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Modern day industrial applications involve rigorous operating conditions, which include high temperature,

heavy applied loads, and starved lubrication conditions. In these scenarios, either the lubricant slips out of

the contact or only a thin layer of lubricant resides between interacting surfaces. The deposition of

diamond-like carbon (DLC) coatings possessing extreme wear resistance and ultra-low friction

characteristics and using lubricants capable of physically adsorbing on the interacting surfaces can

significantly improve the tribological performance. Due to their superior tribological characteristics,

chemically modified vegetable oils, such as palm trimethylolpropane ester (TMP), are one of the potential

candidates to be used as lubricant base-oils. To prove the suitability of TMP and DLC coatings for

applications involving a boundary-lubrication regime, a logical step forward is to investigate their

tribological characteristics in combination with conventional lubricant additives. In this study, the

extreme pressure characteristics of TMP formulated with glycerol monooleate (GMO), molybdenum

dithiocarbamate (MoDTC), and zinc dialkyldithiophosphate (ZDDP) in combination with steel/steel

contact were investigated using a four-ball wear tester. In addition, the tribochemical compatibility of

the abovementioned additives with TMP and a tungsten-doped diamond-like carbon coating (W-DLC)

was also analyzed using a universal wear testing machine. For comparison, additive-free and formulated

versions of polyalphaolefin (PAO) were used as a reference. Moreover, various surface characterization

techniques were used to investigate the mechanisms responsible for a particular tribological behavior.

TMP-based lubricants exhibited superior extreme pressure characteristics and friction performance as

compared to those containing PAO. An improvement in the tribological performance was observed

when W-DLC-coated surfaces were used instead of uncoated-surfaces irrespective of the lubricant

formulation.
1 Introduction

The lubricants industry is expected to realize a growth of 2.0%
every year and the worldwide consumption of lubricants will
reach approximately 45.4 million metric tons by the year 2019.1

The main constituents of commercially available lubricants are
base-oils and additive packages (friction modiers, antiwear/
extreme pressure additives, viscosity modiers etc.). About
85% of the lubricants consumed worldwide are derived from
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hemistry 2017
non-renewable and non-biodegradable sources such as petro-
leum [American petroleum institute (API) Group I, II, and III],
whereas the rest of them are either synthetic (API Group IV) or
bio-based (API Group V).2,3 Tomeet the energy needs of a rapidly
developing world, fossil fuel reserves are depleting at a rapid
pace and are on the verge of scarcity.4 Moreover, there are many
environmental and health issues associated with the excessive
use of petroleum-based fuels and lubricants, which include air
pollution, soil contamination, and difficult waste manage-
ment.5 Therefore, there is a need to reduce our reliance on
conventional lubricants and shi towards environmentally
sustainable, renewable, and biodegradable lubricants.6

A considerable improvement in the tribological performance
of mechanical components operating under a boundary-
lubrication regime can be achieved by depositing hard coat-
ings such as diamond-like carbon (DLC) coatings.7 These
RSC Adv., 2017, 7, 26513–26531 | 26513
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Fig. 1 The chemical equation for the synthesis of TMP.
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coatings possess a unique combination of properties with the
help of which the friction-induced energy andmaterial losses can
be minimized even under starved lubrication conditions.8 The
lubricity of the DLC coatings can be further enhanced using
lubricants such as vegetable oils, which can physically adsorb on
the interacting surfaces due to their polar components and
unsaturated structure.9,10 Although vegetable oils have tribolog-
ical characteristics (lubricity, ash point, viscosity index, and
evaporative losses) comparable to conventional base-oils, they
also have some deciencies.4,11–13 Some of the undesirable prop-
erties of vegetable oils include oxidation instability, inferior low-
temperature characteristics, and thermal instability.14 These
shortcomings originate due to the presence of carbon–carbon
double bonds in their structure, which react with atmospheric
oxygen and cause degradation.15 To decrease the inherent unsa-
turation and improve the low temperature properties of vegetable
oils, several chemical modication techniques have been used by
researchers, which include esterication/transesterication,16–19

estolide formation,20–22 epoxidation,23–26 and partial hydrogena-
tion of the carbon double bonds.27,28

Since lubricant additives are manufactured to synergistically
interact with conventional base-oils and optimized to enhance
the tribological performance of the metallic surfaces, a number
of experimental studies have been carried out by researchers to
investigate the tribological compatibility of vegetable oils with
conventional lubricant additives in combination with various
types of DLC coatings. Kalin et al.10 studied the tribological
characteristics of a hydrogenated amorphous DLC coating (a-
C:H) and tungsten-doped DLC coating (W-DLC) using
sunower and paraffinic mineral oil formulated with zinc dia-
lkyldithiophosphate (ZDDP) and amine phosphate additives.
They reported enhanced tribological performance of the
abovementioned DLC coatings with sunower-based lubricants
due to their unsaturated and polar nature. Moreover, when
conventional additives were used, signicant improvement in
the wear resistance of the DLC coatings was observed as a result
of tribochemical interactions. In a similar study, Kalin and his
team29 observed a 30–50% reduction in the wear resistance of
the a-C:H/a-C:H contacts when amine phosphate and dialkyl
dithiophosphate ester were used as additives in sunower oil.
They also reported improved tribological performance of
symmetrical a-C:H contacts when the formulated sunower oils
were used instead of mineral oil irrespective of their formula-
tion. In another experimental study, Kržan and his team30 re-
ported enhanced wear resistance of W-DLC-coated interacting
surfaces with rapeseed oil as compared to that of PAO. They also
observed that the W-DLC/W-DLC contacts resulted in lower
values of friction coefficients as compared to steel/steel
contacts; however, this enhanced friction performance was
not because of the additives but actually due to the inherent
lubricity of the W-DLC coating. In most of the abovementioned
studies, the researchers only used one additive at a time while
formulating the lubricants. Since commercial lubricants
contain various types of additives, it is very important to
consider all the tribologically relevant additives in a single
formulation. Moreover, rapeseed and sunower oils, formu-
lated with conventional additives, were used as biolubricants.
26514 | RSC Adv., 2017, 7, 26513–26531
In addition, a few researchers also considered palm oil in
combination with the DLC coatings but without conventional
additives.5,31,32 To address this research gap, there is a need to
investigate the tribological characteristics of formulated palm
oil-based lubricants with DLC coatings.

Therefore, the main focus of the research presented in this
study is to investigate the tribochemical interactions of most
widely used lubricant additives [glycerol monooleate (GMO),
molybdenum dithiocarbamate (MoDTC), and ZDDP] with palm
trimethylolpropane ester (TMP) and tungsten-doped diamond-
like carbon coating (W-DLC).
2 Materials and methods
2.1 Synthesis of TMP

To improve the thermooxidative stability and low-temperature
characteristics of palm oil, it was chemically modied using
a transesterication process. The chemical equation of the
reaction is shown in Fig. 1. During the synthesis of TMP, palm oil
was rst converted into its methyl ester and then reacted with
trimethylolpropane. The rationale for selecting trimethylolpro-
pane [2-ethyl-2-hydroxymethyl-1,3-propanediol] as polyol was its
low melting point as compared to that of others. During the
transesterication process, the ester (–COOR–) group of palm
methyl ester was replaced by the hydroxyl (–OH–) group of tri-
methylolpropane. The transesterication reaction was conducted
in a 500 mL three-necked reactor equipped with a reux
condenser, thermometer, and sampling port. The condenser was
coupled to a vacuum line with a relief valve, an accumulator, and
a vacuum trap. During the synthesis, the reactor was immersed in
a temperature-controlled silicon oil bath, and the solution was
agitated using a magnetic stirrer. A 200 g volume of methyl ester
and a known amount of trimethylolpropane were placed in the
reactor, and the mixture was heated to the operating temperature
before the catalyst was added. Vacuum was gradually applied
aer the addition of the catalyst to avoid spillover of the reaction
materials. Sodium methoxide was used as the catalyst because it
minimizes the saponication of esters. Samples were obtained at
pre-determined time intervals for gas chromatographic analysis
of the product yield. Aer the reaction was completed, the cata-
lyst was separated from the product mixture by vacuum ltration,
whereas distillation was conducted to remove the unreacted
methyl ester from the nal product.
2.2 Formulation of lubricants

In this study, TMP and PAO were used as base-oils. Among
conventional lubricant additives, GMO, MoDTC, and ZDDP
This journal is © The Royal Society of Chemistry 2017
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were selected to further enhance the tribological performance
of the abovementioned base-oils.33 Other additives such as
detergents, dispersants, and antioxidants were not considered
while formulating the lubricants such that the effectiveness of
the tribologically relevant additives could be analyzed in isola-
tion. The lubricant additives were acquired from Adeka, Japan,
whereas PAO was purchased from Ineos, USA. The formulated
versions of TMP and PAO were prepared by adding 3 wt% of the
additives (1.0 wt% of GMO, 1.0 wt% of MoDTC, and 1.0 wt% of
ZDDP) in 97 wt% of base-oil. The reason for putting all the
additives in a single formulation was to investigate whether
a synergistic or antagonistic correlation existed between the
additives and base-oils when they interacted with the W-DLC-
coated sliding surfaces. The formulation details and physico-
chemical properties of the lubricants are shown in Table 1.

