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Abstract

The applications of commercially available Diamond Like Carbon (DLC) coatings
have seen a rapid increase whilst a lot of tribochemistry problems are not fully
understood. This study lookmto a tungsten doped hydrogenated DLC coating
reciprocating against cast iron in model oils. Friction and wear of such system are then
compared with steel. Raman spectroscopy is used extensively to understand the coating
interactions with the lubricant/additives. Our results have demonstrated the way to
characterize carbon coating structure in lubrication. It clarified the chemical
decomposition of MoDTC to MaSis the dominant process rather than the possible
formation of WS in such system. It also enbles application of in-situ tribochemical

aspects using Raman spectroscopy in ambient conditions.

Keywords: DLC coating; Friction reduction and wear; Tribochemistry

" Corresponding author.
Tel.: +44 113 343 2085
E-mail address: mnly@leeds.ac.uk (L. Yang)



1. Introduction

Diamond-Like Carbon (DLC) coatings have been widely used in the automotive
industry since their first introduction in 19 EI 2]. Some successful applications in
engine components have attracted more and more attention in engineering research due
to their excellent tribological properties such as low friction, wear and corrosion
resistance, high hardness, high thermal and chemical stabilit}2].efon the other
hand, stringent emission legislation has driven the development of novel lubricants with
lower environmental impact. The current commelgialailable formulated lubricants
are optimized based on ferrous materials. Most recent research has focused on the

interactions between current lubricant additives and different types of DLC non-ferrous

surfaces| [3-1{1]. However, due to there being various types of DLC coatings and the

complexity of additives in formulated lubricants, it is important to properly define the
DLC coating and the additives in the oil. Some understanding has been provided based
on experimental observations using various physical and chemical surface analysis
techinques. Some questions, in particular, the tribofilm formation, decomposition of
additives during the friction tests, chemical or physical adsorption, graphitization and
transfer layers on the contact surfaces, have been the subject of extensive ﬁbates [3-
7

In the field of lubricant additive interactions with DLCs, previous research on
lubrication of DLC coating has addressed some understandings above. Vengudusamy et
al. ﬂ,] carried out some tribological studies on different DLC coatings lubricated in
model oils. Evidence of ZDDP-derived tribofilms formation was repod [9]. W-DLC

and WC-DLC coatings suffered more wear compared to other a-C:H and a-C types



coatings ]. Study of oil containing MoDTC showed an increase in wear on the non-
doped hydrogenated DLC coating due to the decomposition and chemical reactions that
formed oxids and nanocrystallites [7]. Another study focused on a-C:H and a-C:Cr
coatings lubricated with model oil additives. Evidence of friction reduction film
formation was reported to form from the ZDDP+MoDTC-containing Iubricﬂts [8]
Molybdenum-containing lubricants showed an increase in wear for WC/C type coatings
while the known friction reduction mechanisms in ferrous materials were not observed
. A Si-doped DLC coating was reported with no additive-derived antiwear film in
short time tests of maximum one hour under boundary lubrication which the authors
explained as relative chemical inertness of non-ferrous surs [11]. Under the mixed
lubrication regime, anti-wear films could be obser [11]. Recent study of DLC
coating lubricated in base oil (API Group lllagcarried out by evaluating 12 different

DLC coatings. W-DLC coatings suffered higher wear than other non-hydrogenated or
hydrogenated coatings. Surface graphitization occurred in the tests that gave the friction
reduction performance under boundary Iubrica [10]. However, there is still on-going
debate about graphitization and interface dangling bond interactions between the
coating and lubricant additives in the tribological process. Raman spectroscopy has
been applied extensively in this study by understanding ordered/disordered structures of

carbonaceous materi

change, a more recent research based on TEM/EELS study has been seen in some

—

1, 13-19]. In order to look at the carbon coating structure

groups in order to measure the relative carbSrraio before and after the tribometer
tests ]. Understanding about GMO and DLC interactions for ultralow friction was
reported and explained by some XANES and SIMS chemical analysis. The observation

of negative ion OHwas explained by the mechanism of GMO degradation to generate



OH species on the friction surf[6]. However, understandings about DLC coating
interactions with GMO, particularly W-DLC type coatings, are still not very clear in the
literature. Not to mention the understanding of the use of these additives at reduced treat
rates.

