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The Performance and Mechanisms of DLC-Coated Surfaces in
Contact with Steel in Boundary-Lubrication Conditions
- a Review
Igor Velkavrh - Mitjan Kalin* - Jožef Vižintin
University o f Ljubljana, Faculty o f Mechanical Engineering, Slovenia

The importance o f hard coatings in mechanical applications has been increasing rapidly fo r more
than 20 years. The development o f novel coatings, such as improved ceramic, diamond-like-carbon and
advanced nano-composites, has promoted scientific research in thefield o f tribology and surface engineering,
and at the same time it has focussed attention on micro- and nano-technologies. Diamond-like-carbon
(DLC) coatings are becoming one o f the most promising types o f hard coatings. Their main advantages are
low friction, good anti-wear properties, and adhesive protection. However, due to their low surface energy
their reactivity with conventional oils and additives is limited and remains unsatisfactory. For a qualitative
step-change that would improve the performance and allow effective optimising and tailoring o f boundarylubricated DLC contacts fo r various mechanical systems it is necessary to understand the mechanisms o f
why, how, under which conditions, and with which types o f DLC coatings and lubricants the actual boundary
lubrication is possible. As a result o f ten years o f research in this field, a lot o f data have been reported;
however, due to the different types o f coatings, lubricants and additives used in these studies, the results
are often difficult to compare and are sometimes contradictory. As a result o f the recent heavy demand
from many industries to apply DLC coatings to lubricated systems, a much better understanding o f these
phenomena and their overall performance is required. Therefore, i f we wish to see a more effective
continuation o f the research and a better understanding o f the scattered results, an overview o f the current
state o f the art o f lubricated DLC contacts is needed. In this paper we analyse the performance and suggested
boundary-lubrication mechanisms ofDLC/steel contacts from already-published studies and we summarise
our present understanding o f the boundary lubrication in DLC/steel contacts, which complements our
recent analyses o f DLC/DLC contacts.
© 2008 Journal o f Mechanical Engineering. All rights reserved.
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0 INTRODUCTION
The extensive research on diamond-likecarbon (DLC) coatings in the past ten years has
made it possible for such coatings to become one
o f the m o st valuable and pro m isin g types o f
protective low-friction coatings for a variety o f
m echanical applications. During this period the
im provem ents in the deposition parameters, the
understanding o f the coatings’ structure and related
properties, the operating contact conditions, and
the wear and friction behaviours [1] to [7] were
substantially improved.
D iam ond-like-carbon m aterials can have
different structures o f sp2- and sp3-bonded carbon
atoms, containing a substantial amount o f hydrogen
or almost none [8] to [10]. Figure 1 shows a ternary

phase diagram o f the sp2, sp 3, and hydrogen
contents o f various forms o f diamond-like carbon.
With respect to their chemical structure, we can
differentiate between “pure”, i.e., non-doped-DLC
coatings and “modified”, i.e., doped-DLC coatings.
Non-doped coatings consist o f C and/or H atoms
only, while the doped ones contain additional metal
(Ti, W, Mo, etc.) or non-m etal (Si, N, F, etc.)
elements. DLC coatings can be further divided in
two major groups, based on their hydrogen content:
(i) non-hydrogenated DLC coatings that include
am orphous (a-C ) and tetrag o n al (ta-C ) DLC
coatings with a negligible hydrogen content, and
(ii) hydrogenated DLC coatings that include
amorphous (a-C:H) and tetragonal (ta-C:H) DLC
co atin g s containing a su b stan tial am ount o f
hydrogen [11],

*Corr. Author’s Address: University of Ljubljana, Faculty of Mechanical Engineering, Aškerčeva 6, SI-1000 Ljubljana,
Slovenia, mitjan.kalin@ctd.uni-lj.si
189

Because there is such a w ide variety o f
different DLC coatings, their physical and chemical
properties can also be very different, which implies
that DLC coatings are nowadays being used in
various fields o f industry, for example, automotive,
aerospace, electronics, optics, as well as for medical
equipment and m any others. As a consequence
many studies on the tribological performance of
DLC for use in different mechanical applications
can be fo u n d in lite ra tu re , for exam ple, for
automotive valve-train applications [12] and [13],
bearings [14] and [15], gears [16] and [17], piston
rings [18] and [19], cam followers [20], sparkignited, direct-injection fuel systems [21], cutting
and forming tools [22] and [23], hydraulic systems
[24], etc. F or m edical purposes, studies were
p erfo rm ed p rim a rily fo r the use o f DLC in
orthopaedic applications [25] and [26], while for
applications in the computer industry, this is mostly
related to the head-disk interface [27] to [30],
In the autom otive industry, w hich is a
strongly perform ance-driven field, there is an
increased demand for the use o f DLC coatings in
various co n ta c ts and system s, and th ese are
typically lubricated [31] to [33]. Due to an ever
growing demand to reduce oil consumption and
thus the amount o f oil in mechanical systems, but
also because o f the increased severity o f the contact
conditions, many o f these systems need to operate
under boundary- and starved-lubrication conditions
[34] to [36], Therefore, to achieve the appropriate
p e rfo rm a n c e u n d e r such c o n d itio n s, som e
interactions between the coatings, the oils and the
additives are necessary for long-term, low-friction
and low-wear operation. However, DLC coatings

sp3

are known as “inert” coatings with a low surface
energy [37] and [38], and are therefore considered
not to react with various oil additives and/or attract
polar groups from the additives and the oil, which are
the conventional mechanisms for the lubrication of
steels and other metals [39] to [41]. Indeed, due to
the early stage of research in this area, the chemical
evidence and a definitive general m echanistic
explanation of the boundary lubrication with DLC
coatings was seldom provided [42] to [44], despite
there being some excellent studies and frequently
reported obvious empirical effects. This means that it
is still questionable as to whether the lubricating
mechanisms known from conventional steel (metal)
surfaces are also valid for DLC coatings, or whether
some other mechanisms are acting. In the ten years
or so that there has been an interest in the boundary
lubrication of DLC, a large quantity o f empirical data
has already been obtained, based on a variety of DLC
coatings, base oils, additives, contact conditions, test
devices, etc., which, in addition to providing new
information, also makes understanding the behaviour
and the performance o f boundary-lubricated DLC
coatings a complex task.
It is thus obvious that in order to improve and
optimize the performance of DLC-lubricated systems,
two specific requirements need to be fulfilled. Firstly,
the real boundary-lubrication mechanisms of DLC
coatings need to be revealed and understood from the
mechanisms point of view, which means that studies
have to be made in greater detail. Secondly, the results
that were obtained so far, which are very scattered
and poorly understood, need to be collected and
compared, wherever this is possible. In this paper we
attempt to summarize these previous results and
analyse the behaviours that were reported during these
studies. Due to the complexity and the variety of
conditions and materials, only DLC/steel contacts are
analysed in this paper. However, these are probably
the most typical and often-used type o f DLC contacts.
This paper is thus complementary to our previous
analyses of DLC/DLC contacts [45]. A presentation
o f the basic scheme o f contacts using the different
DLC coatings, additives and oils discussed in this
paper is shown in Figure 2.
1 RESULTS

Fig. 1. Ternary phase diagram o f sp2, sp3, and
hydrogen contents o f various forms o f diamond
like carbon

