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Abstract:

Diamond-like carbon (DLC) coatings show extremely good promise for a number of
applications in automotive components as they exhibit excellent tribological
properties such as low friction and good wear resistance. This can impact on
improved fuel economy and durability of the engine components. Much work has
been reported on the dry sliding of DLC coatings with less so in lubricated contacts
and, as such, there is a need to further understand the tribochemistry of lubricated
DLC contacts. Commercially-available oils are normally optimized to work on ferrous
surfaces. Previous studies on DLC lubricated contacts have tended to use model oil
systems rather than fully formulated lubricants and from this an interesting picture of
lubrication mechanisms is emerging. Optimising compatibility between a surface and
a set of lubricant additives may lead to excellent durability (wear) as well as
increased fuel economy (low friction). In this work, the friction and wear properties of
a DLC coating under boundary lubrication conditions have been investigated and the
tribological performance compared with that of an uncoated steel system.

A pin-on-plate tribotester was used to run the experiments using High speed steel
(HSS) M2 grade plates coated with 15 at.% hydrogenated DLC (a-C:15H) sliding
against cast iron pins. A Group Il mineral base oil, fully synthetic Group IV PAO and
four different fully formulated oils were used in this study. Furthermore optical and

scanning electron microscopes (SEM) were used to observe the wear scar and to



assess the durability of the coatings. Energy-Dispersive X-ray analysis (EDX), X-ray
Photoelectron Spectroscopy (XPS) and Raman spectroscopy analyses were
performed on the tribofilms to understand the tribochemical interactions between oil
additives and the a-C:15H coating.

This study show that the durability of the a-C:15H coating strongly depends on the
selected additive package in the oils. In addition the effect of detergent, dispersant
and antioxidants on the performance of the Molybdenum-based friction modifier (Mo-
FM) and ZDDP anti-wear additive were investigated and results are reported in this
paper.

Keywords: DLC Coatings; Lubricant additives; ZDDP; Detergent; Dispersant;

Antioxidant; MoDTGC; Tribofilm; Boundary lubrication



1 Introduction

Increasing demand for improved fuel economy, ever-increasingly strict emission
legislation and customer demand requires automotive companies to develop new
strategies and apply them to two main areas; namely, materials and lubrication
technology [1]. In recent years, reducing dependence on conventional P- and S-
containing lubricant additives such as zinc dialkyldithiophosphate (ZDDP), which are
harmful to catalytic convertors and to the environment, has been one of the main
concerns faced by lubricant industries. Applying new friction modifiers as well as
implementing low friction and wear resistant coatings for engine components can
potentially lead to reduction in the losses, improvement in fuel efficiency and to
reducing dependence on P and S containing additives. Moreover, reducing the wear
and frictional losses will extend the life time and improve the efficiency of the drive-
line.

Diamond like carbon (DLC) is a carbon coating which has similar mechanical,
optical, electrical and chemical properties to diamond but does not have the
crystalline lattice structure; rather is an amorphous carbon coating having a network
of sp® (graphite-like) and sp® (diamond-like) and hydrogen bonds. Diamond-like
carbon is a term referred to a wide range of carbon base materials with excellent
properties, like low coefficient of friction, high wear resistance, high hardness,
chemical inertness, a relatively high optical gap, high electrical resistance and
outstanding running-in properties [2, 3]. DLC may contain as high as 50 % hydrogen
(a-C:15H) and as low as 1-2 % hydrogen (a-C) and it gives a coefficient of friction in
the range of 0.1 to 0.02 when sliding against different metallic and ceramic
counterparts in dry contacts. Several dopants, in the form of nano-particles such as

metals are incorporated in the DLC coating matrix to reduce the internal stress as



well as enhancing the adhesion strength of the coatings [4, 5]. The properties of DLC
depend significantly on the sp?/sp® ratio as well as the hydrogen content, which in
return, depends on the deposition process and applied parameters [6]. Robertson [5,
7] and Girill [8, 9] described the deposition methods to grow these films and to
improve their mechanical properties. Offering excellent and outstanding tribological
properties, DLC is being used extensively in the automotive industry as well as
medical and other technical applications [6, 10] .