In this study, WDLCI/CI tribological system is characterized by Raman Spectroscopy
and Atomic Force Microscopy (AFM). An overall beneficial system of MoDTC+ZDDP
solution with a friction coefficient of 0.07 is achieved. The coating carbon structure
under different lubricants are studied in Raman as well as the chemical decompostion of
MoDTC-containing lubricants. The decomposition product M@Sdominant in the
process rather than the possible formation o, Wi8e results have demonstrated the
use of Raman to characterize the tribochemical process in additive-containing

lubrication. This enables further in-situ study under ambient conditions.
2. Experiment

2.1 Materials and lubricants

In this study, BALINIT® C type coating (a-C: H/Wis deposited on AISI 52100
bearing steel plate by PVD process. The typical AFM image of the W-DLC coating
surface topography is shown in Figure 1. The dimension of the steel platans7
mmx3 mm.A reciprocating tribometer Cameron Plint TE77 (Figure 2) is chosen with a
pin-on-plate configuration which represents the sliding conditions of camshaft and
follower motion in a typical internal combustion engine usegassenger cars. &h
coated plate which represents the shim/follower is then reciprocated against BS1452

cast ion (CI) pin under lubricated conditions. The CI pin, which represents the camshatft,



has a dimension of 20 mm in length and diameter of 6 mm. The sliding end has a
surface of 10 mm radius. The W-DLC/CI tribometer tests are then compared with
uncoated steel/Cl tests results. The original material surface roughness, hardness and
reduced Young’s modulus are listed in Table 1 in details. Surface roughness is
measured by Veeco WYKO white light interferomefifiardness and Young’s modulus

are measured by Nano-indentation. Compared with literature, W-DLC coatings are
slightly harder than the bearing steel but not as hard as other types of non-doped DLC
coatings.

In this study, six model oils, namely from QOil A to Oil F, are chosen in order to
understand the roles of individual additive tribochemical interactions during the friction
tests. Details of the oils are listed in Table 2. The additives are the widely used friction
modifiers (GMO and MoDTC) and anti-wear additive (secondary ZDDP) with reduced
treat rates. The model oils will enable the study of single additive roles compared to

fully formulated oils which contain a more complex package of additives.

2.2 Tribometer tests
The tests are all carried out in the testing conditions listed in Table 3. The test rig
(Figure 2) program records the friction force data points every 300 seconds for duration
of 2 hours. The final steady friction coefficients are calculated based on the last 30
minutes steady friction data. The initial Hertzian contact pressure simulated in the tests
represents the typical operating environment in the camshaft/follower system. All tests
are repeated four times for the repeatability measure.
The tests are carried out under boundary lubrication regime which is checked by the

lambda ratio defined in Eq. ([5]
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where R;and R are the roughness of the tribological surfaces angdl ik the
minimum film thickness. The A ratio is 0.49 for a typical test in this study which

indicates that the lubrication regime is boundary lubrication (A<1).

2.3 Wear measurement and surface characterization

Wear measurement is performed by Veeco WYKO white light interferometry by
measuring the material volume loss on the worn plates and the diameter of the wear scar
on top of the pins. The volume loss (V) of the pin materials can then be worked out by
Eq. (2).

V= % (3r* + K%, (2

whereh = R —VRZ —rZ R is the sliding tip radius of the pin, r is the radius of the
pin wear scar which can be worked out by the diameter measured. Thus, the diameter of
the wear scar on the curved pin is a relative indication of wear that can be compared
among the different lubricants.

The wear rate for both of the worn parts can then be calculated by Eq. (3).

vV =klw, 3)

where Kk is the dimensional wear coefficient, | is the sliding distance, W is the normal
load applied to the contact surface. The unit of the coefficienths mi'.

Surface analysis is carried out and compared by AFM (Veeco) for the topography of
both W-DLC and steel surfaces in the central worn areas in contact mode for a scan area
of 20 um x 20 um. The formation of new chemical compounds during the tribological

tests and carbon coating structure study in terms*f@patio were studied by Raman



Spectroscopy (InVia Raman, Renishaw). A 488 nm excitation wavelength laser source
was used and two different scans were applied in this study. The first one scanned from
100 cm* to 3200cm™* for a full scan in order to detect chemical compound formation
Another individual scan from 806m™ to 1900cm* was performed for the carbon
peaks, i.e., disorder peak (D peak) and amorphous graphitic material peak (G peak), in
order to determine the carbon coating structure change during the reciprocating tests.
WIRE software provided by the Raman equipment is employed for curve fitting
considering full-width at half-maximum (FWMH) as constr [21]. By fitting the G
peak and D peak, the ratio ¢fll; which is regarded as an indicator of carbon coating
spf/sp’ structure change can be calculated. A Leica optical microscope is also applied in
this study to observe/compare MoDTC and ZDDP containing additives worn regions in
both WDLC/CI and steel/Cl tribological systems. Raman surveys of the worn regions
are with the references to these images and detailed results will be discussed in the

