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Abstract: This research paper investigates the tribological performance of diamond-like carbon
(DLC) coatings doped with rare earth metals (europium and gadolinium) as well as pure DLC
lubricated with ionic liquid additives (trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate
{[P66614][DEHP]} and 1-ethyl-3-methylimidazolium diethyl phosphate {[EMIM][DEP]}) in Polyal-
phaolefin 8 (PAO8). The study aims to examine the effect of temperature on the interaction between
the coatings and additives by conducting tribological experiments using a block-on-disk setup at
temperatures of 60 ◦C, 80 ◦C, and 100 ◦C. The primary objective is to evaluate the performance of
doped DLC coatings compared to pure DLC coatings with ionic liquid additives in the lubricant
in boundary lubrication conditions at various high working temperature environments. The ex-
periments reveal that doped DLC coatings with ionic liquid additives exhibit superior tribological
performance compared to pure DLC coatings. The rare earth metal dopants play a positive role in
the formation of a tribofilm on the surface of the coatings as it interacts with ionic liquids, resulting
in a lower coefficient of friction (CoF). Temperature influences the performance of the coatings and
additives. The CoF increases with temperature for pure DLC coatings, while for doped DLC coatings
it was significantly less. These findings highlight the influence of temperature on the tribological
behavior of DLC coatings. Overall, this study contributes valuable insights into the impact of rare
earth metal dopants and ionic liquid additives on the tribological performance of DLC coatings
under different temperature conditions. The results demonstrate the potential of utilizing doped
DLC coatings with ionic liquid additives as an effective approach to enhance the performance of
mechanical systems.

Keywords: ionic liquids; diamond-like carbon coatings; doped-DLC; tribology; temperature

1. Introduction

Climate change has raised concerns about the impact of fossil fuels on the environment,
leading to a search for sustainable alternatives [1]. Frictional losses account for a significant
portion of energy wastage, with around one-third of total energy production lost to friction,
wear, and tear of components [2]. Reduction of frictional losses can result in decreased
energy consumption, increased productivity, and monetary savings. Diamond-Like-Carbon
(DLC) coatings, known for their superior tribological and mechanical properties, such as
high wear resistance, hardness, and low coefficient of friction (CoF), have emerged as a
promising solution [3–5].
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DLC coatings are a type of self-lubricating coatings [6–9]. These coatings can be
classified as diamond-like carbon (DLC) or graphite-like carbon (GLC) from the carbon
fractions of sp2 and sp3 in coatings. DLC coatings predominantly contain the sp3 carbon
fraction, while graphite-like carbon coatings have a dominant sp2 fraction [10]. DLC
coatings are governed by ISO 20523:2017 which was established by the International
Organization for Standardization (ISO) to provide guidelines for classifying, designating,
and naming carbon-based films. These films may contain other elements such as hydrogen
or metals. Metal carbides can be included as constituents in the films. ISO 20523:2017 only
applies to films where carbon is the main component if additional elements are present [11].

The push to minimize the use of lubricants in mechanical systems poses a challenge
for engineers to operate under boundary lubrication conditions. DLC coatings have been
found to exhibit the lowest CoF, and their chemical structure can be tuned for various
industrial applications [12–15]. However, pure DLC coatings are inert and do not react with
conventional lubricants to form a protective tribofilm, leading to wear and tear [14]. Con-
ventional lubricants are not sustainable and may not perform well with DLC coatings. Ionic
liquids (ILs) have emerged as a promising solution due to their high thermal stability, low
vapor pressure, low flammability, and tuneable properties for specific applications [16–21].
Phosphorus-based ionic liquids, in particular, have shown promising results in reducing
friction under boundary lubrication conditions by forming a tribofilm [22–24]. ILs are liquid
salts composed of organic substances, characterized by a low melting temperature, high
combustible temperature, low vapor pressure, superior thermal stability, low volatility, and
high miscibility with organic substances [25]. They offer several advantages in lubrication
systems, including reduced energy consumption, protection against friction and wear,
and improved longevity [25–29]. ILs can be tailor-made to meet specific requirements by
varying the combination of cations and anions [30].

The cationic structure of ILs contributes to their exceptional properties, such as high
miscibility with lubricants, low melting point, superior thermal stability, and unique molec-
ular structure [31]. The spherical shape of the ions and the variations in alkyl chains and
quadrilateral structures enhance the lubrication properties of ILs, making them suitable
for high-performance lubricants [32]. The anionic structure of ILs, such as hexafluorophos-
phate (PF6) and tetrafluoroborate (BF4), contributes to the formation of protective films
that improve the wear resistance of the lubricated surfaces [23,33–37]. The tribological
efficiency of ILs depends on the nature of the anion and cation, with phosphonium-based
ILs exhibiting higher tribological properties. Hydrophobic ILs generally perform better in
tribological applications compared to hydrophilic ILs [38].

ILs have demonstrated remarkable tribological behavior as both neat lubricants and
additives [39]. They can form lubrication films on interacting surfaces, resulting in reduced
friction and wear. ILs have been investigated for their potential to enhance the tribological
properties of traditional lubricant systems as additives [40]. The electrical charge of the
DLC surface and the adsorption ability of the lubricant played significant roles in friction
control [41,42]. The electrical conductivity of the lubricant (ionic liquid) affected the trans-
port of additives to the surface, ultimately impacting friction. Higher electrical conductivity
in IL-additivated lubricants resulted in faster transport kinetics and lower friction [43].

Overall, the combination of doped DLC coatings and ILs showed promising results
in improving tribological properties. The addition of doping elements enhanced the
performance of DLC coatings, while ILs with their lubricity and thermal stability proved to
be suitable for various tribological applications. The combination of doped DLC coatings
and ILs was reported to further enhance their tribological properties through the formation
of a protective film or tribofilm on the coating surface.