At high temperatures of 300-400 °C, hydrogen in the a-C:15H coating starts to
diffuse out of the coating matrix, giving rise to collapse of the sp®to a sp? structure,
often referred to as “graphitisation” [11], and the transformation process completes at
a high temperature of 700 °C or more [12]. The graphitisation of DLC plays an
important role in friction reduction under dry sliding conditions [13-15]. Under
tribological conditions, usually, the softer of the two materials will be worn while this
is not the case for DLC. Wear products from DLC, which can have a graphite nature
[16], can be transferred to the counter body forming a so-called transfer layer on the
softer surface. The softer surface will then be protected from being worn off while the
DLC slides over the transfer layer. The wear rate of DLC will also be extremely low
after the transfer layer is formed. In addition the transfer layer also behaves as a
solid lubricant [13, 17]. The formation and adhesion properties of this transfer layer
depend strongly on the tribological and environmental conditions as well as the
chemical properties of the counterpart [18].

Commonly-used friction modifiers and anti-wear additives are optimised to form
tribofilms on ferrous surfaces. Molybdenum dithiocarbamate (MoDTC) and Zinc
dialkyldithiophosphates (ZDDP) are well-known friction modifier and anti-wear

additives respectively, used for ferrous surfaces. MoS; low friction sheets, derived



from MoDTC decomposition, provide low friction at the tribological contacts [19-21].
ZDDP offers anti-wear properties by forming sulphide and phosphate containing
tribofilms at the ferrous surfaces [20-22]. In addition, MoDTC has been found to
improve the wear resistance of the ferrous surfaces by forming N-containing species
in the tribofilm [20]. With the emergence of new, non-ferrous coatings, researchers
have started to consider how different lubricant additives interact with various types
of DLC coatings under boundary lubrication. Podgornik et al. [23, 24] reported the
chemical inertness of DLC coatings when lubricated in a commercially-available fully
formulated oil. In addition, DLC coatings have been reported to be chemically inert
using a steel pin sliding against DLC-coated disks lubricated in oil containing ZDDP
and/or MoDTC [25]. In contrast, in recently published works, molybdenum-based
friction modifiers have been reported to form low friction MoS, sheets and ZDDP-
derived compounds were detected on the DLC coating providing low friction and
better wear performance under boundary lubrication conditions [26-33]. Therefore,
the published results have been found to be contradictory and a comprehensive
understanding of DLC tribochemistry is still to be clearly produced.

The main objective of this work is to study the tribological performance of 15 at.%
hydrogenated DLC coating (a-C:15H) under boundary lubrication conditions in
presence of a Group Il mineral base oil, fully synthetic Group IV PAO and four

different fully formulated oils.

2 Experimental details

2.1 Pin-on-plate tests

Tests were performed using a reciprocating pin-on-plate tribometer under

boundary lubrication conditions. The samples were cleaned prior to the start of the



test using acetone in an ultrasonic bath for 15 minutes. The contact point of the plate
and pin was submerged under a static volume of lubricant (3 ml) at 100°C and the
average linear speed was 20 mm/s (strike frequency of 1 Hz). A load of 390N was
used that gave an initial Hertzian contact pressure of 0.7 GPa simulating a similar
pressure range to a typical cam/follower contact gasoline engine. The friction force
data was collected every second corresponding to two cycles and the duration of the
tests was 6 hours. To evaluate friction performance, each type of test was repeated
three times and average repeatability was seen to be less than 0.003 for the friction

coefficient in the steady state region (i.e. last hour of the tests).

2.2 Materials

Tests were performed in the pin-on-plate tribotester using cast iron (Cl) pins and
coated/uncoated HSS M2 Grade steel plate. The dimensions of the Cl pin were 20
mm in length, diameter 6 mm and the ends of the pins were machined with a 40 mm
radius of curvature. The geometry of the flat plate was 15 mmx6 mmx 3mm. The
physical properties of the coatings, substrate and pin are given in Table .

The a-C:15H coating was deposited on the steel plate using a hybrid unbalanced
magnetron sputter ion plating/PECVD deposition system and in all cases the
substrates were cleaned by Ar* plasma ion using pulsed DC bias prior to deposition
of adhesion layer. In addition, a thin adhesion promoting Cr layer of approximately
0.2 uym thickness was deposited by DC magnetron sputtering with a pulsed DC bias
followed by the introduction of nitrogen gas into the chamber. Then a CrC base layer
was formed on the Cr layer by the addition of butane, controlled via a closed-loop
optical emission monitoring system. Finally, a layer of a-C:15H was deposited using

a pulsed DC bias on the substrate and a discharge enhancing electrode with a



13.56-MHz RF generator and the substrate temperature was maintained at less than
250-C for each coating run. The results of an uncoated (UC) steel/Cl combination
will also be presented in this study to compare the tribological performance of the a-

C:15H /cast iron (Cl) combination.

