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ical friction control of W- and
Ag-doped DLC coatings in water–glycol with ionic
liquids as lubricant additives

Hamid Khanmohammadi, *a Wahyu Wijanarko, ab Sandra Cruz, cd

Manuel Evaristod and Nuria Espallargas a

In the last years, diamond like carbon (DLC) coatings doped with both carbide forming and non-carbide

forming metallic elements have attracted great interest as novel self-lubricating coatings. Due to the

inherent properties of DLC, the doping process can provide adsorption sites for lubricant additives

depending on the chemical and electrochemical state of the surface. Ionic liquids (ILs) are potential

lubricant additives with good thermal stability, non-flammability, high polarity, and negligible volatility.

These characteristics make them also ideal for polar fluids, like water-based lubricants. In this work,

three different DLC coatings (DLC, W- and Ag-doped DLC) were deposited on stainless steel substrates

and their friction in dry and lubricated conditions in water-based lubricants was studied. Three ILs,

tributylmethylphosphonium dimethylphosphate (PP), 1,3-dimethylimidazolium dimethylphosphate (IM)

and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate (BMP) were used as additives

and compared with a well-known organic friction modifier (dodecanoic acid). The results showed better

mechanical integrity, toughness and adhesion of the doped coatings compared to the undoped DLC.

The Ag-doped DLC coating had the best mechanical properties of all the coatings. W formed tungsten

carbide precipitates in the DLC coating. Two different additive-adsorption mechanisms controlled

friction: a triboelectrochemical activation mechanism for Ag-DLC, and an electron-transfer mechanism

for W-DLC resulting in the largest reduction in friction.
1. Introduction

Growing concerns and considerations regarding energy
management and environmental sustainability push different
industries to look thoroughly into how industrial activities can
be conducted more efficiently and cleanly. Friction consumes
about 23% of all energy use worldwide.1 Moreover, the amount
of CO2 emissions due to friction and wear is calculated as 8120
million tons per year by a simple assumption of a direct rela-
tionship between energy use and emissions.2 The above-
mentioned facts indicate that friction and wear have a huge
share in the total energy consumption and environmental
pollution worldwide. Different types of transportation vehicles
consume about 30% of the daily energy production and about
one third of it dissipates due to friction and wear. Therefore,
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about 10% of global energy is due to loss via tribological
contacts in vehicles.2,3

Switching from conventional internal combustion engine
(ICE) vehicles to electric vehicles (EV) is a great breakthrough
towards higher energy efficiency and a greener environment.4 In
a typical ICE passenger car about 21% of the fuel consumption
is being used to move the car while in an EV this ratio is about
four times higher (77%).3 One of the main challenges in further
development of EVs is the need for new lubricating solutions
dedicated only to them. The higher torque in EVs can cause
more severe wear issues than in conventional ICE vehicles.5

This shows the urgent need for new, more efficient, and greener
frictional and anti-wear lubricating solutions, both as base
lubricants and additives. Moreover, studies have shown that
adjusting the viscosity of lubricants can be benecial, Gupta
reported that the use of a low-viscosity oil instead of a conven-
tional high-viscosity oil can lead to about 17% higher engine
efficiency in EVs.6 However, the use of low viscosity lubricants
will result in thinner uid lm thicknesses and asperity contact
of the surfaces in relative motion is to be expected. Therefore,
the use of coatings in moving components becomes a need.
Thus, any effective measure to decrease friction and wear in the
main energy consuming industries such as transportation, can
result in lower CO2 emissions. These measures can be achieved
RSC Adv., 2022, 12, 3573–3583 | 3573
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by (a) new lubricating solutions and lubricant additives, (b) new
materials, surface treatments and coatings, and (c) advanced
component design.7

New lubricating solutions could be achieved by designing
new lubricant additives based on the application needs. In
addition, multifunctionality of additives can also lead to
simpler lubricant formulations that are easier to recycle. Ionic
liquids (ILs) have been emerging since the early 2000s as
potential base stocks or lubricant additives because of their
unique physicochemical properties together with their inherent
polarity and good surface adsorption.8–11 ILs are room temper-
ature molten salts consisting of one anionic and one cationic
moiety. ILs show some interesting and unique properties such
as non-ammability, low vapour pressure, ashless behaviour
and high thermal stability.12,13

As lubricant additives, two lubricating mechanisms are
proposed in literature: (1) formation of adsorbed layers and (2)
tribolm formation on the surface of metals.14 Adsorbed layers
on surfaces promote easy to shear behaviour and lead to
decrease in friction. The proposed mechanism for the surface
adsorption is based on the attraction of the anionic part of ILs
to the positively charged surface of metals.14,15 Subsequently,
the cationic part of IL can be adsorbed to another anionic
moiety and based on the physical properties of anionic and
cationic moieties single- or multi-layer adsorbed structures can
be formed on the surface resulting in a brush-type adsorbed
lm on the metal surface. The brush-type, thin and so
adsorbed layers facilitate the relative motion of the contacting
surfaces modifying friction. The secondmechanism is based on
the tribochemical reaction of ILs with the metallic surface and
the subsequent formation of a tribolm.16,17 The in situ formed
tribolm can result in decreased friction and wear. One of the
main concerns regarding the use of ILs as lubricant additives is
their ionic nature, which can result in corrosion and tribo-
corrosion of metals.18,19 This problem can be addressed by
choosing the materials with the right corrosion properties or by
using coatings, such as ceramics or DLCs.