We have summarised the friction and wear
results from already-published studies o f lubricated
DLC coatings in contact with steel [20], [32], [43],

Fig. 2. Schematic o f the analysed contacts with respect to type o f DLC and lubricants used
[44], [46] to [57]. We then averaged all the values
re p o rte d
for sp ecific
c o a tin g /lu b ric a n t
com binations w ith respect to the oils and the
coatings shown in Figure 2. The presented results
are shown as an average o f the individual reported
data, so that:
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where n represents the number o f researches,/?...<?
represent the number o f results taken from each
study, and X stands for the analysed value, i.e., the
coefficient o f friction or wear rate.
Such an analysis was chosen in order to
avoid the influence o f the different num ber o f
results given by each study - having in mind that
many studies present a list of results for specific

m aterial-lubricant combination, e.g., at various
sliding intervals, velocities, loads, etc., which are
impossible to fully consider empirically. However,
where a large scatter o f results showed a notable
e ffect, this is pointed out and sp ecifically
commented on.
With regard to the scheme shown in Figure
2, we have separated the lubricants into base oils
and oils with additives, in order to observe the
influences o f both separately. In Table 1 and Table
2 a list o f analysed base oils and additives is
presented.
In literature, it is more typical to report
contacts as ball/disc, however, for the clarity o f the
discussed coating materials, we report in this paper
the coating material first, although it is usually the
disc. Consequently, contacts are throughout the
paper reported as COATING/STEEL, irrespective
whether the coating was a ball or a disc.

Table 1. Denotations and specifications o f analysed base oils

Denotation

Specification

PAO
M
S
SE
UE

polyalphaolefin
mineral oil
sunflower oil
saturated ester
unsaturated ester

Table !. Denotations and specifications o f analysed additives

Denotation

Specification

EP

dialkyl dithiophosphate containing 9.3% P and 19.8% S or
sulfurized olefin polysulfide
mixture of amine phosphates containing 4.8% P and 2.7% N
mixture of diamine monohexyl phosphate and amine dihexyl phosphate
zinc dialkyldithiophosphate (ZDDP) or ZDDP-based anti-wear additive
molybdenum dithiocarbamate (MoDTC)
molybdenum dithiocarbamate (MoDTC) + zinc dialkyldithiophosphate
(ZDDP)
glycerol mono-oleate

AW/EP
AW-mild
AW
FM
FM+AW
GMO

1.1 Friction Results
1.1.1 Non-Doped DLC/Steel Contacts
Figure 3 shows the average coefficients of
fric tio n fo r a n o n -d o p e d -D L C /ste e l co n tact
lubricated w ith different oils and additives. In
experiments involving only the base oils (without
additives) the results with mineral and sunflower
base oils generally have a higher friction (Fig. 3a)
than the results with a polyalphaolefin (PAO) base
oil (Fig. 3b). Flowever, there is no significant
difference in the friction between industrial base
oils, i.e., mineral and sunflower base oils, while
fo r the e ste r-ty p e b ase o ils (sa tu ra te d or
unsaturated) no results have been published so far.
Two types o f additive effect can be seen in
Figure 3, i.e., a friction increase and a friction
decrease in comparison with base oils. Namely, the
addition o f AW /EP ad ditives to m in eral and
sunflower oils generally caused an increase in the
coefficient o f friction. Flowever, w hen the EP
additives are added to base oils a decrease in the
friction was observed for the sunflower oil, and an
increase in the friction was observed for the mineral
oil [46]. In both, the mineral and the sunflower base
oils, the effect o f the AW/EP additive was more

pronounced than that o f the EP additive. In one
particular study [51], a decrease in the friction was
observed when an anti-wear (ZDDP) additive was
added to the mineral base oil, Figure 3a. However,
the decrease was not as pronounced as one would
expect from Figure 3a, because even with a base
oil (in this particular study) the coefficient o f
friction was as low as 0.09 - i.e., much lower than
the average o f all the studies, as presented in the
same diagram in Figure 3a. The decrease in the
coefficient o f friction in this case was about 0.02
during the running-in phase and about 0.01 for the
steady-state value. When used in PAO base oil the
AW additives (mild or strong) always increase the
friction, although when a friction-modifier (FM)
additive was present, the coefficient o f friction
decreased, Figure 3b.
The lowest coefficient o f friction was found
when using the formulated PAO (with the addition
o f MoDTC and ZDDP additives or with the GMO
additive), while on the other hand, the highest levels
o f fric tio n w ere o b tain ed w ith the AW /EP
formulated mineral and sunflower base oils.
In experiments with non-hydrogenated DLC
coatings a generally lower friction was measured
than with hydrogenated DLC coatings. All the
friction data with non-hydrogenated DLC coatings
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Fig. 3. Average coefficient o f friction fo r non-doped DLC/steel contact lubricated with (a) general

industrial oils, and (b) PAO oils; with and without additives

were lower than 0.1 - they were measured in (i)
mineral oil with EP additives [50], (ii) PAO with
MoDTC and ZDDP additives [43] and (iii) PAO with
a GMO additive [20] and [44], The lowest coefficient
o f friction (COF<0.05) among these was measured
for the PAO with the GMO additive [44], which was
also the lowest coefficient o f friction found for a
lubricated DLC/steel contact. With a-C:H coatings
the coefficients o f friction in the range 0.15 to 0.3
were m easured using PAO with the EP or AW
additives [52] and [53], and the amount of additive
in the oil governed the friction behaviour. Sometimes
an even higher friction was measured with the
sunflower and mineral oils with the EP or AW/EP
additives [46] and [49], which is also higher than in
self-mated DLC/DLC contacts using the same oils
and additives [58]. However, it should be made clear
that these values are strongly test-dependent and are
not just inherent contact properties.

1.1.2 Doped DLC/Steel Contacts
In Figure 4 the average friction is shown
for doped D LC /steel contacts lubricated w ith
different oils and additives. In tests with general

industrial oils this friction was almost identical to
the non-doped DLC coatings (Fig. 3). A similar
situation could be inferred for the PAO/automotive
oils. However, for the PAO oils a large scatter was
calculated for the experiments with an EP additive.
This is mostly the consequence o f a substantial
number of results reported for the EP additive with
various concentrations mixed in base PAO oil in
the contacts o f W -DLC/steel, which, however,
resulted in significantly different friction values.
Namely, with some concentrations the friction
increased, and with some it decreased [52] and [53].
This coating-lubricant combination (W-DLC/steel
in contacts with EP additive) has also been studied
for different test param eters, such as various
temperatures, loads, sliding speeds, etc. [52], [53]
and [55], and the EP additive was reported to have
more influence on the friction than AW, particularly
in the early stage of sliding. In some cases, when
the EP additive was used, a significant reduction
in the friction was reported after some period of
sliding (“running-in”). Very similar results were
reported for the m ineral oils using the same
additives [49], but the reduction o f friction from
the initial to the steady-state friction was found in
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Fig. 4. Average coefficient o f friction fo r doped DLC/steel contact lubricated with (a) general industrial

oils, and (b) PAO oils; with and without additives

Si-DLC/steel contacts showed a larger decrease in
friction than the non-doped DLC/steel combination.
Furthermore, the friction decrease was shown to be
dependent on the Si content in the coating - the
highest Si/C ratio in the coating resulted in the
greatest friction decrease when the AW additive was
introduced into the base oil [51]. Another type of
doped DLC coating that was investigated was the
Ti-DLC coatings. The results showed that Ti-DLC
coatings against steel result in the lowest friction
and wear, even when tested with the PAO base oil
only. This indicates that the interaction of the TiDLC with base oils is better and more protective
than with other coatings. Namely, these results were
even better than steel/steel, a-C:H/steel and a-C/steel
[51], suggesting that this might be a promising
coating/steel combination.