2.3 Lubricants

The lubricants used in this experiment are Group Ill mineral base oil, fully synthetic
Group IV PAO and four different fully formulated oils. All the oils are supplied by
Infineum UK limited and the key additive components in each oil are shown in Table
[l. Considering that the lubricants tested are commercial lubricants some chemical
details are not possible to release. However the generic nature of anti-wear additives
and friction modifiers which are keys to this study are described in detail.
Considering load, material and lubricant properties, the film thickness and lambda
ratio were calculated using equations Eq 1 and Eq 2 respectively.

hmin, Minimum film thickness, is numerically defined as [34, 35]:

hmin UUO 0.68 049 W —-0.073
— = 3.63 (.—.) E ( ) 1 — e~ 068k Eq 1
R 7r)  (F) ERZ (1 =e) Eq

Where 1, is the dynamic viscosity at atmospheric pressure of the lubricant (4.03x10
% Pas), a is viscosity-pressure coefficient (1.1x 10® Pa™"), R is the reduced radius of
curvature (20 mm), U is the entraining surface velocity (20 mm/s), W is the normal
load (390 N), E’ is the the reduced Young's modulus. The dynamic viscosity and
viscosity-pressure coefficient were measured at 100°C.

hmin
A=

5 5 Eq2
1’Rth + Ry,



Where Rq, is the roughness of the coating and R, is the roughness of the pin end.

The calculation gives the lambda ratio well under the unity (0.002) implying that the

lubrication is in boundary regime.

2.4 Surface analysis

2.4.1 Pin Wear Measurements

Using fully formulated oils, the wear of the a-C:15H plates was not measurable and
there was almost no variation in the roughness measurements. Therefore, wear
coefficients are calculated from the wear diameter on the pin to indicate the lubricant
effectiveness in wear reduction in the overall lubricating system. The wear scar
diameters on the pins are calculated using the light microscope and then the volume
of the lost segment of the sphere is calculated. Finally, the specific wear coefficients

have been calculated using the Archard wear equation.

Where F is the normal load (N), S the sliding distance (m), V; the wear volume (m®),

K; and the dimensional wear coefficient and index i identifies the surface considered.

2.4.2 Coating wear analysis

In this study, a Zeiss EVO MA15 Variable Pressure SEM was used to investigate
the mechanism of wear and the durability of the coatings. It was integrated with an
Oxford Instruments Energy Dispersive X-ray (EDX) analysis system. In this study,
the EDX analysis was used to provide information about the durability of the coating.
EDX spectra obtained from inside the wear tracks showed presence of C and Cr

inside the wear track. Cr comes from the underlying CrN/Cr intermediate layer and



so could be used as a semi quantitative measure of the coating thickness. The
higher the Cr level, the lower the coating thickness (Figure 1). This method has been
used before [36] and was shown to be effective in providing coatings wear
performance.

Raman spectroscopy has been used as a technique to characterize DLC coatings,
and their wear debris in the literature [37-39]. Renishaw inVia Raman microscope
was used to analyze the structural modifications in the wear tracks of the a-C:15H
coating and CI pin. The excitation wavelength used was 325.02 nm and the spectra
were acquired with 10% power filter. The current intensity was controlled in order to
achieve probing depth within 1 um. The acquired Raman spectra usually comprised
of distinct carbon peaks. In the Raman spectra recorded outside of the wear track,
the G peak around 1580 cm™' represents the graphite and D peak 1380 cm™
represents the disorder-condensed benzene rings in amorphous carbon [38, 39].
The spectra were fitted with Lorenzian-Gaussian distributions associated with the
peaks commonly found in amorphous hydrogenated carbon. In the actual analysis,
the ratio of the intensity between the D and G peaks is considered to characterize
the structure of the a-C:15H coating, rather than considering the overall intensity
taken from one location to other.lt is reported that the relative intensity height of the
D peak is related to the microcrystalline size of the graphitic cluster, where less-
graphitic amorphous films have a lower Hp/Hg value [40-43]. Therefore, higher
values of the Hp/Hg ratio imply transformation of the a-C:15H coating into graphite in

the a-C:15H matrix under the present boundary-lubricated conditions [39].