Diamond-like carbon (DLC) coatings are a promising group
of coatings for use in rotating parts and low viscosity lubricants.
They possess good anti-wear behaviour and high corrosion
resistance due to their inert nature.20–22 They have high hard-
ness, and in tribological contacts, they undergo a graphitization
process leading to very low friction and reduced wear in
boundary lubricating conditions.23,24 Moreover, DLC coatings
can act as a physical barrier hindering corrosion and tribo-
corrosion on the metal surfaces.25–28 However, DLC coatings
show high compressive residual stresses and therefore low
adhesion to ferrous substrates.29,30 Furthermore, DLC coatings
have low surface energy and inert chemical nature, resulting in
limited reactivity with lubricant additives.31 Doping DLC coat-
ings with different carbide forming (Ti, W, Cr) elements or non-
carbide forming (Ag, Au, Cu) elements has been addressed as
a solution to overcome the above-mentioned drawback.31

Incorporation of the doping elements to the structure of DLCs
reduces the compressive residual stresses in the coating and
leads to better adhesion to the substrate.29,30,32 Furthermore,
higher reactivity is expected on the doping sites in the coating's
3574 | RSC Adv., 2022, 12, 3573–3583
structure, providing with preferential adsorption sites for the
lubricant additives facilitating their friction modifying proper-
ties on DLC coatings.

This research paper aims to investigate the ability of ionic
liquids as friction modiers in water-based lubricants for metal
doped DLC coatings deposited on stainless steel substrates. The
effect of the type of metal (carbide and non-carbide forming, i.e.
W- and Ag-) on the mechanical and structural behaviour of DLC
coatings has been investigated and compared with an undoped
DLC coating. The frictional and wear performance of DLC
coatings are discussed in both dry and lubricated conditions
and the effect of electrical conductivity and electrochemical
potential on the activation of the surface adsorption sites, and
consequently, on their frictional behaviour has been thoroughly
studied.

2. Experimental procedure
2.1. Materials

AISI 316L grade austenitic stainless steel was chosen as the
substrate. Test samples were cut from a rod with a diameter of
40 mm in the shape of disks with a thickness of 6 mm. Spec-
imen surfaces were ground to 4000 grit SiC paper followed by
polishing using a 3 mm diamond particle containing suspen-
sion. The steel disks were coated with undoped DLC, 10WDLC
(10 at% tungsten doped) and 10AgDLC (10 at% silver doped)
using a process of direct current magnetron sputtering (DCMS).
The DCMS parameters were optimized to achieve highly dense
coatings with an average thickness of about 3 mm. More details
of the DCMS deposition parameters and optimization for
coatings' deposition are described elsewhere.31,32

The water-based lubricant was prepared by mixing 50–50
weight percent of distilled water and a glycol. Three different
ionic liquids, tributylmethylphosphonium dimethylphosphate
(PP), 1,3-dimethylimidazolium dimethylphosphate (IM) and 1-
butyl-1-methylpyrrolidinium tris(pentauoroethyl)triuoropho-
sphate (BMP) were used as additive in the concentration of
1 wt%. The reference lubricant was formulated using the same
base uid and adding 0.1 wt% of dodecanoic acid (C12). This
concentration was chosen based on a study performed in our
research group in which it was found that 1 wt% was the
optimum concentration for ILs in water–glycol media (ILs were
tested at different concentrations: 0.25, 0.5, 1, 2, and 4 wt%).
0.1 wt% is the optimal concentration for C12 in water–glycol
lubricant to avoid micelle formation.33 The chemical formula,
ionic structure and molecular weight of the additives are listed
in Table 1. The formulated uids were mixed by amagnet stirrer
for 2 hours at 40 �C and the pH and electrical conductivity of the
lubricants were measured using a HANNA HI-23 Benchtop
conductivity/pH meter. The density of the lubricants was
calculated by weighing a constant volume of the uids. The
dynamic viscosity of the formulated uids was measured by
a Haake Mars Rotational rheometer at 23 �C in humid air. The
measurement procedure was as follows: The shear rate was
increased from 0.01 to 500 s�1, held at a constant shear rate of
500 s�1 for 30 s and then decreased to the initial value. The
mentioned cycle was repeated twice for each uid. The viscosity
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical name, formula and structure; molecular weight and density of the additives used in this study

Additive's
acronym Chemical name

Chemical
formula

Molecular weight
(g mol�1)

Density
(g cm�3) Chemical structure

IM 1,3-Dimethylimidazolium dimethylphosphate C7H15N2O4P 222.18 1.487

PP Tributylmethylphosphonium dimethylphosphate C15H36O4P2 342.39 1.004

BMP
1-Butyl-1-methylpyrrolidinium tris(pentauoroethyl)
triuorophosphate

C15H20F18NP 587.27 1.647

C12 Dodecanoic (Lauric) acid CH3(CH2)10COOH 200.32 1.007

Table 2 pH, electrical conductivity, dynamic viscosity and density of
the formulated lubricants

