFAD), palm olein (PL), palm stearin (PS), palm kernel oil (PKO),
and palm mid-olein (PMO).
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Table 1. Physical properties of palm oil [15].

Lubricant PKO PO PS PL PMO PFAD CMFO Test Method

Density (kg/m3) @ 25 ◦C 0.887 0.880 0.870 0.890 0.895 0.873 0.900 ASTM
D1298-85(90)

Kinematic Viscosity (mm2/s) @ 25 ◦C 45.77 215.47 48.29 46.74 54.6 120.14 146.24 ASTM D445-94
Kinematic Viscosity (mm2/s) @ 40 ◦C 35.36 189.40 38.01 35.00 50.6 96.35 107.71 ASTM D445-94

Kinematic Viscosity (mm2/s) @ 100 ◦C 11.24 18.20 8.56 14.4 13.2 8.9 11.2 ASTM D445-94
Viscosity index, (VI) 329 106.00 213 426 272 48 88 ASTM D2270

Pour point (◦C) 21.0 34.0 37.3 9.0 15.0 35 −24.0 ASTM D9793
Melting point (◦C) 27.5 48.50 44.0 21.5 18.50 38.0 - -

Flash Point (◦C) 205 205 315 318 324 135 236 -
Cloud Point (◦C) - - - 9.5 18.5 - - -

Iodine value (WIJS) 17.8 17.8 27.8 56.15 48.23 24.80 - -
Free fatty acid (%) 0.06 0.06 0.05 0.07 0.15 86.4 - ASTM D664

Peroxide value (PV) 0.84 0.85 1.04 0.95 0.92 1.58 - -

One measure of a fluid’s resistance to movement through its environment is its vis-
cosity. Utilizing oil with a higher viscosity resulted in a thicker oil coating; however, this
increased flow resistance and reduced the ability to protect the contact surface [6,15]. It is
possible that low-viscosity oils may help in the boundary lubrication regime, but in the
sliding system, they’ll be rapidly worn away by the contact surfaces. Lubricant oil with
a high viscosity index (VI) is generally considered as a good lubricant [14,15]. Higher VI
meant that the viscosity of the oil did not vary much when the temperature is raised. That
is, the oil’s viscosity profile suffered fewer phase shifts, resulting in greater heat stability. In
terms of viscosity index, PKO had the greatest value of 329 and commercial metal-forming
oil had the lowest value of 88. The slip melting point is another essential characteristic that
indicates lubricant oil fluidity. In the palm oil sector, the slip melting point was the tem-
perature at which all crystal nuclei were melted, which occurred most often in the stearin
fraction. The degree of unsaturation of fatty acid molecules is determined by the iodine
value (IV) [16]. It is an essential parameter since it reveals the fats and oils’ properties. IV is
highly correlated with the cloud point and the fatty acid makeup of the oil.

The top three varieties of palm oil-based lubricant were chosen using the scoring
system shown in Table 2. The score is determined by the following rank (1 is good to 6 is
poor) and is based on the reasoning provided in Table 1. The oil with the lowest score was
rated first, followed by the others.

Table 2. Evaluation score of palms oil-based lubricant.

Lubricant PKO PO PL PS PMO PFAD

Density (kg/m3) @ 25 ◦C 3 4 5 1 6 2

Viscosity index, (VI) 2 5 1 4 3 6

Pour point (◦C) 3 6 5 1 4 2

Melting point (◦C) 2 5 6 1 3 4

Flash Point (◦C) 5 4 3 2 1 6

Iodine value (WIJS) 6 2 1 4 3 5

Free fatty acid 1 4 6 2 3 5

Peroxide value 1 2 4 5 3 6

Total score 23 32 31 20 26 36

According to Table 2, PS leads the pack with a total score of 20 and is followed by
PKO at 23. The cloud point feature was not taken into account in this score assessment
since it cannot be identified in certain oils. It may be concluded that PS, PKO, and PMO
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have shown acceptable basic lubricant oil characteristics and have been chosen as a palm
oil-based lubricant in the metal-forming processes.

Gas-liquid chromatography (GLC) was used to determine the chemical characteristics
in terms of fatty acid composition (FAC) as shown in Table 3. The sample was separated
into its constituents depending on their affinity for the liquid and mobile phases [16].
According to Table 3, PKO has the largest amount of saturated fatty acid, coming in at
82.3%, while PMO has the least amount, falling in at 53.5%. PS and PMO have a pattern
that is comparable, in that they have a high concentration of palmitic and oleic acid, in
contrast to PKO, which has a high concentration of lauric acid. This can be seen by looking
at each composition of the fatty acid. Figure 1 shows the experimental set-up for both
testing (open and closed forging).

Table 3. Composition of fatty acids in palm oil used as a lubricant [2].

FAC (% by Gas
Chromatography)

PS PKO PMO

Caprylic acid C8:0 - 3.6 -
Capric acid C10:0 - 3.5 -
Lauric acid C12:0 0.16 47.8 0.5

Myristic acid C14:0 1.16 16.3 1.1
Palmitic acid C16:0 54.31 8.5 45.0
Stearic acid C18:0 4.71 2.6 6.4
Oleic acid C18:1 32.31 15.3 37.3

Linoleic acid C18:2 6.68 2.4 8.8
Linolenic acid C18:3 0.3 - 0.2
Arachidic acid C20:0 0.37 - 0.5
Eicosenoic acid C20:1 - - 0.1
Saturated fatty acid 60.71 82.3 53.5

Mono-unsaturated fatty acid 32.31 15.3 37.4
Poly-unsaturated fatty acid 6.98 2.4 9

IV 33 17.8 54

Figure 1. The open-closed forging test set up [15,17].

2.2. Metal-Forming Test

In order to evaluate the frictional behavior with various derivatives of palm oil-based
lubricants, two main tests were conducted, which were open forging and closed forging
test. A hydraulic press machine, similar to the one seen in Figure 1, was used to conduct
an analysis on each and every test sample. The experimental materials and conditions are
summarized in Table 4.
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Table 4. Materials and conditions for experiments [14,17].

Properties Open Forging Test Closed Forging Test

Workpiece Pure aluminum (A1100)

Workpiece Hardness (Hv) Before annealing = 134.8
After annealing = 52.6After annealing = 52.6

Tooling material SKD-11

Workpiece size (mm) 18:9:6 35 × 15 × 4.5

Reduction in height ~10%, ~20%, ~30%, ~40% and ~50%

Lubricant quantity (mg) ~5 mg ~10 mg

Temp (◦C) 24–27 (Room temperature)

Compression speed (mm/s) 1

2.3. Finite Element Method

The DEFORM-3D optimization routines employ three types of variables while work-
ing toward an optimum design: design variable (independent variable), state variable
(dependent variable) and objective function. The height is defined as a design variable with
an initial value of 35 mm and the billet width as a function of the billet height. The state
variable are quantities that are used to define a constraint for the design and also known as a
dependent variable with typical response quantities such as stresses and displacement [18].
Objective function in closed forging die is projected to the complete die filling without
defects. The flow of the A1100 in the mold is analyzed throughout this study, and the
aim of the simulation is to identify the maximum possible height over which the material
may flow. In the DEFORM-3D parametric design language, they are provided as scalar
parameters [19]. In an optimization study, the independent variables are defined, such
as tool and die geometry, lubricant, friction, and amount of deformation. Variables in the
design are represented by their vectors, which are:

x = [x1 x2 x3 x4 . . . xn ] (3)

Each design variable has n associated constraints, or maximum and minimum values;

xi ≤ xi ≤ xi (i = 1, 2, 3, . . . , n) (4)

where:

n = number of design variable.
xi = Design variable
xi = Lower limit
xi = Upper limit

The limits placed on the design variables are known as side constraints, and they set
the bounds that define the so-called viable design space.

Now, minimize
f = f (x) (5)

Subject to
gi(x) ≤ gi (i = 1, 2, 3, . . . , m1) (6)

hi ≤ hi(x) (i = 1, 2, 3, . . . , m2) (7)

wi ≤ wi(x) ≤ wi (i = 1, 2, 3, . . . , m3) (8)

where:

f = objective function
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gi, hi, wi = state variables containing the design, where under- and over-bars de-
note minimum and maximum values (input as max and min on optimization variable
commands). m1, m2, m3 are the total number of constraints placed on state variables by
their respective ranges of allowable values. Due to their correlation with the vector (x) of
design variable, state variables are often called “dependent variables”. The purpose of the
constrained minimization problem represented by Equations (3) to (5) is to minimize the
objective function f (x), subject to the restrictions given by Equations (6) to (8).

Correlation between real stress–strain data acquired from pure aluminum A1100
workpiece using the Instron 5982 universal testing equipment is used to describe the
material. The results of the tensile tests performed on the three samples given for this
study are shown in Figure 2. Table 5 shows the parameters that are used in FEA of both
openforging test (RCT) and closed forging test (CFT). As suggested by Li et al. [20], the
following may be used as a first estimate for the plastic region curve of stress–strain:

Table 5. Parameters used in FEA of forging test.