2.4.3 Chemical analysis of the tribofilms

XPS analysis was carried out for the chemical analysis of the tribofilm formed on

the plate surfaces. XPS was performed



This sensitive technique can probe as small as a few nanometers (5 nm) depth in the
surface. The samples were cleaned using n-heptane to remove residual oil and
contaminants before doing XPS analysis. The spot size was 500 ym with a power of
150W and all the measurments were perfomred using a VG Escalab 250 XPS with
monochromated aluminium K-alpha X-ray source. Spatial mode was chosen to
acquire the spectra. CasaXPS software [44] was used to fit the curves on XPS peaks
obtained from long scans and the quantitative analyses of the peaks were performed
using peak area sensitivity factors. A handbook of XPS [45] has been used to find
the chemical species at the respective binding energies. The position of C1s peak
(284.8 eV) was considered as the reference for charge correction to obtain
information with the most appropriate chemical meaning, the peak area ratio,
difference between binding energies of the doublets, and full-width at half-maximum
(FWHM) were constrained. The data presented in this study have been processed,
taking into account a linear background approximation. A standard set of sensitivity
factors held within the data analysis software was used. The quantification results
were mainly given in a comparative mode between different tribofilms, making use of

these factors acceptable.

3 Results

3.1 Friction Results

The friction coefficient as a function of time for the a-C:15H/CI combination using
five different oils is given in Figure 2. Based on the friction traces, it can be seen that
all the fully formulated oils followed the same trend with time. The average friction
coefficient values for the last hour of the test as a function of lubricants for a-

C:15H/Cl system versus steel/Cl system are given in Figure 3. Overall, friction



performance of all the oils are different for the steel/Cl compared to the a-C:15H/CI
system and the friction coefficients were observed to be oil dependant. The friction
coefficients in the a-C:15H/CIl system were generally lower than for the steel/Cl
system except for the cases where the MoDTC type friction modifier (Mo-FM) was
blended in combination with other additives in the oil. As expected in the steel/Cl
system, the addition of ZDDP to the fully formulated oils (Oil1+ and Qil2+) gave rise
to an increase in friction in comparison to the non-ZDDP containing oils (Oil1- and
Oil2-). The same response was also observed in the a-C:15H/Cl system for Oil1+ (in
comparison to Qil1-). Conversely, the presence of Mo-FM in the Qil2+ formulation in
combination with ZDDP gave a small reduction in friction in comparison to the ZDDP
free version of this oil (Oil2-).

It is interesting to note that a drop in friction was observed when PAO and Base oil
(group IIlI) with no additives were used. Additive-free PAO showed a drop in friction
2hrs after the start of the tests providing the lowest steady state coefficient of friction
of all the oils in the a-C:15H/CI system. In Figure 4, it is shown how wear products
from a-C:15H are transferred to the counter body forming a transfer layer on the pin.
The transfer materials are accumulating around the edges of the wear scars on the
pins.

In order to investigate the possible effect of the transfer layer formed on friction
reduction, the pin and the plate were cleaned by acetone every hour during the test
to assure that no transfer material resided on the interface. The aim was to observe
any deviation in terms of friction and wear of the pin. In Figure 5 the friction response
after the transfer material was removed every hour during the test is shown. It can

be seen that removing the transfer layer during the test hindered friction reduction.



3.2 Coating durability and wear results

The wear provided the fully formulated oils on both a-C:15H/CI and steel/Cl
systems was observed to be very low making the wear measurements of the plates
extremely difficult.

Figure 6 shows representative images of the wear scar; it is evident that the extent
and mechanisms of wear is dependent on the additive package used in the lubricant.
Severe delamination of the a-C:15H coating at multiple regions was seen when
lubricated in PAO (Figure 6a) while Group Il base oil (Figure 6b) gave mild
delamination on the a-C:15H coated plate. In contrast in fully formulated oils (Figure
6¢-f) there was no delamination; rather, the wear of the coatings was dominated by
gradual polishing wear. It should be mentioned that, in this study, the terminology
delamination refers to removal of the coating from the substrate. For coatings
lubricated with the ZDDP-containing oil there was virtually no wear as reported
elsewhere [36]. Friction modifier containing fully formulated oils (Oil2+ and Qil2-)
were also observed to have almost no wear. QOili+ and Oil1- provided
microscratches on the wear scar of the coating. The colour of the wear tracks was
brighter than outside of the wear track suggesting exposure of the underlying Cr/CrN
layers, as a result of the loss of coatings. Oil1+ (ZDDP-containing fully formulated oil)
showed more coating removal than Qil1- (ZDDP-free Qil1+) confirming the
ineffectiveness of ZDDP in wear protection when combined with detergent,
dispersant and antioxidants thus is in agreement with wear measurements which will
be discussed later and are shown in Figure 9 . In addition, SEM analysis was carried
out in the wear scars of the a-C:15H coated plate to investigate coating durability
(Figure 7). Observations from SEM images showed good agreement with the optical

microscope images and wear results.



