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Abstract: Diamond like carbon (DLC) coatings typically present good self lubricating tribological properties that
could be of interest in sliding dielectric contacts in multiple electrical applications. In this work electro tribological
studies have been performed on several DLC coatings against aluminum in different humidity conditions, in
which the coefficients of friction (CoFs) and electrical contact resistance (ECR) were continuously monitored.
Results show that CoF and ECR data can be linked to the properties of the coatings (thickness, finishing,
microstructure, residual stresses, and wettability) and the degradation modes of their tribological and electrical
properties. Therefore, electro tribological data can provide valuable information about the performance of dielectric
coatings, the reasons behind it, and assist in the development of the coatings. ECR also shows potential for on line
monitoring of coated parts in operation.
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Introduction

Sliding dielectric contacts require of durable and
dependable tribological surfaces, in a variety of
increasing applications such as in electrical and hybrid
transport vehicles [1 7]. Among the solid lubricant
coatings, one of the most promising alternative is
diamond like carbon (DLC) [8]. The family of DLC
coatings exhibits a wide variety of tribo mechanical
and electrical properties, depending among others on
their composition and structure [8 13]. The electrical
properties of DLC coatings can actually vary from
that of a semimetal to that of an insulator [5, 14]. It has
been demonstrated that dielectric hard DLC coatings
can be obtained with good tribological properties
[15 18]. Dielectric coatings with good tribological
properties can be useful in sliding dielectric coating
setups, e.g. to transition from conducting to non
conduction operative stages without physical detachment
of the electrodes. Low steady friction coefficients of

DLC coatings have been related to the formation of
carbon rich transfer layers on the counterface, caused
by friction induced annealing by thermal and strain
effects generated during sliding. It has also been pro
posed that bonding into the DLC surface of oxygen
and hydrogen reduces the possibility for the formation
of bonds between the DLC coating and its counterface,
originating low friction forces [19 22]. Furthermore,
aspects such as the internal stresses of the coatings or
the relative humidity of the working environments are
known to play an important role in their tribology
performance [21, 23, 24].
Monitoring of the coating status and evolution can
provide a valuable tool regarding the dependability
of coatings/systems in critical applications and/or
difficult to access locations [25 30]. Along these lines,
monitoring of the dielectric coating degradation
in sliding conditions, due to wear or other coating
degradation mechanisms, can be helpful in the
framework of defining a predictive approach of a
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dependable coating operating life [4, 31]. Actually,
usage of DLC coatings with different electrical pro
perties have already been studied in fatigue damage
sensors [32], being crack formation and propagation
one of the potential degradation mechanisms of
dielectric DLC coatings. Furthermore, this can also be
valuable in the framework of coating process deve
lopment and optimization studies, as coating failure
modes can be related to coating deposition process
parameters, evolution, and degradation of the dielectric
properties, testing or operating conditions, etc. [33]
This paper details the electro tribological studies
performed on DLC dielectric coatings deposited on
copper, focusing on the evolution of the electrical
contact resistance characteristics and their tribological
properties, as well as the coating degradation me
chanisms. Aluminum is the selected counterpart, as
one of the most used material in electric and electronic
applications together with copper, is inexpensive
and because typically presents a challenging tribology
behavior [3, 29]. Additionally, the use of electro
tribological data as a monitoring tool of the coating
operative life is explored. This could be of interest
not only in electrical applications, but also in Al part
forming operations, where DLC coated tools are often
used.

