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A comparative AFM study of carbon alloyed
Mo-Se-C and W-$-C films for tribological

applications

Transition metal dichalcogenides have a layered structure
and are therefore promising self-lubricating films. They
can be considered as potential substitutes for carbon based
films in various environmental conditions. In this work, a
comparative atomic force microscopy study of co-sputtered
Mo—-Se—C and W—S—C films is performed to evaluate their
nanotribological performances. Both films are alloyed with
carbon. The microstructural features of these films are char-
acterised using scanning electron microscopy and X-ray
diffraction. The hardness and elastic modulus of these films
are measured employing nanoindentation. The topography,
friction forces and pull off forces of the films are evaluated
by means of atomic force microscopy and force spectro-
scopy. The results show that the roughness parameters of
Mo-Se—C films are lower than that of W—S—C films at high
carbon content whereas the reverse is true at low carbon
content. Adhesion forces of these films based on pull-off
force measurements show that Mo—Se—C films have higher
pull off forces than W—S—C films. An atomic force micro-
scopy technique is developed to estimate microscopic val-
ues of friction coefficients and to characterise the nature of
surface changes due to nanotribological experiments. The
friction coefficient of Mo—Se—C films is higher than that
of W-S—C films at low carbon content and these friction
coefficients are comparable at high carbon content.

Keywords: Transition metal dichalcogenides; Nanotribol-
ogy; AFM study

1. Introduction

Transition metal dichalcogenides (TMD) are self-lubricat-
ing films having promising application in demanding envir-
onments such as vacuum and at medium temperature (up to
200 °C). These films can be considered important for many
applications such as in micro electro-mechanical systems
(MEMS) and micro mechanical assembly (MMA) requiring
very low applied force. Micro/nanotribological studies are
needed to understand the phenomena on a small scale.
Probe-based microscopes (e.g. atomic force microscope
(AFM)) and the surface force apparatus are widely used
for this purpose.
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Homogeneous TMD films can be obtained by direct cur-
rent (DC) sputtering, DC magnetron sputtering, magnetron
sputtering, bipolar pulsed magnetron sputtering and radio
frequency (RF) sputtering [1—4] etc. These films can also
be obtained by pulse laser deposition [5]. Magnetron sput-
tering is one of the most convenient methods as it allows
easy alloying of TMD with other elements.

Among the TMD family, only MoS, and to some extent
WS, have been studied systematically, while other candi-
dates, such as selenides or tellurides, stood partially aside.
It has been shown that molybdenum diselenide is much less
sensitive to air humidity than the corresponding sulphide [6,
7]. It was also noted that WS, co-sputtered with carbon sig-
nificantly improves tribological properties compared to
pure WS, [8, 9]. Furthermore the best combination of me-
chanical and tribological properties was obtained for TMD
alloyed with carbon at around 50 at.% C [10]. Thus the ob-
jective of the present work is to carry out a comparative
AFM investigation of co-sputtered Mo—Se—C and W-S-C
films keeping nanotribological application in mind. It
should be stated that both varieties of films contain around
35 at.% and 50 at.% carbon.

2. Experimental details

2.1. Deposition of the film

All coatings were deposited on 100Cr6 polished steel sam-
ples, with hardness varying between 1.5 and 9.5 GPa. Coat-
ings were deposited by r.f. magnetron sputtering of a carbon
target with pellets of MoSe, in a basic ESM 100 Edwards
unit in an argon atmosphere following a similar procedure
as presented in previous research [10]. The pellets (99.8 %
pure) with dimensions of 1.5x3x4 mm® were distributed
uniformly in the circular erosion zone of the carbon target.
Their number was varied between 16 and 72. For W-S-C
films WS, pellets were used instead of MoSe, pellets. Before
deposition, the substrates were cleaned for 30 min by estab-
lishing the plasma close to the substrate electrode. The dis-
charge pressure and the power density were 0.75 Pa and
8 W cm 2, respectively. The deposition time was 1 h giving
rise to a final thickness of the coatings in the range of 1 um
to 3 um. No substrate bias was applied during the deposition.