To verify the observations from SEM results and optical microscope images, EDX
was carried out in the wear scar. It is important to note that, the SEM/EDX analysis
in this study was performed to check the durability of coating, not to characterize
tribofilms. Therefore tribofilm on the plates were removed using acetone prior to the
SEM/EDX analysis.

EDX spectra obtained from inside the wear tracks showed presence of C and Cr
inside the wear track. The difference between concentration of Cr in the wear tracks
and outside of the wear tracks was used to identify the wear performance of various
oils which are shown in Figure 8. The repeatability of the results for the coating
durability was considered obtaining spectra in three different places across the wear
tracks for tests using the same oil. Analysing PAO was impractical due to the fact
that PAO showed severe delamination on the a-C:15H-coated sample plate.

Based on the results, it is apparent that fully formulated oils showed very little
difference in concentration of Cr implying very low gradual wear on the coated plates
which is in agreement with the initial observation when trying to measure the wear on
the plates. Highest gradual wear was observed for additive-free base oil Group lll.

The wear coefficients of the Cl counterbodies for various oils are given in Figure 9.
Regardless of the tribological system, Oil1+ and Qil2+ oils showed higher wear
compared to Qil1- and Oil2- oils. This suggests that ZDDP is less effective in wear
protection of the counterbody when was used together with detergent, dispersant
and antioxidant. PAO showed lower pin wear than fully formulated oils in the a-
C:15H/CI system while providing the highest wear in the steel/CI system.

As discussed earlier, in order to investigate the possible effect of formed transfer
layer on the wear protection of the counter body, the pin and the plate were cleaned

by acetone during the test. Shown in Figure 10, it can be seen that removing the



formed transfer layer during the test not only hindered friction reduction but

increased the pin wear.

3.3 Chemical Analysis of Tribofilms

The chemical analysis of the tribofilms was performed using XPS on the wear
scars of the plates. The binding energies of the main fitted peaks and corresponding
chemical species for a-C:15H/CI and Steel/Cl system are shown in Table Il and
Table IV, respectively. It is evident that the amount of Mo 3d detected on the tribofilm
in fully formulated oils is insignificant for both a-C:15H/CI and steel/Cl systems. In
addition, regardless of the tribo-system, a P peak was detected on all the ZDDP
containing fully formulated oils in the a-C:15H/CI system (Figure 11).

Zn 2p peaks were also found on both a-C:15H/CI and steel/Cl system for all the
ZDDP containing oils. The binding energies of the ZDDP-derived elements suggest
that, all fully formulated oils formed ZnS/ZnO/Zn-phosphate on both systems.
Phosphate was also found in the tribofilm formed from Oil2+ ( ZDDP-containing fully
formulated oils in combination with Mo-FM) in both a-C:15H/CI and steel/Cl systems.
In the a-C:15H/CI system, Fe 2p peak was not detected in the tribofilms using any of
the oils suggesting that the coating was not delaminated and that the iron coming
from the pin worn particles did not take part in the tribofilm formation on the a-C:15H
surface.

In this study, PAO provided the lowest friction and highest wear on the a-C:15H
plate and based on the physical observation transfer layer was not formed on the
pins using all fully formulated oils. Therefore, Raman spectroscopy analysis was
only performed in the wear scars of the a-C:15H coating and CI pin when PAO was

used. This technique was done to understand the structural modifications of a-C:15H



within the wear track and the nature of wear debris transferred to the Cl counterbody
from the worn a-C:15H coating.