this case to be a consequence o f coating removal
and, therefore, the sliding o f the steel ball over the
C r-interlayer (see Fig. 8), w hich resulted in a
reduced friction [49], In agreement with the latter
conclusion, a complete removal of the coating (with
some rare exceptions) was normally observed in
these studies with additive concentrations lower
than 2.5 % (typical cone, for formulations) - with
mineral [49], but also with PAO oils [52], [53] and
[55]. Therefore, this reduced friction was frequently
found associated with excessive wear and coating
removal, w hich is not a favourable tribological
result for longer runs under such severe contact
conditions.
From Figure 4a a decrease in the coefficient
o f friction with the use o f the AW additive (ZDDP)
in mineral oil [51] can be seen (last column at “M”).
Si-DLC coatings were used in this particular study.
It should be noted that the decrease was not so
pronounced as it appears from this average value
(single study), because even the base oil gave a rather
low value compared to the average of many baseoil results that are encountered in the first column at
“M”. However, it is important to point out that the

1.2 W ear Results

1.2.1 Non-Doped DLC/Steel Contacts
The interesting wear behaviour o f non-doped
DLC/steel contacts can be observed in Figure 5. A
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Fig. 5. Average wear coefficient fo r non-doped DLC/steel contact lubricated with (a) general industrial

oils, and (b) PAO oils; with and without additives

huge difference in the wear rates can be seen for
the general industrial oils, i.e., for the mineral and
su n flo w e r o ils the w ear w as tw o ord ers o f
magnitude (lOOx) higher than that o f the saturated
and unsaturated esters, irrespective o f whether
additives were used or not. The wear rates in the
PAO oils were generally slightly smaller, but in
the same range as the mineral and sunflower base
oils. Moreover, no significant effect of the additives
was observed in the tests with PAO (Fig. 5b).
Two different responses were found for the
a-C:H/steel contact with mineral and sunflower oils
when additives were used. The inclusion of additives
to mineral oil increased the wear o f the steel ball
and the highest wear was measured with the AW/EP
additive. However, the inclusion o f additives to the
sunflower oil reduced the wear o f the steel ball and
the lowest wear was measured with the EP additive.
Generally, the wear was slightly higher with the
sunflower base oil than with the mineral base oil,
which was also clearly visible from the SEM analysis
o f the worn surfaces that showed two different wear
mechanisms for these oils [46]. Furthermore, when
the AW/EP additive was used in mineral oil the

sliding surface became soft and plastically deformed,
while in sunflower oil the surface was brittle-like
and contained small pits.
A n other study w as perfo rm ed w ith a
tungsten-carbide (WC) ball sliding against DLC.
W hen the WC ball was tested against a nonhydrogenated (a-C) and hydrogenated (a-C:H)
co ating, and lu b ricated w ith a PA O -like oil
(hydrogenated 1-decene homopolymer oil), the
behaviour o f the coatings w as sim ilar to that
observed for the coatings tested in air, with only
slightly lower wear o f the coatings, indicating the
positive influence of oil lubrication. The coating
surfaces exhibited lim ited w ear with a slight
polishing-type wear, and with a specific wear rate
o f less than 6.4xl0‘9 mm3/Nm [54],

1.2.2 Doped DLC/Steel Contacts
Most of results from Figure 6 require more
discussion, as there are many specifics found in
these studies, which affected the results. Namely,
there are many more differences in the behaviour
and more discrepancies in the results for doped
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DLC coatings against steel than can be seen from
a diagram o f the average values presented for
several types o f doped DLC coatings in Figure 6.
By using only mineral base oil, the W-DLC
coating in co n tact w ith a steel counter-b o d y
suffered severe wear and was always worn through
[46] and [49]. Other types o f doped coatings (TiDLC, Si-DLC) showed better wear resistance, but
the doped coatings alw ays have h ig h er w ear,
compared to non-doped coatings in contacts against
steel, when tested w ith m ineral base oil. W hen
lubricated with sunflower base oil, the wear rate
o f these doped coatings was much lower, and this
was true even for the W -DLC coating, where a
three-tim es low er w ear was m easured for this
combination. Moreover, with sunflower base oil,
the wear o f the W-DLC/steel was even smaller than
that o f the a-C:H/steel combination [46],
The additives generally reduced the wear
o f the doped DLC/steel contacts, Figure 6a. Most
importantly, if the additives were successful in
preventing the adhesion between the steel and the
doped DLC, the wear was reduced compared to
the wear with base oils, and was frequently lower
than the n o n -d o p ed DLC ag ain st steel (w ith
additives). A n exception was, however, found only
for the W-DLC coating. Namely, the use of the AW/
EP additive slightly reduced the wear o f the WDLC coating in the W-DLC/steel combination (still
resulting in wearing out); however, the use o f the
EP additive resulted in higher wear. But, this case
was unusual, because the coating was typically
worn through and so severe adhesion could not be
prevented. One o f the reasons for this was explained
in a study o f m ineral oils [49], w here a clear
form ation o f com plex carbides, indicating the
adhesion and dissolution o f the WC (from the WDLC) and the steel (from the ball counter-body)
was found, as discussed and shown in Sections 1.3
and 1.4.
On the other hand, it was reported that when
EP additives w ere u sed in PAO base oil, the
additives improved the tribological behaviour of
W -D L C /steel co n tacts, but th is w as strongly
dependent on the concentration o f the additive [52]
and [53]. It was found that for concentrations from
0 to 1% o f the EP additive, the W-DLC coating
was removed from the surface. An increase in the
EP additive concentration to the range from 2.5 %
to 5 % gave excellent protection to the coated disc,
almost eliminating its wear. However, at 10 % of