845



Basic

A. Tomala et al.: A comparative AFM study of carbon alloyed Mo—-Se—C and W-S—C films for tribological applications

2.2. Structural characterisation of the films

The chemical composition and the cross-section morpholo-
gies of these films were analysed using a Cameca SX 50
electron probe microanalysis (EPMA) apparatus and a Jeol
scanning electron microscope (SEM), respectively. X-ray
diffraction patterns were obtained from the coated surfaces
using a Philips PW 1830 diffractometer in glancing mode
to examine the structure of these films. The X-ray diffrac-
tometer was set at 40 kV and 30 mA with radiation target
Co-K,, and a nickel filter. The diffraction patterns were re-

o 1

corded at a speed of 0.01° s~

2.3. Nanohardness measurement

The hardness and the elastic modulus of these films were
determined with an indentation tester equipped with a Ber-
kovich three-sided pyramidal diamond indenter with a
nominal angle of 63.5°. The instrument was placed in a vi-
bration free isolated chamber. The applied load was 2 mN.
The load was selected so as to keep the deformation con-
fined within the film. The load and displacement resolution
of the instrument were 50 nN and 0.1 nm respectively. The
holding time of indentation was 5 s in all cases. Both load-
ing and unloading times were 10 s. The experimental re-
sults were corrected for the thermal drift of the equipment
and for the uncertainty in the zero positions. The reported
hardness and elastic modulus are averages of 10 indenta-
tions for each sample on different surface position separat-
ed by 50 pum. The elastic modulus was determined using
the procedure proposed by Oliver and Pharr [11]. The na-
noindenter was calibrated by indenting on a fused silica
sample and measuring the hardness and elastic modulus of
fused silica with hardness and elastic modulus approxi-
mately 10 and 73 GPa, respectively. Measurements were
performed in a clean air environment with a relative humid-
ity of approximately 40% while the temperature was
around 22 °C.

2.4. AFM measurement

AFM measurements were performed with an AFM MFP-
3D atomic force microscope (Asylum Research, Santa Bar-
bara, CA) in ambient conditions using non conductive sili-
con nitride cantilevers with spring constant k=0.1 N"' m
and resonant frequency f,=26-50kHz (Veeco). The
main measurement parameters were: scan size of 5 pm,
scan rate 1 Hz, scan angle 90°, 512 scan points, 512 scan
lines, and a set point of 10 nN in contact mode. The re-
corded data are height trace/retrace, deflection trace/re-
trace, and lateral trace/retrace. The parameters of cantile-
vers and triangular tips are given in Table 1. In the
present investigation the lateral force technique was used
for friction measurements. The sample was scanned per-
pendicularly to the long axis of the cantilever beam and
the lateral force signals in trace and retrace (LT, LRT)
modes were recorded. To obtain the friction force value
(FFV), as introduced by Bhushan and co-workers two
average values (Lateral Trace (LTV,,s) and Lateral Re-
trace (LRTV,,,) from every scan) have to be subtracted
from each other, and the subtracted value is to be divided
by two [12] employing eq. (1) as given below.
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Table 1. Major features of the cantilever used for AFM study.

Cantilever-1 (Topography & LFM)
Material SizNy
Cantilever spring constant 0.1Nm™
Cantilever arm length 140 pm
Cantilever arm width 18 um
Resonance frequency 38 kHz
Full tip opening angle 35°
Tip radius 10 nm
LTVao — LRTV,
FFV —_ | avg 2 an| (1)

Assuming that the friction in nanoscale follows Amonton’s
law, the friction force is given by:

FFV = u(SP + Fy) (2)

Where p is the friction coefficient, SP (set point) is the ap-
plied load and F, is a force constant. Following the proce-
dure suggested by Beake et al. [13] the force constant is
nearly equal to the pull off force determined from the force
distance curves. Thus,
FFV
H=SP+ Fo) ®)
In order to obtain SI units (N, Newton), the lateral force
needs to be calibrated with the slope of deflection vs.
LVDT. After the calibration an accurate value of /InvOLS
(Inverse Optical Lever Sensitivity) was obtained. /nvOLS
is the sensitivity of the detector-cantilever combination.
With an accurate value of InvOLS it is possible to calculate
FFV and SP in Newton as given below.

FFV (V) - InvOLS (nm Vfl) - spring constant
(0N nm™") = (nN) 4)
SP (V) - InvOLS (nmV ™) - spring constant

(N nm™) = (nN) (5)

3. Results

The chemical compositions of all films are summarized in
Table 2. Films denoted Mo series are Mo—Se—C whereas
films in the W series are W—S—C. Films with low carbon
(Mol and W1) contain around 35 at.% carbon and films
with high carbon content (Mo2, W2) have around 50 at.%
carbon. In addition to Mo, W, S, Se and C, contamination
due to O, arising out of residual water vapour and the target

Table 2. Chemical compositions of the test materials.