ANALYSIS
OPTIONS

FEA Program Scientific Forming Technologies Corporation (SFTC)

Compiler for User Subroutines DEFORM-3D Ver-10.2

Material Plasticity Method Elastic-Plastic formation

Die Material Type Rigid

Punch Velocity 1 mm/s

Number of steps
RCT CFT

50 400

Iteration Method Newton-Raphson

Remeshing Global remeshing, overlay quad type, depends on element distortion,

Number of meshing
RCT CFT

55000 45000

Deformation Active in FEM + meshing

Temperature 20 ◦C

CONTACT

Inter-Object Data Definition Coulomb-Tresca friction model

Relative Sliding Velocity Default (=0)

Tolerance 0.0256

MATERIAL

Model

Young’s Modulus A1100 = 68.900 GPa

Poisson’s Ratio A1100 = 0.33

It can be observed in Figure 2 that stress data are only accessible up to a value of
εtrue = 0.032 in this case. However, for this extension, the smallest size as well as the chord
length at the neck are required. Because tensile stress causes metals to lose their formability,
upsetting is used to increase the strain values of the metals under test. If the flow curve is
simply to be calculated for low stresses, the tensile test will offer sufficient information for
this purpose. If the flow curve calculated for low strains can be extended to greater strains,
this test is even effective in certain conditions. The stress–strain curve in the plastic region
can be approximated by:

σ = Hεn
p (9)

εp =
( σ

H

)1/n

(10)

where

εp = plastic strain
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H = strength coefficient
n = unitless pressure hardening exponent

Figure 2. The tensile testing resulted in a stress–strain curve for AA1100 [15].

It was proposed by Ramberg and Osgood that this connection may be utilized to
anticipate the shape of the stress–strain curve for any given material. Tensile and yield
strengths of this plastic may be determined using the following equations [21];

σ = 140.82244(ε)0.01405 (11)

where

σ = true stress
ε = true strain.

The design of the rig was based on the assumption that all of its components were
solid bodies, which was made possible by the use of a stiff surface analysis. The aluminum
alloy utilized in this study is one that, as noted by Szala et al. [22], has generally been a
strain-hardening and cold-forming material.

3. Results and Discussion

3.1. Open Forging Test

The effects of several palm oil-based lubricants on load variation throughout the
forging process were investigated, and the results were compared to those obtained without
lubrication (NA-O) and a CMFO lubricant used as a benchmark. A direct relationship
between force and die stroke was discovered in experiments, as shown in Figure 3. The
graph displays the initial deformation as well as the after deformation, with the early
deformation beginning at 0 kN and ending at 3 mm (50%) compression of the die stroke
with varying load values for each sample.
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Figure 3. Testing the forging force of a NA-O, PKO, PS, PMO, and CMFO.

From the result obtained, the compression load is directly proportional to the die
stroke. The absence of lubrication in the workpiece and the interaction between the metals
have both indicated a growing load, and it is clearly evident that the NA-O sample had the
largest degree of compression during the whole of the test where the max load is around
56.71 kN. According to Tiong et al. [23], the presence of lubricant normally contributes to
the reduction of friction, which consumes less compression load; however, the presence of
CMFO in ring comparison test shows that the load somewhat is comparable to the NA-O
sample, where the load is lower only at 10% to 30% die stroke with max compression load
of 55.99 kN. Compared to the benchmark lubricant (CMFO), all of the samples of the palm
oil-based lubricant show a considerable reduction in compression load, indicating that it
has the potential to be used as a lubricant in metal-forming process. PS, on the other hand,
demonstrates to be the most desirable lubricant in RCT tests with the max compression
load at 44.85 kN, where the compression load exhibited the lowest load when compared
to other palm oil-based lubricants. PKO is a well-known palm oil-based lubricant that
has been tested as an engine oil lubricant and in some cases, such as the one proposed
by Aiman et al. [17], the lubricant performed better than the mineral oil. PMO is also
one among the products of palm oil, but it has received less attention from researchers
than other palm oil products, particularly in the metal-forming process. This product has
shown some intriguing findings, which include a reduced compression load (48.56 kN) in
comparison to PKO (49.08 kN) and CMFO sample in RCT test.

A lubricant is acceptable for use on the contact surface during extrusion if it keeps the
extrusion load within an acceptable range, as stated by Wang et al. [24]. This is one of the
criteria for determining whether or not a lubricant is suitable for this application. In these
situations, the reduced compression load of PS, PKO, and PMO might be related to the
material’s physical behavior, in which it exists in a semi-solid form at ambient temperature
and completely liquidizes when heated to 40 ◦C [25]. As highlighted by Maleque et al. [26],
palm oil’s high concentration of free fatty acids (FFA) contributes to the creation of a thin
lubricating coating between the taper die and the work material. According to the data
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shown in Table 3, palm oil seems to include oleic acid, which may aid in reducing the
amount of drag encountered by moving objects.

The strength of a fatty acid chain is determined by how the densely packed alkyl chain
reacts to the accumulated short range Van der Waals interactions between neighboring
methyl groups [27]. A greater affinity on the metal surface was achieved with a higher
closed packed density. The ninth and tenth carbons of the fatty acid’s chain are double-
bonded, making it unsaturated. Confirmed by Campen et al. [28], this double bond causes
the unsaturated fatty acid oleic acid to adopt a cis-configuration, making it difficult for the
molecules to adopt a linear shape. Unsaturated fatty acids are therefore far less efficient in
forming tightly packed monolayer soap films. Less compact packing density causes fatty
acid chain molecules to have less attraction for metal surfaces. Meanwhile, the molecules
of palmitic and stearic acid, which are saturated fatty acids, have a great capacity to pack
tightly and effectively on metal surfaces (Wood et al., 2016). The metal surface was protected
by PS (C16:0 = 54.31% and C18:0 = 4.71%) and PMO (C16:0 = 45.0% and C18:0 = 6.4%) with
a high amount of saturated fatty acids, which also showed excellent molecular packing
and offered a decreased compression load compared to PKO as discussed by Zulhanafi
et al. [6].

Calibration Curve and Optimization Process

As a means toward a more complete understanding of frictional behavior, it is crucial
to compare the experimental result with the findings of the FEM. In a mathematical
optimization problem, the objective function is the real-valued function whose value
is to be reduced or maximized relative to the set of feasible solutions. Figure 4 depicts the
comparison of exploratory results with the contact calibration curves, which was used to
determine the TSF and CFC. For the purpose of identifying optimal interaction parameters,
Zhang et al. [29] claim that there is no widely accepted method for matching experimental
data with the optimum calibration curve. As previously indicated [13], Equation (12) was
utilized as a benchmark to establish the correlation of friction between Tresca shear friction
(TSF) and Coulomb friction coefficient (CFC).∣∣dμ − dm

∣∣
d0

< e (12)

where

dμ = inner diameter of the CFC
dm = inner diameter of the TSF
d0 = inner diameter before deformation
e = positive smaller of the two inner diameters.

A lower positive value e is obtained by comparing the inner diameters of the specimens.
Because of the precision of the finite element model, Zhang et al. [13] noted that the inner
diameter of the specimen remains almost constant for e < 0.005 despite a little fluctuation
in friction. As a result, e = 0.005 may be a good figure to use to determine whether the
narrowing of the metal ring’s inner width agrees with the appropriate calibration curve.
Using Equation (12), we can define Equation (13) to evaluate the friction parameters, and
we know that e = 0.005 or 0.5% is the smallest positive value that best describes the situation.∣∣DExp − Dμ,m

∣∣
D0

=
∣∣δDExp − δDμ,m

∣∣ < e (13)

where

DExp = inner diameter of experimental data
δDExp = change in inner diameter of experimental data.
Dμ,m = inner diameter of each friction representation
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Figure 4. Validation of experimental result of change in inner diameter for each height reductio
(a) Tresca shear friction and (b) Coulomb friction coefficient.

The internal diameter changes brought about by a minor shift in μ or m for a moderate
reduction in height are negligible. The discrepancies between the test findings and the
fitted calibration curves were determined and analyzed using Equation (13).

Figure 4 depicts the calibration curves for each of the samples after the e values were
determined for each one and compared to the FEM. The line in this figure represents the
simulation data, while the point in the figure is the actual experimental result. The data
reveal that the friction is best matched at m = 0.45 and μ = 0.1875 for the no lubricant sample
(NA-O), indicating that this sample has the maximum frictional value. When compared to
the deformation shown in the NA-O sample, the CMFO result shows a similar trend. The
PS, on the other hand, had the least amount of friction at m = 0.1 and μ = 0.05, as shown
by the findings from the sample that was based on palm oil. When compared to the PS,
the PMO exhibits a somewhat greater amount of friction where the values for friction are
m = 0.15 and μ = 0.075. PKO demonstrates the greatest amount of friction in palm oil based
on the values of m = 0.20 and μ = 0.09375.

Data from the cold work compression test with the lubricant sample are compared
with the force applied in the FEM to validate the friction coefficient. The steady-state effects
of force owing to displacement were reported in the experimental investigation at a variety
of stroke locations and compared with the FEM simulations with varying shear friction
factors.