2.3 Tribological experiments

2.3.1 Four-ball wear tester. A four-ball wear tester was used
to evaluate the extreme pressure characteristics and load-
carrying capacity of the base-oils and formulated lubricants
according to the procedures described in the ASTM D-2783
standard.34 AISI 52100 steel balls with a diameter of 12.7 mm
and hardness of 64-66 HRC were used to simulate a ball-on-ball
geometric conguration. The steel balls and machine compo-
nents, such as ball holder, clamps, and test-oil cup, were
washed with acetone to remove the antirust coatings, contam-
inants, and residual lubricant layers before and aer each test.
The extreme pressure characteristics of the lubricants were
evaluated by analyzing important wear parameters, including
the last non-seizure load (LNSL), initial seizure load (ISL), just
before weld load (JBWL), and weld load (WL). The LNSL can be
dened as the value of the applied load at which the wear scar
diameters (WSDs) of the stationary balls are not higher than 5%
above the compensation line, which consists of the values of the
WSD before seizure or weld. The ISL is the value of the applied
load at which a signicant increase in the WSD is observed due
to the momentary breakdown of the lubricating lm. The value
of the applied load just before welding is called the JBWL,
whereas the WL is the lowest value of the applied load at which
welding of the balls occurs. For each lubricant, a series of
sliding tests was performed starting with an initial load of 40 kg
under Hertzian contact loading. Aer this, load was increased
Table 1 The formulation details and physicochemical properties of the

Lubricants

Formulation details

TMP conc.
(wt%)

PAO conc.
(wt%)

GMO
conc.
(wt%)

Palm trimethylolpropane
ester (TMP)

100 — —

Polyalphaolen (PAO) — 100 —
TMP + GMO + MoDTC + ZDDP
(T + G + M + Z)

97 — 1

PAO + GMO + MoDTC + ZDDP
(P + G + M + Z)

— 97 1

This journal is © The Royal Society of Chemistry 2017
until welding of the balls occurred. Each test was conducted
twice for a duration of 10 seconds at room temperature where
the rotational speed of the top ball was maintained at 1760 rpm.
The WSDs of the stationary balls were measured for each load
using a peripheral microscope to quantify the effectiveness of
the lubricant in carrying the applied load.

2.3.2 Universal wear testing machine. Reciprocatory sliding
tests were conducted using a universal wear testing machine
(Cameron Plint TE99) with a pin-on-plate geometric congura-
tion (Fig. 2). AISI 52100 steel plates with a length, width, and
height of 100 mm, 30 mm, and 5 mm, respectively, were used as
at surfaces, and BS 1452 cast iron pins with a diameter and
length of 10 mm were used as the counterbodies. The average
surface roughness Ra value of the interacting surfaces was 0.05–
0.07 mm, whereas the hardness of the plates and pins were 64-66
HRC and 22-32 HRC, respectively. To evaluate the tribological
compatibility of the conventional additives with the TMP and W-
DLC coating, the friction andwear coefficients of the symmetrical
W-DLC contacts (W-DLC/W-DLC contacts) obtained using the
additive-free and formulated versions of TMP were compared
with those of the PAO-based lubricants. In addition, the tribo-
logical performance of the abovementioned lubricants on the
self-mated W-DLC-coated surfaces (W-DLC/W-DLC contacts) was
also compared with those of the steel/cast iron contacts. More-
over, the inuence of a ferrous counterbody on the tribochemical
interactions between the conventional additives and W-DLC
coating was also investigated using a uncoated-cast iron pin on
the W-DLC-coated plates. Each tribotest was conducted for 2
hours with an applied load of 615 N, which is equivalent to
700 MPa of Hertzian contact pressure. Other test parameters
including the temperature, stroke length, and linear speed were
set at 90 �C, 10mm, and 0.04m s�1, respectively. Before each test,
the plates and balls were cleaned with acetone in an ultrasonic
bath, whereas the surfaces were washed with cyclohexane and
placed in a desiccator before carrying out the surface analysis.
Each test was conducted twice to conrm the repeatability and
reproducibility of the results and calculate the standard
deviations.

2.4 Deposition of the W-DLC coating

Since DLC coatings are considered to be chemically inert due to
their low surface energies, they are generally doped with metals,
formulated lubricants

Physicochemical properties

MoDTC
conc.
(wt%)

ZDDP
conc.
(wt%)

Kinematic viscosity
at 100 �C (cSt)

Viscosity
index

Density
(g cm�3)

— — 9.33 194.53 0.92

— — 9.85 135.45 0.84
1 1 9.84 193.24 0.93

1 1 9.99 135.34 0.82

RSC Adv., 2017, 7, 26513–26531 | 26515
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Fig. 2 A labelled 3-dimensional model of the universal testing machine and pin-on-plate geometric configuration.

Table 2 The properties of the W-DLC coating

Properties Values

Deposition technique PVD combined with ion sputtering
Interlayer CrN
Thickness 2–3 mm
Average surface roughness 0.05–0.07 mm
Hardness 12–15 GPa
Young's modulus 123 GPa
Maximum service temperature 300 �C
Atomic concentration of hydrogen 15%
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such as tungsten, to improve their ability to interact with the
lubricant additives and environmental species.35 In this way, the
ultra-low friction, extreme wear resistance, high hardness of the
DLC coatings, and chemical reactivity of the metals can be
combined in a single material. Due to these reasons, W-DLC
was selected, among the various types of DLC coatings, to
evaluate its tribological compatibility with conventional addi-
tives and TMP. W-DLC is one of the most widely investigated
types of DLC coatings and numerous experimental studies have
been carried out by researchers on the tribological compatibility
of W-DLC coatings with conventional additives.30,36–42 As the
name suggests, the W-DLC coating falls in the category of
doped-DLC coatings.

A physical vapor deposition (PVD) process was used to
deposit the tungsten-doped diamond-like carbon (W-DLC)
coating with a chromium nitride (CrN) interlayer on the AISI
52100 steel plates and BS 1452 cast iron pins. Prior to the
deposition, the mirror-polished substrates were cleaned with
acetone and ethyl alcohol in an ultrasonic bath for 30 minutes
and rinsed using distilled water. Aer this, the substrates were
placed on the turntable and loaded into the deposition chamber
of PVD sputtering machine where pressure was maintained at 2
� 10�5 Pa. To evaporate the water molecules, the substrates
were heated to 200 �C. Before performing deposition, the
surfaces of the substrates were bombarded with Ar+ plasma in
a glow discharge mode for 30 minutes to remove the contami-
nants and ferrous oxide layer. The bias voltage was set at�200 V
during the sputter etching process. The chromium nitride (CrN)
interlayer was rst deposited on the substrates using ion beam
arc evaporation. Nitrogen gas was fed into the deposition
chamber via an anode layer ion source where it reacted with
chromium ions produced by an arc evaporator with an arc
current of 60 A and deposited as a CrN interlayer on the
substrate surface. Due to its hardness and toughness, the CrN
interlayer provided additional load bearing capacity, enhanced
the corrosion resistance of the coated components, and
improved the adhesion between the substrate and top W-DLC
layer. Aer the deposition of the CrN interlayer, the W-DLC
coating was deposited on the substrate via ion beam deposi-
tion combined with DC magnetron sputtering. A high negative
26516 | RSC Adv., 2017, 7, 26513–26531
potential was applied to the tungsten target, which was used as
the sputtering source, whereas ethyne (C2H2) was used as the
reactive gas. A stream of positively charged argon ions was then
accelerated towards the tungsten target and bombarded on it to
evaporate the tungsten source. A carbon precursor (C2H2) was
then introduced into the chamber and it reacted with the
sputtered tungsten particles evaporated from the coating
material. During the deposition step, the discharge voltage of
the ion source and the chamber pressure were set at 330 V and
0.2 Pa, respectively, whereas the ow rates of argon and ethyne
were maintained at 160 standard cubic centimeters per minute
(SCCM) and 60 SCCM, respectively. The concentration of
tungsten in the W-DLC coating was controlled by the sputtering
current of the tungsten target. To keep the thickness of the
coating uniform, the substrates were rotated at constant speeds
at several axes during the deposition process. In this way,
a compact, defect-free, homogenous, and thin layer of the W-
DLC coating with the desired composition was deposited on
the substrate surface. The total thickness of this coating was
approximately 2–3 microns, which also included the 0.1–0.2 mm
thick CrN interlayer. Some of the important properties of the W-
DLC coating are listed in Table 2 whereas a schematic of the
deposition procedure is shown in Fig. 3.
2.5 Characterization of the worn surfaces