Film at.% | at.% | at.% | at% | at.% | at.%
Designation Mo w S Se C 0,

Mol 21.7 38.6 | 369 2.8
W1 22.6 | 39.8 34.6 3.0
Mo2 16.5 29.7 | 485 5.4
w2 17.7 | 28.2 49.0 5.1
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or from surface adsorption from the atmosphere after de-
position was also detected. Lower chalchogen content in re-
lation to the stoichiometry (S/W = 2) is related to preferen-
tial sputtering of S or Se by energetic species during
deposition [2].

The XRD patterns of films W2 and Mo2 are illustrated in
Fig. 1. Again, no significant changes are detected in rela-
tion to the previous work [9]. The main points worth men-
tioning are: domination of the XRD patterns by main broad
asymmetric peaks which are indexed with the general form
(10 L) corresponding to a turbostrating stacking of the fa-
mily of planes (10 L) with L =0,1,2,3 [14] of the hexagonal
WS, phase (ICDD 84-1398). The XRD diffraction pattern
of Mo-Se—-C coatings shows a peak close to 20 ~ 37.5°
(MoSe,; phase with (100) orientation) followed by a second
peak at 20 &~ 44.5°. The latter is highly asymmetric with a
long tail towards higher 26. Finally a last peak positioned
at 20 ~ 70° can be indexed as (110). Weise et al. [15] de-
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Fig. 1. XRD patterns of W—S—C film (W2) and Mo-Se—C film (Mo2).
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monstrated that the extended shoulder of the sputtered
MoS, peak positioned close to 20 ~ 40° corresponded to a
turbostrating stacking of (10 L) planes (L =0, 1, 2, 3). Be-
cause of the similarity in the nature of the curves, XRD pat-
terns of the W—S—C and Mo-Se—C films with low carbon
content are not shown for the sake of brevity.

Figure 2 shows the cross-section morphology of Mo—Se—
C (films Mol and Mo2) W-S-C (film W1 and W2) coat-
ings imaged using SEM. All the films exhibit a columnar
structure. The microstructures of Mo—Se—C films are finer
than the microstructures of W—S—C films. Further, W-S—C
films have a tendency to become amorphous. The tendency
to become amorphous increases with increasing carbon
content. Further description in relation to characteristics of
the films can be found elsewhere [16]. The thickness of
W-S—C film varies between 1 pm to 2 pm whereas that of
Mo-Se—C film varies between 2 pm and 3 pm.

The load vs. displacement curves of these films obtained
at an applied load of 2 mN are illustrated in Fig. 3. Each
curve is obtained by averaging ten different curves. All the
curves are smooth and none of the curves shows the pre-
sence of pop-in or pop-out events, thus indicating no evi-
dence of fracture of the film. It is clear that films with lower
carbon content exhibit higher depth of penetration. The
depth of indentation of W—S—C films is significantly lower
than the depth of indentation of Mo—Se—C films. During
the hold at the maximum load, the displacement increases
in all the films indicating drift due to creep as the load vs.
displacement curves are plotted after incorporating the cor-
rection due to thermal drift. The extent of this drift de-
creases with increasing carbon content for Mo—Se—C vari-
ety films. It is independent of carbon content for W—-S—C
film. It should be noted that the elastic modulus and the
hardness have been determined for each individual curve
although in Fig. 3 only averaged curves are presented. The
average values of elastic modulus and hardness of the tested
films determined from individual curves are given in Ta-

Fig. 2. Cross-section  mor-
phology of W-S-C (films
W1, W2) and Mo-Se-C
(films MO1, MO2) coatings
imaged using SEM.
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Fig. 3. Averaged load vs. displacement curves of the films investi-
gated.

ble 3 along with their standard deviation. Clearly, the hard-
ness and elastic modulus of W—S—C variety of films are sig-
nificantly higher than these parameters of Mo—Se—C films.
As expected, for each variety of film both elastic modulus
and hardness increase with carbon content. The extent of in-
crease of mechanical properties with the carbon content is
more for Mo-Se-C films than W-S-C films. In other
words, the carbon content has a negligible effect on the me-
chanical properties of W—S—C films.

Three dimensional AFM images showing the topogra-
phies of these films are illustrated in Fig. 4. Commensurate
with the SEM micrographs, Mo—Se—C films have sharper
peaks compared to W—S—C films. The peaks of W-S-C
films are more rounded than the peaks of Mo—S—C films. It

Wi Mol 180m—

w2 Mo2 o

tm pwm

Fig. 4. Three-dimensional AFM images showing the topography of
the investigated films together with representative cross-sectional line
scans.
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Table 3. Elastic modulus and hardness of the films investigated.