In this study, we will be using trihexyltetradecylphosphonium bis(2-ethylhexyl) phos-
phate [P66614] [DEHP], which has been shown to react with iron surfaces and form an iron
phosphate tribofilm layer [44–46]. In situ atomic force microscopy (AFM) by Li et al. has
confirmed the adsorption of [P66614] [DEHP] on the iron surface through its phosphate
anions, resulting in reduced nanoscale friction [47]. Another ionic liquid lubricant additive,
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1-Ethyl-3-methylimidazolium diethylphosphate ([EMIM][DEP]), has shown low wear rate
and CoF due to its phosphorus-based anions [48–52]. DEP has also been recognized as a
green and sustainable solvent for a sustainable future [53–55]. The phenomenon of chemi-
cal wear, resulting in reduced CoF and increased wear volume, has been observed with
DEP [52]. The ionic liquid additives in PAO8 will henceforth be reported as either Ionic
Liquid #1 or IL#1 for PAO 8 + 1 wt.% {[P66614][DEHP]} and Ionic Liquid #2 or IL#2 for PAO
8 + 1 wt.% {[EMIM][DEP]}.

DLC thin films may wear out quickly in dry conditions, despite being called self-
lubricating coatings. To make them last longer, a liquid lubricant can be used [56]. DLC
coatings have a drawback: they don’t react well with the oil additives currently used, which
means that protective films that reduce wear are not easily formed. Many studies have
been conducted on the interaction between base oils, lubricant additives, and doped DLC
coatings over the past 30 years, but there is no consensus yet, moreover there is little to
no research on the interaction of doped DLC and ionic liquids [57–62]. To overcome this
limitation, doping with metals such as tungsten, zirconium, titanium, chromium, and silver
has been done and it is successful in improving their thermal stability, corrosion resistance,
and adhesion to the substrate, but the coefficient of friction still remains comparatively
high [63–71]. Additionally, the lubrication mechanism and performance of new additives,
developed to improve energy efficiency in moving mechanical components, when used
with DLC films, are still un-known. The researchers have explored the tribological behavior
of DLC coatings doped with rare earth metals like Gd and Eu, which showed significant
improvement in the reaction with ionic liquids and doped DLC [72]. Research done by
Omiya et.al. and Sadeghi et.al has shown that as the concentration of dopants (Eu and
Gd) increases in the DLC, their affinity towards the ionic liquid additivated lubricant
increases [73,74].

Despite the importance of these studies, only a few have focused on the benefits of
using DLCs lubricated by ILs (ionic liquids) as a lubricant or oils that contain ILs with
anti-wear additives. Therefore, for our experimental investigation, we will be employing
Europium and Gadolinium as dopants of rare earth elements in DLC coatings to study
their interaction with ionic liquids as additives in Polyalphaolefin 8 (PAO8). The rare earth
elements are unexplored in the field of doping of DLC. Ionic liquids have been in use
as solvent for the extraction of Europium and Gadolinium due to their affinity towards
them [75]. Prior research has shown that ionic liquids can enhance the luminescence
properties of rare earth metals and are used in their extraction processes [76–79]. The
trivalent oxidation state of lanthanide ions makes them attractive for tribological processes
with ionic liquids and their impact on tribolayer formation will be investigated. The
tribological processes, where ILs serve as anti-wear additives, are expected to be influenced
using lanthanides, according to these indications. Non rare earth metals have been used in
doping and they have improved their thermal stability, corrosion resistance, and adhesion
to the substrate, but the coefficient of friction still remains comparatively high or there are
some caveats. Khanmohammadi et.al did experiments by doping DLC with silver which
improved the properties, but CoF was high, whereas tungsten dopant showed good results
but was limited to low temperature with glycol based water lubricant [43]. In another
study, researchers conducted a study on Cr-doped coatings made of diamond-like carbon
(Cr-DLC) using PVD and PECVD methods [80]. The lubrication performance of solid-liquid
composite lubrication systems was studied using two ionic liquids (ILs) as lubricants. The
findings indicated that the friction coefficient was reduced but it corroded the surface [80].

Therefore, to assess the tribological performance, a comprehensive study was con-
ducted by us to examine the behavior of lanthanides, specifically gadolinium (Gd) and
europium (Eu), as reactive elements on the surface of diamond-like carbon (DLC) coatings.
The DLC coatings were prepared using a deposition technique known as High Power
Impulse Magnetron Sputtering (HiPIMS). The objective was to evaluate the lubrication ef-
fectiveness of these coatings when subjected to sliding against steel surfaces, in the presence
of lubricants with ILs as additives compared to regularly used base oil (BO). Comparing
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the samples lubricated with ILs and base oil along with various temperatures has allowed
for a comprehensive evaluation of the dependency of ILs and the efficacy of the doping
process on enhancing the lubrication performance of ILs in tribological applications.

2. Materials and Methods
2.1. Specimens

There is a total of three DLC coatings which are selected, namely 2.3% Gd-DLC, 2.4%
Eu-DLC and pure DLC as a reference. The study utilizes steel substrates (AISI D2) that
are 25 mm in diameter and 8 mm thick. The substrates are first mirror polished with an
Ra < 0.05 µm and then the DLC films are deposited on them. Subsequently, the samples
are cleaned by placing them in an ultrasonic bath filled with acetone and ethanol for 15 to
20 min.

After cleaning, the D2 samples are attached to an aluminum holder using silver glue
and placed in the deposition chamber. The DLC coatings are deposited using the sputter-
ing method with a DOMS power supply and a pure graphite target. Pellets containing
Europium and Gadolinium are used in the target to achieve the desired composition. The
chamber is then vacuumed and maintained at a pressure of 3×10−4 Pa using a turbomolec-
ular pump. Before depositing the DLC coatings, the substrate and target are cleaned to
remove any surface oxides for 10 minutes using a power supply of 600 W at a pressure
of 0.4 Pa. Next, a Chromium interlayer is deposited to enhance adhesion on the substrate
using direct-current magnetron sputtering. A 400 nm thick CrN layer is then deposited
with an Ar:N2 gas flow ratio of 1:3 for 7 minutes at 0.3 Pa.