To investigate the mechanisms responsible for a particular
tribological behavior, the wear tracks on the plates and pins
Color Anthracite

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 A schematic of the deposition procedure for the W-DLC
coating.
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were analyzed using various surface characterization tech-
niques. The width of the wear tracks formed on the W-DLC-
coated and uncoated-cast iron pins and wear mechanisms
were analyzed using a Zeiss UltraPlus eld emission scanning
electron microscope (FESEM). The chemical composition of the
elements deposited on the pins as a result of the tribochemical
interaction with the additives was investigated using an Oxford
Instruments energy dispersive X-ray (EDX) analysis system
integrated with an FESEM. To study the formation of the tri-
bochemical compounds and quantify the structural trans-
formation of the W-DLC-coated plates from the diamond to
graphite phase, Renishaw inVia Raman spectroscopy was used.
Moreover, the surface roughness of the plates was measured
with the help of the wear track prole data using a Surest SJ-
210 mechanical stylus prolometer.
3 Results
3.1 Four-ball wear tester

3.1.1 Extreme pressure and load carrying capacity.
Additive-free TMP exhibited superior extreme pressure charac-
teristics, and the contact was able to sustain higher values of
applied load without welding as compared to PAO (Fig. 4a and
Table 4). Although LNSL and ISL were the same for both
lubricants, the JBWL and WL were 10 kg higher for TMP as
compared to those for PAO (Table 4). At an applied load of 40 kg
and 50 kg, the values of the WSDs obtained with TMP were
almost one-half of those obtained with PAO (Fig. 4 and Table 3).
Fig. 4 The average wear scar diameter values plotted against the applie

This journal is © The Royal Society of Chemistry 2017
This trend continued when the value of the applied load was
further increased; however, the difference in the WSD values
obtained with TMP and PAO decreased at heavier loads. The
enhanced load-carrying capacity of TMP was attributed to the
presence of polar components in its structure. The polar
molecules, such as the carboxyl group of the fatty acids, of TMP
form a monomolecular layer and attach to the chemically
reactive steel surfaces as a result of physisorption.43 This thin
layer of lubricant separates the contacting surfaces and
prevents metal-to-metal contact. Due to the non-polar structure
of PAO, this behaviour was not observed in the case of PAO.

Another important conclusion that can be drawn from
extreme pressure tribotests is that conventional additives,
which are actually optimized for conventional base-oils such as
PAO, are also effective in TMP as far as the extreme pressure
characteristics are concerned. A signicant enhancement in the
extreme pressure characteristics of the base-oils was realized
when mixed with the additives. At lower values of the applied
load (40 kg, 50 kg, 63 kg, and 80 kg), P + G + M + Z provided
better lubrication to the contact and resulted in lower values for
theWSDs as compared to T + G +M + Z. Moreover, LNSL and ISL
were also notably high when the formulated version of PAO was
used (Table 4). However, T + G + M + Z was able to provide better
load carrying capability in the medium to heavy range of 90–160
kg of the applied load and exhibited higher values for the JBWL
and WL as compared to P + G + M + Z. In the case of T + G + M +
Z, the additives only played their role when applied load was
increased beyond 80 kg, whereas the effectiveness of the addi-
tives was observed even at an applied load of 40 kg when mixed
with PAO. From these observations, it can be concluded that
TMP can be used without additives in these applications that
involve low applied loads, whereas its formulated version is
more suitable for extreme loading conditions.
3.2 The universal wear testing machine

3.2.1 Friction analysis. The transient friction behavior of
W-DLC/W-DLC, W-DLC/cast iron, and steel/cast iron contacts in
combination with the additive-free and formulated versions of
PAO and TMP are shown in Fig. 5, and the average friction
coefficient values are presented in Fig. 6. Among base-oils, TMP
showed superior friction behavior as compared to PAO irre-
spective of the sliding surface material. A similar improvement
in the friction behavior of symmetrical W-DLC contacts was also
d load for the (a) base-oils and (b) formulated lubricants.

RSC Adv., 2017, 7, 26513–26531 | 26517
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Table 3 The wear scar diameters of individual balls along with the mean values and standard deviations

Lubricants

Wear scar diameters at different values of the applied load

40 50 63 80 100 110 120 126 140 150 160 170

TMP Ball 1 0.407 0.462 1.785 2.058 2.553 2.944 Weld
Ball 2 0.407 0.437 1.764 2.082 2.629 2.935
Ball 3 0.416 0.433 1.780 2.045 2.633 2.931
Mean 0.410 0.444 1.776 2.062 2.605 2.937
Standard deviation 0.005 0.016 0.011 0.019 0.045 0.006

PAO Ball 1 0.882 1.000 2.406 2.788 2.986 Weld
Ball 2 0.911 1.068 2.331 2.822 2.960
Ball 3 0.873 1.022 2.331 2.809 2.994
Mean 0.889 1.030 2.356 2.806 2.980
Standard deviation 0.020 0.035 0.044 0.017 0.017

T + G + M + Z Ball 1 0.223 0.227 1.990 2.100 2.158 2.199 2.235 2.268 2.844 2.927 3.267 Weld
Ball 2 0.218 0.223 2.011 2.083 2.205 2.206 2.243 2.268 2.876 2.986 3.368
Ball 3 0.210 0.227 2.037 2.070 2.167 2.185 2.230 2.373 2.809 3.015 3.183
Mean 0.217 0.225 2.013 2.084 2.177 2.197 2.236 2.303 2.843 2.976 3.273
Standard deviation 0.006 0.002 0.023 0.015 0.025 0.010 0.007 0.061 0.034 0.045 0.093

P + G + M + Z Ball 1 0.186 0.227 0.223 0.259 2.419 2.419 2.543 2.742 2.997 Weld
Ball 2 0.181 0.226 0.231 0.248 2.457 2.457 2.599 2.784 3.051
Ball 3 0.193 0.216 0.235 0.265 2.410 2.410 2.578 2.815 3.002
Mean 0.187 0.223 0.230 0.257 2.429 2.429 2.573 2.781 3.017
Standard deviation 0.006 0.006 0.006 0.009 0.025 0.025 0.028 0.037 0.030

Table 4 The LSNL, ISL, JBWL, and WL observed for the base-oils and
formulated lubricants

Lubricants LNSL (kg) ISL (kg) JBWL (kg) WL (kg)

TMP 50 63 110 120
PAO 50 63 100 110
T + G + M + Z 50 63 160 170
P + G + M + Z 80 100 140 150

Fig. 5 The transient friction behavior of the (a) W-DLC/W-DLC, (b) W-D
PAO and TMP-based lubricants.

26518 | RSC Adv., 2017, 7, 26513–26531
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observed by Kalin et al. and Kržan et al. when they used
sunower oil and rapeseed oil instead of paraffinic mineral oil,
respectively.10,30 As abovementioned, this improved friction
characteristic of TMP can be attributed to its polar nature due to
which it adsorbs on the interacting surface; however, this
behavior is not associated with PAO due to its non-polar
chemical structure. It is mentioned in the literature that the
polar functional groups in the triglyceride structure of vegetable
oils have the ability to strongly adsorb on metallic surfaces.30
LC/cast iron, and (c) steel/cast iron contacts in combination with the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The average friction coefficient values obtained for theW-DLC/
W-DLC, W-DLC/cast iron, and steel/cast iron contacts in combination
with the PAO and TMP-based lubricants.
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When the average friction coefficient values of the contacts
considered in this study were compared, it was found that the
W-DLC/cast iron contacts demonstrated enhanced friction
performance as compared to the others. Among the base oils,
a lowest friction coefficient value of 0.08 was observed when
TMP was used in the W-DLC/cast iron contact, whereas the
steel/cast iron contact resulted in the highest value of 0.14 when
additive-free PAO was used as the lubricant.