Lubricant
wt% of
additive pH

Conductivity
(mS cm�1)

Viscosity
(mPa s)

Density
(g cm�3)

WG — 7.3 2.5 13.3 1.040
WG-IM 1 7.1 401.1 13.1 1.044
WG-PP 1 3.4 211.2 13.0 1.039
WG-BMP 1 7.0 109.3 13.3 1.045
WG-C12 0.1 4.7 4.3 13.3 1.041
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number at the xed shear rate was measured each second and
the average of 60 measurements (during the two cycles) is re-
ported. The electric conductivity, pH, viscosity, and density of
the formulated lubricants are presented in Table 2.
2.2. Testing and characterization methods

Coating hardness was evaluated by nanoindentation using
a Micro Materials nanotest platform. To avoid any effect of the
substrate and Cr interlayer, a 10 mN load was used and the
maximum depth was about 200 nm. The adhesion of the coat-
ings was tested by a conventional scratch test with a diamond
tip, with a radius of 200 mm. The maximum load used for the
scratch tests was 50 N. The critical loads were determined by the
observation of the scratches with an optical microscope.

The surface chemistry of different coatings was studied by X-
ray photoelectron spectroscopy (XPS) using a Kratos Axis Ultra
DLD. A monochromatic Al-Ka source with the current of 10 mA
and voltage of 10 kV was used to perform the tests. The XPS
sample chamber pressure was 1 � 10�9 Torr during the acqui-
sitions. Depth prole studies were performed using ion milling
by Argon sputtering at the Argon pressure of 6.9 � 10�7 Torr
and energy of 4 keV. Three different sets of acquisition were
made aer 0, 5 and 35 s of ion sputtering. CasaXPS soware was
used to analyse the XPS data and t the curves.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The electrochemical behaviour of the samples was evaluated
by means of potentiodynamic polarization measurements in
the base uid and the formulated lubricants. The cathodic and
anodic curves were scanned separately by a Gamry Reference
600+ potentiostat/galvanostat using a three-electrode setup
consisting of Pt wire as counter electrode, Ag/AgCl/KClsat as
reference and the DLC coated discs as working electrode. Aer
the stabilization of the open circuit potential (OCP), the
cathodic branches were scanned from OCP to �500 mV vs. OCP
and the anodic branches were scanned from OCP up to 500 mV
vs. OCP at a scan rate of 0.1 mV s�1.

The tribological and tribocorrosion behaviour of the coat-
ings in different formulated lubricants was evaluated using
a reciprocating pin-on-disc tribometer (TE 38-Phoenix Tribology)
equipped with a three-electrode tribocorrosion cell. The tests
were performed with a stroke length of 10 mm at room
temperature with the frequency of 1 Hz. An alumina ball with
a diameter of 6 mm was used as counterpart and the normal
load was 20 N. The OCP tribocorrosion tests consisted of three
steps: (1) stabilization of the potential for 10 min; (2) rubbing
under the open circuit potential for 2500 seconds; (3) recovery
period at open circuit potential for 15 min. For some of the
formulated lubricants, potentiostatic and potentiodynamic tri-
bocorrosion tests were performed. In the case of potentiostatic
tribocorrosion tests, the working electrode (the coating) was
polarized to a certain potential and kept at that potential during
the rubbing period. For the potentiodynamic tests, the samples
were polarized at the measured OCP during the rst 500 s of
rubbing and aer that the potentiostat/galvanostat started to
apply anodic potentiodynamic potential with the scan rate of
0.1 mV s�1 up to 450 mV above the measured OCP. During all
the mentioned tribocorrosion tests, the coefficient of friction
(CoF) was measured using an x-axis load sensor. At least two
tests were performed to check the repeatability of the results.
Aer the tribocorrosion tests, the wear track morphology was
examined by a scanning electron microscope (FEI Quanta 650
FEG).
RSC Adv., 2022, 12, 3573–3583 | 3575
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Table 3 Hardness, elastic modulus, H/E and H3/E2 values for the
coatings

Coating Hardness (GPa) Elastic modulus (GPa) H/E H3/E2

DLC 27.0 � 1.3 276.8 � 9.1 0.0975 0.257
10WDLC 16.1 � 0.9 206.0 � 7.2 0.0782 0.098
10AgDLC 17.1 � 0.9 174.0 � 4.9 0.0983 0.165
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3. Results
3.1. Characterization of the DLC coatings

Fig. 1 shows the typical load-displacement curves for 15
different indentations on each of the coatings and the average
hardness and elastic modulus derived from the nano-
indentation curves. The undoped DLC coating had the highest
hardness and elastic modulus. By introducing tungsten to the
coatings, both the hardness and the elastic modulus show
a decrease. In the case of 10AgDLC, hardness is slightly higher
than the W-doped coating, but the elastic modulus is the lowest
of all coatings. The detailed results of hardness and elastic
modulus of the coatings are presented in Table 3.