Figure 12 shows Raman spectra obtained using PAO from (a) outside of a-C:15
coating wear scar, (b) inside of a-C:15H coating wear scar, (c) transfer material on
the pin and (d) out of wear scar of pin. As shown in Figure 12, the value of the ratio
Hp/Hg and the full-width at half-maximum (FWHM) of the G peak show slight
difference within and outside the wear scar of the a-C:15H coating suggesting that
no structural modification of the a-C:15H coating due to the tribological test in the
wear scar have happened. Interestingly, distinct G and D peaks were observed in
the wear scar on the Cl pin, and no such peak was observed outside the wear scar.
The Hp/Hg ratio for the transfer material on the CI pin was found to be higher than a-
C:15H coating and FWHM of the G peak decreased, which indicates that the transfer
of the material to the Cl pin was more of graphitic nature material.

Furthermore, the D and G peaks were not found in the spectrum taken from
outside the wear scar of the Cl pin suggesting that the graphite flakes, which are
normally present in the microstructure of the cast iron, did not participate in formation
of the transfer layer on the pins. In fact, the graphite present in the microstructure of
Cl was apparently not enough to give a distinct G peak compared with the coating

material.

4 Discussion

4.1 Effect of oil chemistry on coating delamination

Having a graphite-like structure through transferring worn materials from the a-
C:15H coating to the interface could significantly reduce friction in dry conditions [13-

15]. Graphitisation could be initiated by high temperature (400 °C) causing the



hydrogen to be diffused out of the a-C:15H matrix which in return results in collapse
of the random covalent structure of a-C:15H and provide a graphitic layer. Based on
a simple model, asperity temperature rise due to friction (friction-induced

temperature) can be calculated by Eq 4 [13, 46].

1 Pv Eag 4
ar=-— "7 a
4 (Kpc + Kepa

1
where a = (%)5, AT is the induced temperature rise, pu the friction coefficient, P is

the applied normal load, v the sliding speed, Kp,c and K. are the thermal
conductivities of the a-C:15H coating and Cl counterbody, respectively, a the contact
radius of the real contact area, and H is the measured hardness of the a-C:15H
coating.

Considering the highest obtained coefficient of friction and the experimental
parameters of this study, the rise of the temperature at the contact was not
significant (20 °C). Therefore, the friction-induced temperature was too low to be
responsible for the phase transformation of the a-C:15H coating.

The phase transformation temperature of DLC coating is a function of contact

pressure which can be expressed by Eq 5 [47].

Av Egh5
T =T.exp [T Ap] q

Where T, is the critical phase transformation temperature (= ~350°C), L is the phase
transition energy of diamond (15.6x10* Jkg™"), 4v is the diference between the
specific volume of hydrogen-free (0.284x10°m® kg') and hydrogenated coating
(0.294x10°m3 kg to 0.416 X10°m® kg"), 4p is the difference between Hertzian

contact pressure and atmospheric pressure.



Using Eq 5 and taking into account the experimental parameters of this study, the
phase transformation temperature of a-C:15H coating is much higher than the
operating temperature of the experiments (100°C). Therefore, the Hertzian contact
pressure exerted by the counterbody on the a-C:15H coating was not likely to be
responsible for the graphitisation. However, according to Clapeyron law (Eq 5)
transformation of a-C:15H could occur at a much lower temperature when subjected
to high pressure (stressed-induced graphitisation) [14]. Generation of ferrous wear
particles from the worn CI counterbody along with the scratches with positive edges
on the surface, decrease the contact area and increase the contact pressure
significantly. Thus, subsequently reduces the temperature required for initiation of
graphitisation and accelerate the graphitisation process [48, 49]. Estimation of the
phase transformation temperature for DLC coating has also been reported
elsewhere [39, 50] showing the important role of contact pressure on structural
changes of a-C:15H.

Additive-free PAO used in this study provided comparatively lower friction while
showing severe delamination of the a-C:15H surface as well as high gradual wear.
The high contact pressure exerted by positive edges of the scratches [48] and
“micro-size” iron particles coming from the counterbody [50] could be responsible for
graphitisation of the a-C:15H surface which consequently could lead to severe
delamination of the a-C:15H coating. It is interesting that the pin wear provided by
PAO was less than those of fully formulated oils. It could be argued that wear
products from a-C:15H, which have a graphite nature (Figure 12), are transferred to
the counter body forming a transfer layer on the pin in the first two 2hrs of the tests
(Figure 4). The pin surface will then be protected from being worn off while the a-

C:15H slides over the transfer layer. It should be noted that transfer layer has low



shear strength and is progressively removed from the surface [14]. Increasing
graphitisation and removal and transfer of materials to the counterbody with time will
lead to gradual thinning of the a-C:15H coating which in return will decrease the load
bearing capability of the a-C:15H coating. With the poor load bearing capability of the
coating, the high shear stress is transmitted to the substrate causing plastic
deformation to the substrate/intermediate layer which leads to debonding of the Cr
interlayer form the substrate and to the coating failure accordingly [51].