Figures 5 and 6 show the result of comparing the TSF and CFC calibration curves with
the validation of compression load results; this shows that all of the sample tests have a
strong connection with a single friction behavior. According to the findings (Figure 5a,b),
there is a clear connection between the friction of the NA-O sample and the value of
m = 0.45/μ = 0.1875, which is the same as the value for the CMFO sample. From Figure 5e,
PS showed the lowest fiction and has a high connection to the m = 0.10/μ = 0.05, whereas
the friction behaves m = 0.15/μ = 0.075 for PMO (Figure 5c). PKO exhibits the lowest
amount of friction in comparison to the palm oil-based lubricant, in which the compression
load is precisely equivalent to the m = 0.20/μ = 0.09375 expression.
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Figure 5. Force against height of deformation: FEM modelling and experimental data for (a) NA-O,
(b) CMFO, (c) PMO, (d) PKO, and (e) PS [17].

Figure 6. Summary of friction behavior for each component of the sample test following FEM
optimization for open forging test.
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The data that were collected throughout the process of calibration and optimization
may be used to determine the efficiency of each sample. Equation (14) has been used to
estimate the effectiveness of the lubricant in terms of the efficiency of friction lubrication
percentage (m = 0, μ = 0 as a 100% efficacy that is denoted as mμ0). This comparison is
made in relation to the situation where there is no lubricant present (NA-O) (Zhang et al.,
2019). Where mμNA−O = friction of non-lubricated sample and mμsample is the friction that
occurs in each lubricated sample.

∣∣∣∣∣∣
(mμNA−O − mμ0)−

(
mμNA−O − mμsample

)
(mμNA−O − mμ0)

∣∣∣∣∣∣× 100% = e f f iciency% (14)

According to the results of the calculation of efficiency provided by the CMFO, there
is no improvement where the friction is maintained at the same level as in the NA-O
sample. The PS, on the other hand, has the highest efficiency, which decreased the friction
by around 77.8%, while the improvement for the PMO was approximately 66.7%. PKO, on
the other hand, demonstrates a worse performance in comparison to PS and PMO, which
is somewhere about 55.6%.

According to Caminaga et al. [30], a lubricant may be acceptable for usage in the
deformation zone during the extrusion phase if the lubricant could lower the extrusion
stress to a decent degree. It has been demonstrated that as metal-to-metal contact increases,
the mechanism requires more energy to slide the material and raise the compression load
due to higher friction. Besides that, NA-O and CMFO shows that the presence of lubricant
does not contribute to an improvement in the friction behavior in these areas.

As per Tiong et al. [23], PS is semi-solid at ambient temperature, would entirely
liquidate till it crosses 40 ◦C, and may display sluggish mobility during the forging process
where PMO also conduct a similar characteristic. These physical conditions reduce friction
and compression force during transformation. The amount of work piece that came into
contact with the die throughout the process was small. According to the findings of a
previous research, one of the benefits of having a higher viscosity is that it may reduce
the amount of damage and wear that is caused to surfaces by retaining the layers that
are generated between the rubbing surfaces [31]. The shift from a mixed to a boundary
lubrication regime is facilitated by a lower viscosity, which results in the surface being
subjected to a greater coefficient of friction and increased wear [16]. This behavior may
account for the fact that PKO, as shown in Table 1, has higher friction due to its lower
viscosity compared to the other palm oil-based lubricant [31].

Moreover, FFA-penetrating palm oil-based lubricant provides a thin fluid film-lubricating
layer between the work material and taper die, as described by Maleque et al. [26]. The
oleic acid content of palm oil is shown in Table 2, which may decrease relative motion
fiction. Since glycerol normally binds to fatty acid to generate the thin film between both
the surfaces under rubbing action, higher rates of glycerol and fatty acid contribute through
a thicker layer, decreasing friction, wear, and load of extrusion, as stated by Yingying
et al. [32]. A longer carbon chain in the FFA composition indicates a higher concentration of
FFA, as shown by the aforementioned study, which demonstrates that the PS has potential
as a metal-forming lubricant.

3.2. Closed Forging Test

The effects of several types of palm oil-based lubricant, as well as no lubrication and
commercial metal-forming lubricant, on the load variation of the forging process were
investigated. Figure 7 demonstrates the experimentally established connection between
punch load and die stroke. In the first stage, a comparison of the sample lubricants reveals
that all of them follow a fairly identical trajectory, in which the load abruptly escalates. A
unique pattern emerges in the second phase of the lubricant’s influence. By measuring
how much friction is reduced during the compression test, researchers can now estimate
how well the lubricant sample performs. When compared to alternative lubricants, palm
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stearin (PS) has shown superior lubrication efficiency, with the lowest compression load
appearing in the third stage and remaining constant all the way through to the final product
production. A study by Tiong et al. [23], found that at ambient temperature PS has the
consistency of a semi-solid but may become a fluid at temperatures of 40 ◦C or beyond.
This quality may aid lubricants in decreasing the amount of metal-to-metal contact that
takes place by decreasing the amount of friction between metallic surfaces. Comparatively,
the compression load of CMFO is much higher than that of other palm oil-based lubricants,
such as PKO and PMO. The iodine and moisture found in palm oil have been demonstrated
to provide anti-friction properties between two moving metal substrates [33]. Reduced
friction and compression force during the transitional stage suggest that as little metal as
possible was brought into contact with the die and the workpiece.

 
Figure 7. Compression load of NA-O, CMFO, PS, PKO, and PMO at certain die stroke.

Table 1 demonstrates that oleic acid, which is assumed to be present in palm oil, could
assist in lowering relative motion blur. Moreover, free fatty acids (FFA) penetrating palm oil
aid in forming a thin lubrication coating between the taper die and the workpiece material,
as indicated by Maleque et al. [26]. Glycerol normally binds to fatty acid to produce a thin
film between the two surfaces when rubbing happens; increased quantities of glycerol and
fatty acid contribute through a thicker layer, which lowers friction, wear, and compression
stress, as stated by Yingying et al. [32]. The aforementioned analysis reveals that the PS is
appropriate since the FFA content has a much longer carbon chain than the PMO and PKO.

3.3. Optimization and Analysis of FEM

The compressed sample’s billet width and billet height were measured, along with a
few other design factors, so that test results could be compared to those obtained from the
simulation. Furthermore, as was previously said, there is no universally accepted method
for determining how to best correlate experimental data with the appropriate calibration
curve, which is necessary for determining interaction conditions [29]. As stated by Zhang
et al., [12] Equations (15)–(17) was utilized as a benchmark in order to assess the form of
the relationship that exists between TSF and CFC.∣∣BWexp − BWμ,m

∣∣
BW0

=
∣∣δBWExp − δdBWμ,m

∣∣ < e (15)
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%BW =
BWo − BWexp,m,μ

BWo
× 100% (16)

%BH =
BHo − BHexp,m,μ

BHo
× 100% (17)

where

BWexp = experimental width
BWμ,m = width for the specimen of TSF or CFC model
BW0 = width before deformation
e = smaller positive number from the specimen comparison

With the use of Equation (15), the gaps that were found between the results of the
experiments and the fitted calibration curves were computed and illustrated in Figure 8.
The examination concluded that the experimental results were in close agreement with one
calibration curve, with just a few minor discrepancies amounting to less than 0.5% of the
total.

Figure 8. Calibration graph of closed forging test for (a) NA-O, (b) PMO, (c) CMFO, (d) PS, and
(e) PKO.

Into a more precise calculation of the lubricant sample’s friction coefficient, the FEM is
used to compare the collected data to the applied force during the cold work compression
test. Figure 8 shows the results of an experiment measuring the effects of displacement
on force at steady state, while Figure 9 displays the results of a comparison between the
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FEM simulations and the experiments conducted under different CFC and TSF. Given the
current arbitrary Lagrangian–Eulerian (ALE) configuration, the FEM was used to correct
the mesh for extraneous distortions. When comparing the FEM findings to the experimental
data, the friction experienced by each sample lubricant varies at different die strokes, with
values ranging from m = 0.33/μ = 0.139 and m = 0.6/μ = 0.215. In comparison to the other
benchmark sample, CMFO and NA-O has much higher friction in the first stages I and
(ii) (m = 0.6; μ = 0.215) than CMFO (m = 0.5/μ = 0.1875) respectively. Nevertheless, when
m = 0.42 or μ = 0.1675, both sample tests show a substantially similar pattern to that of CFC
and TSF throughout the remaining phases up to the final product. At stage I, when the CFC
and TSF are m = 0.5/μ = 0.1875, the friction for PKO and PMO follows the same trend, and
from stage (ii) forward, the load is probably sheared at m = 0.39/μ = 0.159 for both sample
lubricants, until completely deformed. In contrast, PS has the smallest measured load value,
and its best-fitting value, according to the finite element method, is at m = 0.5/μ = 0.1875,
with the trend for the remainder of the stage being best fitted at m = 0.33/μ = 0.139.

Figure 9. Verification of shear friction coefficient at varying die stroke levels for (a) NA-O, (b) CMFO,
(c) PKO, (d) PMO and (e) PS [15].