It is known that surfaces with higher hardness can resist
abrasive wear better. Moreover, elastic deformation occurs
easily in materials with lower elastic modulus. Thus, the ratio of
hardness to elastic modulus (H/E) and the plastic deformation
resistance factor (H3/E2) are helpful factors to describe the
mechanical behaviour of the coatings.29,34 The H/E and H3/E2

ratios for the coatings extracted for the nanoindentation results
are shown in Table 3. The 10AgDLC coating shows the highest
H/E ratio followed by DLC, and 10WDLC. This factor can
highlight the benet of a low elastic modulus together with
relatively high hardness. The undoped DLC coating has the
highest resistance against plastic deformation (H3/E2) followed
by 10AgDLC, and 10WDLC. As it can be seen in the H3/E2 factor,
higher hardness is more important than elastic modulus to
provide higher resistance against plastic deformation. There-
fore, the undoped DLC coating shows the highest plastic
deformation resistance factor, while the 10AgDLC has the
highest hardness to modulus ratio.

The effect of tungsten doping on the mechanical properties
of the DLC coatings were in good agreement with previous
studies.29,31,35 Yue et al. have shown that by doping tungsten to
the structure of DLC coatings up to about 3 at% the hardness
decreases, but by further increase in W-content both elastic
modulus and hardness increase.35 They have proposed the
competition between sp3/sp2 and tungsten carbide (WC)
content in the structure as the main factor determining the
Fig. 1 Load-displacement curves of several indentations on (a) DLC,
(b) 10WDLC, (c) 10AgDLC and the average hardness and elastic
modulus of the coatings (d).

3576 | RSC Adv., 2022, 12, 3573–3583
mechanical behaviour of the coatings: W-doping results in
reduction in sp3/sp2 ratio but increase in the formation of WC
phase in the structure. Cao et al. have suggested that ultralow
concentration of W (up to maximum 1 at%) is able to enhance
hardness, the hardness to elastic modulus ratio (H/E) and the
plastic deformation resistance factor (H3/E2).29 At higher W-
contents (up to about 15 at% in their study), because of
breakage of C–C bonds to form W–C, hardness is decreased. In
this work, at a 10 at% of W the effect of WC phase became
dominant leading to a decrease in hardness.

Fig. 2 illustrates the scratch morphology of the coatings. The
critical scratch loads of LC1 and LC2 are shown on the images by
black and red lines, respectively. LC1 is associated with the start
of cracking in the coatings and indicating the cohesive failure in
the coatings, while LC2 is associated with the chipping failure,
removal of the coatings and indicating adhesive failure between
the coating and the substrate.36

The poor adhesion behaviour of undoped DLC coating is
attributed to the high compressive residual stress in the struc-
ture.32,37 Metal doping of DLC coatings is reported to reduce the
compressive residual stress level in the structure resulting in
a better adhesion to the substrate compared to undoped DLC
coatings.37,38 The poor adhesion of undoped DLC improved by
adding 10 at%W. Wang et al. showed that the W–C bond length
is longer than the C–C bond length and at higher W concen-
trations this can overcome the benecial effect of W on the
residual stress resulting in an increment of the compressive
stress in the coating structure.39 10AgDLC shows the best
adhesion behaviour among all coatings investigated in this
study. It has been shown in the literature that incorporation of
noble metals such as Ag into the structure of DLC coatings
results in a ductile and so nano-scale phase leading to
improved adhesion and toughness.32 The amount of residual
compressive stress in DLC coating's structure can be reduced by
5% and 55% by incorporation of 0.6 at% and 3.4 at% Ag to the
coating, respectively.40

The atomic concentration of W and Ag derived from the
survey XPS spectra aer 35 s sputtering of 10WDLC and
Fig. 2 Scratch morphology of the DLC coatings.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 High resolution C 1s XPS spectra of (a) DLC, (b) 10WDLC and (c)
10AgDLC.

Table 4 Relative atomic concentration of different bindings derived
from the C 1s XPS spectra of the coatings

Coating sp2 (%) sp3 (%) sp3/sp2 C–O (%) C]O (%) C–W (%)

DLC 53.4 36.6 0.69 7.6 2.4 —
10WDLC 51.1 18.9 0.37 9.8 2.2 18.0
10AgDLC 54.2 32.1 0.60 10.4 3.3 —
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10AgDLC were 9.6 and 9.0%, respectively. Fig. 3 illustrates the
XPS spectrum of C 1s peak of the DLC coatings. The quantitative
distribution of different chemical bonds derived from the peaks
illustrated in Fig. 3 are presented in Table 4.

The C 1s XPS spectra of the undoped DLC coating consists of
four peaks of C–sp2, C–sp3, C–O and C]O and shows the
highest sp3/sp2 (0.69) ratio. This is in good agreement with its
highest hardness and elastic modulus and its poor adhesion
behaviour due to high residual stress in the structure. By
incorporating tungsten to the structure of the DLC coatings,
C–W peak appears in the C 1s spectra of 10WDLC by an atomic
concentration of 18% and the sp3/sp2 ratio decreases to 0.37. As
it was mentioned before, the mechanical behaviour of W-doped
DLC coatings is determined by considering the competition
between decreased sp3/sp2 ratio and increased WC-content.
Fig. 4 Open circuit potential (OCP) evolution during the tribocorrosio
additivated lubricants.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Based on the XPS, nanoindentation and scratch results,
adding 10 at% W to the structure of undoped DLC coating
resulted in a reduction of hardness and elastic modulus and
better adhesion to the substrate. The XPS spectra of 10AgDLC
shows higher amount of C-sp3 phase and higher sp3/sp2 ratio
(0.60) compared to the W-doped coating. This can be the reason
for having a slightly higher hardness than the W-doped coating.
The elastic modulus of 10AgDLC is the lowest among the
studied coatings because of the dampening effect of the so Ag
phase in the DLC matrix. Furthermore, the Ag-doped coating
shows the best adhesion to the substrate due to the low internal
stress.
3.2. Tribocorrosion behaviour at open circuit potential of
the DLC coatings