Finally, the DLC coatings are deposited by HiPIMS for a duration of 57 minutes under
a pressure of 0.4 Pa. This process results in the formation of the desired DLC coatings on
the steel substrates, which can be further analyzed and characterized for their properties
and performance in the study. The wear rate of the coatings can be enhanced by the specific
type and quantity of doped metals, thereby implying that the ionic liquid (IL) has the
potential to improve their wear resistance characteristics [73]. Furthermore, it was observed
by Omiya et. al. that an increase in the atomic concentration of the doped metal led to a
greater reduction in friction, particularly in Gd-doped diamond-like carbon (DLC) coatings
compared to Eu-doped DLC coatings [73].

The HiPIMS deposition technique was used to coat the samples, and the aspect of
the DLCs coatings is shown in Figure 1. Carbon clusters or a cauliflower-like structure
can be observed in all three samples, which is a common characteristic of DLCs coatings.
These clusters do not represent the actual grain structure, but rather the carbon-amorphous
regions [81–85]. It is evident that the size and shape of the carbon clusters depend on
the deposition technique. Additionally, these regions with a high carbon content indicate
the density of the film. Therefore, a denser film is achieved when the carbon clusters are
smaller [86–88]. Consequently, all three samples (2.3% Gd-DLC; 2.4% Eu-DLC; and Pure
DLC) exhibit a similar structure and thickness, indicating the uniform coating achieved
through our HiPIMS process.

To examine the detailed morphology of the coating’s cross-section, SEM was used
with a magnification of 25kX and a spot size of 75pA which can be seen in Figure 2. The
cross-sectional view revealed columnar and porous structures. At the top of these columnar
structures, there are dome-shaped bumps resembling hats, which indicate the morphology
of the cross-section. The adhesion between the substrate and the coating is improved by a
chromium interlayer, which forms a compact structure. The thickness of all the coatings is
similar, with the total film and interlayer thicknesses measuring approximately (1.7 ± 0.1)
µm and (0.45 ± 0.05) µm, respectively, based on the measurement scale.
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2.2. Lubricants

The base lubricant used was PAO8. Synthesis of trihexyltetradecylphosphonium
bis(2-ethylhexyl) phosphate [P66614][DEHP] was conducted according to the procedure
described in [18]. In brief, trihexyl(tetradecyl)phosphonium bromide (with a purity of
95%, obtained from Strem chemicals) was combined with methanol and treated with
Amberlite IRN78 (with a purity of 99.9%, obtained from Alfa Aesar) to obtain trihex-
yl(tetradecyl)phosphonium hydroxide. The resulting mixture was then filtered and sub-
jected to a 3-day reaction with bis(2-ethylhexyl) hydrogen phosphate (obtained from TCI).
Methanol and other volatile compounds were subsequently removed under reduced pres-
sure (approximately 8 Torr) and at a temperature of around -50 ºC. The water content in
the as-synthesized [P66614][DEHP] was determined to be 0.07 % (equivalent to 700 ppm).
The estimated purity of the as-synthesized [P66614][DEHP] was ≥92 % based on nuclear
magnetic resonance (NMR) spectroscopy analysis. To prepare the lubricant containing PAO
8 and 1 wt.% of [P66614][DEHP], 1 g of [P66614][DEHP] was mixed with 99 g of PAO8 using
an analytical balance [73].

2.3. Tribological Tests

The three DLC coated specimens undergo testing utilizing a block-on-ring configura-
tion tribometer, under unidirectional sliding motion. The stationary block, consisting of the
DLC coated specimens, is subjected to a constant applied load during the test and pressed
against a rotating ring. The rotating ring is constructed of alloyed carbon steel (3415, AISI)
with a hardness of 237 HV10 (kgf/mm2) and has a dimension of Ø ≥ 150 × 12 mm. The
rotating ring is positioned at a 90◦ angle relative to its axis of rotation and has an initial
surface roughness of Ra = 0.01 µm. A schematic diagram of the block-on-ring configuration
can be seen in Figure 3.
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The normal applied load and friction force between the block and the ring were con-
tinuously monitored throughout the testing process using two load cells, which facilitated
real-time computation of the friction coefficient. A normal load of 25 N was applied during
the test. The normal force load cell served as the input for normal force (FN) and a tangential
force load cell measured the friction force (Ff). The coefficient of friction (µ) was calculated
by dividing Ff by FN. A lubricant reservoir was utilized to keep the contact lubricated with
lubricating oil. A radiation heating system was utilized for temperature control during the
tests, enabling the execution of tests at various high temperatures in oil, which were 60 ◦C,
80 ◦C, and 100 ◦C in the study. The test setup can be seen in Figure 4.
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During tribological testing, three different lubricants were utilized, which were estab-
lished as fully flooded with a homogenous film of lubricant that wetted the contact region.
The rotation of the ring within the lubricant, created a constant and uniform film of several
millimeters in thickness on the surface of the ring, with the oil being picked up by the
rotating disk and supplied to the contact before flowing back to the lubricant housing. The
tribometer utilized in this study, which is particularly suitable for low speeds, employed a
lubrication supply system. Prior to the testing procedure, the surfaces of both the block and
the disk were cleaned through ultrasonic cleaning in ethanol and dried in air. The standard
deviation from the curves was utilized to calculate the error bars for the friction coefficient
versus sliding distance.