After going through the process of optimization, we have come to the conclusion that
the development of friction during a closed forging test may be summed up as shown in
Figure 10. It appears that the friction behaves differently depending on the die stroke that
is being compressed, which is in contrast to the ring compression test, in which the friction
may be easily described as a single friction behavior. According to the data, PS had the least
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amount of friction during the cold forging test when compared to PKO, PMO, and CMFO.
PS exhibited a decreasing trend from 10% to 40% as the die stroke compression increased,
and this tendency persisted until the compression was complete. Unlike PS, PMO and PKO
have a slightly different tendency, in which the friction increases when the compression
reaches between 40% and 50%. Another prospective palm oil-based lubricant that may
be used as a metal-forming lubricant is called PMO where in comparison to CMFO, the
total friction that occurs during the compression test is somewhat lower. PKO, on the other
hand, demonstrates practically the same performance as CMFO in terms of friction, which
tops the list when compared to other lubricants made from palm oil.

Figure 10. Summary of friction behavior for each component of the sample test following FEM
optimization.

It is possible that the fatty acid chain in palm oil, which is used as a metal-forming
lubricant, is responsible for its excellent performance. This chain is able to reduce the
contact impact between the workpiece and the packed alkyl chain, which reacts with the
cumulative short range of van der Waals forces that exist between neighboring groups [27].
A greater amount of closed-packed material led to improved affinity on the metal surface
where the unsaturated fatty acid has a double bond on its ninth and tenth carbon chain,
which separates it from saturated fatty acids. It was proven by Campen et al. [28] that this
double bond was responsible for the formation of cis-configuration in the unsaturated oleic
acid, which bent the molecules and made it difficult for them to adopt a linear molecular
structure. Because of this, the unsaturated fatty acid is advantageously less efficient in the
formation of close-packed monolayer soap film where a lower closed-packed density causes
fatty acid chain molecules to have a lower affinity for the surfaces of metals. Meanwhile,
the molecules of palmitic and stearic acid, which are saturated fatty acids, have a great
capacity to pack tightly and effectively on metal surfaces [34,35].

PS PMO and PKO with high contents of saturated fatty acids displayed effective
molecular packing, which protected the metal surface and suggested a reduced friction
coefficient [36]. According to Zulhanafi et al. [36], a higher degree of unsaturated fatty
acid lowers the capacity of the molecules to be chemisorbed; as a consequence, the metal
surfaces in the fourball test experience less protection. However, during the metal-forming
process, the lowest level of unsaturated fatty acid, which is PKO (17.7%), has less effect on
lowering friction, when compared to PS (46.40%) and PMO (39.29%). This may be the result
of very high compression on the surfaces, which reduces the strength of the intermolecular
bonds and destroys the thin layer of soap film, resulting in higher friction.

120



Lubricants 2023, 11, 114

4. Conclusions

In this study, commercial finite element software (DEFORM-3D) was used to simulate
two forging processes of aluminum (AA1100) using different compounds of palm oil as
a bio-lubricant that has been matched to CMFO. The goals of this study were to analyze
the behavior of the flow of material and to predict the forging load and the stress–strain
distribution during the forging process.

The results of the open and closed forging tests were shown to have significantly
different patterns of frictional behavior. The interpretation of friction in open forging tests
is acting as a single friction for each sample test. On the other hand, the behavior of friction
in closed forging tests is different at each die stroke, and the friction varies depending on
how the stroke is changed.

Both of the findings from the tribological performance of palm oil-based lubricants
as metal-forming lubricants demonstrate that palm oil-based lubricants exhibit a superior
performance when compared to CMFO. PS has the lowest friction for both tests where the
friction in open forging is estimated at m = 0.10/μ = 0.05 and in closed forging process
the average is estimated at m = 0.352/μ = 0.17. In open forging test also, PS shows the
highest efficiency, which decreased the friction by around 77.8%, while the improvement
for the PMO was approximately 66.7%. PKO, on the other hand, demonstrates a worse
performance in comparison to PS and PMO, which is somewhere about 55.6%.

In light of the results of this research, one intriguing method for subsequent experi-
ments is the modification of the lubricant, such as employing nano-lubricants in palm oil.
This is because the lubrication performance requires the inclusion of additives in order to
reduce the friction and improve surface protection.
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Abstract: Vegetable-oil-based biolubricants are an excellent alternative to conventional lubricants.
Instead of focusing on novel feedstocks, these biolubricants should be further elucidated based on
their fatty acid composition, which influences their tribological properties. Therefore, the study
utilises gene expression programming (GEP) to derive a boundary lubricity model for vegetable-oil-
derived trimethylolpropane (TMP) esters, considering the fatty acid composition (saturation and
monounsaturation levels), load and speed. Neat vegetable oil and blends from seven feedstocks are
selected following a wide range of fatty acid profiles to synthesise TMP esters using a two-stage
transesterification process. The TMP esters are spin-coated on wear discs that are subsequently
rotated against a ball using a purpose-built tribometer. The frictional performance of the TMP esters
with balanced saturation and monounsaturation levels of fatty acid are measured to improve it at
higher speeds. The GEP model is statistically evaluated by adopting the friction data, a showing
good generalisation and predictability capability. The model demonstrates that friction decreases
with increasing saturation levels of the TMP ester. The GEP model for vegetable oil TMP esters allows
for the tribological performance prediction of TMP esters following the fatty acid profile, providing a
platform to optimise such biolubricant for desired applications.

Keywords: fatty acid composition; tribometer; spin coating; thin film; physicochemical; gene
expression programming

1. Introduction

The global biolubricant market was estimated at USD 1.9 billion in 2020 and is pro-
jected to reach USD 2.7 billion by the year 2027 [1]. The estimated growth in the biolubricant
sector at a compound annual growth rate (CAGR) of 5.2% is driven by concerns about
the rapid depletion of fossil fuel resources and environmental pollution arising from im-
proper disposal of lubricants derived from such resources. Biolubricants are an alternative
to conventional lubricants derived from fossil fuel resources. They are biodegradable
(70–100% [2]) and renewable, with the most common type being vegetable oil or its deriva-
tives (approximately 45% of the global biolubricant market [1]). In addition to not being
toxic, vegetable oil also has excellent lubrication properties, attributed to its unique com-
bination structure of polar and nonpolar molecular groups. The carboxyl polar group of
vegetable oil adsorbs to the rubbing surfaces to form a lubricant film, protecting them from
undesired wear and tear.

Vegetable oil’s high fatty acid content (between 80–90%) is the primary factor in
its lubricating efficacy [3]. However, the β-hydrogen atoms in the hydroxyl groups and
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unsaturated free fatty acids (FFA) of the vegetable oil triglycerides promote fast crystalli-
sation, resulting in poor thermo-oxidative stability. Therefore, converting vegetable oil
into synthetic esters through chemical modifications (e.g., epoxidation, hydrogenation and
transesterification [4]) can remedy this deficiency. One of the economically feasible solu-
tions is to convert vegetable oil into a synthetic polyol ester, namely, trimethylolpropane
ester (TMP ester), using transesterification. On top of an improved thermo-oxidative sta-
bility [4,5], numerous research studies on such polyol esters derived from vegetable oil
have produced biolubricants with a lubricity that is on par or superior to conventional
lubricants [6,7]. To date, vegetable oils, such as palm oil [8], jatropha oil [9], rice bran
[4], karanja oil [4], sunflower oil [9], soybean oil [9,10] and cotton seed oil [11], have been
transesterified to produce TMP esters. Recently, studies on TMP esters have shifted towards
specific fatty acid chains, namely, from TMP trioleate [12,13]. TMP trioleate, synthesised
from oleic acid, has been demonstrated to possess a good lubricity and has often been
suggested for use as hydraulic oil.

A recent bibliometric study by Lee et al. [14] highlighted the importance of correla-
tional studies on the lubricity of vegetable oil biolubricant and its fatty acid composition.
The chemical structure of vegetable-oil-derived biolubricants and their fatty acid compo-
sition is vital to their physicochemical and tribological properties [15–17]. According to
the study by Biresaw and Bantchev [18], the lubricant film is influenced by the degree of
unsaturation, fatty acid chain length and the polar group of the vegetable oil. Correlating
the fatty acid compositions of vegetable-oil-based lubricants with rheological properties
has been reported on numerous occasions in the literature [9,19,20]. For example, the mo-
nounsaturated or polyunsaturated fatty acids influence the viscosity of vegetable oil [19].
Specifically, Kim et al. demonstrated that the viscosity of vegetable oil increased with a
higher concentration of oleic acid (C18:1) while it decreased with a higher linoleic acid
(C18:2) content [20]. Apart from viscosity, it has also been reported that a low thermo-
oxidative stability is attributed to higher levels of unsaturation [9] while high pour points
are attributed to higher levels of saturation [21].

On the other hand, the influence of fatty acid profiles on vegetable oil’s frictional and
wear properties have also been studied. For example, stearic acid in vegetable-oil-based
lubricants could reduce friction and wear [3]. High linoleic and oleic acid concentrations
in vegetable oils, namely soybean oil, have also produced a lower friction and wear,
arising from the formation of denser fatty acid monolayer film [22,23]. Hamdan et al.
suggested that decreasing the ratio of monounsaturation to total saturation level could
result in reducing the friction of vegetable-oil-derived fatty acid methyl ester (FAME) [24].
A reducing ratio would also reflect an increasing saturation level (assuming a constant
monounsaturation). Similarly, the increasing saturation level of vegetable oil FAME has
also been reported to lead to a friction drop by Rajasozhaperumal and Kannan [23]. They
explained that saturated fatty acid molecules adsorbed more efficiently on the surface to
form a more effective lubricating film.