Fig. 4 illustrates the evolution of the open circuit potential
(OCP) during the tribocorrosion tests in the water–glycol base
lubricant and the additivated water–glycol lubricants. The
potential drop of the coatings was lower in WG and WGC12
compared to the IL-containing water-based lubricants. This is
due to the lower electrical conductivity of the base uid (WG)
and WGC12 compared to the lubricants formulated with ILs
(Table 2). The lack of electrical conductivity results in high
ohmic drop between the working electrode (DLC coatings) and
the reference electrode. The ionic nature of the ILs together with
the high polarity of the base components lead to two orders of
magnitude higher electrical conductivity of WGIM, WGPP and
WGBMP compared to WG and WGC12.

In the case of undoped DLC, two or three different electrode
potential regions are seen during rubbing: At the on-set of
rubbing, a gradual drop in potential happens and this initial
drop depends on the electrical conductivity of the lubricant.
This initial phase continues until another sudden drop
happens, which corresponds to the onset of coating detachment
from the substrate. The second sudden drop in the OCP of
n tests of the DLC coatings in water–glycol base lubricant and the
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Fig. 5 SEM images of the defects found on the wear tracks of the
undoped DLC (a), 10WDLC (b) and 10AgDLC (c) after the tribocorro-
sion tests in WGIM.
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undoped DLC is related to the lack of mechanical integrity and
partial or total removal of the coating from the substrate.

Fig. 5 shows examples of typical defects found on the surface
of the wear track of the undoped, W-doped and Ag-doped aer
the tribocorrosion tests. These defects result in the exposure of
the substrate (316L stainless steel) to the solution leading to
a more anodic situation inside the wear track and a larger
cathodic potential drop, which is typical of passive metal
3578 | RSC Adv., 2022, 12, 3573–3583
alloys.41 The metal doped DLC coatings had better mechanical
integrity than the undoped DLC. However, 10WDLC showed
larger OCP drop than 10AgDLC in all the lubricants. Indeed,
more, and bigger defects are found in the wear tracks of
10WDLC which exposes a larger area of the substrate to the
lubricant (Fig. 5), leading to a more anodic condition in the
wear track. This can be due to the dominant effect of the WC
phase (i.e. higher hardness and lower adhesion). The presence
of Ag-rich islands dispersed in the structure of the DLC matrix
results in the best combination of hardness and toughness
together with superior adhesive behaviour of 10AgDLC leading
to a better mechanical integrity during the rubbing process.
Smaller and less defects are found in the wear tracks of
10AgDLC (Fig. 5).
3.3. Frictional behaviour in dry and lubricated conditions at
OCP

Fig. 6 illustrates the evolution of coefficient of friction (CoF) of
the alumina ball sliding against the DLC coatings in dry and
lubricated conditions.

The undoped DLC coatings in lubricated conditions are not
included because the coatings lost their mechanical integrity in
all tests. In dry conditions, friction stabilizes aer about 1300
seconds of rubbing. 10AgDLC showed the lowest friction fol-
lowed by undoped DLC and 10WDLC. The CoF graphs of the
coatings in WG and WGC12 are almost same revealing no
effective function of the carboxylic acid as a friction modier.
Interestingly, in all lubricated conditions, 10AgDLC showed the
highest friction as opposite to the dry conditions. The lowest
friction in lubricated conditions was for 10WDLC. For 10WDLC,
the lowest friction was achieved in WGIM and for 10AgDLC it
was in WGPP.
4. Discussion
4.1. Adsorption and frictional behaviour on the W-doped
coating: electron-transfer control

DLC coatings are mainly composed of diamond-type sp3 bonds
and graphite-type sp2 bonds. The investigations have shown
that the steady-state low coefficient of friction in DLC coatings
is due to wear induced graphitization and the local formation of
a low friction graphite tribolayer in the contact area.42 Different
mechanisms are proposed for this process, such as shear
deformation that converts (111)DLC into (002)GR graphite planes
facilitating nucleation of graphite inside the contact area.43

Molecular dynamics simulations have shown an increase in sp2

content and a decrease in sp3 content on the surface aer
passing the running in period and reaching the steady state
friction.44 Higher contact pressures result in more severe ash
temperatures in the contact region facilitating graphitization.45

Tungsten is a carbide forming element when used as dopant in
DLCs. Tungsten carbide as a hard phase in the structure of
DLCs can bear part of the contact pressure and interrupt the
graphitization in the contact region. This might be the reason
for higher friction of 10WDLC compared to undoped DLC in dry
conditions.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The evolution of coefficient of friction (CoF) during the tribological tests in dry and lubricated conditions.