following section.
3. Results and discussion

3.1 Friction evaluation

Friction results for W-DLC/CI and steel/Cl lubricated in model oils are shown and
compared in Figure 3. It can be observed that GMO does not help friction reduction in
neither W-DLC nor steel system. This is thought to be due to reduced amount of friction
modifiers used in the test. It can be seen that single MoDTC model oil (Oil E) gives the
lowest friction (0.05) in the steel/Cl ferrous surface which confirms the role of MoDTC

as a good friction modifier even if using a reduced treat rate. However, for W-DLC/CI,



the lowest friction reduction (0.07) is given by Oil F (MoDTC+ZDDP). Single ZDDP
solution (Oil B) in W-DLC tribo-system has shown a lower friction compared with steel
ones in the same lubricant. Friction maintains a relatively lower value compared with
ferrous based system of the same lubricant in Oil A, B, F. The presence of ZDDP in
ferrous system shows a higher frictior=10) but in W-DLC system, the friction is
reduced (Oil B and Oil F). The results of MoDTC and ZDDP containing oils have

shown a great difference. This will be analyzed in the following sections.

3.2 Wear results

Wear results of plates and counter-part pins are presented in Figure 4 and Figure 5,
respectively. The depth profile measurement by WYKO has shown that some of the
coatings that lubricated with certain odamot survive for the 2 hour tests. This is the
case for base oil without additive (Oil A), and single friction modifier containing oils
(Oil C and Qil E). Previous study has indicated that some non-doped hydrogenated
DLC coatings showed an increase in wear in oil containing Moﬂc [7]. Although W-
DLC coating carbon films are removed in Oil A, C and E, the friction is not reduced to
the friction of steel surfaces (Figure 3 and Figure 4). It is believed that the carbon films
have been removed in these cases as the depth of the wear scar exceeded the carbon
coating thickness. However, interlayers still exist in these cases. This will be discussed
in the surface analysis section later; the presence of ZDDP effectively prittects
coating. Regarding the wear rate of coated and uncoated steel plates, Oil E gives an
overall low friction and wear on both surfaces in the ferrous system. However, W-
DLC/CI showed an overall lower friction and lower wear (both pin and plate) when

lubricated in Oil F whilst the single solution of MoDTC generates high wear on the



coating surface It is interesting that there is an overall beneficial effect of
ZDDP/MoDTC additives when used together in WDLC/CI tribo-pair. However, this is
not the case with the combination of ZDDP/GMO containing oils in the same tribo-pair
The wear coefficients are in a similar range (*#8°N'm™) in the cases where the
coating still survives. Test duration is 2 hours, thus the focus of this study is the friction
reduction mechanisms provided that both steel and W-DLC tribo-systems have similar
low wear. Whether the well-known mechanisms of MoDTC friction redu, 22]
applies in W-DLC/CI tribo-system as well as whether there is possible interaction
between tungsten dopant and additive elements will be further analyzed physically and

chemically in the following sectian

3.3 Physical nature of tribofilms

In order to understand the physical topographic nature of different additive interactions
on the W-DLC surfaces in relation to their different tribological friction and wear
performance, AFM is employed for the selected samples as is shown in Figure 6. In the
steel/Cl tests with ZDDP-containing lubricants (Figure 6 (a), (b) and (d)), the surface
topography images are quite different. Friction is relatively higbO(l0). It is thought
that the presence of ZDDP could form phosphate films which will increase friction as a
consequence. This is in agreement with the studies widely reported for ZDDP films
The lowest friction in the ferrous system is given by single friction modifier MoDTC
(Oil E) which shows a different topography in Figure 6 (c). In W-DLC/CI tests, the
coating gets protected by ZDDP from the wear results whilst showing different

topography images (Figure 6 (e) and (f)) and different friction coefficients. These

1C



indicated that the friction performance depends on the surface topography of the films
formed on the coating surface.