Moreover, signicant improvement in the friction behavior
was observed when the formulated lubricants were used. The
only exception to this nding was the W-DLC/cast iron contact,
which showed deterioration in the friction characteristics when
T + G + M + Z was used as the lubricant instead of the additive-
free TMP. The additives were proven to be more effective in
reducing the friction between interacting surfaces when mixed
with PAO instead of TMP. Although friction was reduced in all
the contacts, the most eloquent change was observed in the
steel/cast iron contacts. Among the formulated lubricants, the
lowest friction coefficient value of 0.06 was observed with theW-
DLC/cast iron contact, whereas the highest value of 0.10 was
observed in case of the W-DLC/W-DLC contact both with
formulated version of PAO. In Fig. 5, it can be seen that the
friction coefficients of most of the contacts were reduced aer 2
hours of sliding as compared to the initial values, whereas no
such behavior was observed with the additive-free lubricants.
The most substantial change was observed in the W-DLC/cast
iron contact in the presence of P + G + M + Z in which the
friction coefficient was reduced from 0.14 to 0.05. This shows
that some tribochemical interaction occurred between the
interacting surfaces and additives, which resulted in enhanced
friction characteristics of the contacts at the end of tribotesting.
The improved tribological performance due to the formation of
additive-derived tribolms on various types of DLC coatings has
also been conrmed by many researchers. Vengudusamy and
his team observed friction reduction in self-mated W-DLC-
coated surfaces when they used MoDTC as an additive in the
API Group III base-oil (A-III).38 A similar behavior was also
observed by Tasdemir et al. when they used PAO + GMO and
This journal is © The Royal Society of Chemistry 2017
PAO + GMO + ZDDP as lubricants instead of additive-free PAO in
combination with ta-C/ta-C contacts.44

3.2.2 Wear analysis. The wear coefficients of the uncoated
and W-DLC-coated pins and plates sliding against each other in
the presence of the PAO and TMP-based lubricants are pre-
sented in Fig. 7. Contrary to the friction results, high values for
the wear coefficients were observed with the additive-free TMP
as compared to those with PAO irrespective of the interacting
surface materials (Fig. 7). The most signicant difference in the
wear characteristics of additive-free TMP and PAO was observed
in the case of the W-DLC/cast iron contacts, and the former
resulted in approximately 20% more wear as compared to the
latter (Fig. 7).

On substantially mixing the base-oils with additives, the
wear characteristics of all the contacts were improved. Irre-
spective of the lubricant formulation, the lowest wear coeffi-
cient values were observed with the symmetrical W-DLC
contacts followed by W-DLC/cast iron and steel/cast iron. This
improved wear behavior can be related to the inherent wear
resistance of the W-DLC coating, the tribochemical interaction
of the interacting surfaces with additives, and/or the suppres-
sion of graphitization phenomenon by passivation of the
dangling carbon bonds by the additives.45–47 In an experimental
investigation, Kalin and his team observed enhanced wear
behavior of the self-mated W-DLC coating when ZDDP and
amine phosphates were used as additives in mineral oil due to
the prevention of coating spallation.40,41 Vengudusamy et al.
observed pad-like tribolm on the contact, which resulted in
the reduced wearing-out of W-DLC-coated surfaces when ZDDP-
containing A-III was used as the lubricant.36 To conrm the
mechanisms responsible for the reduction in the wearing-out of
the interacting surfaces in the presence of formulated lubri-
cants, Raman spectroscopy and FESEM/EDX analysis were
carried out and have been discussed in the subsequent sections.
Although PAO showed an increase in the wear resistance of the
interacting surfaces when formulated with GMO, MoDTC, and
ZDDP but not as much as TMP. The formulated lubricants were
most effective in the steel/cast iron contacts and reduced the
wear coefficients to almost one-third as compared to the base-
oils. Note that the pins demonstrated different wear behavior
as compared to the plates due to the difference in the levels of
the wear coefficients of the pins and plates, which can be clearly
seen in Fig. 7. Although the pins resulted in high wear coeffi-
cients as compared to the plates, irrespective of the lubricant
formulation and interacting surfaces material, the wear trend
was the same for both surfaces. Among the formulated lubri-
cants, T + G + M + Z resulted in lowest wear coefficient value for
the pins (6.21E-8) in the W-DLC/W-DLC contact, whereas
highest value (1.98E-7) was observed when P + G + M + Z was
used as the lubricant in the W-DLC/cast iron contact. However,
highest (9.10E-9) and lowest wear coefficient values (3.10E-9)
observed for the plates were found in the steel/cast iron
contacts lubricated with P + G + M + Z and T + G + M + Z,
respectively.

3.2.3 Raman spectroscopy analysis. DLC coatings
comprising a chemical structure in which carbon atoms are
bonded with each other in an sp1, sp2, and/or sp3
RSC Adv., 2017, 7, 26513–26531 | 26519
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Fig. 7 The wear coefficients of the (a) pins and (b) plates of the W-DLC/W-DLC, W-DLC/steel, and steel/cast iron contacts with PAO and TMP-
based lubricants.

Fig. 8 The Raman spectra of the W-DLC-coated plate before
tribotesting.
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conguration.48–50 The transformation of the sp3-bonded carbon
atoms into sp2-bonded carbon atoms occurs when the inter-
acting surfaces are subjected to extreme operating conditions
such as high temperature and heavy loads, and this phenom-
enon is known as graphitization.47,51,52 Graphitization involves
structural transformation of the bonded carbon atoms from
a diamond to graphite phase and plays a vital role in deter-
mining the tribological characteristics of the DLC coatings.
Graphitization usually results in decreased friction and facili-
tates sliding because of low shear strength possessed by the
graphitic layer as compared to that possessed by diamond
layer.53,54 Contrary to this, graphitization has detrimental effects
on the hardness and wear resistance of the DLC coatings and
both generally decrease with an increase in the degree of
graphitization.40,51 The formation of a so graphitic layer makes
the surfaces more vulnerable to disintegration, and the overall
structure of the coating weakens, resulting in high values for the
wear coefficients.55 The extent of graphitization can be realized
from an increase in the intensity ratio (ID/IG), indicated by the
maximum disordered D-peak (ID) intensity and the maximum
graphite G-peak (IG) intensity in the Raman spectra.46 The
intensity of the D-peaks (ID) and G-peaks (IG) are usually
measured at 1380 cm�1 and 1560 cm�1, respectively.56,57

In this study, Raman spectroscopy was carried out on the W-
DLC-coated plates to identify whether the improved friction
performance of the W-DLC/W-DLC and W-DLC/cast iron
contacts was due to the inherent low-friction characteristics and
self-lubrication ability of the W-DLC coating or the result of
graphitization and/or tribochemical interactions between the
interacting surfaces and the additives. To quantify the extent of
graphitization, broad Raman spectra were acquired in the
wavelength range from 800 cm�1 to 2600 cm�1 before and aer
2 hours of sliding (Fig. 8–10). Raman spectroscopy was also
carried out on the W-DLC-coated plates to obtain narrow scans
(100–1300 cm�1 wavelength) for identifying the compounds
formed on the contact area as a result of tribochemical inter-
actions between the additives and interacting surfaces (Fig. 11).
A Renishaw InVia Raman microscope equipped with a 514 nm
diode laser and 50� magnication objective lens was used for
26520 | RSC Adv., 2017, 7, 26513–26531
this purpose. The laser power was set at 10% to concentrate only
on the W-DLC coating and minimize the inuence of the
substrate material while obtaining the Raman spectra. Other
related parameters such as resolution and spectra accumula-
tion and collection time were set at 2400 lines per nm and 2 and
60 s, respectively. For each surface, three Raman spectra were
obtained to achieve a good statistical representation.