The minimum film thicknesses were determined for the isothermal elastohydrody-
namic lubrication conditions using the Hamrock and Dowson equation [89,90] given below
(Equation (1)), which applies to linear contacts and various material combinations up to
maximum pressures of 3 to 4 GPa [91].

h0

R′
= 3.63

(
Uη0

E′R′

)0.68(
αE′
)0.49

(
W

E′R′2

)−0.073
(1− e−0.68k) (1)

where α is the pressure-viscosity coefficient, R′ is the reduced radius of curvature, η0 is the
lubricant viscosity at atmospheric pressure and temperature, W is the applied load, E′ is the
reduced Young’s modulus, U is the sliding speed, and k is the ellipticity parameter which is
given by the ratio of semiaxis in the transverse direction to the semiaxis in the direction of
motion, k is infinite for a line contact as in the case of a block-on-ring configuration. These
were the parameters taken into consideration in the calculation of the film thickness. The
lubricant fluid was assumed to be compressible, and its viscosity-pressure behavior was



Lubricants 2023, 11, 302 8 of 26

described by the Barus law given below (Equation (2)) in which the lubricant viscosity ηp
at pressure p and temperature θ was considered in the calculations.

ηp = η0eαp (2)

To consider the effect of the surface roughness of both materials on the calculation
of the film thickness, Tallian introduced a new parameter given below (Equation (3)) [92],
which characterizes the ratio between the minimum film thickness and the combined sur-
face roughness, represented by the symbol λ. The parameter λ is calculated as the ratio of
the minimum film thickness to the composite surface roughness, where the surface rough-
ness (Root Mean Square) of body A and body B is represented by σA and σB, respectively.

λ =
h0√

(σA
2 + σB2)

(3)

The criterion for lubrication regime determination values is summarized below [93,94].
The analysis of the λ value reveals distinct regimes and their corresponding
lubrication conditions:

• λ > 5: Complete hydrodynamic lubrication

# This regime indicates a lubrication condition where the lubricant film thick-
ness is sufficient to entirely separate the surfaces, resulting in minimal wear
and friction.

• 3 < λ < 5: Asperity smoothing, minimum wear

# In this regime, the lubricant film thickness is moderate, allowing some contact
between the surfaces. However, the pressure is high enough to deform the
asperities, reducing wear and promoting smoother operation.

• 1.5 < λ < 3: Asperity smoothing

# This regime represents a lubrication condition with a relatively thin lubricant
film, allowing some contact between the surfaces. However, the pressure is
insufficient to prevent direct contact between the asperities.

• 1 < λ < 1.5: Asperity smoothing, delamination

# Similar to the previous regime, this regime involves asperity smoothing but
with an additional factor of delamination. Delamination refers to the separation
of thin surface layers under specific conditions.

• λ < 1: Macro-Plastic deformation

# The regime indicates a lubrication condition where the lubricant film thickness
is extremely thin or absent, leading to direct contact between the surfaces. This
regime is characterized by significant plastic deformation of the contacting asperities.

As previously discussed, increasing the lubricant viscosity leads to a transition from
boundary to mixed and hydrodynamic lubrication regimes at lower speeds.

The acquisition of hardness and reduced Young’s modulus was achieved through
the process of nano-indentation, utilizing a Berkovich diamond indenter within the nano
indenter device. To guarantee that the indentation depth would not exceed 10% of the
coating thickness, a maximum load of 10 mN, in accordance with the standard parameters
of the CEMMPRE laboratory, was applied. The mechanical properties were determined
by calculating the mean and standard deviation based on sixteen measurements that were
conducted on each sample.

The various conditions of block on ring tribological test at different sliding speeds and
sliding times can be found in Table 1. These conditions are specifically selected to plot the
points for Stribeck curve.
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Table 1. Conditions for block on ring tribological test.

1 2 3 4 5

C
on

di
ti

on
s

Potentiometer 1.6 4.9 11.2 24.7 45.5

Sliding Speed (m/s) 0.02 0.07 0.18 0.40 0.74

Rotational speed (rpm) 4 13 32 64 127

Rotational speed (rps) 0.07 0.21 0.53 1.06 2.12

Number of turns 100 250 500 1000 1000

Sliding time (s) 1500 1181 943 942 471

3. Results and Discussion
3.1. Viscosity of Lubricants

To investigate the temperature responses of various ILs, a viscosity test was conducted
from 100 ◦C to ambient temperature of 25 ◦C on both the lubricants with ionic liquids as
additives. Different ionic liquids have distinct temperature responses due to variations in
their structural features, including the size, symmetry, and presence of specific functional
groups. Understanding these temperature-dependent behaviours is essential, therefore, In
the study of lubricated contacts, the viscosity is considered a crucial factor as it influences
the tribological characteristics of the lubricants [95].

Figures 5 and 6 below show the viscosity/temperature relation of both the lubricants
with ionic liquids as additives. In this investigation, variations in viscosity were observed
due to the utilization of differing temperatures in the tests as well as due to the different
composition of ionic liquid additives.

Comparatively, the viscosity of PAO 8 is 8% to 20% lower than its counterpart with the
addition of ionic liquids {[P66614][DEHP]} and {[EMIM][DEP]}. Even though just being at
1% the weight of the lubricant, it has some significant change in the viscosity and the action
of lubricant of the surface. Of all the lubricants, {[P66614][DEHP]} has highest viscosity,
followed by {[EMIM][DEP]}. This is due to the different viscosities of the ionic liquids
themselves. The viscosity of the ionic liquid is influenced by its structural characteristics.
The viscosity is enhanced as the side chain lengthens or as the cation’s symmetry increases.
Additionally, an increase in the number of branches leads to a corresponding increase in
the viscosity [96].
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Ionic liquid {[P66614][DEHP]} has 7.6% higher viscosity at 60 Degree Celsius compared
to {[EMIM][DEP]} but the difference reduces to being negligible as the temperature increases.
A slightly higher viscosity from the ionic liquids {[P66614][DEHP]} and {[EMIM][DEP]} has
benefited by extending some portion of the Stribeck curve in the mixed lubrication regime
which will be discussed in the further section of Stribeck curves. The analysis revealed that
different ionic liquids exhibit diverse temperature responses, primarily due to the structural
variations of their constituent ions [97]. ILs with smaller, more symmetrical cations and
anions tend to have higher melting points and exhibit less temperature dependence. In
contrast, ILs composed of bulkier, asymmetric ions generally display lower melting points
and a greater sensitivity to temperature variations [97].