The friction and wear results have shown a great difference between steel/Cl tribo-
system and WDLC/CI tribo-system for Mo-containing oils. AFM images have shown
the small area of the wear scar regions. The overall wear scar physical nature of the
films in correlation with friction and wear knowledge of MoDTC can be studied by the
optical microscope. Figure 7 shows the 3D optical images of the wear scar regions
lubricated in Oil E (MoDTC) and Oil F (MoDTC+ZDDP) in both WDLC and steel
systems, respectively. The ferrous based tribo-pair has an almost invisible wear scar on
the counter-part pin (Fig. 7(a) circled) of Oil E. It can be seen clearly this gives the
lowest friction and wear of all the test resulife introduction of ZDDP to MoDTC
containing oil shows clearly that the both of the plate and pin surfaces have surface
coverage whiclis different from the MoDTC single solution (Fig. 7 (a)-(d)). Also, this
combined formulation doesn’t show friction reduction whereas single MoDTC gives
lowest friction. The steel plates in both oils are in a similar range of wear (Fig.7 (b) and
(d)). On the other hand, the single MoDTC solution generates severe wear on both pin
and W-DLC coated plate surfaces (Fig. 7 (e) and (f)). The wear measurement results by
the interferometer shows the depth of the wear scar on the plate exceeds the carbon film
thickness which means the coating cannot survive for the 2 hours test in this case. The
introduction of ZDDP helps the W-DLC coated tribo-pair with a manageable wear (Fig.

7 (g) and (h)) which shows friction reduction (u=0.07) compared to the steel/ClI tribo-
pair (u=0.10).

Based on the above understandings, some post-test roughness analysis of the wear scar

properties are presented in Table 4. The ZDDP-containing oils maintain a little
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smoother surface on the coating compared with its original WDLC coating roughness.
However, the counterpart surfagevhich are cast iron with original roughness about
0.1-0.2 um, have become much smoother (Oil B 0.07 um, Oil D 0.08 um, Oil F 0.04
pum). It should be noted that Oil B and Oil D give different friction results with similar
surface roughness but different AFM topographic surfaces, which means the friction
behavior again depends more on the chemical nature of the tribofilms. It should be
noted that Oil F which gives the overall friction and wear performance has actually
enced up with an even smoother surface. This is thought to be the effect of MoDTC
added to the ZDDP solution.
It is obvious that more understanding about the chemical nature based on the above

physical nature of the Mo-containing films needs to be carried out. The next section will

discuss the chemical surface analysis in detail with reference to the images in Figure 7.

3.4 Tribochemical nature of films and coating structure analysis

AFM images have evidenced the existence of different surfaces formed in the
reciprocating process. Optical images have shown the difference between MoDTC and
ZDDP-containing lubricants. The combined ZDDP+MoDTC model oil has formed a
relative smoother tribo-pair in the W-DLC coated system. This section will show the
chemical nature of these surface films. Raman spectroscopy is used extensively in this
study by taking surveys & wide coverage of the wear scar regions in correlation to
Figure 7 images. The typical spectra of the wear scar lubricated in Oil E and Oil F on
both ferrous and non-ferrous tribo-pairs are shown in Figure 8. The spectra outside the

wear scars of steel and W-DLC coated plates are also collected as a reference.
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The Raman signal of MgS®an be studied in the Mo-containing lubricants. Three of

the four first-order Raman active modes could be studied, igE%&; and Ag .

Ezzg could not be observed here due to cut off of the Rayleigh filter (start point at 100
cm) . Here, &, E', Aig and E,q refer to phonons associated with
vibration of the layers, either Bo-S layer, or adjoining rigid Iayer24]. In the
ferrous system, both steel plate and cast iron counter-part pin have some iron oxides
contents as shown in the 800 tiRaman shifts. The appearances of Ma® shown in

both Oil E and Oil F under the ferrous system. However, Oil E shows the lowest friction
(0.05) whereas Oil F has a relatively higher one (0.10). The friction reduction
mechanism of MoDTC is widely reported which is believed to be the formation of
MoS; ]. Mo$S has the weak Van der Waals forces between the sliding layers
which makes it a good solid lubricant. The presence of ZDDP may interfere with this
mechanism, i.e., the formation of ZDDP films, even if the formation of Mt exists

during the process. Compared with the microcrystalline Mple,], the

peaks that centered about 408" (A;y) and 383cmi’ (E'5) show strong intensityd

weak peak of Mogcentered about 456 canalso be observed in steel plates in both

Oil E and Oil F (Fig. 8 (a)). The indication of Mp®rmation is clear. The carbon
peaks (centered in the range from 1300'¢m 1600 crif) in Fig. 8 (a) of Oil E on the

pin wear scar is probably due to residual lubricant although the post-test samples are

rinsed in heptane to remove excess oil.