When base-oils were used, a decrease in the ID/IG ratio and
change in the shape of the Raman spectra were observed as
compared to those of the as-deposited W-DLC coating. This
change can be related to the delamination of the top W-DLC
layer from the plates and the inuence of the exposed CrN
interlayer and/or steel substrate on the Raman spectra. This
hypothesis is also in accordance with the wear coefficient
graphs presented in Fig. 7, which show the accelerated wearing-
out of the interacting surfaces in the presence of base-oils. Since
no change in the transient friction behavior of the contacts was
seen with the base-oils aer 2 hours of sliding (Fig. 5), it can be
stated that the delamination of the W-DLC coating was not
because of the graphitization phenomenon but actually due to
the inability of the lubricants to provide boundary lubrication.
The only exception to this nding was the W-DLC/cast iron
contact, which showed high extent of graphitization (ID/IG ¼
0.967) and very low friction coefficient in the presence of the
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 The Raman spectra of the W-DLC-coated plates after 2 hours of sliding against the W-DLC-coated cast iron pins in (a) PAO, (b) TMP, (c) P
+ G + M + Z, and (d) T + G + M + Z.
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additive-free TMP (Fig. 6). As a result of graphitization and its
adverse effects on the structural integrity of the W-DLC coating,
highest wear coefficient value of the plate among the W-DLC/W-
DLC and W-DLC/cast iron contacts was observed with the
additive-free TMP (Fig. 7). The formulation of TMP with addi-
tives resulted in reduced wear coefficients for the W-DLC/cast
iron contact but the friction between interacting surfaces was
substantially increased as compared to additive-free TMP. This
behavior can be attributed to the formation of MoO3 (820 cm�1)
Fig. 10 The Raman spectra of the W-DLC-coated plates after 2 hours of
+ M + Z, and (d) T + G + M + Z.

This journal is © The Royal Society of Chemistry 2017
as a result of the tribochemical decomposition of MoDTC
(Fig. 11b). It is mentioned in the literature that MoO3 has
a sharp crystalline structure due to which it does not play any
role in reducing the friction between interacting surfaces.58

Another justication for the deteriorated friction performance
of the W-DLC/cast iron contact in the presence of T + G + M + Z
is the suppression of graphitization by the additives, resulting
in a decreased ID/IG ratio (Fig. 10d). It is widely accepted that
additives have the ability to suppress graphitization of the DLC
sliding against the uncoated-cast iron pins in (a) PAO, (b) TMP, (c) P + G

RSC Adv., 2017, 7, 26513–26531 | 26521
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Fig. 11 The narrow Raman spectra of theW-DLC-coated plates after 2 hours of sliding against the (a) W-DLC-coated and (b) uncoated-cast iron
pins in combination with the PAO and TMP-based lubricants.

Fig. 12 The average surface roughness values Ra of the uncoated and
W-DLC-coated plates after 2 hours of sliding in combination with the
PAO and TMP-based lubricants.
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coating by passivating their dangling carbon bonds, resulting in
improved wear resistance and increased friction.45–47 The
suppression in graphitization by the W-DLC coating (18 wt% of
tungsten) and an increase in the friction coefficient value from
0.06 to 0.08 was also observed by Vengudusamy and his team
when they used A-III + ZDDP as the lubricant instead of
additive-free base-oil.42 Contrary to T + G +M + Z, increase in the
ID/IG ratio and the occurrence of the graphitization phenom-
enon was observed when a formulated version of PAO was used
as the lubricant, resulting in lowest friction coefficient value for
W-DLC/cast iron contact. Graphitization of the W-DLC coating
resulting in decreased friction was also observed by Yue et al.
with MoDTC-containing PAO.59 The formation of MoS2 and
tungsten disulphide (WS2), observed at 383 cm�1 and 420 cm�1

in the narrow scans, respectively, can be another explanation for
the superior friction behavior of P + G + M + Z as compared to
that of the formulated version of TMP (Fig. 11b). These peaks
were not observed in the narrow scans of T + G + M + Z.
Although graphitization of the W-DLC coating was also
observed in the symmetrical W-DLC contacts, it was not of the
same extent as in the W-DLC/cast iron contacts. This difference
in the extent of graphitization could be one of the reasons for
high friction coefficients observed for W-DLC/W-DLC as
compared to those for the W-DLC/cast iron contacts. As
abovementioned, graphitization usually results in higher wear
rates of the interacting surfaces; however, this behavior was not
observed in both the W-DLC/W-DLC and W-DLC/cast iron
contacts in combination with P + G + M + Z and T + G + M + Z.
Improved wear behavior was seen when the formulated lubri-
cants were used. This can be attributed to the presence of ZDDP,
which is primarily an antiwear additive, in the lubricant that
results in the formation of a ZDDP-derived tribolm.60 The
formation of the ZDDP-derived tribocompounds composed of
zinc, sulfur, and phosphorus was also conrmed by the narrow
scans and EDX results. In Fig. 11, the Raman peaks at 800 cm�1

and 964 cm�1 can be related to the formation of zinc oxide
(ZnO) and zinc phosphate [Zn3(PO4)2], respectively.61

3.2.4 Surface prole results. The surface proles of the
uncoated (steel/cast iron contacts) and W-DLC-coated plates
(W-DLC/W-DLC and W-DLC/cast iron contacts) aer 2 hours of
tribotesting under the lubricated conditions were obtained
using a Surest SJ-210 mechanical stylus prolometer (Mitu-
toyo, Kanagawa, Japan). For each plate, three measurements
26522 | RSC Adv., 2017, 7, 26513–26531
were carried out, one at the top, second at the middle, and third
at the bottom of the wear track, to obtain statistically repre-
sentative and repeatable results. The scan length was adjusted
to 12.5 mm such that the topography of the entire wear track
width can be measured and the scan speed was set at 0.25 mm
s�1. Average surface roughness (Ra) values of the plates were
calculated using surface prole data, and the data is presented
in Fig. 12.

In Fig. 12, it can be seen that the formulated lubricants
resulted in lowest values of the average surface roughness,
which is in accordance with the wear coefficient results (Fig. 7).
Although a decrease in the surface roughness values was
observed when the formulated version of PAO was used instead
of the additive-free PAO, it was not to the extent as observed for
T + G + M + Z. Irrespective of the lubricant formulation, lowest
surface roughness values for the W-DLC-coated plates were
observed when uncoated-cast iron pins were used as the coun-
terbodies, whereas the uncoated-steel plates resulted in highest
values aer 2 hours of sliding against the uncoated-cast iron
pin. The severe surface deterioration and roughening observed
in the uncoated-steel plate can be attributed to the abrasive
wear caused by ferrous-based wear debris. Contrary to this,
polishing wear was the predominant wear mechanism in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 13 An SEM image of the as-deposited W-DLC-coated pin.
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case of the W-DLC-coated plates. These results demonstrate
that the presence of the W-DLC-coated body in a contact
prevents the interacting surfaces from excessive deterioration
due to its inherent hardness and wear-resistant characteristics.
A similar trend in the surface roughness was also seen when the
additive-free base-oils were used. The only exception was seen
when additive-free TMP was used in combination with the W-
DLC/W-DLC contact, resulting in higher surface roughness
value as compared to that of PAO. As abovementioned, this can
be attributed to the inability of the polar molecules and fatty
acids of TMP to be adsorbed on the W-DLC-coated surfaces due
to their low surface energies and inferior chemical reactivities
as compared to ferrous-based materials.

3.2.5 FESEM/EDX analysis. FESEM was used to measure
the wear track width and analyze the topography of the
uncoated (W-DLC/cast iron and steel/cast iron contacts) and
Fig. 14 The wear tracks of the W-DLC-coated pins (W-DLC/W-DLC con
G + M + Z.

This journal is © The Royal Society of Chemistry 2017
W-DLC-coated pins (W-DLC/W-DLC contacts). FESEM differs
from optical microscopy in a way that it uses a focused beam of
electrons instead of photons (light rays) to produce the images
of a sample. FESEM was operated at an electron acceleration
voltage of 10 keV while obtaining the images and performing
EDX analysis such that it acquired the data only from the
coating and the electron beam did not penetrate the substrate
material.