A similar low friction and high gradual abrasive/polishing wear was observed when
base oil group Ill was used but mild delamination was seen after 6hrs of the tests.
Nevertheless both base oils showed higher wear of the a-C:15H coating and lower
friction compared to fully formulated oils. On the other hand the pin wear in the a-
C:15H/CI system using base oil group lll was higher than all other oils. Considering
mild delamination/graphitization on the coating and the fact that there was no
additive blended in the base oil to form any possible protective tribofilm on the pin
surface, it can be argued that less transfer materials have been transferred to the pin
surface and thus resulted in less wear protection.

Additives in fully formulated oils could suppress graphitization by providing a
“tribochemical protective layer” on the interface. Additive-derived anti-wear
compounds could inhibit the formation of wear particles which in return could avoid
pressure induced graphitization. The ability of additives to suppress graphitization
was also reported by Kalin et al. [52]. The formed tribofilm could also prevent the
counterbody from excessive wear which could explain why less wear was observed
on the pins when additivated oils were used compared to the base oil in the a-

C:15H/CI system.



4.2 Tribochemistry of a-C:15H

4.2.1 Effect of oil additives interaction on tribofiolm formation

Fully formulated oils contain different additives including detergent and dispersant.
They are blended in a fully formulated engine oil to form a film on the part surface
preventing deposition of sludge and varnish and to keep oil insoluble contaminants
and degradation products in suspension, at elevated temperature for detergents and
at low temperatures for the dispersant additives. However, interaction between
different additives when used together in formulated oils could result either in
synergetic or antagonistic effects modifying the characteristics of the protective
surface tribofilms which in return affects the oil performance regarding anti-wear and
frictional responses [53].

Shown in Figure 13, it is evident that using fully formulated oils, detergent and
dispersant-derived elements were detected on both steel and a-C:15H surface.
However, the nature of Ca and N species formed on a-C:15H were different from
those of steel ones but their mode of action in which they could affect tribofilm
formation on the surface is still unclear and is a matter of further study. Nevertheless,
the presence of Ca and N on the surface could have an effect on formation of FM-
derived tribofilms on both a-C:15H and steel surfaces resulting in comparatively high

friction values observed from fully formulated oils.

4.2.2 Anti-wear film formation

The obtained results clearly showed the critical role of selected additives in the oils
on the durability of the coating which is in agreement with previous findings [36, 50].
Zn-phosphate and ZnS/ZnO species were formed in the tribofilms using all the fully

formulated oils and the presence of Mo-FM in the oil did not affect phosphate film



formation on the surface for Qil2+ and Qil1+ oils. It could be probably due to the low
concentration of Mo-FM in the fully formulated Oil2+ oil.

As mentioned earlier, ZDDP in combination with Mo-FM showed friction reduction
in the a-C:15H/CI system seen when comparing Oil2- with Qil2+. In the steel/Cl
system, ZDDP increased friction when added to the lubricant which is in agreement
with the literature where formation of pad-like tribofilm was identified as the reason

for such higher friction [54] .

4.3 Lubrication comparison of a-C:15H/CI and steel/CI

Based on this study, friction and wear results obtained from steel/Cl system were
generally different from those of a-C:15H/CI system. ZDDP usually decomposes on
the ferrous surfaces and then it reacts with Fe,O3 from either wear debris/ ferrous
surface and form strongly bonded Zn-phosphate anti-wear compounds [55-57].
Comparing the XPS atomic concentration of ZDDP-derived elements formed on the
surface, it can be seen that the amount of Zn and P elements are higher on steel
surface than a-C:15H. This suggests that a thicker film is obtained when the surface
was ferrous.