Table 5 Average CoF after stabilization of 10WDLC in dry and lubricated conditions and electrical conductivity of the lubricants

Dry WG WGC12 WGIM WGPP WGBMP

CoF 0.181 0.109 0.109 0.079 0.082 0.092
Conductivity (mS cm�1) — 2.5 4.3 401.1 211.2 109.3
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In lubricated conditions, the friction of undoped DLC and
W-doped DLC is inuenced by the surface electrical charge and
the ability of the lubricant additives to adsorb to the surface.
Despite the rather low electrical resistivity of WC (0.2 mU cm�1),
the presence of WC islands in the structure of DLC is not ex-
pected to have an effect on the surface electrical charge because
WC is a ceramic material with a hexagonal structure of W atoms
are trapped between C layers. In this case, the electrical
conductivity of the lubricant will be the driving force for the
transport of additives to the surface.

Table 5 shows the average friction along with the electrical
conductivity of the lubricants for different testing conditions of
the W-doped DLC aer friction stabilization. The friction
numbers are shown in three decimals and the standard devia-
tion for all tests aer stabilization was about 0.001.

Interestingly, as Table 5 shows, the friction evolution follows
the electrical conductivity of WGIM, WGPP andWGBMP, i.e. the
lowest friction is found for WGIM (highest electrical conduc-
tivity) and the highest friction is found for WG and WGC12
(lowest electrical conductivity).

M. Jelinek et al. have shown that the Zeta-potential of DLC
surfaces in aqueous solutions at pH values above its isoelectric
point, have a negative value.46,47 Since the surface is negatively
charged, the deprotonated (negatively charged) C12 molecules
are repelled from the surface resulting in no change in friction
by the addition of C12 to the water–glycol base uid. In the case
of the IL-additivated lubricants, the frictional functionality
depends on the formation of the electrical double layer on the
coating surface and therefore, the transport kinetics of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
cation and anion moieties are faster at higher electrical
conductivity. The higher the electrical conductivity of the elec-
trolytes, the faster they will be transported to the electrical
double layer formed at the surface of the coating. The adsorp-
tion of the additives to the surface will be thus controlled by the
electron transfer of the electrolytes on the coating surface, and
this process will be faster for the electrolyte with the highest
electrical conductivity. Therefore, in this case, the WGIM
resulted in the lowest friction of all formulated lubricants due to
its higher electrical conductivity.
4.2. Adsorption and frictional behaviour on the Ag-doped
coating: triboelectrochemical control

The friction plots in Fig. 6 show that 10AgDLC has the lowest
friction in dry conditions, among all coatings. The presence of
Ag ductile phase in the DLCmatrix facilitates energy absorption
during local deformations in the contact zone and results in less
coating detachment and better anti-wear properties.32 In addi-
tion, Ag is a well-known solid lubricant. It is well understood
that silver can diffuse and segregate to the coating surface even
at room temperature and this strongly inuences the frictional
behaviour.48–50 The diffusion process is thermodynamically
favoured since the growth of the Ag sites on the surface results
in the reduction of surface energy.42 Moreover, high local
temperature in the contact zone facilitates the diffusion of Ag
towards the surface of the wear track. As a result of the Ag
segregation, a loosely bonded Ag transfer-layer forms on the
surface of the counterpart controlling the frictional response of
RSC Adv., 2022, 12, 3573–3583 | 3579
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Fig. 7 IFM 3D profile and optical microscope images of the Alumina
counterparts after tests against 10AgDLC in dry and lubricated
conditions.

Fig. 8 Potentiodynamic polarization curves of 10AgDLC in different
additivated water–base lubricants (the Ecorr and anodic and cathodic
regions are indicated for WGC12).
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the tribo-system. In lubricated conditions, the diffusion mech-
anism is suppressed because of the cooling effect of the lubri-
cant in the contact area. The IFM 3D images and the optical
microscopy images of the Alumina ball counterparts aer the
tribotests in dry and WG conditions shown in Fig. 7 prove the
transfer-layer formation in dry conditions and the absence of it
in the lubricated conditions.

Friction in the different formulated lubricants varied
signicantly as shown in Fig. 6. Table 6 shows the average
friction along with the electrical conductivity of the lubricants
for different testing conditions of the Ag-doped DLC aer fric-
tion stabilization. It can be seen that the friction is high for
WGC12 and WGIM, and lower for WGPP and WGBMP, being
the lowest for WGPP. In this case, the trend does not follow the
electrical conductivity and therefore the surface electron-
transfer does not control friction evolution in this case. Ag is
a non-carbide forming element in DLCs and it will therefore act
as a metal on the surface. This metallic behaviour will create
electrochemical activation sites that will control the adsorption
of the additives to the surface in the different uids conse-
quently affecting friction.

To understand the electrochemical activation process of the
Ag sites, a potentiodynamic polarization study of 10AgDLC in
the formulated lubricants was conducted. Fig. 8 shows the
potentiodynamic polarization curves of 10AgDLC in the
formulated water–based lubricants.