Furthermore, the presence of specific functional groups in the IL structure can influ-
ence the temperature response [98]. For example, ILs containing hydrogen bond acceptors
and donors exhibit increased ionic conductivity and can display significant changes in prop-
erties with temperature variations, including viscosity and solubility [98]. Additionally, the
type and strength of intermolecular interactions within the IL, such as ion-ion interactions,
ion-dipole interactions, and hydrogen bonding, contribute to the temperature-dependent
behavior [99]. These interactions affect the ordering and dynamics of the ions, influencing
the overall response to temperature changes.

3.2. Mechanical Characterization (Hardness and Young’s Modulus)

Figures 7 and 8 show, respectively, the hardness and Young’s modulus for the three
different DLC coatings. As seen in Figure 5, the highest result of hardness was obtained
for Pure DLC, exhibiting a mean value of approximately 21 GPa, while the mean value
for Eu-DLC with an atomic concentration of 2.4% was found to be around 19.37 GPa and
that of 2.3% Gd-DLC is 19.62 GPa. The reduced Young’s modulus of the DLC coatings
was observed to be between 180 and 195 GPa and can be seen in Figure 6. These values of
hardness and Young’s modulus were determined to be comparable to those of pure DLC
coatings produced using the same technique by Ji Cheng et al. [100]. Consequently, it was
concluded that despite the addition of dopant elements, the mechanical properties of the
coatings were not affected.

The variations in hardness and Young’s modulus can be attributed to morphological
type, sp2 or sp3 hybridization, and structural evaluation through density analysis. The high
hardness in DLC coatings can be achieved with a high proportion of sp3 hybridization in the
amorphous carbon matrix and a dense and compact structure in the DLC coating [101–104].
Nevertheless, a decrease in the sp3/sp2 ratio results in a reduction in the hardness of DLC
coatings [105].
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3.3. Tribological Test (Influence of the Temperature)

The results of the block on ring tribotests are divided into three groups based on the
temperature (60 ◦C, 80 ◦C and 100 ◦C). In these three temperature groups we can find
the specific coating along with which lubricant was tested. The calculation of the Hersey
parameter was performed by multiplying the viscosity of the lubricating oil at various
temperatures by the sliding speed applied during the tests and dividing the result by the
normal force (25 N) per unit length (12 mm). The Stribeck curves were generated from
the values of the coefficient of friction obtained from tests conducted at different sliding
speeds and temperatures with different DLC coatings. The standard deviation values, as
we will see, were found to be minimal for all points and showed a tendency to decrease
with increasing sliding speed, thus only the average data set was presented. Analysis of
these curves revealed the existence of three lubrication regimes: boundary, mixed, and
hydrodynamic lubrication.
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3.3.1. Temperature of 60 ◦C

Table 2 presents the Tallian parameter along with the film thickness calculated from
the Hamrock and Dowson equation for 60 ◦C. It is possible to observe that the PAO8 + 1
wt.% {[P66614][DEHP]} presents the highest film thickness and lambda parameter. This is
followed by PAO8 + 1 wt.% {[EMIM][DEP]}.

Table 2. Tallian parameter and film thickness at 60 ºC.

T = 60 ◦C

Sliding speed—u
(m/s) 0.0241 0.0765 0.1916 0.3835 0.7671

PAO 8 + 1 wt.%
{[P66614][DEHP]}

Film Thickness—h0
(m) 1.97 × 10−8 4.32 × 10−8 8.06 × 10−8 1.29 × 10−7 2.07 × 10−7

Tallian Parameter—λ 0.3226 0.7077 1.3213 2.1184 3.3939

PAO 8 + 1 wt.%
{[EMIM][DEP]}

Film Thickness—h0
(m) 1.87 × 10−8 4.1 × 10−8 7.65 × 10−8 1.23 × 10−7 1.96 × 10−7

Tallian Parameter—λ 0.3058 0.6710 1.2528 2.0086 3.2180

Figure 9 presents the evolution of the coefficient of friction with Hersey number
(Stribeck curve) for the different DLC coatings under different lubricating conditions at
60 ◦C.
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There is 46.86% of reduction in the coefficient of friction using ([EMIM][DEP]) as ionic
liquid additive in PAO8 and the doped DLC with Gadolinium at a very low speed of
(0.02 m/s) in boundary lubrication condition compared to the Pure DLC with PAO 8 + 1
wt.% {[P66614][DEHP]}. Specifically, ([EMIM][DEP]) has shown a significant consistency
in lowering the friction levels. Pure DLC and ionic liquid additives show a contrasting
behavior with high CoF (0.0446) which is 47% higher compared to the doped DLCs in
similar condition of 60 ◦C. This proves that the ionic liquid along with the doped elements
have some interaction between them which creates a tribofilm and is preventing the
asperity-asperity contact on the surface.

In elastohydrodynamic region, all the points converge which suggest a uniform lu-
brication film thickness. The distinctive points are the first two, which are in boundary
lubrication condition. The thickness of the lubrication film in the elastohydrodynamic
regime (3 < λ < 5) is thinner than the hydrodynamic regime (5 < λ), and in the results we
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do not find any point of λ parameter greater than 5, therefore it is in elastohydrodynamic
regime. Consequently, the maintenance of an uninterrupted hydrodynamic film necessi-
tates the elastic deflection of the surfaces. Therefore, when studying elastohydrodynamic
region, it becomes imperative to consider these deflections [106,107]. In the hydrodynamic
lubrication regime, characterized by a lambda ratio greater than 5, the load is entirely
supported by the lubricant film, and there is no contact between the asperities on the
sliding surfaces [108,109].