When talking about sulphur-containing additives lubrication in the specific DLC
coating system, i.e., W-DLC coating used in this study, there is also possibility of the
formation when tungsten could interact with sulphur. Some receny &bdcated a

sulfurized W-DLC coating lubricated in MoDTC oi26]. The formation of WSx is

13



reported by the authors which helps friction reduction. Back to talk about the tests in
this study where no pre-treatment was carried out for the W-DLC coating itself but
sulphur-containing additives exist in the model lubricants, Raman study about the
possible formation of WScan also be carried out. For references of Raman spectra of
WS; ] Eig E'2g and Ag of WS, can also be studied, i.e., 306 tiE;g), 356 cm

! (E2g), and 421 cm (A1g). Based on the single crystal references, it is clear that none of
these phonons associated with W-S vibration mode can be observed clearly in Raman
spectra collected in the wear scar region. Thus formation of /8ot a dominant
process compared with formation of Ma8 such a lubrication system. This is different
from the self-lubricated mechanism suggested by Wen I [26]. And it is possibly due
to the chemical state of tungsten in W-DLC coating is in its carbide form which is
difficult for chemical attack by other molecules.

W-DLC coating lubricated in Oil F gives an overall beneficial tribological
performance (Fig. 3-5). It can be seen in Figure 8(b) that on the coating surfage, MoS
layer was formed. However, film formation of ZDDP on W-DLC coating surface is
showing less effect on the Mg$3riction reduction mechanism because the friction
behavior of WDLC/CI and steel/Cl are quite different although they lubricated in the
same oil with the same Me@$ormation. It also gives an overall smoother tribo-pair as
is discussed in Section 3.3. Thus gives an overall beneficial tribological performance in
Oil F in the coated system. There is no indication of Mm8nation on the wear scar
surface in Oil E but a strong appearance of oxides material (centered around 800 cm
on the surface where the carbon films are removed. For the high wear Oil E, there is no
carbon transfer material residual on the counter-part pin whilst carbon materials are still

appearing on the coated plate. This is thought to be the carbon film residuals within the
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interlayers. The W-DLC type of coating has some interlayers of less than 0.5

micrometer as is stated in the coating specification. The various friction results of the
coated plates lubricated in Oil A, C and E where the carbon films are removed are
thought to be the interactions of the additives and coating interlayers/disordered carbon
residuals.

The spectra are carefully collected with consideration of laser power; all the spectra
are collected using 10% of the total laser power. Thus the counts generated indicate a
semi-quantitative comparison of the Mo&d MoQ coverage of the selected Raman
spectra. The spectra in Figure 8 are all shifted in parallel for clarifying any overlap of
the two spectra. Previous study has shown that in tribological tests in the air atmosphere,
the formation of Mo@and oxides is responsible for the failure of Magbrication ,

. Compared with the Mofpowder Raman spectrum [[15], no clear bands inch%8

, 285cm*, 666cmt and 995cmi? in steel/Cl system for Oil E and F but strong Raman
band in 820 ci region of the oxides materials. The study of the ratio of Mo$100;
is reported by previous study, indicating a higher ratio results in a better friction
reduction of the overall systeE|22]. Bthe friction reduction mechanism can be
explained that the amount of oesformed on the surfaceagnot significant compared
with the stronger appearance of Md8yers. It can be concluded that MoDTC will
form mainly Mo$S in the wear scar in the ferrous system.

However, it is reported that W-DLC type coating generally suffers from more wear in
MoDTC-containing lubricant 0]. This is possibly due to the formation of MoO
that resulted in such high wepr [7]. In W-DLC/CI Raman spectra for Oil E and Oil F,
820 cm' band indicates formation of Ma@nd other iron oxide materials. Oil E shows

significant amount of oxides materials in the W-DLC coating system. The presence of

15



ZDDP again modifies the tribological interface with a higher MOSides ratio (Oil F).

The study of Mo-containing additives interactions in DLC coatings is reported by
previous researc 7] with high wear. It is possible that the wear of W-DLC coating is
also the formation of Mo§on the worn surface. This is because such oxide formation
is due to the chemical decomposition process by the lubricant additive rather than
purely depending on the test surfaces.