The literature mentioned above often highlights the effect of the fatty acid composi-
tion of vegetable-oil-based lubricants with little effort on mathematically quantifying the
effect. Neat vegetable oil feedstocks are often investigated along with different chemical
modification and additivation approaches. Instead of using a trial-and-error approach, a
proper quantification of such effect would be imperative for optimising the tribological
properties of vegetable oil for developing more effective biolubricants, allowing an opti-
mum fatty acid configuration of biolubricant to be attained for the desired applications.
Therefore, machine learning techniques should be explored when determining the effect of
fatty acid composition on the tribological properties of vegetable-oil-based biolubricants.
Machine learning allows complex processes to be systematically quantified in an efficient
manner [25], suitable for tribological systems, often involving multiphysics phenomena.

Marian and Tremmel recently reviewed the penetration of machine learning techniques
in the field of tribology research [26]. Their review showed that most tribological research
adopting machine learning techniques are related to composite or advanced materials,
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lubrication systems for motion generation or power transmissions (including bearings,
seals, brakes and clutches), surface texturing and lubricants. With relation to lubricants, the
reported literature focuses more on additive studies [27–29]. Artificial Neural Networks
(ANNs) and genetic algorithms are the majority of machine learning techniques adopted
in tribology. Machine learning techniques solve the identified problem by training using
available data from a simulation, experiment or the literature. To date, ANNs have been
demonstrated to produce predictive models with a high coherence to experimental data [30].
However, it remains a challenge to derive an empirical formulation of an ANN model for
practical applications due to the complex nature of ANN models [31].

An alternative machine learning technique is gene expression programming (GEP),
an extension of genetic programming that incorporates simple and linear chromosomes
to generate small programs with explicit equations [32]. GEP has the genetic algorithm’s
simplicity and the abilities of genetic programming [33]. This technique produces simple
mathematical expressions in the form of subexpression trees with high prediction capa-
bilities that can be adopted for practical applications. More importantly, the expressions
from GEP have been reported in the literature to have a good generalisation and predic-
tive capability, not limited to correlations [30,34,35]. Recently, GEP has been adopted to
study material removal via machining [36], with most studies still revolving around civil
engineering applications [30,37].

Knowing the influence of different fatty acid compositions on the physicochemical
and tribological properties of vegetable-oil-based biolubricant is essential. A lubricant’s
fluid film lubrication performance is heavily influenced by its viscosity. However, the same
cannot be said of its boundary lubrication properties. Therefore, as a first approximation,
the present study aims to develop a practical empirical expression using GEP to describe
the effect of vegetable-oil-based trimethylolpropane (TMP) ester’s fatty acid composition
on its boundary frictional performance. The generated GEP model prepares an empirical
platform to further explore the boundary lubricity of TMP esters as an alternative to
conventional mineral-oil-based lubricants. More importantly, the GEP model is expected
to predict the frictional performance of vegetable-oil-based TMP esters following the
operating conditions of the desired applications. To the authors’ knowledge, adopting the
GEP technique in deriving a generalised empirical model for vegetable-oil-derived TMP
esters’ boundary frictional performance, considering fatty acid composition, has yet to be
reported in the literature.

2. Methodology

2.1. Materials

The present study derived trimethylolpropane (TMP) esters from vegetable oil feed-
stocks, namely palm, olive, coconut, grapeseed–coconut (1:1 ratio by volume), canola,
canola–sunflower (1:1 ratio by volume) and canola–palm–soybean (1:1:1 ratio by volume).
It is noted that these vegetable oils were commercially procured from the consumer product
market. The methanol and potassium hydroxide (KOH) used in the methyl ester synthesis
were of the QRëC brand. TMP: 1,1,1-Tris(hydroxymethyl)propane, dist., ≥98.0% (by gas
chromatography) and 30 wt% sodium methoxide solution in methanol were purchased
from Sigma-Aldrich (Selangor, Malaysia) for synthesising trimethylolpropane (TMP) es-
ter. All chemicals used in the production were of analytical grade. On the other hand,
BSTFA: N,O-Bis(trimethylsilyl)trifluoroacetamide (synthesis grade, purity >99%) and ethyl
acetate (ACS reagent grade) were also purchased from Sigma-Aldrich (Malaysia) for the
gas chromatography (GC) analysis of the produced TMP ester.

2.2. Vegetable-Oil-Derived Trimethylolpropane (TMP) Ester

The synthesis of TMP esters for the selected vegetable oil feedstocks was carried out
through a two-stage transesterification process as described in the process flow diagram
given in Figure 1. In the first stage of the transesterification (process flows 1 to 7), the
triglyceride of vegetable oil was reacted with methanol in the presence of a base catalyst
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(KOH), forming a fatty acid methyl ester (FAME) and glycerol. The collected FAME
was then sent for gas chromatography–mass spectrometry (GCMS) using a Shimadzu
GCMS-QP2010 Series coupled with a BP5 MS column (20 m × 0.18 mm (inside diameter),
film thickness 0.18 μm) to identify their saturation (SA), monounsaturation (MU) and
polyunsaturation (PU) levels.

Figure 1. Two-stage transesterification process flow diagram for TMP ester synthesis.

The methodology for GCMS was modified following Tarif et al. [38]. The column
temperature was set from 120 °C to 330 °C at rate of 10 °C/min. Both injector and detector
temperatures were set at 250 °C. A quantity of 1.0 μL of test samples in ethyl acetate was
injected with a split ratio of 1:10. Helium gas was used as the carrier gas at a flow rate of
1.5 mL/min. The mass spectrometers were then identified with the National Institute of
Standards and Technology (NIST) mass spectrometer library across a range of 50–550 m/z
with an electron impact (EI) ionisation mode. The fatty acid composition for the synthesised
FAME is tabulated in Table 1. The present study accepted only a distribution yield of at least
96.5% (following the EN14214 standard) from the FAME for each vegetable oil to ensure a
high conversion of the TMP ester production in the subsequent transesterification process.

In the second stage of transesterification (process flows 8 to 15 in Figure 1), the FAME
was reacted with TMP in the presence of sodium methoxide as the base catalyst in reflux
and vacuum conditions at 130 °C. After five hours of reaction time, the reactant fluid was
vacuum filtered using a Whatman Grade 5 qualitative filter paper to remove all unused
by-products. Finally, the filtrated reactant fluid underwent distillation to remove the excess
FAME, leaving behind the desired TMP ester. The two-stage transesterification allowed
the β-hydrogen in the glycerol of the vegetable oil to be replaced by TMP, conjugating the
FAME into a synthetic ester.

The quantification of the yield of TMP esters was then conducted through a gas
chromatography (GC) system (Perkin Elmer Clarus 680) equipped with a flame ioni-
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sation detector (FID). The GC instrument was operated on an Elite-5 capillary column
(30 m × 0.25 mm (inside diameter), with a film thickness of 0.25 μm). The GC technique
followed the methodology from Yunus et al. [39]) with minor modifications to suit the
column used. A (0.03 ± 0.005) g of the TMP ester was weighed and diluted with 1.0 mL of
ethyl acetate and 0.5 mL of BSTFA. The samples were heated in a water bath at 40 °C for
silylation. During the GC analysis, hydrogen gas was employed as a carrier gas with a split
ratio of 50:1. The oven temperature was first held at 80 °C for three minutes initially and
heated up to 330 °C at 5 °C/min, before being held for another eight minutes. The injector
and detector temperatures were set at 300 °C and 330 °C, respectively.

Table 1. Fatty acid composition of vegetable oils.

Parameter Palm Olive Coconut Grapeseed–Coconut Canola Canola–Sunflower Canola–Palm–Soybean

C8:0 0.02 0.07 3.89 3.79 - 0.13 0.09
C10:0 0.01 0.10 5.16 4.82 0.01 0.19 0.09
C12:0 0.13 1.03 19.30 14.99 0.03 1.81 0.98
C14:0 1.51 0.55 12.89 9.93 0.02 1.08 2.05
C16:0 34.47 16.83 10.16 10.40 0.04 11.05 25.22
C18:0 6.51 4.99 4.37 2.58 0.12 5.73 6.79
C20:0 - 1.92 0.36 1.43 0.09 1.70 1.57
C21:0 - 0.36 - 0.40 2.28 - 0.06
C16:1 0.51 4.53 0.09 1.31 0.69 0.83 0.75
C18:1 48.05 47.83 13.21 2.07 11.31 15.21 13.42
C20:1 0.81 1.49 0.70 3.01 2.27 2.98 1.08
C18:2 0.38 - - - 73.83 2.56 1.42
C18:3 0.33 4.27 3.56 26.75 5.21 44.93 39.21
Other 7.27 16.04 26.30 18.52 4.10 11.78 7.27

Saturation, SA (%) 46.00 30.79 76.17 59.32 2.70 24.60 39.74
Monounsaturation, MU (%) 53.24 64.13 19.00 7.85 14.88 21.57 16.44
Polyunsaturation, PU (%) 0.76 5.08 4.83 32.83 82.42 53.83 43.82