In the anodic polarization branch (above the Ecorr), an
increase in current density is observed for all formulations right
at the beginning. This peak in the anodic current density is due
Table 6 Average CoF after stabilization of 10AgDLC in dry and lubricate

Dry WG

CoF 0.105 0.131
Conductivity (mS cm�1) — 2.5

3580 | RSC Adv., 2022, 12, 3573–3583
to the oxidation of Ag,51 and it can be understood as a sign of
activation of the Ag sites on the surface, providing active
adsorption sites for the additive species. If the electrochemical
potential in equilibrium (Ecorr) and the potential of the Ag
oxidation peak (Epeak) are considered, the potential difference
between them (DEactivation) can be understood as the driving
force for surface adsorption. The potential difference is thus the
needed polarization to activate the Ag adsorption sites. Table 7
summarizes the Ecorr, Epeak and DEactivation extracted from the
polarization curves shown in Fig. 8, the potential drop during
the tribocorrosion tests (DEtribo) extracted from Fig. 4, and the
average CoF aer stabilization for 10AgDLC in the formulated
lubricants.

In the tribocorrosion tests performed at OCP (Fig. 4)
a potential drop was observed at the onset of rubbing. As the
rubbing starts in a tribotest, the electrochemical state of the
sample is not in equilibrium anymore and the galvanic couple
established between the wear track and the rest of the surface
leads to the polarization of the regions inside wear track tomore
anodic potentials, while the regions outside wear track polarize
to more cathodic potentials. Since the area of the wear track is
signicantly smaller than the area outside the wear track, the
potential during rubbing drops to cathodic values. However, the
wear track is anodically polarized and there is an anodic current
density in the wear track during a tribocorrosion test at OCP.52

This means that a larger cathodic potential drop during rubbing
will result in more anodic current ow in the wear track, i.e.
more oxidation of Ag sites. Thus, if the wear track polarizes to
values equal or above the Epeak, the electrochemical activation
of the adsorption sites can occur. As mentioned earlier, the
DEactivation is the driving force controlling the probability of the
d conditions and electrical conductivity of the lubricants

WGC12 WGIM WGPP WGBMP

0.131 0.121 0.089 0.106
4.3 401.1 211.2 109.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Corrosion potential, peak potential, DEactivation, DEtribo and
average CoF for 10AgDLC in the additivated lubricants

WGC12 WGIM WGPP WGBMP

Ecorr (mV vs. Ag/AgCl) +34 +33 +100 +22
Epeak (mV vs. Ag/AgCl) +130 +238 +156 +129
DEactivation (mV) 96 205 56 107
DEtribo (mV) 103 91 123 80
CoF 0.131 0.121 0.089 0.106

Fig. 9 CoF evolution during the potentiostatic tribotests of 10AgDLC
in WGC12 at different anodic potentials.
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activation of the Ag sites on the surface. Thus, by calculating the
potential drop during rubbing (DEtribo) and comparing it to the
DEactivation, it is possible to know which of the lubricant addi-
tives will be able to overcome the energy barrier to activate the
adsorption sites. Indeed, only WGPP (Table 7) is able to over-
come the energy barrier for activating the Ag sites since its
DEtribo is the largest and its DEactivation is the smallest among all
additivated lubricants. This results in the highest adsorption
rate of all additives and the lowest friction. In all other cases, the
anodic polarization in the wear track is not sufficient to over-
come the DEactivation and therefore the surface sites are not
activated. Indeed, the largest DEactivation is found for WGIM (205
mV), and the low DEtribo (91 mV) leads to the largest barrier to
overcome, whereas in the case of WGBMP this barrier is less.
Therefore, the lowest adsorption rate and the highest friction of
all ILs is found for WGIM.
Fig. 10 Anodic polarization curves together with CoF evolution during
WGIM.

© 2022 The Author(s). Published by the Royal Society of Chemistry
An interesting case is WGC12 with a very similar DEtribo and
DEactivation, but with the highest friction of all lubricated tests
(same as the non-additivated WG). Friction starts below 0.1 and
gradually increases throughout the test (Fig. 6). This is due to
the very low electrical conductivity of WGC12 (similar to WG
alone, see Table 6). In this case, there is a larger ohmic drop
compared to the IL-additivated lubricants. This large ohmic
drop acts as a barrier against the activation of the surface sites.
To prove this, potentiostatic tribocorrosion tests at the anodic
potentials of +130 (Epeak), +230 and +330 mV were performed.
Fig. 9 shows the friction evolution with time of the potentio-
static tests of 10AgDLC in WGC12 together with the friction
evolution of the tribocorrosion tests at OCP for comparison.

Fig. 9 shows that for a very low conductivity medium
(WGC12), the anodic polarization in the wear track due to the
galvanic coupling (DEtribo in the OCP test) is not enough to
activate the surface adsorption sites for the lubricant additives
since friction does not decrease when polarizing at +130 mV
(Epeak). In order to achieve lower friction (i.e. activate adsorption
sites), larger anodic polarization must be applied due to the
ohmic drop effect. Indeed, it was found that the friction
evolution at +230 mV and +330 mV was lower than when
polarizing at Epeak (0.118 and 0.105, respectively). This conrms
that in a low conductivity medium, the ohmic drop controls the
activation of the adsorption sites. Therefore, in low conductivity
media, friction can be controlled by anodic polarizing well
above the DEactivation.