EP in PAO oil, the effect o f the additive was
changed again; the friction increased and the
surface layers became the same as with the steel/
steel contacts, i.e., without any tungsten, but the
wear was reported to remain very low. Presumably,
the fo rm atio n o f a W S 2-c o n ta in in g lay er is
responsible for this beneficial effect, however, these
results need to be further verified. Namely, the
formation o f WS2 was found only for 0.5 % o f the
EP additive, for which the sliding actually led to a
w orn th ro u g h co atin g [52]. T h erefo re, this
explanation o f a protective WS-type layer seems
questionable and may even be used to support the
opposing view, i.e., explaining how the coating was
worn out due to the consumption o f W from the
coating at this low EP concentration. Moreover, the
latter suggestion is in agreement with the high wear
at 0.5 and 1 % o f EP additive and another highw ear mechanism, i.e. the formation o f complex
carbides W „ Fe C that w ere found in another
similar study with 1 % o f EP [49], and together
they provide a reasonable explanation for such high
wear and the wearing out o f this coating in those
severe boundary-lubricated conditions [49], [52]
and [53].
W hen using PAO oil w ith M oDTC and
ZDDP additives (i.e., FM+AW), the Ti-DLC/steel
contacts showed very little wear, which can be seen
in the results in the last column o f Figure 6b [43],
Moreover, with the PAO base oil the wear o f the
steel counter body in the Ti-DLC/steel contacts was
sm aller than for the a-C :H /steel or a-C /steel
combinations [43].
The wear was generally lower when both
contact surfaces were coated with doped DLC [59]
than w hen only one counter-body was coated,
which was observed for different doped coatings
in mineral oils [46] and [49], as well as for the TiDLC coating lubricated with additivated PAO
[43]. O f course, this depends on the loads, the
roughness, etc., and the amount o f w ear on the
steel and the coated samples has to be evaluated
separately. But, it should be noted that even if the
coated surface tends to wear much less than the
steel, the amount o f wear on the steel side must
also be evaluated, because steel is much softer
than DLC coatings and thus it may becam e a
critical part o f the contact through various wear
m e c h a n ism s (a d h e sio n , a b ra sio n , etc .) and
som etim es even becom e unacceptable for the
application.

1.3 DLC-Base-Oil Interactions

could be found on the surfaces o f the non-doped
DLC. The major reason for this was the absence of
any adhesion or transfer layers in these contacts
[49], which is, however, the major difference in
comparison to doped DLC coatings.
In some studies [20], [43] and [44] the
coefficient o f friction was much lower when using
PAO base oil than when a mineral base oil was
used [46], [49] and [50]. This discrepancy was so
large that it hardly seems possible that it is a natural
characteristic of the PAO base oil compared to the
mineral oil. In order to evaluate this difference in
the coefficient o f friction, several additional
tribological tests were conducted in our laboratory,
including performing the tests with the PAO and a
paraffin mineral base oil under exactly the same
conditions: using the same tester and the same
operating parameters. As can be seen from Figure
7, the results with the PAO and the mineral base
oil were shown to be very close to each other, and
this was true for non-doped and doped coatings,
indicating that differences in literature, summarized

1.3.1 Non-Doped DLC/Steel Contacts
W hen experim ents w ith PAO oils were
considered, it was clear that the friction in nondoped DLC/steel contacts was higher, while the
wear was lower than in self-mated non-doped DLC/
DLC contacts. Among the non-doped DLC coatings
in these DLC/steel contacts (with the base oil only),
a higher coefficient of friction was measured with
the hydrogenated a-C:H coating than with the nonhydrogenated a-C coating. But this was just the
opposite to experiments with PAO that contained
FM and AW additives (MoDTC and ZDDP) [43],
w here low er friction was found for the a-C:H
coating than for the a-C coating. The wear in the
Contacts o f the non-hydrogenated a-C coatings was,
h o w ev e r, h ig h e r than th e w ear w ith the
hydrogenated a-C:H coatings.
In agreem ent with this, in studies where
mineral oils were used, almost no signs o f wear
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in Figure 3 and Figure 4, are most probably the
consequence o f different testing param eters and
testing equipment used in different studies.

The most distinctive and studied contact of
doped DLC coatings against steel in the presence of
PAO base oils was the W-DLC coating. Generally,
positive results with regard to friction are reported;
how ever, th e se are som ew hat c o n trad icto ry
compared to the w ear behaviour. Namely, when
sliding a steel ball against a W-DLC coated surface
in PAO base oil, the transfer o f the coating material
from the W-DLC coated disc to the steel ball was
observed. A transfer layer with WC particles was
formed on the contact surface o f the steel ball, which
was reported to be responsible for the reduction o f
friction as compared to the steel/steel combination
[52], However, at the same time, the wear is high,
obviously because o f the transfer o f the coating
material. Thus, wearing through o f the coating was
reported. It is said that localized de-cohesion within
the coating was followed by gradual wear, and
eventually led to local exposure o f the substrate [52],
This actually means that the coating was removed,
although the friction was reduced.
Similarly, in another study o f W-DLC/steel
using mineral oil instead o f PAO the coating was
also always worn out [49]. Moreover, regarding
the reduced friction, which also occurred after a
certain sliding distance, it was shown that this
friction reduction was measured at a time when the
coating was worn through and the Cr interlayer was

reached, thus leading to sliding between the steel
and the Cr layer, which resulted in this friction
reduction. This behaviour for the EP-added oil is
presented in detail in [49], while Figure 8 shows
very similar behaviour for the mineral base oil only.
T his finding seem s to agree w ith the above
observations o f the PAO base oil reported in [52]
and others. M oreover, in this com prehensive
analysis using mineral oil [49], it was found that
transfer and adhesion typically occur between the
m etal-doped DLC and the steel surfaces in the
presence o f a base oil only. This was obviously the
case for both the T i-D L C and the W -D LC .
Furthermore, in the case o f W-DLC/steel contacts,
adhesion and substantial transfer layers were
observed (Fig. 9a), including the formation o f
complex carbides (r) -phase) W6„xFexC in the form
o f dendrites (Fig. 9b). Thus, if adhesion is not
prevented, the wear between the steel and the metald o p ed D LC co atin g s could be very high.
Accordingly, appropriate additives are obviously
required for a reduced adhesion and the improved
wear performance o f these contacts.
M oreover, from a study com paring the
tribological behaviour o f W-DLC, Ti-DLC and SiDLC coatings in contact with a steel counter-body
[49] different wear mechanisms were found for the
non-metal (Si) doped and metal (W, Ti) doped DLC
coatings in contact with steel. Figure 10a shows an
overview o f a metal-doped Ti-DLC disk surface
tested against a steel ball with mineral base oil
without any additive. A relatively thick layer o f
adhered debris covered almost the whole wear
surface, as seen from the corresponding EDS spectra

(a)

(b)

1.3.2 Doped DLC/Steel Contacts

Fig. 9. (a) Transfer o f the doped W-DLC coating to the steel ball and (b) formation o f complex carbides;

i.e. dendrites

in Figure 1Ob, while the transferred wear debris from
the Ti-DLC were found on the steel balls. However,
with additives in the oil, the adhesion of the Ti-DLC
was successfully prevented, as seen from very
limited material transfer in Figure 10c.
In contrast to the typical adhesion-based
wear mechanisms found for metal-doped coatings
(W-DLC and Ti-DLC), a non-metal-doped coating
(Si-DLC) tested in mineral base oil against a steel
counter body showed different wear behaviour,
Figure 11. The amount o f adhesion, even when
u sin g o n ly base oil w ith o u t a d d itiv e s, w as
negligible (Fig. 11a) compared to the Ti-DLC and
W-DLC coatings. This suggests a limited chemical
compatibility of the Si-DLC coatings with the steel
surfaces, indicating that they are more like the nondoped DLC coatings than the metal-doped coatings.
The observations o f the ball surfaces were in
agreement with the disc surfaces, as no sign of any
transfer of the Si-DLC wear debris was found. The
surfaces w ere m echanically damaged, showing

0.0

poor lubricant protection, but no adhesion was
present. Furthermore, when additives were added
to the base oil, the su rfaces changed th eir
appearance, indicating that a thin and apparently
soft layer formed on the Si-DLC surface, which
might suggest that an interaction occurred between
the additive, the steel and the coating, Figure lib .
From this study [49] it is clear that in
contrast to the non-metal-doped DLC coatings (SiDLC), the metal-doped coatings (Ti-DLC and WDLC) in contact with steel always experienced
severe adhesive w ear and mutual wear debris
transfer if a mineral base oil without additives was
used. Therefore, metal elements most probably
induce metal-like behaviour o f the metal-doped
coatings, while the non-m etal-doped coatings
behave more like non-doped DLC coatings, which
was also noted for self-mated DLC/DLC contacts
[59]. On the other hand, the addition of EP additives
was very successful on Ti-DLC, but this was not
the case for W-DLC.