The number of peaks in the gas chromatogram (GC) is related to the concentration
of a specific component in the test samples. The GC peaks illustrate the number of car-
bon atoms bound in an ester structure. The present study used methyl oleate (MO) and
trimethylolpropane oleate (TMPO) to identify the corresponding C18 bond in both MO and
TMPO. MO with a ≥98.5% purity was purchased from Sigma-Aldrich (Selangor, Malaysia),
while Wilmar Oleochemicals (Jiangsu, China) provided the TMPO. The respective chro-
matograms are given in Figure 2a,b. The ester formation for the produced TMP ester can
be recognised by comparing the GC peaks with MO and TMPO. For example, Figure 2c
illustrates the chromatogram for the palm TMP ester. MO’s most prominent GC peak
occurs at 27.5 min, identified as methyl oleate. On the other hand, the highest GC peak in
TMPO is at 57.7 min, identified as trimethylolpropane oleate. In comparison, the GC peaks
of the palm TMP ester appear around 57 min. These peaks demonstrate the combination of
TMP esters formed from the C18 methyl ester families (C18:0. C18:1, C18:2 and C18:3). In
the present study, the synthesis of TMP esters was optimised to ensure a TMP ester yield
distribution of at least 85% for each vegetable oil. For example, by the weight percentage
calculation, the palm TMP ester produced was estimated to contain 87% of TMP ester. It
is noted that the produced TMP esters were also subjected to distillation to remove any
residue or remaining FAME before further characterisation.
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Figure 2. Example gas chromatogram for palm TMP ester. (a) Methyl oleate (MO), (b) trimethylol-
propane oleate (TMPO), (c) palm TMP ester.

2.3. Physicochemical Properties of Trimethylolpropane (TMP) Esters

The viscosities of the derived TMP esters were measured using a Brookfield DV-11+
Pro viscometer, equipped with a constant-temperature bath to control the temperature
of the tested liquid at 40 °C and 100 °C. The kinematic viscosity and viscosity index (VI)
were determined following ASTM D445 and ASTM D2270, respectively. The flash points
of the TMP esters were also measured based on ASTM D93-94, using a Pensky–Martens
closed-cup tester (Anton Paar, Graz, Austria). At the same time, the pour point was
measured according to ASTM D97-93 (Stanhope-seta). The density was determined using
the Anton Paar DMA 4100. Lastly, the thermogravimetric analysis (TGA) was carried out
using a TA Instruments (New Castle, DE, USA) Thermogravimetric Analyzer (modular
TGA Q500) in a temperature range from room temperature to 1000 °C in a nitrogen gas
atmosphere at a 10 °C/min heating rate to determine the thermal decomposition onset
temperature of the TMP esters.

2.4. Spin Coating of Lubricant Film

In the present study, a dynamic spin-coating method was adopted to deposit a thin
layer of TMP ester on a 304 2B finished stainless steel wear disc (50 mm diameter and
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1 mm thickness). The stainless steel wear discs were first rinsed with water, followed by
sonication in acetone to remove residual machining or cutting fluid, before being washed
with distilled water. The discs were dried in the oven and kept in ethanol as a pretreatment
to improve their adhesion properties. Subsequently, the stainless steel wear discs were
removed from the ethanol and dried in the oven at 80 °C for 30 min to evaporate the ethanol
before being cooled to room temperature. During spin coating, 0.5 mL of TMP ester was
added dropwise to the middle of the stainless steel wear discs. The centripetal acceleration
was set at 3000 rev/min, spreading the TMP ester while forming a thin layer of lubricant
film on the surface of the wear discs. The wear discs coated with TMP ester were weighed
with the thickness of the coated film being evaluated using the mass difference relative to
the uncoated discs, following reference [40]. It is noted that the spin-coating approach was
adopted to allow for the characterisation of the TMP ester at a boundary lubrication regime.

2.5. Friction Measurement

The friction test was conducted under ambient conditions with an in-house purpose-
built ball-on-disc tribometer, given in Figure 3. The purpose-built ball-on-disc tribometer
used a high-speed brushless DC motor, allowing a rotational speed of up to 6000 rev/min
for the wear disc with a gear reducer. The friction was measured using a calibrated load
cell, while the rotational speed was measured using a Hall effect sensor. The 304 2B finished
stainless steel wear disc (spin-coated with TMP esters) was rotated against a steel ball
of 6 mm diameter (fixed at 1.75 cm from the centre of the discs) at varied normal loads,
w (392–1177 mN, giving an estimated maximum Hertzian pressure of 0.5–0.7 GPa ) and
rotating speeds, u (0.36–7.33 m/s). The friction for each test configuration was measured
for 90 s. Before the friction test, the steel ball was cleaned with acetone while a new set of
steel balls and wear discs was used for each TMP ester. The wear discs’ arithmetic average
roughness (Ra) and root mean square average roughness (Rq) were 1.25 μm and 1.61 μm,
respectively. The Ra and Rq for the ball bearing were 0.2 μm and 0.3 μm, respectively.

Figure 3. Purpose-built ball-on-disc tribometer.

The lambda parameter (λ) was estimated from the ratio between the minimum film
thickness (hmin) and the composite surface roughness (σ), allowing for the interpretation of
the operating lubrication regime. The minimum film thickness (hmin) was determined at
each operating condition following the expression by Hamrock and Dowson [41], while
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the term σ was the composite surface roughness of the wear disc and ball bearing. The
expression for hmin was given as:

hmin
R

= 3.63U0.68G0.49W−0.073
(

1 − e−0.68
)

(1)

where:
G + αE′;
U = uη0/E′R;
W = w/E′R2;
R = curvature radius of ball;
E′ = reduced modulus of elasticity; (= 2

[
(1 − ν2

1)/E1 + (1 − ν2
2)/E2

]−1
)

E = modulus of elasticity for wear disc and ball;
ν = Poisson’s ratio for wear disc and ball;
w = load;
u = sliding speed;
η0 = dynamic viscosity.

2.6. Gene Expression Programming (GEP)

The present study adopted a gene expression programming (GEP) approach to deter-
mine a meaningful relationship between the friction force (F f ) and the fatty acid composi-
tion of the vegetable-oil-derived TMP esters. The variables identified were saturation (SA),
monounsaturation (MU), polyunsaturation (PU), load and speed. The interdependency
of variables could result in models with poor performance, where the strength between
these variable pairs could be exaggerated due to multicollinearity [42,43]. It is noted that
the average carbon chain lengths were excluded as an input variable due to their marginal
difference, where the lengths of the selected vegetable-oil-derived TMP esters were mostly
18, except for coconut (15) and grapeseed–coconut (16) TMP esters. Therefore, in the present
study, the multicollinearity of variables was identified using the correlation coefficient
between the variables as in Table 2. The PU–SA and PU–MU variable pairs gave relatively
higher correlation coefficients than other variable pairs. Thus, as a first approximation, the
variable PU was removed from the GEP model generation, giving a function as follows:

Ff = f (SA, MU, load, speed) (2)

An acceptable machine-learning-based model is suggested to have a ratio of total data
points to total input variables of at least three, preferably exceeding five [34]. In the present
study, the GEP database was formed from 175 values measured through friction tests,
giving a ratio of more than 40 with four input variables. Then, the database was randomly
distributed into training, validation and test subsets using a stratified sampling technique.
A total of 141 (80%) values were taken for the GEP training process. The remaining values
were equally divided for the validation (17 values—10%) and test (17 values—10%) subsets
required to validate the GEP model’s generalisation capability. For every 2000 generations
during GEP, the complexity was increased by automatically adding a gene to the model.
A parametric study was conducted on the number of chromosomes, head size and the
number of genes using the training data to achieve a proper GEP architecture. The optimum
configuration based on best fitness and correlation coefficient for the current data set could
be obtained using 225 chromosomes, a head size of 10 and 6 genes. Appendix A provides
the input parameters for the GEP algorithm using GeneXproTools Software (Version 5.0). It
is noted that the GEP in the present study was terminated at 20,000 generations.
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Table 2. Correlation coefficient matrix for variables

Parameters SA (%) MU (%) PU (%) Load (mN) Speed (m/s)

SA (%) 1
MU (%) −0.103 1
PU (%) −0.715 −0.621 1

Load (mN) −0.027 −0.047 0.054 1
Speed (m/s) 0.058 0.033 −0.069 −0.043 1

The performance evaluation of the GEP model was based on the statistical parameters
for training, validation and test subsets. The parameters considered were the root-mean-
square error (RMSE), mean absolute error (MAE), relative standard error (RSE), relative
root-mean-square error (RRMSE), correlation coefficient (R) and determination coefficient
(R2). A performance index, ρ, was introduced following Gandomi and Roke [34]. On top
of these parameters, the present study also conducted an external validation to evaluate
the prediction capability of the GEP model. The parameters considered were the slope
of the regression lines (k and k′), the squared correlation coefficient through the origins
(R

′2
o ) and the coefficient between the experiment and model (R2

o) [30]. Overfitting models
due to excessive data training could result in a decreased training error but an increased
testing error [44]. Therefore, an objective function (OBF) parameter was used to measure
the overall performance of the GEP model. The equations for these statistical parameters
are given in Appendix B.