Comparing the pin wear results, a-C:15H greatly reduces the wear of the
counterbody when additive-free base oils were used. The formed transfer layer on
the pins could protect the pin surface from further wear providing a lower wear on the
pins which in return it will results in higher wear on the plate. In addition the transfer
layer could also behave as a solid lubricant justifying the low friction provided by the
base oils in the a-C:15H/CI system which is discussed in detail earlier. In contrast, all
fully formulated oils showed higher wear of the pins in the a-C:15H/Cl system. It can

be explained by the fact that using fully formulated oils, the wear rate on the a-C:15H



plates was extremely low, the friction reduction was not observed and based on the
physical observations(Figure 4); transfer layer is not formed on the pins. Thus, as
mentioned earlier, under tribological conditions, usually, the softer of the two

materials which in this study is cast iron will be worn.

5 Conclusions

The following conclusions can be drawn from this study:

e /DDP decomposed under boundary lubrication condition and formed Zn-
phosphate/ZnS/ZnO anti-wear species in the tribofilms formed on a-C:15H. In
contrast, the amount of Mo 3p detected on the a-C:15H surface was very low
using fully formulated oils.

e a-C:15H coating durability is strongly oil dependant and the coating failure can
be avoided using additive containing oils which form a protective tribofilm on
the surfaces and suppress the a-C:15H coating structural modification. Base
oil group Il performed better wear performance than PAO suggesting the
important role of selection of base oil in the lubricant.

e Fully formulated oils demonstrated a good wear performance of the a-C:15H
coatings. FM containing fully formulated oils showed almost no wear while the
main wear mechanisms on the FM free fully formulated oils were polishing.

e Friction reduction is not significant using fully formulated oils mainly due to the
phosphate formed on the surface. In addition presence of detergent,

dispersant, antioxidant could affect Mo-FM-derived film formation.
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Table I Physical properties of plates (substrate/coatings) and counterpart materials
Properties of coating and Ferrous Material DLC Coating

other related materials

m 8.0 GPa 4.0 - 4.5GPa 17.0 GPa

Roughness, R, 0.04-0.06 ym |  0.07-0.09 pm 0.04-0.06 um

# Commercial coatings obtained from Oerlikon Balzers Ltd., UK.



Table Il Lubricant components

Lubricants Annotations Base stock Additives

Fully formulated oil Oil2+ Group Il ZDDP
with FM MoDTC-type friction modifier (Mo-FM)
OFM- Organic friction modifier
Detergent
Dispersant

Antioxidant

Fully formulated oil Group llI MoDTC-type friction modifier (Mo-FM)
with FM but without OFM- Organic friction modifier
ZDDP Detergent
Dispersant

Antioxidant




Table lll binding energies, concentration of XPS and corresponding chemical in the tribofilms formed

on a-C:15H coated plates by oils Qil1+, Oil2+ and Qil2-.

Oils Binding Energies, chemical species and concentrations
S 2p peaks Mo 3d peaks P 2p peaks Zn 2p peaks
a-C:15H coated plates
O+ |- - 133.7 eV, 1022.5 eV,
metaphosphate (100%) | ZnS/ZnO/Zn-
phosphate (100%)
Oil2+ | 163.6 eV, sulphide Small to fit the 133.8 eV, 1022.6 eV,
(68.7 %) curve metaphosphate (100%) | ZnS/ZnO/Zn-
168.4 eV, sulphate phosphate (95%)
(15.2 %) 1024.4 eV,
171.1 eV, sulphate ZnS/Zn0 (5%)
(16.1 %)
Oil2- 163.6 eV, sulphide Small to fit the - -

(34.1%)
168.1 eV, sulphate
(49.9%)
169.8 eV, sulphate
(16.0%)

curve




Table IV binding energies, concentration of XPS and corresponding chemical in the tribofilms formed

on steel coated plates by oils Oil1+, Oil2+ and Qil2-.

Oils Binding Energies, chemical species and concentrations
S 2p peaks Mo 3d peaks P 2p peaks Zn 2p peaks
Steel plates
O+ |- - 133.1 eV, 1022.0 eV,
pyrophosphate ZnS/Zn0O/Zn-
(100%) phosphate (100%)
Oil2+ | 160.8 eV, sulphide (75.0 %) Small to fit the curve 132.8 eV, 1021.5 eV, ZnO/Zn-
167.5 eV, sulphate (25.0 %) pyrophosphate phosphate (100%)
(100%)
Oil2- 160.1 eV, sulphide (10.9 %) 229.2 eV, MoS; (17.2%) - -
167.0 eV, sulphate (59.3%) 230.8 eV M (v) (31.8%)
168.9 eV, sulphate (29.8%) 232.6 eV Mo-oxide (15.3%)
226.6 eV, S 2s (35.5%)
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