Energy (keV)

10.240

Fig. 10. (a) SEM image o f the Ti-DLC worn disc surface tested with mineral base oil and (c) mineral

base oil with AW/EP additive. The figure in (b) corresponds to the EDS spectra o f the layer from the
figure in (a).

1.4 DLC-Additive Interactions
1.4.1 Non-doped DLC/Steel Contacts
In a study o f non-doped DLC coatings
lubricated with mineral or sunflower oil containing
the AW/EP additive no signs o f tribofilm formation
could be found on the worn DLC-coated surfaces
using EDS analysis [46], However, P-peaks were
observed in the EDS spectra from the steel counter
body, indicating the formation o f a tribofilm on the
steel side o f the contact, but not on the coating itself.
Generally, the sunflow er base oil show ed less
friction than the mineral base oil, and thus the effect
due to the use o f additives was also relatively
smaller, while remaining distinct. The use o f EP
additives, however, always resulted in increased
friction for both the sunflower base oil and the
mineral base oil [46].
When the PAO base oil was used, with or
without MoDTC (FM) and ZDDP (AW) additives,
the hydrogenated a-C:H coating produced less
friction than the non-hydrogenated a-C coating [43]
in a contact w ith the steel counter-body. This
positive effect o f the hydrogen content on the
lubrication properties o f the DLC coating is similar
to that observed in self-mated contacts w ith the
same lubricants. Table 3 shows the elem ental
composition o f the tribofilms formed in the contacts
lubricated with the PAO oil containing the MoDTC
and ZD D P a d d itiv e s , w hich fo rm ed on the
hydrogenated a-C:H and non-hydrogenated a-C
coatings after sliding in contact with a steel counter
body [43], From the analyses it was found that the

Mo3d (Mo(IV)) peak corresponds to MoS, and the
Mo3d (Mo(VI)) peak corresponds to MoOr This
show s th a t the M oS 2/M o 0 3 ratio for the
hydrogenated a-C:H coating is much higher than
that o f the non-hydrogenated a-C coating, which
indicates the higher reactivity o f these oils with
hydrogenated DLC than with non-hydrogenated
DLC. However, no significant effect o f the steel
counter-body on the chemical composition o f the
tribochemical layer was detected in this study.
In contrast to the above discussion on the
effect o f the hydrogen content in the presence of
PAO with MoDTC and ZDDP additives, just the
opposite behaviour can be concluded for the GMO
additive. Namely, ultra-low friction was found with
the non-hydrogenated ta-C coatings sliding against
steel, when lubricated with PAO containing GMO
[20,44], while with the hydrogenated DLC, the
friction increased significantly. This difference in
the friction behaviour due to hydrogen content in
the D LC co atin g w ith d ifferen t add itiv es is
schematically presented in Figure 12.

1.4.2 Doped DLC/Steel Contacts
In a study o f sliding the steel ball against
W-DLC-coated disks using PAO oil containing the
EP additive, a tribofilm composed o f the coating
material (W and C) and sulphur (S) was formed on
the steel surfaces (only) with EP concentrations
from 0.5 to 5 %. M oreover, under a specific
concentration o f 0.5 % o f EP additive, the WS2
species were found using XPS analyses [52] and
[55]. From “conventional” boundary-lubrication

Fig. 11. (a) SEM image o f Si-DLC worn disc surface tested in mineral base oil and (b) mineral base oil

with AW/EP additive

Table 3. Elemental composition (at. %) o f tribofilms formed on a-C:H and a-C coating surfaces from DLC/
steel contact using PAO with a mixture o f MoDTC and ZDDP additives [43]
Elements

Energy (eV)

Elemental composition (%)
a-C:H
a-C
C ls
284.8-285.5-287.6
94.6
92.4
O ls
531.0-532.8
3.1
5.2
S2p (sulphide)
162
0.8
0.9
0.4
0.4
Mo3d (Mo(IV))
229
Mo3d (Mo(VI))
232
0.1
0.9
P2p
133.2
~0
=0
Zn2p
10232.4
1.0
0.2
The data were obtained after the treatment of the XPS spectra.

♦ PAO+MoDTC+ZDDP
A PAO+GMO

non-hydrogenated
DLC

hydrogenated DLC

Fig. 12. Effect o f hydrogen content in the DLC coating on the friction coefficient using PAO oil

containing (i) MoDTC and ZDDP and (ii) GMO additive. Schematic is designed from the data
in [20], [43] and [44],
practice it is known that the friction-reduction
mechanism o f the widely used MoDTC is based
on the formation o f nano-metric M oS2 layers on
the c o n ta c t su rfaces. D ue to th e fact th at
m o ly b d e n u m (M o) and tu n g ste n (W ) are
chemically similar elements, it was proposed, based
on the HSAB principle, that W transferred from
the W-DLC coating to the steel counter-body, and
in com bination with the S-based EP additive,
formed a lamellar WS2-type tribofilm on the steel
surface, which was further assumed to have similar
trib o lo g ic a l c h a ra c teristic s to th at o f M oSr
Therefore, it was suggested that the tribofilm that
contained the WS structures is similar to the MoS2
films, and therefore it caused friction and wear
reduction in the contacts lubricated with PAO oil
containing from 2.5 % to 10 % o f EP additive [52]
and [55].
E low ever, as d isc u sse d e a rlie r, the
explanation o f the beneficial effect o f a WS2 layer
appears questionable, because the WS2 species were

found by XPS only at 0.5 % o f the EP additive (not
at 2.5-10% ), for which the sliding actually led to
wearing out and removal o f the coating [52] and
[55]. Actually, this XPS evidence may suggest the
opposite mechanism, i.e., how the coating was worn
out so quickly at 0.5 % of EP, which occurred also
at 1 % o f EP, through the consumption of W from
the coating. Thus, the only effect o f WS2 that was
actually confirmed (at 0.5 % EP) is negative - not
beneficial, because the coating was worn through
and the friction was high at those conditions.
Therefore, this result contradicts the explanation
o f the positive effect o f using 2.5 to 10 % of EP,
where low wear and friction were found, but the
d e tailed chem ical co m p o sitio n o f the layer
rem ained unknown. T herefore, it is not clear
whether the same WS species, i.e. WS2, are formed
at concentrations of 2.5, 5 and 10 % o f EP. What is
more, at 10 % o f EP, no W at all was found in the
tribofilm that was, however, still rich in sulphur
(the same as with the steel/steel contacts), but the