2

Material and methods

Diamond like carbon (DLC) coatings were deposited
on electrical grade mirror polished copper disks, 50 mm
in diameter and 5 mm thick (Cu Etp EN 13601 R250;
Bronmetal, Spain), and in 8 mm × 40 mm silicon
coupons. Electro tribology studies were performed
against 6 mm diameter aluminum (99.7%) balls.
Prior to the DLC coating deposition, the copper
surface was sputter cleaned with argon. Then, an
intermediate 0.1 m thick WC Co interlayer was
deposited to improve the adhesion of the DLC coating
to the copper substrate, using WC 6%Co targets, by
magnetron sputtering (cathode power 500 W) with Ar
at a pressure of 0.4 0.9 Pa. Subsequently, hydrogenated
amorphous carbon (a C:H) DLC coatings were deposited
in the same (CEMECON CC800/8 plus, Germany)
physical vapor deposition magnetron sputtering (PVD

MS) unit, with acetylene (C2H2) as the carbon source
gas, at low temperature (< 150 °C), for a deposition
time of 110 minutes. Coating deposition parameters
are detailed in Table 1.
Coating composition and structure were analyzed
by Raman (1,000 to 1,900 cm 1 with an excitation wave
length of 514 nm; In via Reflex, Renishaw), electrical
scanning microscopy (SEM) and energy dispersive
spectroscopy (EDS) (JEOL JSM 5910LV). Raman analyses,
with the interpretation of the results following the work
of Ferris and Robertson [34 36], provided I(D)/I(G)
ratios estimates, though the limitations with visible
Raman to produce accurate quantitative data in DLC
films should be noted [37].
Surface wettability and roughness were quantified
by water contact angle following IEC TS 62073 [38]
(Digidrop, GBX) and contact profilometry (Veeco
DEKTAK 150), respectively. The coating thickness and
residual stresses were also determined by profilometry
on coatings deposited onto silicon coupons. In the latter
case, both the length (L) and the height (H) of the
curvature were measured, and the residual stresses
were calculated according to the Stoney formula.
Electro tribology tests of aluminum against DLC
coatings were performed on a pin on disk (PoD) con
figuration, in controlled humidity environments, with
a Microtest MT4002 tribometer (Microtest S.A.), where
the evolution of the Coefficient of friction (CoF) and
electrical contact resistance (ECR) were continuously
monitored [29, 39]. The ECR measurements were done
by 4 wire micro ohmeter (Keithley K2100). Main
test conditions consisted of a load of 3 N, which
corresponded to an initial mean contact pressure
of approximately 350 MPa, and a speed of 50 cm/s at
room temperature. Relative humidity was usually 50%,
but varied in some cases to much lower and higher
values, 10% and 90%. After the electro tribology tests,
wear tracks were assessed by optical microcopy (OM;
Olympus BX51M), SEM/EDS and profilometry.
Table 1

DLC coating deposition parameters.

Reference

Vbias (V)

Ar:C2H2 (mLN)

Pressure (mPa)

#DLC

5 10

100:50

450

#DLCCH

5 10

100:100

460

#DLCVB

150

100:50

450
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3.1

Results and discussion
Coating properties

Coating properties are detailed in Table 2. Reference#
DLC presented a coating thickness of 0.58 m (including
a 0.1 m thick interlayer), an estimated I(D)/I(G)
ratio, of 0.47 and an initial contact angle of 69.4°, that
dropped to 63.5° after one minute. The coating surface
roughness was Ra 18 nm.
In comparison, coating reference#DLCCH was
thicker 1.3 m (including a 0.1 m thick interlayer),
presented a lower estimated I(D)/I(G) ratio of 0.44,
but larger contact angle, 78.4°. The coating roughness
was similar: Ra 18 nm. Therefore, an increase in
acetylene in the gas mix during the coating deposition,
increased the coating thickness, but produced a more
hydrophobic coating.
Concerning the reference#DLCVB coating, the
thickness was similar to that of reference#DLC, i.e.
0.52 m (including a 0.1 m thick interlayer), the
estimated I(D)/I(G) ratio at 0.43 was even lower than in
reference#DLCCH, and the contact angle measured
was 76.4°. On the other hand, the coating was rougher
than the other references, with Ra 81 nm. Therefore,
an increase in the applied voltage bias during the
coating deposition increased the coating roughness
and the hydrophobicity.
The differences in the coating compressive residual
stresses were also significant, with both higher applied
voltage bias and larger acetylene in the gas mix
producing less stressed coatings. On the other hand,
in all cases the wettability increased with the time. The
increased ion bombardment of the sample surface
when the coating was being deposited, due to the bias
voltage, which increases the ion current density and
the ion energy, at the voltage value applied caused a
higher sputtering process and thus a rougher surface
and some re sputtering effect, which tends to originate
softer coatings. For the same reason, residual stresses
Table 2