The carbon coating structucen be studied by Raman spectroscopy with a static scan
of the first-order carbon peak area. Again, the spectra are collected with a 10% of the
total laser power in all the sampling regions; the higher the laser power, the deeper it
goes to the coating surface. However, a laser power of typically over 50% will result in
laser induced carbon coating damage of all the chosen W-DLC coatings both inside and
outside of the wear scars. The W-DLC coating chosen in this study has a tungsten
interlayer. The tungsten-interlayer Raman spectra can be observed with high laser
power whilst lower laser power will not penetrate over 2 um (DLC film thickness). Care
should be taken to perform Raman studies on the coating structure analysis. The well-
known Raman spectrum for carbon G band (around 1580 cm-1) is referreg to E
phonon of spbonding. It is due to all §sites. The disordered band, D band (around
1350 cn), is referred to the phonons oflgﬂsymmetry]. D peak refers to only
six-fold ring]. A good feature of Raman for visible photons is that although W-DLC
coating contains hydrogenation within the process, it doesn’t show the C-H bond]
Generally, the smaller opllg intensity ratio can indicate lower disorders of graphitized
structure?]. The post-test sampléglintensity ratios are presented in Tablét 4.
only shows the results in the presence of ZDDP (Oil B, D and F) which the carbon

coatings still exist after the tests. In single friction modifier oils, W-DLC coating could

16



not survive for the duration of the 2 hour tests, hence they are not applicable here for the
coating structure study. The ratio is a relative indicator of the carbon coating structure
for the surface. Oil D (GMO+ZDDP) shows no significant change compared with the
original W-DLC coating whilst Oil B (ZDDP) and Oil F (MoDTC+ZDDP) contain
more sif disordered content on the coating surfaces. In these two oils, friction
reductions are achieved. However, Oil D, which the carbon structure of the coating
doesn’t seem to be changed, has its friction increased. All these lubricants are ZDDP-
containing with/without friction modifiers. Friction and wear results have not shown a
clear linkage regarding the carbon structure change. This indicates that graphitization
only happens in selected lubricants during the tribometer tests. Friction reduction of Oil
F is probably due to both the formation of Ma&d graphitization. Oil B friction
reduction is probably due to the change in DLC coating structure (an incresge in
content) which is ZDDP induced. All these results also indicate that the friction
performance in these model oils depend on the lubricant additives interactions with the
coating although graphitization happens in some model oils (additive induced

graphitization).

3.5 The roles of conventional friction modifiers and ZDDP in W-DLC/CI tribological
system

It is obvious from the Raman study that there exists the formation of layers on the
ferrous and non-ferrous coatings on the interfaces (Fig. 8). The question of whether
these layers are formed from the counter-part Cl pins and then transferred to the W-
DLC surfaces is still not clear. However, in all cases, both the pin and plate materials

have a good coverage of similar surfaces, either Mig8 (Fig. 8(a) Oil E, F and Fig.
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8(b) Oil F) or oxides rich (Fig. 8(b) Oil E). In other words, it is the case of high ratio of
MoS,/MoO; surface formation or low ratio surfaces. Some DLC against DLC interface
tests may be desired to further clarify the question of film formation and film transfer.

Single friction modifier model oils led to premature failure of the tungsten-doped DLC
coatings. W-DLC coatings are very reactive with the single friction modifier/base oll
lubricants. However, GMO significantly reduced friction for hydrogen-free DLC
coatings as was reported previously. The studies by Topolovec-Miklozic et al. showed
GMO helped the friction reduction on hydrogenated coatings by varying the speed of
MTM test rig [8].They claimed that low speed does not greatly reduce boundary
lubrication friction. Explanation of GMO in friction reduction at intermediate speeds
was due to the formation of thin reacted or adsorbed layers on the solid surfaces with
high viscosity. However, at slow speeds in boundary lubrication, friction reduction did
not seem to be significant. Another study which discussed about the super low friction
by a steel/DLC tribo-pair (u=0.02) and DLC/DLC tribo-pair (u=0.03) lubricated in
GMO solution (1 wt%) was reported due to the tribofilm rich in OH-terminated carbon
surfac]. In this study, GMO did not function properly on the W-DLC coating which
is thought to be due to the lower additive concentrdimiing proper additive function.

By introducing ZDDP into the single friction modifier containing oils, the combined
model oils can effectively improve the wear performance of the coating. This is a clear
message that ZDDP forms protective layers on the interface. However, Raman study
has not shown any significance of the ZDDP-induced film formation in the spectra. The
surface roughness maintaissimilar level to the original coating surface in the

presence of ZDDP-containing lubricants in W-DLC/CI system. However, the friction
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behaviors are quite different. Tribological performances of the W-DLC/CI system

highly depend on the additives.