wear was equally low as with 2.5 % or 5 % o f EP
[52]. Obviously, at 10 % o f EP the mechanism for
low wear and friction was not the same as with
lower EP concentrations.
Furthermore, the lowest friction in that study
was found for 2.5 % o f EP, providing value o f about
0.145, which is around 36 % lower than for PAO
base oil (0.23). However, at 1 % o f EP, where the
coating was worn-through and removed, the friction
o f about 0.16 was measured, which is about 30 %
lower compared to PAO base oil. Moreover, at 5
% and 10 % o f EP, where the best tribological
performance was reported, the friction was about
0.165 and 1.175 respectively, which is even higher
than at 1 % o f EP where coating was rem oved
during steady state [52]. This shows that almost
equally low or even lower steady-state friction as
with optim al conditions at 2.5 % o f EP can be
maintained at very high wear rates even without
the presence o f the W-DLC coating (at 1 % o f EP),
or without W -containing tribofilm (at 10 % o f EP).
This conclusion agrees with another study o f the
same contact lubricated with paraffin mineral oil,
where reduced steady-state friction was found as a
consequence o f W -D LC coating rem oval and
sliding o f steel ball over the Cr interlayer, as shown
for 1 % o f the same EP additive [49], as well as for
the base oil only, see Figure 8.
Accordingly, three regions were identified
with different wear behaviours depending on the
EP concentration (0.5 to 1, 2.5 to 5 and 10 % of
EP), while friction behaviour seems to be even
more com plex, suggesting that they cannot be
g o v ern ed b y a sin g le su rfa c e m ech an ism .
Therefore, from the above discussion it follows to

WDLC disc / steel ball

be very unlikely that the formation o f the WS, layer
could be the reason for the low wear (and friction)
observed under the conditions o f 2.5 to 10 % of EP
in the oil, as suggested in [52] and [55], On the
other hand, the formation o f complex carbides
W6„xFexC was found with the same contacts using
1 % o f EP additive [49], which confirms the wellknown high chemical compatibility and instability
(d isso lu tio n ) o f the W -F e -C system , w hich
supports those results and provides a reasonable
explanation for such high wear and wearing out of
the coating that was typically found in all these
studies [49], [52] and [55] - at concentrations lower
than 2.5 % o f EP, which is, however, already a very
high concentration for any oil EP formulation. The
W-DLC coating lubrication and interactions with
additives, including the conditions to prevent its
adhesion/dissolution with steel therefore need to
be further clarified, but it seems obvious that the
lo n g -term perfo rm an ce o f the W -D L C /steel
contacts cannot be improved using the presently
p ro p o se d m ech an ism w ith ty p ical EP
concentrations (around 1 %) if the coating has to
be worn at such a high rate to provide “protective”
and/or low-friction films. Moreover, in a thesis,
where these tribofilms were in-depth investigated
and analysed [60], it was concluded that to facilitate
a long life o f W-DLC coating in contacts with steel,
more suitable S-based additives, and a process as
w ell as the coating co m p o sitio n th at allow s
deposition o f thick coatings, are required because
o f the continuous high consumption o f the coating
and additive.
A very recent study [61] shows that similar
m etal-like adhesion behaviour o f doped-DLC

WDLC disc / WDLC ball

Fig. 13. Wear o f the W-DLC discs in W-DLC/steel and W-DLC/W-DLC contacts when tested with PAO

and mineral oil, with and without GMO friction modifier

against steel is obtained also with friction modifiers,
such as GMO. Although GMO greatly improved
the wear behaviour o f W-DLC/W-DLC contacts,
i.e. practically eliminated the wear o f balls and
discs, both in PAO and mineral oil, the wear o f WD L C /ste e l co n tacts w as alm o st the sam e
irrespective whether GMO was used or not, Figure
13. In a self-mated contact o f Ti-DLC/Ti-DLC with
another friction modifier, i.e. MoDTC, improved
tribological behaviour was also found [43], This
shows that despite the obvious interactions o f
additives with metal-doped coatings [43], [45] and
[59] and usually observed improvements, high
chem ical com patibility betw een these coatings
(especially W-DLC) and steel is a critical parameter
that determ ines their adhesion and wear, if the
additives are not successful enough, as already
suggested earlier [49],
2 DISCUSSION
Different friction and wear behaviours were
observed depending on the different DLC-lubricant
combinations presented in this paper (Fig. 2). In
most reported studies the additives significantly
affected the w ear and friction o f the boundarylubricated DLC contacts; however, the extent of
the ch an g e depends on the type o f oils, the
additives, coatings, etc. Different behaviours were
o b served for non-doped and doped coatings.
Generally, it is suggested that metals, and possibly
also other doping elements, provide sites for the
coating-lubricant interactions in accordance with
conventional m etal-lubrication theories [39] to
[41]. Such behaviour could be observed for Ti-DLC
coatings, as well as for W-DLC coatings [49], [52]
and [55], However, this is not always plausible and
can lead to severe wear if the adhesion between
the doping elements and the steel counter-body is
not prevented. Thus, appropriate additives need to
be used or developed, but this challenge still
rem ains for the future. N evertheless, all these
results confirm that in some cases even today’s
additives are relatively successful, which supports
earlier findings on the reactivity between the DLC
co atin g s and the ad ditives [42] to [44]. The
chemical structure o f the coating seems to play the
key role in the boundary-lubrication mechanisms
o f DLC/steel contacts as the differences between
various, primarily doped, coatings are very large.
However, also for the non-doped coatings, it is clear

that the hydrogen content in the coating material,
as well as the molecular structure o f the base oil
and the additives, play the key role in achieving
the positive lubricating effect o f the non-dopedD LC —oil com binations. Finally, the contact
conditions, especially the contact temperature need
to be considered in much more in detail [62], as
this can vary a lot in the temperature values [62]
and [63] and the DLC response [42].
Several consistent trends and tribological
behaviours were identified in this paper; however,
some clear inconsistencies and discrepancies were
also found. The main problem is that verified
lubrication mechanisms that would indisputably
explain certain behaviour are to a large extent
missing. Accordingly, it is obvious that more results
and more in-detail studies are required to better
understanding DLC-coating/steel contacts, but the
most obvious findings from the present analyses
are summarized in the following section.
3 CONCLUSIONS

-

-

-

-

-

Steel counter-bodies and their reactivity with
oils and additives have an important effect on
the friction in all the DLC/steel contacts. This
is the reason for approximately the same friction
values being measured for the doped and nondoped coatings under the same conditions.
The addition o f the AW/EP additive to the
mineral base oil usually increases the friction.
In contrast, the addition o f the EP additive and
friction modifier (GMO) to the mineral base
oil decreased the friction.
Non-hydrogenated DLC coatings typically have
a low er frictio n than hyd ro g en ated DLC
coatings.
With respect to the different oils, significantly
lower friction was measured with PAO oils than
mineral or other industrial oils, but this seems
to be test-dependent rather than a property o f
the base oil (in combination with particular
DLC coating).
The lowest friction in the DLC/steel contacts
was measured when friction modifiers were
used.
The w ear o f m etal-doped DLC coatings is
typically higher than that o f non-doped DLC
coatings, which is even more pronounced if the
additive’s efficiency is lower, and particularly
with base oils.