In both the elastohydrodynamic and hydrodynamic regimes, as the speed escalates,
the lubricating film may fail to match the pressure variations promptly, impeding the
lubricant from adequately flowing into the contact area and forming a sufficiently thick
fluid film. Consequently, this situation leads to an increase in friction [62,110]. Additionally,
the viscosity of the lubricant commonly decreases as the temperature rises, which can
occur occasionally during high sliding speeds due to the generation of heat resulting from
friction, this will be represented further below for 80 and 100 ◦C.

3.3.2. Temperature of 80 ◦C

In Table 3 at 80 ◦C, there is no more elastohydrodynamic lubrication regime in
both the lubricants. PAO 8 + 1 wt.% {[P66614][DEHP]} outperforms other with high-
est film thickness (1.29 × 10−7 m) and Tallian parameter (2.1070) which is followed by
PAO8 + 1 wt.% {[EMIM][DEP]} at (2.0319). In this case of 80 degree Celsius there will be
mostly delamination and asperity smoothing. As the velocity will further decrease it will
result in macro plastic deformation.

Table 3. Tallian parameter and film thickness at 80 ◦C.

T = 80 ◦C

Sliding speed—u
(m/s) 0.0241 0.0765 0.1916 0.3835 0.7671

PAO 8 + 1 wt.%
{[P66614][DEHP]}

Film Thickness—h0
(m) 1.22 × 10−8 2.68 × 10−8 5.01 × 10−8 8.03 × 10−8 1.29 × 10−7

Tallian Parameter—λ 0.2002 0.4393 0.8202 1.3151 2.1070

PAO 8 + 1 wt.%
{[EMIM][DEP]}

Film Thickness—h0
(m) 1.18 × 10−8 2.59 × 10−8 4.83 × 10−8 7.74 × 10−8 1.24 × 10−7

Tallian Parameter—λ 0.1931 0.4237 0.7910 1.2683 2.0319

From Figure 10 it is possible to observe that the curves are shifted towards the left
side. As the temperature is increasing the Stribeck curve is shifting towards the mixed
lubrication regime. The significant role played by the mixed lubrication regime (1 < λ < 3)
in numerous close clearance machines cannot be understated. It encompasses a fusion
of characteristics from both elastohydrodynamic lubrication and boundary lubrication.
This signifies that while certain sections of the contact area are coated with a film of
lubricant, other regions witness the sliding of peak asperities on the moving surfaces due
to the absence of a separating liquid film. Engine components like piston rings, cams,
and engine bearings frequently experience mixed lubrication. For system engineers, a
comprehensive understanding of mixed lubrication is of utmost importance, as it represents
the most demanding lubrication regime to accurately predict friction. This complexity
arises from the intricate interplay between surface topography and the thickness of the oil
film [106,111,112].

Gadolinium doped DLC with PAO 8 + 1 wt.% {[EMIM][DEP]} at 80 ◦C has shown a
30% substantial reduction in CoF in comparison to Pure DLC. The tribosytem composed of
2.4% Europium doped DLC also showed a similar result. Gadolinium (2.4%) doped DLC
with PAO 8 + 1 wt.% {[P66614][DEHP]} perform better than the Europium doped DLC. PAO
8 + 1 wt.% {[EMIM][DEP]} shows consistent results with all 5 DLC coatings with 2.3% Gd
DLC and 2.4% Eu DLC being the best performing coatings.
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3.3.3. Temperature of 100 ◦C

It is an extreme condition with all the points in boundary lubrication regime with just
last point on the brink of mixed lubrication which can be seen from the calculated Tallian
parameters in Table 4. Certainly, in this case there will be asperity-asperity contact with
macro plastic deformation on the surface.

Table 4. Tallian parameter and film thickness at 100 ◦C.

T = 100 ◦C

Sliding speed—u
(m/s) 0.0241 0.0765 0.1916 0.3835 0.7671

PAO 8 + 1 wt.%
{[P66614][DEHP]}

Film Thickness—h0
(m) 8.1 × 10−9 1.78 × 10−8 3.32 × 10−8 5.32 × 10−8 8.52 × 10−8

Tallian Parameter—λ 0.1327 0.2911 0.5435 0.8714 1.3961

PAO 8 + 1 wt.%
{[EMIM][DEP]}

Film Thickness—h0
(m) 7.92 × 10−9 1.74 × 10−8 3.25 × 10−8 5.2 × 10−8 8.34 × 10−8

Tallian Parameter—λ 0.1298 0.2848 0.5317 0.8525 1.3658

100 ◦C is an extreme condition and machines usually do not work at 100 Degree
Celsius as there is constant cooling provided. As we can see the Stribeck curve in Figure 11,
it is now completely into the boundary regime, except the last point which is marginally in
mixed lubrication regime according to the Tallian parameter.

The boundary lubrication regime, with a coefficient λ less than 1, exhibits the feature of
load support by the minute surface irregularities, without the presence of a continuous film
of lubricant. The interaction between these irregularities can lead to substantial levels of
friction and wear, ultimately diminishing the operational life of the system [106,109,113,114]
and at 100 ◦C it is clearly evident. A 2.3% Gd DLC with PAO 8 + 1 wt.% {[P66614][DEHP]}
and PAO 8 + 1 wt.% {[EMIM][DEP]} at 100 ◦C has boundary friction of just 0.0379, compared
that to with Pure DLC which is 0.0505, a total of 25% improved performance in coefficient
of friction with ionic liquids and doping.
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2.4% Eu DLC performs better with PAO 8 + 1 wt.% {[EMIM][DEP]} at 100 Deg. Celsius
whereas, pure DLC has the worst performing trend in all the three lubricants. Even at very
high temperatures of 100 degrees Celsius the coefficient of friction has no drastic increase
which suggests that the DLC coatings are interacting with lubricants to keep the friction as
low as possible. Out of all 2.3% Gd DLC along with PAO 8 + 1 wt.% {[P66614][DEHP]} has
proven to be the best combination with the least coefficient of friction.