3. Results and Discussion

Table 3 summarises the physicochemical properties of the vegetable-oil-derived TMP
esters. Based on the kinematic viscosity values, the palm and grapeseed–canola TMP esters
fell under the ISO VG 22 grade. On the other hand, the olive and canola–palm-soybean TMP
esters could be classified under ISO VG 68, while canola and canola–sunflower followed
ISO VG 150. Contrary to the observation by Kim et al. [20], instead of a lower viscosity,
higher viscosity values for canola and canola–sunflower could result from the coupled
effect of the high mono- and polyunsaturation levels as shown in Table 1. On the other
hand, the derived coconut TMP ester produced the lowest viscosity, attributed to its shorter
alkyl carboxylic chain (predominantly C12 to C16). At the present state, this TMP ester
also could not be satisfactorily classified as its viscosity fell between ISO VG 10 and 15.
However, the coconut TMP ester could be modified with suitable viscosity modifiers to
suit either viscosity grade.

The viscosity index (VI) values for most of the derived TMP esters were calculated to be
higher or comparable to reported typical values of oil-based engine lubricants. The canola
and canola–sunflower TMP esters’ VI values were lower among the derived TMP esters at
121 and 132, respectively. By referring to Table 1, the lower VI values from these TMP esters
could be attributed to their high PU levels (>50%). The highest VI value was recorded by
the coconut TMP ester at 259, potentially resulting from its high SA levels. Such a high
VI value shows potential for the coconut TMP ester to be adopted for systems operating
under harsh conditions. The thermal decomposition onset temperature determined using
TGA can indicate the lubricant’s thermal stability. In the present study, all the derived TMP
esters exhibited a decomposition onset temperature above 300 °C, which was much higher
than the values reported for engine lubricants (230 to 260 °C) [45].
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Table 3. Physicochemical properties and spin-coated film thickness of vegetable-oil-derived
TMP esters.

Parameter Palm Olive Coconut Grapeseed–Coconut Canola Canola–Sunflower Canola–Palm–Soybean

Density (g/mL)
@25 °C 0.902 0.921 0.898 0.954 0.935 0.937 0.922
Kin. viscosity (mm/s2)
@40 °C 22.95 72.29 12.87 20.82 154.50 142.16 65.34
@100 °C 5.45 13.85 4.12 4.79 18.03 17.23 12.04
ISO viscosity grade VG 22 VG 68 - VG 22 VG 150 VG 150 VG 68
Viscosity index (VI) 188 199 259 160 121 132 184
Flash point (°C) 152 116 140 148 98 102 118
Pour point (°C) 11 −8 7 −6 −9 −4 6
Decomposition
onset temperature (°C) 362 384 345 326 401 392 367
Spin-coated film
thickness (μm) 4.85 8.6 3.84 4.21 11.4 10.27 7.42
Viscosity–pressure
coefficient, α @25°C
(×10−8 Pa−1) 1.63 1.69 1.29 1.7 2.24 2.2 1.77

The flash point is affected by the unsaturated carbon–carbon bonds in the fatty acid
chain of an ester. It is also subjected to the numbers and the location of the double bond in
the chain. The double bond in the fatty acid chain act as the active side for oxidation [46].
In other words, the flash point of the TMP ester is expected to be higher with increasing SA.
Referring to Table 3, the palm TMP ester (46% SA) had the highest flash point while TMP-
canola (2.7% SA) had the lowest flash point, corresponding to 152 °C and 98 °C. Contrary
to the pour point characterisation, defined as the lowest temperature fluidity of a lubricant,
a lower degree of SA gives a better cold flow behaviour [47]. The obtained pour point for
each TMP ester was found to follow the expected trend, where the pour point of canola
was much lower than that of palm and coconut. It is noted that the flash and pour points of
the TMP esters remained undesirable compared to commercial engine lubricants (≈220 °C
for flash point and ≈−50 °C for pour point) and hydraulic oil (≈−20 °C for pour point).
Thus, it can be surmised that the derived TMP esters would need further enhancements
through flash point additives and pour point depressants.

The friction force measured for the derived vegetable-oil-derived TMP esters is given
in Figure 4. The friction forces changed linearly with the applied loads for all the TMP
esters. It is noted that the determination coefficient (R2) for the friction forces as a function
of load was above 0.85 when considering a linear regression. Such a trend followed the
ones expected of boundary lubrication. However, the coefficient of friction (slope of the
friction curve) varied when the sliding speed was increased. Another noticeable trend
presented in Figure 4 is the vertical shift or offset of the measured friction force with the
increasing sliding speeds. The offset indicated a varying intercept at the friction force
axis. The observed nonzero intercept, also known as a dynamical friction parameter, could
result from the TMP ester molecules adsorbing on the rubbing surfaces to form a boundary
film [48], generating an interfacial shear resistance that needs to be overcome to sustain
the sliding action. Overall, the frictional property of the palm TMP ester improved with
higher speeds, leading to a lower friction coefficient than the other TMP esters. Such
an improvement in boundary lubricity could result from the balanced saturation and
monounsaturation levels of palm TMP ester, not seen in other TMP esters.
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 4. Friction force for vegetable-oil-derived TMP esters at varied loads and speeds. (a) Palm. (b) Olive.
(c) Coconut. (d) Grapeseed–coconut. (e) Canola. (f) Canola–sunflower. (g) Canola–palm–soybean.

Figure 5 plots the coefficient of friction for the TMP esters against the lambda param-
eter (λ). It is noted that the coefficient of friction was taken as the slope of the measured
friction force against the load provided in Figure 4 at its respective speed. An average λ was
taken upon observing that the ratio was relatively constant for each load at its respective
sliding speed. It is shown that all the TMP esters operated in mixed and boundary lubrica-
tion regimes (λ < 1.15). Interestingly, the coefficient of friction for all the TMP esters, except
for the olive and coconut TMP esters, exhibited a Stribeck like property. The coefficient
of friction dropped with increasing λ values until reaching a minimum before increasing
slightly or saturating at higher λ values. Such a behaviour could result from an increased
hydrodynamic effect even with a fixed amount of lubricant supply, encouraging the contact
to transition from boundary to mixed lubrication regimes. The coefficient of friction for
the olive and coconut TMP esters was observed to keep increasing with larger λ values.
Such a trend indicated that these TMP esters might not sustain the film under a high shear
stress, potentially attributed to the molecules’ lesser ability to adsorb to the wear disks. It
is noted that the coefficient of friction for all TMP esters was in the range of 0.03 and 0.14,
much lower than the measured coefficient for a dry contact (0.34), indicating mixed and
boundary lubrication regimes that were consistent with the λ values.
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 5. Coefficient of friction for vegetable-oil-derived TMP esters against the lambda parameter
(λ = hmin/σ). (a) Palm. (b) Olive. (c) Coconut. (d) Grapeseed–coconut. (e) Canola. (f) Canola–
sunflower. (g) Canola–palm–soybean. (Note: The dots represent the experiment data, while the lines
represent the fitted trend line.)

GEP Model for TMP Ester Boundary Lubricity

The measured friction forces for the vegetable-oil-derived TMP esters were demon-
strated to vary among each other. Considering the tested loads and speeds were fixed,
such variation could be due to the influence of the fatty acid composition. However, such
a correlation can only be qualitatively observed via the measured friction or coefficient
of friction plots, but it remains challenging to quantify them mathematically. Even when
it is possible to correlate them using typical regression models, the lack of generalisation
capability limits the usage of the obtained correlations. Therefore, as a first approximation,
the present study used the GEP model to describe the friction force as a function of the
fatty acid composition of the TMP esters. Figure 6 illustrates the values for the training,
validation and testing subsets, randomly assigned using a stratified sampling technique.
The values for the validation and testing subsets were shown to sufficiently cover the range
of data points represented by the training set. The GEP used the training subset to generate
subexpression trees for the model, while the validation and testing subsets were adopted
independently to validate the generated GEP model.
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Figure 6. GEP model data from vegetable-oil-derived TMP ester friction tests for training, validation
and testing sets.

The GEP model generated for the TMP ester friction is represented by six subexpres-
sion trees, each representing a gene from the GEP, in Figures 7 and 8. Each subexpression
tree forms a term in the expression produced by the GEP model. Translating the subexpres-
sion trees would result in a correlation for the friction force that follows Equation (2). The
friction force, Ff (mN), can be predicted using the following empirical equation:

Ff = A + B + C + D + log(E) +
F1

F2
(3)

where
A = 1.0

tan−1(tan−1(d3+d0/d2
1)−tanh(d0)

;

B = d3 + 7.015 + 3
√

tan−1(d3 − d0 + 29.447)× d2

C = 3
√

d2
2 − 6.21 + 3

√
(d1 − d3 − 7.647)× (d2 + d1);

D = 5.072 + tanh(log(d1 × d3))× 3
√
−(20.438 + d0)× d2

1;

E = ed2
3 + 2.787×109

d0
;

F1 = d1 ×
(

1.743
d0−d1

)
;

F2 = tan−1
(
−4.338

d3
+ d1

8.083

)
.