In Fig. 13, the SEM image of the as-deposited W-DLC-coated
pin is presented, and Fig. 14 shows the wear tracks of the W-
DLC-coated pins aer 2 hours of sliding against the W-DLC-
coated plates. In these images, three distinct regions can be
seen (Fig. 14). In the center, the wear track is shown, whereas
the as-deposited W-DLC coated surface can be seen at the top
and bottom. The dark lines at the center of the wear track show
the CrN interlayer and/or cast iron substrate. In Fig. 14a and c,
excessive wear can be seen in the presence of the base-oils,
whereas the surfaces are relatively clean in Fig. 14b and d.
This improvement in the wear resistance of the coated-pins can
be attributed to the presence of additives, which further
enhance the tribological behavior of the symmetrical W-DLC
contact (Fig. 6 and 7). To conrm whether the coating
remains intact aer 2 hours of sliding, EDX was carried out, and
the results are shown in Table 5. The presence of oxygen,
chromium, and nitrogen in large concentrations and small
amounts of carbon and tungsten on the coated-pins depicts that
most of the top W-DLC coating was either delaminated or worn-
out aer 2 hours of sliding in the presence of PAO. Increase in
the oxygen concentration can be attributed to the formation of
ferrous oxides when the cast iron substrate was exposed due to
tact) in combination with (a) PAO, (b) P + G +M + Z, (c) TMP, and (d) T +

RSC Adv., 2017, 7, 26513–26531 | 26523
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Table 5 The atomic percentage of the elements found on the W-
DLC-coated pins after 2 hours of sliding against the W-DLC-coated
plates using EDX

Lubricants

Elements

C W Cr N P S Mo Zn Fe O

As-deposited 75.3 18.1 1.2 — — — — — 1.2 4.2
PAO 12.6 2.1 37.7 23.9 3.8 19.8
TMP 77.5 11.2 3.6 1.1 — — — — 1.3 5.3
P + G + M + Z 46.3 12.9 18.3 8.8 0.2 1.2 1.2 0.2 2.1 8.8
T + G + M + Z 73.1 16.3 1.2 0.7 1.8 0.4 0.8 1.2 1.1 3.3

Table 6 The atomic percentage of the elements found on the
uncoated-cast iron pins after 2 hours of sliding against the W-DLC-
coated plates using EDX

Lubricants

Elements

C W Cr N P S Mo Zn Fe O

PAO 16.7 0.3 — — 0.3 0.1 — — 74.5 8.2
TMP 25.7 2.1 — — 0.3 0.2 — — 59.2 12.5
P + G + M + Z 14.2 — — — 1.2 3.2 2.4 1.9 69.6 7.5
T + G + M + Z 13.2 0.1 — — 2.1 1.3 0.8 3.4 64.5 14.4
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the delamination of the DLC coating. In the case of the TMP-
based lubricants, especially T + G + M + Z, iron, chromium,
and nitrogen were detected in very small concentrations. This
shows that the formulated version of TMP improved the wear-
resistance of the contact due to which the top layer of the
coating was retained aer 2 hours of sliding with the exposure
of the CrN interlayer at a few remote sites. The mixing of GMO,
MoDTC, and ZDDP in PAO also enhanced its inherent wear-
characteristics, and the total delamination of the W-DLC
coating was avoided. Although an improvement in the tribo-
logical performance of the W-DLC/W-DLC contacts was seen
with the formulated lubricants and the formation of MoDTC
and ZDDP-derived tribocompounds were detected via Raman
spectroscopy, elements such as molybdenum, zinc, sulphur,
and phosphorus were not seen in abundance on the W-DLC-
coated pin surface as compared to those on the uncoated
surfaces (Tables 5–7). A possible justication for this behavior is
the making and breaking of a tribolm during the tribotests
due to its weak-adhesion with the W-DLC-coated surfaces. The
absence or comparatively small concentration of ferrous-based
Table 7 The atomic percentage of elements found on the uncoated-
cast iron pins after 2 hours of sliding against the uncoated-steel plates
using EDX

Lubricants

Elements

C W Cr N P S Mo Zn Fe O

PAO 7.7 — — — — — — — 80.1 12.3
TMP 9.5 — — — — — — — 78.2 12.3
P + G + M + Z 5.2 — — — 0.4 1.2 4.3 1.4 66.6 20.9
T + G + M + Z 7.8 — — — 0.2 1.8 1.3 1.3 63.0 24.5

26524 | RSC Adv., 2017, 7, 26513–26531
compounds, such as iron oxide and iron sulphide, which
promote binding between the additive-derived tribolm and
contact surface, can be attributed to this weak adhesion.62,63

Similar weakly-adhered additive-derived tribolms were also
observed by Equey and his team with a symmetrical a-C:H
contact in the presence of PAO + ZDDP.64

To analyze the mechanisms responsible for a particular
tribological behavior in the W-DLC/W-DLC contacts, magnied
SEM images were also obtained at the central regions of the
wear tracks and are presented in Fig. 15. In Fig. 15a and c, the
bright regions depict the exposed CrN interlayer, whereas the
dark regions represent the top W-DLC layer. In the presence of
the PAO-based lubricants, clear scratch lines in the direction of
sliding can be seen, which result in the removal of the W-DLC
coating from certain areas. Plenty of small pits were also
formed as a result of abrasive wear. When additive-free PAO was
used, ploughing was seen due to the adhesion between W-DLC-
coated surfaces, which resulted in deep grooves and exposed
ferrous-based substrate material. Contrary to this, delamination
of the W-DLC coating was not observed in the presence of the
TMP-based lubricants, especially T + G + M + Z, and polishing
was the predominant wear mechanism with few shallow scratch
lines (Fig. 15b and d). Although some of the CrN interlayer was
exposed due to the abrasive wear of the debris, which resulted
in the formation of many micro-pits and ditches on the pin
surface, the overall W-DLC coating was able to maintain its
integrity over the 2 hours of sliding.

In Table 6, the atomic percentage of elements found on the
uncoated-cast iron pins aer 2 hours of sliding against the W-
DLC-coated plates under lubricated conditions is shown. High
concentration of carbon was observed on the pin surfaces as
compared to the original carbon content of BS 1452 cast iron
(2.90–3.65%). This increase in the carbon concentration can be
attributed to either transfer of the coating material from the W-
DLC-coated plates or due to the residual lubricant. Since
negligible amount of tungsten was observed on pins, it can be
stated that no signicant transfer of the W-DLC coating
occurred. The only exception to this nding was seen when
additive-free TMP was used as the lubricant and the coating
material was transferred from the plate to the cast iron pin
(Fig. 16d). Removal of the W-DLC coating from the plate surface
due to the occurrence of graphitization was also conrmed by
Raman spectroscopy (Fig. 10). In the case of the W-DLC/cast
iron contacts, lowest value of the friction coefficient was
observed when P + G +M + Z was used as the lubricant, followed
by TMP, T + G + M + Z, and PAO. The improved friction
performance of the W-DLC/cast iron contact in the presence of
P + G + M + Z can be attributed to the tribochemical interactions
between the additives and interacting surfaces, resulting in the
formation of tribolms composed of phosphorus, sulphur,
molybdenum, and zinc. It is mentioned in the literature that the
presence of MoDTC and ZDDP in the lubricant results in
decreased friction between interacting surfaces due to the
formation of MoS2.65,66 During tribotesting, MoDTC is tri-
bochemically decomposed into MoS2 and MoO3.65 It is believed
that MoS2 facilitates the sliding due to its layered structure and
low shear strength.8 On the other hand, MoO3, instead of
This journal is © The Royal Society of Chemistry 2017
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Fig. 15 SEM images of the W-DLC-coated pins (W-DLC/W-DLC contact) in combination with (a) PAO, (b) TMP, (c) P + G + M + Z, and (d) T + G
+ M + Z.
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reducing the friction coefficient, increases the wearing-out of
the interacting surfaces due to its sharp edge crystalline struc-
ture.58 MoDTC can only play its primary role as a friction
modier if its decomposition results in higher concentration of
MoS2 compared to that of MoO3.58 If ZDDP is present in the
MoDTC-containing lubricant, it supplies sulphur to MoDTC
and amplies the formation of MoS2.44 Contrary to P + G + M +
Z, when T + G + M + Z was used as the lubricant, very small
Fig. 16 SEM images of the uncoated-cast iron pins (W-DLC/cast iron con
G + M + Z.