When comparing the Stribeck curves of different films, it was found that adding the
ionic liquid to the PAO 8 lubricant generally decreased the coefficient of friction (CoF) at the
lowest achievable sliding speed. This effect was particularly significant for the Gd-doped
DLC film. The Eu-DLC film exhibited improved performance compared to the pure DLC
film when the ionic liquid was present. The primary factor responsible for the reduced CoF
in Eu-DLC and Gd-DLC films is the formation of adsorbed layers. These layers facilitate
movement between two sliding surfaces due to their low shear. Additionally, the formation
of a protective tribofilm on metal surfaces, resulting from chemical reactions between
ionic liquids and the contacting surfaces during friction, is another contributing factor
discussed [43,115]. As per the proposed mechanism for adsorbed layers, the negatively
charged part of ionic liquids is attracted to the positively charged metal surface, causing
adsorption on the surface [116]. Another anionic entity can adsorb the cationic component,
resulting in the formation of single- or multi-layered adsorbed structures on the surface.
These structures generate a film on the metal surface and possess weak bonding between
the layers, which aids in decreasing friction and facilitates movement between the surfaces
in contact [43,115,117,118].

3.4. Wear Mechanism Characterization

SEM-EDS was used to assess the impact of incorporating an ionic liquid (IL) as an
additive on the characteristics of diamond-like carbon (DLC) thin films. SEM-EDS images
of Gd-DLC and Eu-DLC films are depicted in Figures 12–18. These maps reveal that the thin
film was partially removed in certain regions, and the presence of chromium, originating
from the interlayer, was detected. At the location of wear, we can clearly see the distinction
of the elements from each other.
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surface: (a) C; (b) O; (c) Cr; (d) Eu; and (e) P.

Figures 12 and 13 show the EDS X Ray mapping which gives us the details of the
elements for 2.3% Gd DLC sample with PAO8 + 1 wt.% {[P66614][DEHP]}. The sample was
kept constant for the lubricant and was rotated at 45-degree angle for the three temperature
ranges, this method was adopted to maintain the steady state conditions. The SEM-EDS
analysis was performed at the end of performing all the experiments, but it is difficult to
contemplate the temperature regions. Therefore, the sample results represent an overall
view of the entire temperature range.
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In the results we can see, Chromium (purple) is the interlayer of CrN and Carbon
(yellow) is from the DLC coating, Gadolinium (pink) is the dopant, Phosphorous (green) is
from the ionic liquid. Calculation of the wear rate is not possible as the wear is not uniform
and is difficult to identify a wear track. However, from a general overview in the SEM,
Gd-DLC has some significantly visible wear, whereas Eu-DLC has less to no wear on the
samples. A study performed by M Sadeghi. et.al. shows the similar results found in the
optical microscopy images of different lubricant films along with SEM-EDS images, the
wear reduction is clearly evident by using ionic liquids as additives and doping of DLC
coatings [74].

The 2.4% Eu DLC with PAO8 + 1 wt.% {[EMIM][DEP]} have significantly performed
better with the least CoF even at the extreme conditions of 100 Degree Celsius, it can also
be seen in the SEM image that the coating has no wear but a light bruise/scratch.

The SEM-EDS technique was used to assess the impact of IL with 2.3% Gd-DLC and
2.4% Eu-DLC. On 2.4% Eu-DLC with PAO 8 + 1 wt.% {[P66614][DEHP]} sample, oxides
were found on the surface and there were no significant wear marks. This suggested the
formation of tribofilm through oxides, although there is no direct evidence of tribofilm. In a
study by Barnhill et al. [20], it was discovered that the lubricants containing [P66614][DEHP]
had a tribofilm containing oxygen and phosphorus. This finding suggests that the tribofilm
originated from the [P66614][DEHP]. In EDS X ray map in Figures 15 and 16, we can
distinctly see the oxygen and a very slight presence of phosphorous, from which we can
conclude that phosphorous based ionic liquid reacted with the surface of the Europium
doped DLC coating to a form a tribofilm.

Gd-DLC also forms a tribofilm which can be inferred from EDS X ray map in Figures 17
and 18, oxides were found on the surface near the wear marks. This suggests the formation
of tribofilm through oxides. In EDS X ray map we can distinctly see the oxygen and
presence of phosphorous, from which we can conclude that phosphorous based ionic liquid
reacted with the surface of the Gadolinium doped DLC coating to a form a tribofilm.

Research was conducted by Qu J. et.al on [P66614][DEHP] and its interaction with a
steel surface. The study, performed using TEM by Qu J. et.al, displayed a cross-section of
the region just below the wear mark, which was lubricated by PAO + IL. The cross-section
revealed a two-layer structure consisting of a top film at the boundary (120–180 nm) and
a deeper zone (0.5–0.8 µm) exhibiting plastic deformation and a refined grain structure.
The IL additive is believed to provide anti-scuffing and anti-wear properties through this
protective boundary film. When the boundary film was observed at a higher magnification,
it exhibited an amorphous matrix containing small nanoparticles (1–10 nm in diameter).
The electron diffraction pattern confirmed the presence of a nanocomposite phase structure.
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EDS element mapping indicated significant concentrations of P, O, and Fe in the boundary
film, resulting from the interactions between the IL and the metal surface [44]. Similarly, our
EDS elemental mapping shows P, O, and Eu/Gd resulting from the interactions between
the IL and the coatings.