4. Conclusions

¢ The combination of ZDDP and MoDTC shows good friction reduction and
wear protection for W-DLC/CI tribo-system under the test conditions. The
presence of MoSin the interface is the major contribution of the overall
friction reduction and the use of ZDDP reduces the wear to a manageable
lower level compared to the ferrous system. Friction reduction is contributed
by both formation of Mogand surface graphitization.

% Raman spectroscopy has demonstrated to be a useful technique to characterize
the chemical decomposition of MoDTC-containing lubricants. This enables
further study on in-situ characterization in ambient conditions.

< Although tungsten content appears in the coating as dopant, the formation of

MoS, by chemical decomposition from MoDTC is dominant in such system

rather than the possible formation of WS
Acknowledgements
The author would like to thank Afton Chemical Limited for providing the generous
funding for the projectThanks should also go to Oerlikon Balzers Coating UK Limited

for providing coatings for this study. This work was partly presented"in88ds-Lyon

Symposium on Tribology, 2012.

19



References

10.

11.

12.

13.

14.

15.

16.

Aisenberg, S. and R. Chabot, lon Beam Deposition of Thin Films of
Diamondlike Carbon. Journal of Applied Physics, 192(7): p. 2953-2958.
Tribology of diamond-like carbon films: fundamentals and applications
Tribology of diamond-like carbon films, ed. C.E. Donnet, A. 2008, New York:
Springe.

Bobzin, K., et al., Lubricated PVD CrAIN and WC/C coatings for automotive
applications. Surface and Coatings Technology, 20096-7): p. 1097-1101.
Haque, T., A. Morina, and A. Neville, Effect of Friction Modifiers and Antiwear
Additives on the Tribological Performance of a Hydrogenated DLC Coating.
Journal of Tribology, 201A32(3): p. 032101-13.

Haque, T., et al., Non-ferrous coating/lubricant interactions in tribological
contacts: Assessment of tribofilms. Tribology International, 2@0710-12): p.
1603-1612.

Kano, M., et al., Ultralow friction of DLC in presence of glycerol mono-oleate
(GMO). Tribology Letters, 2003.8(2): p. 245-251.

Shinyoshi, T., Y. Fuwa, and Y. Ozaki, Wear Analysis of DLC Coating in Oil
Containing Mo-DTC, 2007, SAE International.

Topolovec-Miklozic, K., F. Lockwood, and H. Spikes, Behaviour of boundary
lubricating additives on DLC coatings. Wear, 208@5(11-12): p. 1893-1901.
Vengudusamy, B., et al., Tribological properties of tribofilms formed from
ZDDP in DLC/DLC and DLC/steel contacts. Tribology International, 2011.
44(2): p. 165-174.

Vengudusamy, B., et al., Friction properties of DLC/DLC contacts in base oil.
Tribology International, 20144(7-8): p. 922-932.

Gangopadhyay, A., et al., Friction, Wear, and Surface Film Formation
Characteristics of Diamond-Like Carbon Thin Coating in Valvetrain
Application. Tribology Transactions, 20184(1): p. 104-114.

Tung, S.C. and H. Gao, Tribological characteristics and surface interaction
between piston ring coatings and a blend of energy-conserving oils and ethanol
fuels. Wear, 200355(7-12): p. 1276-1285.

Ferrari, A.C., Raman spectroscopy of graphene and graphite: Disorder,
electron-phonon coupling, doping and nonadiabatic effects. Solid State
Communications, 200243(1-2): p. 47-57.

Neuville, S. and A. Matthews, A perspective on the optimisation of hard carbon
and related coatings for engineering applications. Thin Solid Films, 2007.
515(17): p. 6619-6653.

Windom, B.C., W.G. Sawyer, and D.W. Hahn, A raman spectroscopic study of
MoS 2 and MoO 3: Applications to tribological systems. Tribology Letters,
2011.42(3): p. 301-310.

Akhavan, O., Graphene Nanomesh by ZnO Nanorod Photocatalysts. ACS Nano,
2010.4(7): p. 4174-4180.

20



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Wang, Y., D.C. Alsmeyer, and R.L. McCreery, Raman spectroscopy of carbon
materials: Structural basis of observed spectra. Journal Name: Chemistry of
Materials; (United States); Journal Volume: 2:5: p. Medium: X; Size: Pages:
557-563.

Filik, J., et al.,. XPS and laser Raman analysis of hydrogenated amorphous
carbon films. Diamond and Related Materials, 20@83-7): p. 974-978.