declined with higher bias voltage. The phenomena of
an increase in the residual stress with the bias voltage
up to a point and a subsequent fall after a certain bias
voltage value has already been observed by several
authors. When larger acetylene was present in the
gas mix, ion bombardment also increased, but with
smaller and not so energetic ions, thus the sputtering
and re sputtering phenomena were not as severe, and
there was no modification of the surface roughness.
Moreover, as the coating was deposited at a faster rate,
the lattice distortion and disorder effect and overall
imperfections were annealed out less efficiently, so the
internal stresses originated were at an intermediate
level [40 42].
3.2

Electro tribology

Electro tribological behavior of the different variations
of DLC coatings were carried out, including different
humidity conditions. Unlike in electrically conductive
counterparts, the electrical current was not a key
parameter in these studies [4, 43], because all studied
DLC coatings were dielectric. The evolution of the
electrical contact resistance and the coefficient of friction
in the tests, typically presented a number of distinct
phases. These are depicted as regions A, B, C, D, and
E in Fig. 1.
In the case of reference#DLCCH, an initial phase,
where the CoF increased and the ECR stayed high
(above the measuring limit of the equipment) can be
associated to the wear of the aluminum ball surface,
the ensuing change in the surface material as the
aluminum oxide initially present in the contact surface
was gradually removed (Region A in Fig. 1(a)).
In the ensuing phase, the contact area and pressure
stabilized, a DLC transfer layer formed in the aluminum
counterpart (Fig. 2), some mild adhesive wear occurred,
but both the CoF and ECR remained steady (Region
B in Fig. 1(a)). Next, cracks began to appear in the
coating, and the ECR decreased gradually, with the

DLC coating characteristics.
Contact angle (º)

Reference

I(D)/I(G)

e
(µm)

Ra
(nm)

Residual stress
(MPa)

t=0

t = 60 s

Coating life tABC
(cycles)

#DLC

0.47

0.58

18

16.9

69.4 ± 1.6

63.5 ± 2.0

48,000

#DLCCH

0.44

1.33

18

8.3

78.4 ± 1.9

70.5 ± 0.5

161,000

#DLCVB

0.43

0.52

81

2.5

76.4 ± 2.9

65.1 ± 3.9

58,000
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Fig. 1 ECR ( ; logarithmic scale on the left vertical axis; in blue) and CoF (right vertical axis; in red) evolution of reference#DLCCH
(a), reference#DLCVB (b), and reference#DLC (c) coatings against aluminum along the test cycles (horizontal axis) under 50% RH. Note:
shadowed blue area on the left upper side indicates electric resistance values above the upper limit of the ohmmeter.

CoF becoming less steady (Region C in Fig. 1(a)). As
the cracks progressed and the adhesion of aluminum
increased, facilitated by the openings and increasing
roughness in the outer DLC surface, sections of the coat
ing spalled off, and the ECR began to fell remarkably.
In this phase, the surface lost its dielectric character,
and thus could be considered no longer operational
in many applications (Region D in Fig. 1(a)).
In the final stage, significant transfer of material

between ball and disk occurred, the interlayer and
substrate were reached in certain points, which eventually
get oxidized. This was accompanied by fluctuations
in both the CoF and ECR. The more intense of these
involved a drop in the CoF and a surge in the ECR
values, which can be ascribed to the transfer and
formation of fully covering DLC layers in the aluminum
counterparts. Besides, oxidation of the exposed areas
in the copper substrate originated the ECR to increase
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Fig. 2 Micrograph in the OM of the wear track on the Al ball
sliding against coating reference#DLCCH after the electrotribology test.