4. Conclusions

In summary, this study investigated the tribological performance of rare earth element-
doped diamond-like carbon (DLC) coatings in the presence of ionic liquid additives under
different temperature conditions. DLC coatings have been considered as a sustainable
solution for reducing frictional losses in mechanical systems due to their excellent tribo-
logical and mechanical properties. However, pure DLC coatings are inert and do not
interact effectively with conventional lubricants, resulting in wear and tear. To address
this limitation, doping DLC coatings with metals has shown promise in enhancing their
reactivity with lubricants. Ionic liquids have emerged as a potential solution due to their
adjustable properties for specific applications and their ability to form protective tribofilms.

The study specifically examined the interaction between Europium and Gadolinium
dopants in DLC coatings and ionic liquid additives in Polyalphaolefin 8 (PAO8). Two dif-
ferent lubricants were used in the experimental investigation to evaluate the tribological
performance of the coatings under three different temperature conditions.

The results demonstrate that both ionic liquid additives can improve the tribological
performance of DLC coatings. However, the optimal temperature range for each coating
differs depending on the doping element and the type of ionic liquid used.

At 60 degrees Celsius, the combination of 2.3% Gadolinium-doped DLC with PAO
8 + 1 wt.% {[EMIM][DEP]} showed the best results with the lowest coefficient of friction
(CoF), followed by 2.4% Europium-doped DLC. The addition of {[EMIM][DEP]} resulted
in a more significant reduction in the coefficient of friction compared to {[P66614][DEHP]},
although the latter showed a lower wear rate (wear rate from the general overview from
the SEM-EDS analysis as the calculation of wear rate is not possible as explained earlier).
The 2.3% Gadolinium-doped DLC and 2.4% Europium-doped DLC coatings consistently
exhibited superior tribological performance under all conditions compared to the Pure
DLC, highlighting the beneficial effects of rare earth metal doping.

Nevertheless, as we move in the higher temperature range, it has significant reduction
in coefficient of friction, which is also in line with prior research on iron/steel substrates,
[P66614][DEHP] demonstrates commendable performance at elevated temperatures [44–46].

At 80 degrees Celsius, both dopants with PAO 8 + 1 wt.% {[EMIM][DEP]} showed a
substantial decrease in the coefficient of friction compared to Pure DLC. The lubricant plays
a crucial role in providing the necessary film between the contacting surfaces, and the ionic
liquid additives enhance the overall performance of the coatings. The 2.4% Gadolinium-
doped DLC with PAO 8 + 1 wt.% {[P66614][DEHP]} outperformed the Europium-doped
DLC under these conditions. Also, the results of Omiya et al. are in good harmony with
this study, it also revealed that as the concentration of the dopant increases in the DLC
coatings, there is significant improvement with reduction in CoF and wear rate [73].

In extreme conditions of 100 degrees Celsius, all the points were within the boundary
lubrication regime, except the last point, which was marginally in the mixed lubrication
regime. The DLC coatings, even at high temperatures, demonstrated low coefficients of
friction, indicating their effective interaction with the lubricants. Among all the combina-
tions, the 2.3% Gadolinium-doped DLC with PAO 8 + 1 wt.% {[P66614][DEHP]} exhibited
the best performance with the lowest coefficient of friction. The most feasible answer to
these results is that ionic liquids maintain their viscosity index and properties quite well as
compared to base oil, moreover from the research performed by Fontes et.al., it indicated
the high performance derived by using the combination of Eu-DLC and Gd-DLC with the
ionic liquids [72].

The SEM-EDS analysis confirms the performance of the Eu-DLC with a very light
scratch whereas the Gd-DLC has some wear marks. The element in the EDS also shows the
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formation of oxides, which strongly suggest that there is interaction between the coatings
and the ionic liquids. The prior research of pure PAO 8 as reference and PAO 8 additivated
with {[P66614][DEHP]} by M. Sadeghi has shown the similar results with drastic reduction
in wear and CoF [74].

Overall, the findings of this study highlight the potential of rare earth element-doped
DLC coatings and ionic liquid additives for improving tribological performance in various
temperature conditions. The results contribute to the understanding of the interactions
between DLC coatings, dopants, and lubricants, providing valuable insights for the devel-
opment of advanced lubrication systems with enhanced friction and wear properties.
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99. Zorębski, E.; Musiał, M.; Dzida, M. Relation between Temperature–Pressure Dependence of Internal Pressure and Intermolecular
Interactions in Ionic Liquids–Comparison with Molecular Liquids. J. Chem. Thermodyn. 2019, 131, 347–359. [CrossRef]

100. Ding, J.C.; Chen, M.; Mei, H.; Jeong, S.; Zheng, J.; Yang, Y.; Wang, Q.; Kim, K.H. Microstructure, Mechanical, and Wettability
Properties of Al-Doped Diamond-like Films Deposited Using a Hybrid Deposition Technique: Bias Voltage Effects. Diam. Relat.
Mater. 2022, 123, 108861. [CrossRef]

101. Evaristo, M.; Fernandes, F.; Cavaleiro, A. Room and High Temperature Tribological Behaviour of W-DLC Coatings Produced by
DCMS and Hybrid DCMS-HiPIMS Configuration. Coatings 2020, 10, 319. [CrossRef]

102. Kasiorowski, T.; Lin, J.; Soares, P.; Lepienski, C.M.; Neitzke, C.A.; De Souza, G.B.; Torres, R.D. Microstructural and Tribological
Characterization of DLC Coatings Deposited by Plasma Enhanced Techniques on Steel Substrates. Surf. Coat. Technol. 2020,
389, 125615. [CrossRef]

103. Aijaz, A.; Ferreira, F.; Oliveira, J.; Kubart, T. Mechanical Properties of Hydrogen Free Diamond-like Carbon Thin Films Deposited
by High Power Impulse Magnetron Sputtering with Ne. Coatings 2018, 8, 385. [CrossRef]
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