The terms A to E are taken from subexpression trees one to five, while the terms F1
and F2 are from subexpression tree six6. The terms d0, d1, d2 and d3 refer to SA (%), MU
(%), load (mN) and speed (m/s), respectively.
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(a)

(b)

(c)

Figure 7. Subexpression trees 1 to 3 of the generated GEP model for vegetable-oil-derived TMP ester
boundary lubricity. (a) Subexpression tree 1. (b) Subexpression tree 2. (c) Subexpression tree 3. (Note:
"3Rt" refers to cubic root, "+" refers to addition, "-" refers to subtraction and "/" refers to division).
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(a)

(b)

(c)

Figure 8. Subexpression trees 4 to 6 of the generated GEP model for vegetable-oil-derived TMP ester
boundary lubricity. (a) Subexpression tree 4. (b) Subexpression tree 5. (c) Subexpression tree 6. (Note:
3Rt refers to cubic root, "+" refers to addition, "-" refers to subtraction and "/" refers to division).
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Figure 9 gives the friction force comparison between the experiment (target) and
model. The absolute error values are also provided in the exact figure. It can be observed
that the model predicted friction force trends that followed the experimentally measured
values for the training, validation and testing subsets. Table 4 summarises the statistical
parameters for evaluating the GEP model performance. The determination coefficient (R2)
for the training, validation and testing subsets were 0.858, 0.824 and 0.916, respectively.
On the other hand, the correlation coefficients (R) were 0.926, 0.908 and 0.957 for the
training, validation and training subsets, respectively. These values were larger than
0.8 [34], indicating a strong correlation between experiment and model. The values for
RMSE, MAE, RSE and RRMSE were fairly similar among the training, validation and
testing sets, indicating good generalisation capability of the model. Along with the near
zero performance index, ρ, the generalisation capability of the generated GEP model was
shown to be statistically reliable. The OBF values for the validation and testing subsets
were 0.078 and 0.076, respectively. The near-zero values for OBF also indicated there were
no overfitting issues [34].

(a) (b)

(c)

Figure 9. Friction force comparison between experiment (target) and GEP model for vegetable-oil-
derived TMP esters. (a) Training subset. (b) Validation subset. (c) Testing subset.

Table 4. Statistical parameters of the GEP model.

Parameters Training Validation Testing

RMSE 13.567 11.173 12.049
MAE 10.920 9.047 10.161
RSE 0.143 0.201 0.093
RRMSE 0.154 0.135 0.119
R 0.926 0.908 0.957
R2 0.858 0.824 0.916
ρ 0.080 0.071 0.061
OBF - 0.078 0.076
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The GEP model was also externally validated using other statistical parameters as
highlighted by Iqbal et al. [30]. The external validation’s purpose was to evaluate the
GEP model’s generalisation capability further. Table 5 tabulated the statistical parameters
adopted in the present study for the external validation of the GEP model. The slopes of
the regression lines, k and k′, for the training, validation and tests subsets were 0.976, 0.998
and 0.957, respectively. The values, close to unity, verified the correctness of the correlation
produced by the GEP model [35]. The squared correlation coefficient through the origins
(R

′2
o ) and the coefficient between the experiment and model (R2

o) were close to unity for all
sets of data. Such trends strongly indicated that the generated GEP model had a statistically
reliable generalisation capability and was not merely a correlation. More importantly, it
can be surmised that the GEP model possessed a high generalisation capacity and excellent
ability to predict reliable outcomes for unseen data or values.

Table 5. Statistical parameters of the GEP model for external validation.

Parameters Criteria Training Validation Testing

k 0.85 < k < 1.15 0.976 0.998 0.957
k′ 0.85 < k′ < 1.15 1.003 0.986 1.033
R2

o R2
o � 1 0.973 0.999 0.894

R
′2
o R

′2
o � 1 0.999 0.988 0.933

The variable importance level for the GEP model is also highlighted in Figure 10 along
with the influence of each variable on the friction of the derived vegetable-oil-derived
TMP esters. The GEP model highlighted that the load (38% contribution) was an essential
variable, where increasing the load applied to the contact increased the friction force of
the vegetable-oil-derived TMP esters. The saturation level, SA, was the second most
important variable at 29%, where higher SA levels would result in a friction reduction.
On the contrary, the GEP model indicated that the MU level (21%) and sliding speed
(12%) were less significant in affecting the TMP ester friction force than load and SA. The
lesser significance of the sliding speed from the GEP model was an expected trend as this
corroborates the characteristic of boundary lubrication following the Stribeck curve, where
the sliding speed has little influence on the boundary friction. Referring to Figure 10e,
the friction force gradually increased with the sliding speed. The significance could be
amplified further when the sliding speed increases beyond the range selected for the present
study, potentially attributing to the growing hydrodynamic effect. However, it can be said
that the present GEP model could be less accurate at higher sliding speeds, especially when
the operating lubrication regime transitions more towards fluid film lubrication, attributed
to the lack of information on lubrication regimes outside of the ones provided for the
present model.
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(a)

(b) (c)

(d) (e)

Figure 10. GEP model correlation between input variables and friction force for vegetable-oil-derived
TMP esters. (a) Variable importance. (b) Saturation level (SA). (c) Monounsaturation level (MU).
(d) Load. (e) Speed.

4. Conclusions

The present study synthesised TMP esters from different vegetable oil feedstocks with
varying fatty acid profiles using a two-stage transesterification process. Except for the
coconut TMP ester, the TMP esters could be mapped to ISO VG 22 (palm and grapeseed–
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canola TMP esters), ISO VG 68 (olive and canola–palm–soybean TMP esters) and ISO VG
150 (canola and canola–sunflower TMP esters). The VI values of the TMP esters were
comparable to typical engine lubricants. Lower VI values could be attributed to higher
polyunsaturation levels while the opposite could be achieved with higher saturation levels.

The study then determined the boundary lubricity of vegetable-oil-derived TMP esters
using a purpose-built ball-on-disc tribometer. The TMP esters were spin-coated on stainless
steel wear discs, allowing the friction test to be carried out in a boundary lubrication regime.
The coefficient of friction for all TMP esters, except olive and coconut TMP esters, exhibited
a Stribeck like trend, potentially indicating the transition of operating lubrication regimes
from boundary to mixed. Among the studied TMP esters, the palm TMP ester exhibited
improved frictional performance with higher speeds, potentially due to its more balanced
saturation and monounsaturation levels of fatty acid profile compared to the other tested
TMP esters.

A gene expression programming (GEP) was adopted to model the boundary lubricity
of the TMP esters. A set of simple and explicit equations was produced to describe the
boundary lubricity of the TMP ester considering the fatty acid composition (saturation and
monounsaturation levels), load and speed. The GEP model was empirical and agreed well
with the measured friction force. The statistical evaluation of the GEP model, including an
external validation, demonstrated that the model had a high generalisation and prediction
capability. The model also showed that the friction force for the TMP esters decreased
with higher saturation levels. On the contrary, the lesser influence of the speed followed
the characteristics of boundary lubrication, where hydrodynamic action is negligible.
Thus, the GEP model is expected to provide a fundamental and empirical platform for
further studies to optimise the boundary tribological properties of vegetable-oil-based TMP
esters, encouraging the widespread adoption of such a biolubricant as an alternative to
conventional lubricants.
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Appendix A. Input Parameters for GEP Algorithm

Parameters Settings

General parameters
Number of chromosomes 75, 150, 225
Head size 6, 8, 10
Number of genes 3, 6, 9
Linking function Addition
Fitness function Enhanced RSE
Function set +, -, ×, ÷, exp, natural logarithm, power of 2, cube root,

arctangent, hyperbolic tangent
Genetic operators
Strategy Optimal evolution
Mutation rate 0.00138
Inversion rate 0.00546
IS transportation rate 0.00546
RIS transportation rate 0.00546
One-point recombination rate 0.00277
Two-point recombination rate 0.00277
Gene recombination rate 0.00277
Gene transposition rate 0.00277
Numerical constants
Constants per gene 10
Data type Floating point
Upper-bound value −10
Lower-bound value 10

Appendix B. Statistical Parameters

The statistical parameters used in the present study are summarised below:

RMSE =
√
(

∑n
i=1(ei − mi)

2

n
)

MAE =
∑n

i=1|ei − mi|
n

RSE =
∑n

i=1(mi − ei)
2

∑n
i=1(ē − ei)

2

RRMSE =
1
|ē| × RMSE

R =
∑n

i=1(ei − ē)(mi − m̄)√
∑n

i=1(ei − ē)2(mi − m̄)2

R2 = R × R

ρ =
RRMSE

1 + R

k =
√
(

∑n
i=1(ei − mi)

2

e2
i

)
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√
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)

R
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(
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i
)2

∑n
i=1

(
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i
)2
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(
ei − mo

i
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(
ei − eo

i
)2

eo
i = k × mi

mo
i = k′ × ei

OBF =
nT − nV

n
× ρT + 2

nv

n
ρv

The terms e and ē refer to the experiment and its average values. In comparison, the
terms m and m̄ refer to the model and its average values, with the subscript i being the
output value for the experiment and model. On the other hand, the term n is the number
of values with subscripts T and V referring to training and validation subsets.
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