(Region E in Fig. 1(a)).
Concerning coating reference#DLCVB, the run up
performance (Region A in Fig. 1(b)) was different
to the other coatings, i.e. the CoF did not rise, but
decreased. This reflects rougher character of this
coating. In this phase mild wear caused the surface to
smoothen, and a graphite rich transfer layer was also
formed in the aluminum counterpart (Fig. 3). This was
also reflected in a lower overall CoF as compared with
the other coatings all along the test.
Coatings reference#DLCVB and #DLC being thinner
than #DLCCH, phase C was reached in fewer test cycles
(Region B C in Fig. 1(b)) in these cases. On the other
hand, reference#DLCVB presenting lower internal
stresses caused a lesser occurrence of cracks and spalling
off of the coating, which translated in a less abrupt
drop in the ECR values (Region D E in Fig. 1(b)). The
fact that reference#DLCVB and #DLC were thinner also
originated an overlap of phases D and E, as the spall
off of sections of the coating did reach the interlayer
and the substrate easier and faster.
Finally, reference#DLC showed a run up and abrupt
ECR drop phases similar to that of reference#DLCCH
(Regions A and D in Fig. 1(c)), but shorter coating life
and an overlap of phases D and E like reference#DLC
(Regions B C and D E in Fig. 1(c)).
Overall, operative coating life, i.e. as a dielectric
coating in the A+B+C regions, ranged from 48,000
and 58,000 cycles for references #DLC and #DLCVB,
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Fig. 3 SEM image (Backscattering spectrometry) of the wear
track on the Al ball against coating reference#DLCVB, ×100.

respectively, to 161,000 cycles for reference #DLCCH
(as listed in Table 2).
Figures 4 and 5 show the wear tracks on the coatings
after the wear tests. The backscattered SEM images in
Fig. 5 show four distinct tones: black, corresponding
to adhered aluminum, dark grey corresponding to
the copper substrate, light grey corresponding to
the DLC coating, and in white the WC interlayer, as
depicted in the EDS spectra shown in Fig. 6. Cracks
can be observed (1 in Figs. 4 and 5), especially in
reference#DLCCH and #DLC, which present the largest
residual stresses. Actually, the lower the residual
stresses the smaller the cracks in the images. There
are also plenty of coating spall offs, that often can be
associated with the presence of cracks, which expose
either the WC interlayer or the copper substrate (2 and
3 respectively in Figs. 4 and 5; and Figs. 6(a) and 6(b)).
Finally, lots of adhered aluminum can be observed as
well (4 in Figs. 4 and 5; and Fig. 6(c)).
Although unfortunately, the tests in the equipment
used could not be stopped for surface analysis and
reinitiated, certain correlations between the defects
observed in Figs. 4 and 5, and the operation regions in
Fig. 1 can be figured. Cracks (1 in Figs. 4 and 5) might
have initiated and grow along region C, the coating
spall offs (2 and 3 in Figs. 4 and 5) along region D, and
the massive aluminum adhesion (4 in Figs. 4 and 5)
along regions D and E.
Therefore, some relations can be stablished between
the coating features and their tribological properties
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Fig. 4 Micrographs of the wear track of coating reference#DLCVB
(a), #DLCCH (b), and #DLC (c) after the electro-tribology
test, ×200.

Fig. 5 Scanning electron microscope (backscattering) images
of the wear track of coating reference#DLCVB (a), #DLCCH (b),
and #DLC (c) after the electro-tribology test, ×150.

against aluminum. The fact that reference#DLCCH was
thicker than references#DLC and #DLCVB contributed
to the more prolonged coating life. It did also cause
an abrupt drop of the dielectric features (high to
low ECR), due to the spall off of the coating. This
abrupt fall in ECR was also observed in #DLCCH

as compared with #DLCVB, with similar coating
thicknesses, in this case because of the big difference
in their residual stresses. Coating roughness has only
affected the initial stages of the electro tribology tests,
as observed in reference#DLCVB with a rougher surface
(Fig. 1), till the surface finishing flattened out.
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Fig. 6 (a), (b), and (c): EDS on the wear track of coating reference#DLC on defects type 2, 3, and 4 as shown in Fig. 5(c).