This journal is © The Royal Society of Chemistry 2017
concentration of molybdenum was observed on the pin surface,
which showed either very little or no tribochemical interactions
between the MoDTC and interacting surfaces. As a result,
signicant increase in the friction coefficient was observed with
T + G + M + Z as compared to that with additive-free TMP.
Contrary to the friction results, an eloquent improvement in the
wear behavior of the W-DLC/cast iron contact was observed
when the formulated TMP was used instead of its additive-free
tact) in combination with (a) PAO, (b) TMP, (c) P + G +M+ Z, and (d) T +

RSC Adv., 2017, 7, 26513–26531 | 26525
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version. This enhanced wear behavior can be attributed to the
formation of ZDDP-derived tribolm composed of zinc oxide,
zinc sulphide, and zinc phosphate on the contact asperities due
to which direct metal-to-metal contact was prevented.67 Another
justication for this behavior was attributed to the hydroxyl-
ation of the dangling carbon atoms in the W-DLC coatings by
the –OH– group of GMO, resulting in the formation of
a monomolecular layer on the interacting surfaces.46 A similar
ZDDP-derived tribolm and adsorption of the hydroxyl groups
of GMO was also observed by Abdullah and his team on various
DLC contacts, which resulted in higher levels of friction and
reduction in the wearing rate of the interacting surfaces.46,68

In Fig. 16, the SEM images of the cast iron pins aer 2 hours
of sliding against the W-DLC-coated plates are shown. Signif-
icant surface deterioration was seen in the presence of PAO,
whereas no such effect was seen with other lubricants
(Fig. 16a). This degradation can be attributed to the adhesion
and interlocking of asperities, which result in the transfer of
material from one surface to another. A similar material
transfer was also seen when additive-free TMP was used, but it
was in the reverse order i.e. carbon was transferred from the
W-DLC-coated plate to the cast iron pin (Fig. 16b). This
transfer of material results in lowest friction coefficient value
of the W-DLC/cast iron contact in combination with the TMP
among the base-oils. No signs of adhesive wear and transfer of
material were observed when the formulated lubricants were
used (Fig. 16c and d). Instead, deep grooves due to abrasion
and surface cracking were observed as the main wear mecha-
nisms. Similar cracks on the interacting surfaces were also
observed by Zulkii and his team in the presence of TMP due
to localized plastic deformation, which eventually led to spall
formation.69
Fig. 17 SEM images of the cast iron pins in the case of the steel/cast iron
T + GM + Z.

26526 | RSC Adv., 2017, 7, 26513–26531
The atomic percentages of elements deposited on the
uncoated-cast iron pins aer 2 hours of sliding against AISI
52100 steel plates are presented in Table 7. Compared to the W-
DLC/W-DLC and W-DLC/cast iron contacts, higher concentra-
tions of oxygen were observed on the cast iron pins irrespective
of the lubricant used. This higher concentration of oxygen was
associated with the formation of ferrous oxides (FeO, Fe2O3, and
Fe3O4), which play an important role in the formation and
strong adherence of the additive-derived tribolm to the inter-
acting surfaces.70,71 As the oxide layers can be easily removed
from the interacting surfaces during sliding, highest wear
coefficients were observed with the steel/cast irons contacts
when the non-formulated lubricants were used (Fig. 7). On the
other hand, the oxides layers play an important role in estab-
lishing the tribochemical interactions between the additives
and interacting ferrous surfaces, resulting in enhanced tribo-
logical behaviour.63,64 Another justication for the higher
concentration of oxygen, especially in the presence of the
formulated lubricants, is the adsorption of the hydroxyl groups
of GMO and formation of a highly viscous layer, which not only
prevents the surface asperities from coming into direct contact
with each other and reduces wear but also facilitates sliding.
Signicant improvement in the tribological characteristics of
the steel/cast iron contact in the presence of the formulated
lubricants can also be attributed to the formation of the MoDTC
and ZDDP-derived tribolms, which not only prohibits the
surfaces from excessive wearing but also results in improved
friction performance.

SEM images of the cast iron pins aer 2 hours of sliding
against the steel plates are presented in Fig. 17. When the
additive-free lubricants were used, severe cracks, wear debris,
deep grooves, and structural disintegration was observed on the
contacts in combination with (a) PAO, (b) TMP, (c) P + G +M+ Z, and (d)

This journal is © The Royal Society of Chemistry 2017
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pin surface, which resulted in extremely high wear coefficients
(Fig. 17). This surface deterioration was more eloquent when
the additive-free TMP was used, resulting in highest value of the
wear coefficient among the steel/cast iron contacts. This
behavior was not observed when the formulated lubricants were
used irrespective of the base-oil type (Fig. 17c and d). The
additives not only substantially reduce the wear coefficient of
the pins but also result in a relatively clean and unaltered
surface at the end of 2 hours of sliding. When P + G + M + Z was
used as a lubricant, only a few deep scratch lines were observed
on the pin surface accompanied by the additive-derived tribo-
lm and shallow cracks. The formulated version of TMP was
proven to be most effective in protecting the pin and no signs of
surface deterioration were detected. As abovementioned, this
improved wear performance can be attributed to the formation
of a tribochemical lm mostly composed of zinc compounds.

4 Discussion

In this study, the compatibility of conventional lubricant addi-
tives (GMO, MoDTC, and ZDDP) with the TMP and W-DLC
coating was evaluated, and the tribological performance
parameters were compared with those of the PAO-based lubri-
cants and steel/steel contacts. From the results, it can be clearly
seen that the TMP-based lubricants offered better extreme
pressure characteristics and load-carrying capacity as compared
to those containing PAO, resulting not only in low wear scar
diameter values but also in higher weld loads (Tables 3 and 4). A
possible justication for this behavior can be the presence of
the polar and unsaturated molecules in TMP with the help of
which it is adsorbs on the chemically reactive steel surfaces and
provides a boundary lubricant by forming a lubricant lm
between interacting surfaces.

During pin-on-plate tribotesting, the additive-free TMP
facilitated sliding and resulted in low friction coefficient values
as compared to PAO, irrespective of the interacting surface
material. This behavior was attributed to the presence of fatty
acids and polar COOH groups in the structure of TMP, which
signicantly improved the reactivity and consequently
improved the boundary lubricant properties of the metal-
containing surfaces (cast iron and W-DLC).72 The superior
performance of bio-based oils (rapeseed oils) as compared to
that of the conventional base-oils (mineral oils and PAO) in
combination with the symmetrical W-DLC contacts was also
reported by Krzan and his team.30 In the presence of TMP base-
oil, the steel/cast iron contact resulted in highest friction coef-
cient, whereas the lowest value was observed when the
uncoated cast iron pin was used as the counterbody against the
W-DLC-coated plate (Fig. 6). The improved friction performance
in the presence of the W-DLC-coated surface was attributed to
the inherent low friction and anti-sticking characteristics of the
DLC coating due to which the contribution of adhesion to the
overall friction was reduced.73 It is reasonable to expect that the
cast iron counterbody in the W-DLC/cast iron contact behaves
according to the conventional lubrication mechanisms and
interacts with the unsaturated and polar components of TMP,
whereas this effect was not possible in the W-DLC/W-DLC
This journal is © The Royal Society of Chemistry 2017
contact due to the low surface energy and inferior chemical
reactivity of the W-DLC coating as compared to those of cast
iron.10 Another justication for lowest friction coefficient value
of the W-DLC/cast iron contact in combination with additive-
free TMP could be the graphitization of the W-DLC coating, as
shown by an increase in the ID/IG ratio from 0.840 to 0.967,
whereas this effect was not seen in the symmetrical W-DLC
contact (Fig. 9 and 10). It is mentioned in the literature that
the structural transformation of the DLC coatings from a dia-
mond to graphite phase results in improved friction perfor-
mance due to the planar structure and low shear strength of
graphite.74 If we compare the transient friction of additive-free
TMP, we can clearly see a decrease in the friction coefficient
value aer 70 minutes of sliding in the case of the W-DLC/cast
iron contact due to graphitization, whereas this behavior was
not seen in the symmetrical W-DLC and steel/cast iron contact
(Fig. 5).