-

-

-

-

The wear o f metal-doped-DLC/steel contacts
strongly depends on the efficiency o f the
a d d itiv e s. I f the a d d itiv e p ro te c tio n is
successful, wear can be reduced, otherwise the
wear is very high due to the strong adhesion
between the steel and the metal-doped DLC.
Non-metal-doped DLC coatings appear to have
a different w ear behaviour com pared to the
metal-doped DLC coatings.
The m etal elem ents in DLC coatings m ost
probably induce their m etal-like behaviour,
while the non-m etal-doped coatings behave
more like non-doped DLC coatings.
F or the p erfo rm an ce o f d o p ed -D L C /steel
contacts, it is clear that there is an important
positive effect from additives possible, but it
varies depending on the type o f additives and
coatings. Potential lubrication m echanism s
remain uncertain due to inconsistencies and
discrepancies in reported results. Presently
suggested m echanism s for W -DLC coatings
w ith EP additiv es are not ap p ro p riate for
improved tribological performance due to high
additive and coating consumption, i.e. wear.
The h y d ro g en con ten t in n o n-doped DLC
coatings significantly affects their tribological
p erfo rm an ce. H ow ever, d iffe re n t fric tio n
behaviours were observed for different friction
modifiers, depending on the hydrogen content.
Some plausible mechanisms have already been
proposed in the literature.
4 REFERENCES

[1] Erdemir A. Diamond-like Carbon Films, In:
J.Vižintin, M. Kalin, K. Dohda, S. Jahanmir
(Eds.), Tribology o f mechanical systems: a

guide to present and future technologies,
ASME Press, New York, 2004. p. 139-156.
[2] Grill A. Diamond-like carbon: state o f the art,
Diamond and Related Materials, 8 (1999)
428-434.
[3] D on n et C ., G rill A. F ric tio n c o n tro l o f
diam ond-like carbon coatings, Surface and
Coatings Technology 94-95 (1997) 456-462.
[4] M atthew s A ., L eyland A ., H olm berg K.,
Ronkainen H. Design aspects for advanced
tribological surface coatings, Surface and
Coatings Technology 100-101 (1998) 1-6.
[5] Erdemir A., Fenske G.R., Terry I , Wilbur P.
Effect o f source gas and deposition method

on fric tio n and w ear p erfo rm an ce o f
diam o n d lik e carbon film s, Surface and
Coatings Technology 94-95 (1997) 525-530.
[6] Fontaine J., Donnet C., Grill A., Mogne T.L.
T rib o ch em istry betw een hyd ro g en and
diam ond-like carbon film s, Surface and
Coatings Technology 146-147 (2001) 286291.
[7] Andersson J., Erck R.A., Erdemir A. Friction
o f diam ond-like carbon film s in different
atmospheres, Wear 254 (2003) 1070-1075.
[8] Robertson J. Deposition and properties o f
diamond-like carbon, Material Research Society
Symposium Proceedings, 555 (1999) p. 12.
[9] E rd em ir A. T he ro le o f hyd ro g en in
tribological properties of diamond-like carbon
films, Surface and Coatings Technology, 146147 (2001) 292-297.
[10] Neville S., Matthews A. A perspective on the
optim isation o f hard carbon and related
coatings for engineering applications, Thin
Solid Films, 515 (2007) 6619-6653.
[11] R o n k ain en H ., V arjus S., K o sk in en J.,
Holmberg K. Differentiating the tribological
performance o f hydrogenated and hydrogenfree DLC coatings, Wear, 249 (2001) 260-266.
[12] Kano M., Tanimoto I. Wear mechanism of
high wear-resistant materials for automotive
valve trains, Wear, 151 (1991) 229-243.
[13] Cruz R., Rao J., Rose T., Lawson K., Nicholls
J.R. DLC-ceramic multilayers for automotive
applications, Diamond and Related Materials,
15 (2006) 2055-2060.
[14] Franklin S.E., B aranow ska J. Conditions
affecting the sliding tribological performance
o f selected coatings for high vacuum bearing
applications, Wear 263 (2007) 1300-1305.
[15] Vanhulsel A., Velasco F., Jacobs R., Eersels
L., Havermans D., Roberts E.W., Sherrington
L, A nderson M .J., G aillard L. DLC solid
lubricant coatings on ball bearings for space
applications, Tribology International 40
(2007) 1186-1194.
[16] Jiang J.C., Meng W.J., Evans A.G., Cooper
C.V. Structure and m echanics o f W -DLC
coated spur gears, Surface and Coatings
Technology 176 (2003) 50-56.
[17] Kalin M., Vižintin J. The tribological performance
o f D LC-coated gears lubricated with
biodegradable oil in various pinion/gear material
combinations, Wear 259(2005) 1270-1280.

[18] Tung S.C., M cM illian M .L. A utom otive
tribology overview o f current advances and
ch a lle n g e s for the fu tu re, Tribology
International 37 (2004) 517-536.
[19] Etsion I., Halperin G., Becker E. The effect
o f various surface treatments on piston pin
scuffing resistance, Wear 261 (2006)785-791.
[20] Kano M. Super low friction o f DLC applied
to engine cam follower lubricated with estercontaining oil, Tribology International 39
(2006) 1682-1685.
[21] JT ershberger J., O ztu rk O ., A jayi J.B .,
Woodford J.B., Erdemir A., Erck R.A., Fenske
G.R. Evaluation o f DLC coatings for sparkignited direct-injected fuel systems, Surface
and Coatings Technology 179 (2004) 237-244.
[22] Dai M., Zhou K., Yuan Z, Ding Q. and Fu Z.
The cutting perform ance o f diam ond and
D L C -coated cutting tools, Diamond and
Related Materials, 9 (2000) 1753-1757.
[23] Sato T., Besshi T., Tsutsui L, Morimoto T.
A n ti-g allin g p roperty o f a diam ond-like
c a rb o n co ated tool in alu m in iu m sheet
form ing, Journal o f Materials Processing
Technology 104 (2000) 21-24.
[24] Kalin M., Majdič F., Vižintin J., Pezdimik J.,
V elkavrh I. A nalyses o f the long-term
performance and tribological behaviour of an
axial piston pump using diamondlike-carboncoated piston shoes and biodegradable oil,
Journal o f Tribology 130 (2008) 011013 p. 1-8.
[25] Sheeja D., Tay B.K., Nung L.N. Feasibility
o f d ia m o n d -lik e carbon co atin g s for
o rth o p a e d ic a p p lic a tio n s, D iamond and
Related Materials 13 (2004) 184-190.
[26] Shi B., Ajayi O.O., Fenske G., Erdemir A.,
Liang H. Tribological performance o f some
alternative bearing m aterials for artificial
joints, Wear 255 (2003) 1015-1021.
[27] Tan A.H. Corrosion and tribological properties
o f ultra-thin DLC films with different nitrogen
contents in magnetic recording media, Diamond
and Related Materials 16 (2007) 467-472.
[28] Zhao X., Bhushan B. Comparison studies on
d e g ra d a tio n m ech an ism s o f p e rflu o ro polyether lubricants and model lubricants,
Tribology International 9 (2000) 187-197.
[29] G a tz e n FI.PL, B eck M. T rib o lo g ic a l
in v estig atio n s on m icrom achined silicon
sliders, Tribology International, 36 (2003)
279-283.