On the other hand, the coating hardness and
wettability seems to not have played a relevant role. In
the case of the coating hardness, they were quite similar
(I(D)/I(G) and harder than the aluminum counterpart.
In the case of the wettability, the three surfaces were
mildly hydrophilic and also quite similar to make a
difference (Table 2): #DLC = 63.5° ± 2.0; #DLCCH =
70.5° ± 0.5; #DLCVB = 65.1° ± 1.9. However, the mildly
hydrophilic feature of the coatings did make a difference
with the relative humidity at which test were performed
was changed, as detailed in the next section.
Tribological properties of DLC coatings are known
to be highly dependent on the relative percentage
of humidity (%RH) of the surrounding atmosphere
[8 10, 15, 44, 45]. Therefore, the electro tribology
properties of coating ref. #DLC were also studied at
different percentages of relative humidity: 10%, 50%,
and 90% (Fig. 7).
It was found that increasing values of relative
humidity caused an extension of the coating life (as
a dielectric coating). It reached 17,000 cycles at 10%
RH, but lengthened to 48,000 cycles at 50% RH, and
to 60,000 cycles at 90% RH. On the contrary, lower

RH corresponded with lower CoF. This trend is in
accordance with results published elsewhere [9, 10],
which have also observed higher CoF values as the
relative humidity increased, although the precise
characteristics of the DLC coating and tribological tests
conditions were not exactly the same, and overall CoF
values were lower [46]. One of the reasons argued
consists on the deceleration of the graphitization of the
coating due to humidity, which prevents formation of
hot spots, and blocks the adsorption and diffusion
of hydrogen atoms [24]. The increase of the CoF of
hydrogenated DLC coatings in humid air has also
been attributed to the increase in the van der Waals
bond strength of hydrogen bonding to adsorbed water
molecules compared to hydrocarbons [47].
It should also be noted that the CoF values measured
in this work are relatively high as compared with
values reported elsewhere. One of the reasons might
be that the degree of graphitization of the DLC coating
has been relatively low, due to the formation of few
hot spots because the aluminum counterpart is a good
thermal conductor, and the contact load was relatively
small [19]. In our case, DLC on copper substrate, the
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Fig. 7 ECR ( ; logarithmic scale on the left vertical axis; above) and CoF (right vertical axis; below) evolution of ref. #DLC coatings
against aluminum along the test cycles (horizontal axis), at different relative percentages of humidity: 10%, 50%, and 90%.

level of oxidation of the outer copper surface, exposed
by the wear of the coating, could also have played a
role, as the low humidity (10%RH) test have shown
both lower CoF and ECR as compared to higher
humidity conditions once the coating worn out.
Otherwise, the ECR performance and evolution of the
coating was qualitatively similar, independent of the
relative humidity.
Finally, it could be expected that in more hydrophobic
DLCs, such as those of ref. #DLCCH and #DLCVB, the
drop in operative life of the coating to occur at higher
levels of relative humidity as compared to those of
coating #DLC.

4

Conclusions

The DLC coatings studied in this work have shown
varying dielectric and tribological features, that are
affected by the surrounding humidity.
Additionally, ECR have proved to be a good
monitoring tool for the status of the DLC coatings
studied, independently of the working media, i.e.
relative humidity. Formation of cracks, spalling off of
the coating, adhesive wear, and surface oxidation are
behind the coating degradation when tested against
aluminum. This degradation can be tracked by the
evolution of the ECR, in such a way that the coating
operational life could be defined predictively. None

theless, future investigations should cover a broader
range of DLC coatings, to deepen the understanding
of the correlations between tribological performance
and ECR.
Therefore, electro tribological data has demonstrated
to be potentially useful in the framework of coating
development and optimization, as it provides key
information about the failure modes. Additionally, it
could prove useful in on line monitoring systems of
the degradation of coated parts in operation.
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