Contrary to the friction results, additive-free TMP results in
higher wear coefficients when compared to PAO irrespective of
the interacting surface materials (Fig. 7). This difference in the
wear characteristics was more pronounced in the W-DLC/cast
iron contact. It is widely accepted that graphitization
adversely affects the structural integrity of the DLC-coatings due
to which the so graphitic layer becomes more vulnerable to
excessive wearing and transfers to the counterbody, resulting in
the deteriorated wear performance of the contact.75 As a result
of graphitization and material transfer, high wear coefficients
were observed in the W-DLC/cast iron contact as compared to
those in the symmetrical W-DLC contact (Fig. 7). Transfer of the
coating material from the W-DLC-coated plate to the uncoated
cast iron pin was also conrmed by the EDX results (Table 6).
Another justication for the high wear coefficient values
observed in the presence of TMP could be the formation of
organic acids due to the thermal decomposition of the esters,
which chemically attacked the interacting surfaces and formed
a so oxide layer. This oxide layer possessed low shear strength,
which facilitated the sliding between interacting surfaces and
resulted in low friction coefficients. However, it can be easily
removed from the contact, due to its weak adhesion, by the
scraping action of the counterbody and reformed by further
chemical reaction, resulting in accelerated wearing.76,77 High
wear coefficient of the W-DLC/cast iron contact as compared to
that of the symmetrical W-DLC contact can also be related to the
strong affinity of carbon towards the ferrous materials to form
a covalent bond due to which material was transferred from the
W-DLC-coated plate and diffused onto the uncoated cast iron
pin.46 In an experimental investigation, Kalin et al. also
observed the excessive wearing of the interacting surfaces in the
W-DLC/steel contact as compared to that in the W-DLC/W-DLC
contact when additive-free sunower was used as the
lubricant.10

An improvement in the tribological performance of all the
contacts was observed when the formulated lubricants were
used. This behavior was attributed to graphitization of the W-
DLC-coating, elimination of the adhesive wear, and/or tri-
bochemical interactions between the additives and interacting
surfaces.29 The only exception to this nding was witnessed
RSC Adv., 2017, 7, 26513–26531 | 26527
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when T + G + M + Z was used as the lubricant in combination
with the W-DLC/cast iron contact since higher friction coeffi-
cient was observed as compared to that for the additive-free
TMP (Fig. 6). This deterioration in the friction characteristics
of the W-DLC/cast iron contact in the presence of T + G + M + Z
was attributed to the suppression of graphitization due to the
presence of the additives in the formulation. As a result, the ID/
IG ratio was reduced from 0.840 to 0.792, whereas it was
increased from 0.840 to 0.967 when additive-free TMP was used
(Fig. 8 and 10). It is mentioned in the literature that additives
suppress the graphitization of DLC coatings by passivating the
dangling carbon bonds in the DLC coatings, resulting in
increased friction between interacting surfaces.78 A similar
increase in the friction coefficient value of the W-DLC/steel
contact was also observed by other researchers when additive-
containing sunower oil was used as the lubricant instead of
its additive-free sunower oil.10 On the other hand, the friction
coefficient of the W-DLC/cast iron contact was reduced from
0.132 to 0.059 when P + G + M + Z was used as a lubricant
instead of additive-free PAO. This improved friction perfor-
mance of P + G + M + Z was attributed to the formation of MOS2
and WS2 as a result of the tribochemical interactions between
MoDTC and interacting surfaces (Fig. 11b). The reported
studies have proven the ability of WS2 to remarkably reduce the
friction between interacting surfaces.33 Although the presence
of MoS2 was also witnessed to some extent with T + G +M + Z, no
signs of WS2 were observed in the narrow Raman spectra. The
presence of molybdenum and sulfur in lower concentrations on
the uncoated cast iron pin aer 2 hours of sliding against theW-
DLC-coated plate in the presence of T + G + M + Z instead of P +
G + M + Z suggest different levels of the tribochemical interac-
tions between the same additives and interacting surfaces when
mixed with different base oils. This phenomenon is explained
by the competition between the polar components of TMP and
the polar additive-derived compounds for the same space and
active sites available on the interacting surfaces.30 Another
justication could be the removal of MoDTC and the GMO-
derived tribolm due to the detergent action of the metallic
soap formed on the contact due to the chemical attack of TMP
on the interacting surfaces.79

Contrary to the friction results, the formulated version of
TMP proved to be more effective in mitigating the wear of the
interacting surfaces as compared to P + G + M + Z. A number of
scratch lines and pitting wear were observed on the W-DLC-
coated pins when P + G + M + Z was used as the lubricant due
to the abrasive action of wear debris and adhesion between
interacting surfaces. As a result, some of the top W-DLC coating
was removed and the CrN interlayer and ferrous substrate were
exposed (Table 5 and Fig. 15). A possible justication for this
difference in wear behavior may be the presence of ZDDP-
derived tribocompounds in higher concentrations on the
contact and a lower extent of graphitization when T + G + M + Z
was used as the lubricant (Fig. 10 and Table 5). It is mentioned
in the literature that ZDDP protects the surfaces from oxidation
and excessive wear by utilizing oxygen and forming iron
compounds such as iron sulphide and iron phosphate.77 This
observation shows that different wear mechanisms and
26528 | RSC Adv., 2017, 7, 26513–26531
tribochemical reactions occurred on the W-DLC/W-DLC and W-
DLC/cast iron contacts when same additives were used in
combination with PAO and TMP, resulting in different tribo-
logical behaviour.10 Difference in the morphology and chemical
nature of the additive-derived tribolms was also observed by
Kalin and his team when they separately mixed conventional
lubricant additives with paraffinic mineral oil and sunower oil
and used them in combination with symmetrical and asym-
metrical W-DLC contacts.10 They observed a so and plastically
deformed tribochemical layer on the W-DLC/steel contact when
the formulated version of mineral oil was used as the lubricant,
whereas the tribolm of the additive-containing sunower oil
was more brittle in nature. Another important conclusion,
which can be drawn from the results, is that a denite syner-
gistic correlation may exist between the base oil and additives to
assure tribologically benecial friction-induced physical and
chemical interactions between the additives and the interacting
surfaces.

5 Conclusions

In this study, a comparison of the tribological performance of
PAO and TMP-based lubricants in combination with symmet-
rical (W-DLC/W-DLC) and asymmetrical (W-DLC/cast iron) W-
DLC contacts was carried out. The important conclusions,
which can be drawn from experimental results, are as follows.

� The viscosity index of TMP is 1.5 times greater as compared
to that of PAO, which shows that its viscosity is more stable over
a wide range of temperature. Other physicochemical properties,
such as the kinematic viscosity and density, of both base-oils
were comparable.

� The extreme pressure characteristics and load carrying
capacity of TMP was proven to be superior as compared to that
of PAO. Although the LNSL and ISL of both base-oils were the
same in the additive-free state, compared to PAO, TMP was able
to carry 10 kg more load without welding of the interacting
surfaces. The formulated version of TMP showed improved
extreme pressure characteristics at medium and high values of
applied load, whereas the additives seemed to be ineffective at
lower values of the applied load.

� The additive-free TMP demonstrated better friction
performance as compared to PAO in all contact types due to its
unsaturated and polar structure as a result of which it is
adsorbed on the interacting surfaces. However, additive-free
TMP was not able to provide sufficient boundary lubrication/
wear protection and resulted in high wear coefficients values
as compared to PAO.

� A signicant improvement in the tribological performance
was observed when the W-DLC-coated surfaces were used
instead of the uncoated-ones, especially when the additive-free
base-oils were used. Lowest friction coefficient values were ob-
tained with the W-DLC/cast iron contacts, whereas extreme
wear resistance of contact was observed when both surfaces
were coated with the W-DLC coating irrespective of the lubri-
cant formulation.

� Graphitization of the W-DLC-coated plates was observed
when the formulated lubricants were used; however, this effect
This journal is © The Royal Society of Chemistry 2017
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was not seen in the case of additive-free lubricants. The only
exception to this nding was the W-DLC/cast iron contact in the
presence of additive-free TMP. The inuence of the base-oil type
was not seen in the extent of graphitization, but increase in the
degree of graphitization was realized in the presence of ferrous
counterbodies.

� Although tribochemical interactions between the W-DLC-
coated surfaces and additives were seen to some extent even
in the absence of a ferrous-counterbody, a higher concentration
of additive-derived elements was seen on the pin surface in the
case of the W-DLC/cast iron and steel/cast iron contacts.

� Conventional additives, such as GMO, MoDTC, and ZDDP,
which are actually optimized for conventional base-oils and
materials, were also proved to be effective in TMP and resulted
in improved tribological performance of the W-DLC contacts,
especially of those involving a ferrous counterbody.
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