Ferrari, A.C. and J. Robertson, Resonant Raman spectroscopy of disordered,
amorphous, and diamondlike carbon. Physical Review B, 26&): p.
075414.

Liu, A.C.Y., et al., Structural order in near-frictionless hydrogenated
diamondlike carbon films probed at three length scales via transmission
electron microscopy. Physical Review B, 2005(20): p. 205402.

Casiraghi, C., A.C. Ferrari, and J. Robertson, Raman spectroscopy of
hydrogenated amorphous carbons. Physical Review B, ZQ(H: p. 085401.
Morina, A., et al., ZDDP and MoDTC interactions and their effect on
tribological performance tribofilm characteristics and its evolution. Tribology
Letters, 200624(3): p. 243-256.

Wilson, E.B., J.C. Decius, and P.C. Cross, Molecular vibrations : the theory of
infrared and Raman vibrational spectra. 1955, New York ; London: McGraw-
Hill. 388p.,ill.,24cm.

Molina-Sanchez, A. and L. Wirtz, Phonons in single-layer and few-layer
MoS_{2} and WS_{2}. Physical Review B, 20184(15): p. 155413,

Virsek, M., et al., Raman scattering of the MoS2 and WS2 single nanotubes.
Surface Science, 200801(13): p. 2868-2872.

Yue, W., et al.,, Synergistic effects between sulfurized W-DLC coating and
MoDTC lubricating additive for improvement of tribological performance.
Tribology International, 2013%2(0): p. 117-123.

Robertson, J., Diamond-like amorphous carbon. Materials Science and
Engineering: R: Reports, 20027(4): p. 129-281.

21



Figure Captions

Fig. 1. AFM image of the original W-DLC coating surface

Fig. 2. Configuration of TE77 pin-on-plate reciprocating tribometer

Fig. 3. Friction coefficient comparisons between W-DLC coating and steel in model oils

Fig. 4. Friction vs wear of the plate lubricated in model oils

Fig. 5. Friction vs wear of the counter part pin wear in model oils

Fig. 6. Selected AFM wear scar images of steel and W-DLC coated plates lubricated in
model oils

Fig. 7. Optical images of the wear scar regions

Fig. 8. Raman spectra of Steel/Cl tribopair (a) and W-DLC/CI tribopair (b) in Mo-
containing oils - Oil E (MoDTC) and Oil F (MoDTC+ZDDP)

22



Table Captions

Table 1 Material properties of the original test samples.

Table 2 List of model oils.

Table 3 Experiment conditions.

Table 4 The post-test wear scar properties in ZDDP-containing lubricants.
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Fig. 1. AFM image of the original W-DLC coating surface
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Tablel
Material properties of the original test samples.

Parameter Steel W-DLC coating Cast iron
Standards AISI52100  AISI52100(Substrate) BS1452
Type of coating - W-DLC (BALINIT ®C) -

Hardness 6.1+0.8 GPa 8.7+1.9 GPa 4.6+0.5 GPa
Atomic % of hydrogen - 15% -

Coating thickness - 2-3um -

Reduced Young’s modulus 187+13 GPa 119+18 GPa 148+24 GPa
Roughness, R 0.03-0.05um 0.03-0.05um 0.1-0.2um

" Commercially available from Oerlikon Balzers Coating UK Ltd.
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Table?2
List of model oils.

Oi"  Additive Type  Treat rate/wt% Viscosity@100°C/Pa*s
OilA - Base Oll 0.0@6
OilB ZzZDDP 0.08% P 0.0032
oilCc GMO 0.2% 0.0031
OilD GMO+zZDDP 0.08% P 0.0028
OilE MoDTC 100 ppm Mo 0.0029
OilF MoDTC+ZDDP 0.08% P, 100 ppm Mc 0.0028

" Base oil of the model oils are all Poly-alpha olefin Group IV base stock (PAO 4).
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Table3
Experiment conditions.

Conditions
Load 25N
Stroke 5mm
Frequency 25Hz
Initial Hertzian contact pressure 600 - 700 MPa
Lubricant temperature 100°C£5°C
Test duration 2 hous
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Table4

The post-test wear scar properties in ZDDP-containing lubricants.

1 (D)/1(G) Friction Coating Wear Coating Cl
Sample
ratio coefficientp  /10"®m®N'm?  Roughness/um Roughness/un
DLC Original 1.07 - - 0.03 -
Oil B 1.00 0.07 3.10 0.02 0.07
Oil D 1.06 0.11 231 0.02 0.08
Oil F 1.04 0.07 412 0.02 0.04
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