In the case of high conductivity media, potentiodynamic
triboelectrochemical tests were performed to understand better
the effect of the electrochemical potential on the activation of
the surface adsorption sites. The triboelectrochemical tests
were carried out in the tribometer equipped with a three-
electrode tribocorrosion cell: DLC surface as working elec-
trode, Ag/AgCl saturated KCl as reference electrode and a Pt wire
as counter electrode. During the rst 500 cycles of rubbing, the
electrochemical potential was set at the measured OCP of the
coating. Aer that, the anodic potentiodynamic polarization of
the surface started with the scan rate of 0.1 mV s�1 and lasted
for 4500 seconds of rubbing at the same contact conditions as
the OCP tribocorrosion tests. The tests were repeated at least
the potentiodynamic tribocorrosion tests of 10AgDLC in WGPP and

RSC Adv., 2022, 12, 3573–3583 | 3581
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twice to check the repeatability. Fig. 10 shows the potentiody-
namic anodic curve of 10AgDLC coating in WGPP and WGIM
together with the evolution of friction during the test. The
friction evolution during the OCP tests (from Fig. 6) is also
included for comparison.

The anodic potentiodynamic polarization curves obtained
during the tribocorrosion test (Fig. 10) show that the Epeak in
WGPP rises aer 500 seconds of sliding, and it needs 2500 s in
the case of WGIM. In both cases, friction decreases at the onset
of Epeak, being this decrease more pronounced for WGIM. For
WGPP, the friction value in the potentiodynamic test is slightly
lower than that of the OCP test at the start, but it stabilizes at the
same value as for the OCP test. This indicates that the external
anodic polarization of the surface in WGPP does not make any
signicant difference in the activation of the surface adsorption
sites. This is not surprising since it was already shown that
WGPP had a very low activation barrier to overcome (DEactivation,
Table 7) and therefore, the galvanically couple formed aer
polarizing at OCP is sufficient to activate the necessary sites for
an efficient additive adsorption. However, WGIM had the
largest DEactivation (Table 7) and therefore, the onset of surface
activation sites corresponds to the Epeak at which a clear friction
decrease is observed in Fig. 10. Interestingly, as the polarizing
potential reaches about 200 mV (which is the DEactivation for
WGIM), friction evolution shows a linear decline.

5. Conclusions

Three different types of diamond like carbon coatings (undo-
ped, 10 at% W-doped and 10 at% Ag-doped) have been studied
in dry and lubricated conditions. The lubricants were water–
glycol based formulated with a classical organic friction modi-
er (C12) and ionic liquids. An electrochemical approach to
control friction was taken by performing tribocorrosion tests at
OCP, potentiostatic and potentiodynamic conditions to inves-
tigate the coating-additive interactions. The ndings of this
study can be summarized as follows:

� Both tungsten and silver doping resulted in a decrease of
hardness and elastic modulus. XPS spectra showed that the
mechanical behaviour is controlled by the sp3/sp2 ratio and the
formation of WC in the W-dopped coating. Ag is a non-carbide
forming dopant in DLC resulting in better adhesion to the
substrate and lower residual stresses. The undoped DLC coating
had the lowest adhesion to the substrate and lowest ductility.

� Undoped DLC failed in all the tribological tests, and partial
or full coating removal of the coating was observed.

� In dry conditions, 10AgDLC showed the lowest friction,
which is due to the inherent solid lubrication properties of
silver.

� In lubricated conditions, W-dopped DLC showed the
lowest friction of all coatings. In this case, the friction evolution
was controlled by an electron-transfer mechanism. This mech-
anism is driven by the electrical conductivity of themedium and
therefore, the lowest friction was found for the lubricant with
the highest electrical conductivity (i.e. formulated with IM).
Since the surface of the DLC coatings is negatively charged, the
deprotonated molecules of C12 were repelled from the surface
3582 | RSC Adv., 2022, 12, 3573–3583
resulting in the same friction as the non-formulated water–
glycol base uid.

� In lubricated conditions, the friction of Ag-doped DLC was
slightly higher than for WDLC and was electrochemically
controlled. The polarization curve of 10AgDLC in the formu-
lated water-based lubricants revealed a current density peak in
the anodic branch. This peak is related to the oxidation of silver.
The tribocorrosion tests showed that the potential difference
(DEactivation) between the Ecorr and the peak potential (Epeak) is
the energy needed to activate the surface adsorption sites. The
potentiodynamic tribocorrosion tests conrmed that friction
could be controlled by increasing the electrochemical potential
for the IL-formulated lubricants. In the case of C12, the ohmic
drop due to the very low electrical conductivity of the lubricant
resulted in the need of higher anodic potentials to activate the
surface adsorption sites.

� The potentiostatic and potentiodynamic tribocorrosion
tests prove that the concept of “electrochemically-controlled
friction” can be achieved in IL-formulated water-based lubri-
cants with non-carbide forming metal doped DLCs. In the case
of carbide forming metal doped DLCs, friction is controlled by
the electrical conductivity of the medium via an electron-
transfer mechanism.
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