[30] Numata T., Nanao FL, Mori S., Miyake S.
Chemical analysis o f wear tracks on magnetic
disks by TOF-SIMS, Tribology International
36 (2003) 305-309.
[31 ] Gahlin R., Larsson M., Hedenqvist P. ME-C:H
coatings in motor vehicles, Wear 249 (2001)
302-309.
[32] Haque T., Morina A., Neville A., Kapadia R.,
Arrowsmith S. Non-ferrous coating/lubricant
in teractio n s in trib o lo g ic a l contacts:
A ssessm en t o f trib o film s, T ribology
International 40 (2007) 1603-1612.
[33] Dahotre N.B., Nayak S., Nanocoatings for
engine application, Surface and Coatings
Technology, 194 (2005) 58-67.
[34] Erdemir A. Review of engineered tribological
interfaces for improved boundary lubrication,
Tribology International 38 (2005) 249-256.
[35] Hsu S.M., Gates R.S. Boundary lubricating
films: formation and lubrication mechanism,
Tribology International 38 (2005) 305-312.
[36] Neville A., Morina A., Haque T., Voong M.,
Compatibility between tribological surfaces
and lubricant additives— How friction and
wear reduction can be controlled by surface/
lube synergies, Tribology International 40
(2007) 1680-1695.
[37] Sanchez-Lopez J.C., Erdemir A., Donnet C.,
R o jas T.C. F ric tio n -in d u c e d stru ctu ral
tran sfo rm atio n s o f diam o n d lik e carbon
coatings under various atmospheres, Surface
and Coatings Technology, 163-164 (2003)
444-450.
[38] G rischke M., Hieke A., M orgenw eck F.,
Dimigen H. Variation o f the wettability o f
DLC-coatings by network modification using
silicon and oxygen, Diamond and Related
Materials, 7 (1998) 454-458.
[39] M order R.M., Orszulik S.T. Chemistry and
technology o f lubricants, Blackie Academic
& Professional, Glasgow, 2nd ed., 1993.
[40] Dorinson A., Ludema K.C. Mechanics and

chemistry in lubrication, Tribology Series, voi.
9, Elsevier, Amsterdam, 1985.
[41] Pawlak Z. Tribochemistry o f lubricating oils,
Tribology and interface engineering series,
voi. 45, Elsevier, Amsterdam, 2003.
[42] Kalin M., Roman E., Vižintin J. The effect o f
temperature on the tribological mechanisms
and reactivity o f hydrogenated, amorphous
diam ond-like carbon coatings under oil-

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

lubricated conditions, Thin Solid Films 515
(2007) 3644-3652.
De B arros’Bouchet M.I., M artin J.M ., LeMogne T., Vacher B. Boundary lubrication
mechanisms o f carbon coatings by MoDTC
and ZDDP additives, Tribology International,
38 (2005) 257-264.
Kano M., Yasuda Y., Okamoto Y , Mabuchi
Y , Hamada T., Ueno T., Ye J., Konishi S.,
Takeshima S., Martin J.M., De Barros Bouchet
M.I., Le Mogne T. Ultralow friction o f DLC
in presence o f glycerol mono-oleate (GMO),
Tribology Letters, 18 (2005) 245-251.
Kalin M., Velkavrh L, Vižintin J. Review of
boundary lubrication m echanism s o f DLC
coatings used in m echanical applications,
Meccanica (In Press).
Kalin M ., Vižintin J. A com parison o f the
tribological behaviour o f steel/steel, steel/
DLC and DLC/DLC contacts when lubricated
with m ineral and biodegradable oils, Wear,
261 (2006) 22-31.
K alin M ., V iž in tin J. T he trib o lo g ic a l
perform ance o f DLC coatings u n d er oillu b ricated frettin g cond itio n s, Tribology
International, 39 (2006) 1060 - 1067.
Vercammen K., Van Acker K., Vanhulsel A.,
Barriga J., A m šek A., Kalin M., Meneve J.
Tribological behaviour o f DLC coatings in
combination with biodegradable lubricants,
Tribology International, 37 (2004) 983-989.
K alin M ., V ižintin J. D ifferen ces in the
tribological m echanism s w hen using nondoped, metal-doped (Ti, WC), and non-metaldoped (Si) diamond-like carbon against steel
under boundary lubrication with and without
oil additives, Thin Solid Films, 515 (2006)
2734-2747.
Ronkainen H., Vaijus S., Holmberg K. Friction
and w ear properties in dry, water- and oillubricated DLC against alum ina and DLC
against steel contacts, Wear, 222 (1998) 120128.
B an M ., R yoji M ., F u jii S., F u jio k a J.
Tribological characteristics o f Si-containing
d ia m o n d -lik e c a rb o n film s u n d e r oillubrication, Wear 253 (2002) 331-338.
Podgornik B ., H ren D., V ižintin J. Lowfriction behaviour o f boundary-lubricated
diamond carbon coatings containing tungsten,
Thin Solid Films, 476 (2005) 92-100.

[53] P o d g o rn ik B., V ižin tin J. T rib o lo g ical
reactions betw een oil additives and DLC
coatings for automotive applications, Surface
and Coatings Technology, 200 (2005) 19821989.
[54] Stallard J., Mercs D., Jarratt M., Teer D.G.,
Shipw ay P.H. A study o f the tribological
behaviour o f three carbon-based coatings,
tested in air, water and oil environments at
high loads, Surface and Coatings Technology,
177-178 (2004) 545-551.
[55] Podgornik B., Hren D., Vižintin J., Jacobson
S., Stavlid N., Hogmark S. Combination of
DLC coatings and EP additives for improved
tribological behaviour o f boundary lubricated
surfaces, Wear, 261 (2006) 32-40.
[56] Pettersson U., Jacobson S. Friction and wear
properties o f m icro textured DLC coated
surfaces in boundary lu b ricated sliding,
Tribology Letters, 17 (2004) 553-559.
[57] Pettersson U., Jacobson S. Influence o f surface
te x tu re on b o u n d ary lu b ric a te d sliding
contacts, Tribology International, 36 (2003)
857-864.
[58] Kalin M, Vižintin J., Vercammen K., Barriga
J. , Amšek A. The lubrication of DLC coatings
with mineral and biodegradable oils having
different polar and saturation characteristics,
Surface and Coatings Technology 200 (2006)
4515-4522.
[59] Kalin M., Vižintin J., Barriga J., Vercammen
K . , Van Acker K., Amšek A. The effect of
doping elem ents and oil additives on the
trib o lo g ic a l p e rfo rm an ce o f bou n d ary lubricated D LC/DLC contacts, Tribology
Letters, 17 (2004) 679-688.
[60] Stavlid, N. On the formation o f low-friction

tribofilm in Me-DLC - steel sliding contacts.
Acta Universitatis Upsaliensis, PhD thesis,
Uppsala, 2006.
[61] Ožbolt L., Kalin M., Vižintin J. Influence of
GMO on tribological behaviour o f W-doped
diamond.like carbon, in preparation.
[62] K alin M ., V ižin tin J. C o n tact- vs. testtemperature: criteria for reactivity o f diamond
like carbon coatings with oil additives, in
preparation.
[63] Kalin M. Influence o f flash temperatures on
tribological behaviour in low-speed sliding: a
review, Materials Science and Engineering A
374 (2004) 390-397.