Film E (GPa) SD H (GPa) SD
Mol 26.0 1.1 1.4 0.11
Wi 73 9.9 9.1 2.0

Mo2 39.0 2.8 4.0 0.44
w2 74 2.1 9.4 0.51

Table 4. Roughness parameters of the investigated films. Image
size 5 pmX5 pm.

Films RMS (nm) Average height | Maximum height
(nm) (nm)
Mol 26.6+3.0 339.0£41.0 113.9 £26.5
Wl 182+2.0 91.7+9.0 84.4 + 14.0
Mo2 27.0+3.0 134.0 = 13.0 94.5+21.0
w2 29.8+3.0 595.0 £ 60.0 117.1 £21.0

is also to be noted that the peaks tend to become blunt with
the increase of carbon content for both variety of films.
The important roughness parameters for tested films are
listed in Table 4. Table 4 points on that roughness parame-
ters such as RMS. (root mean square) average height, mini-
mum height etc. are higher for Mo—Se—C films at low car-
bon content than W-S-C films and vice versa at high
carbon content. In addition, the RMS value for both vari-
eties of film increases with carbon content.

To understand the nature of the interaction between the
cantilever tip and the coating, the deflection displacement
curves were recorded. Figure 5 shows the deflection of the
cantilever tip as a function of the distance from the film sur-
faces for all these films. In all cases, the darker line indi-
cates tip approach to the surface and the dashed line repre-
sents the tip being pulled away from the surface. The
vertical separation between the point where the tip touches
the surface (denoted “A” in Fig. 5) and the point where the
tip is pulled off the film (B) together with spring constant
of the cantilever (0.1 nN nm™") are used to calculate the pull
off (adhesive) force [12]. The pull of forces for film Mol,
Mo2, W1, and W2 are 26 nN (x3 nN), 18 nN (=2 nN),
10nN (x1nN) and 8nN (=1 nN) respectively. It can
clearly be seen that the pull off force decreases with in-
creasing carbon content.

300 ~ —tip approached the surface
- - --tip is pulled off the surface

200
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1000 0 -1000
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Fig. 5. Pull of force curves of the investigated films.
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Fig. 6. Three-dimensional LFM images showing the friction surfaces
of the investigated films together with representative cross-sectional
line scans.

The three dimensional representations of the friction
force values of these films are displayed in Fig. 6. These
data were obtained for an applied load of 9 nN and a scan
speed of 12.5 um s™'. The average friction force during for-
ward scanning is higher than that during reverse scanning.
The friction forces of various films are evaluated from the
friction force values. The friction coefficients obtained
using the procedure described above are presented in the
form of a bar diagram in Fig. 7 for various films. Clearly
friction coefficients of all films are quite low as estimated
by AFM, a single asperity test. At low carbon content
(35 at.%), W-S—C film has significantly lower friction
coefficient than Mo—Se—C film. However, at higher carbon
content friction coefficients of both films are comparable.

The relationship between RMS value (as obtained from
topography) and the friction coefficient was studied. It is

0.0030 -

0.0025 1"

0.0020

0.0015 1"

0.00101"

Friction Coefficient

0.0005 1

0.0000 *+

Mo1 w1 Mo2 w2z

Fig. 7. Bar diagram showing the friction coefficient of the investigated
films.
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Fig. 8. The influence of mechanical properties on the friction coeffi-
cient.

clear that roughness does not have any clear effect on fric-
tion coefficient. The hardness and elastic modulus of two
different types of films are so much different that establish-
ing a direct correlation between friction coefficient and me-
chanical properties is not possible. However, the effect of
hardness and elastic modulus on the friction coefficient
can be obtained by noting the effect of the ratio of hardness
to the elastic modulus (H/E) on friction coefficient. The
variation of friction coefficient with H/E is given in Fig. 8.
It appears that friction coefficient decreases with H/E.

4. Discussion

The key limitation of sharp tip AFM is poor repeatability
from experiment to experiment primarily due to variation
of tip geometry. That is why AFM is most useful when
there is clear spatial and temporal variation of topography
or lateral force. Despite this limitation, the present work
has been able to clearly demonstrate superior friction prop-
erties of W—S—C film compared to Mo—S—C film at low car-
bon content. This work, however, could not differentiate
friction properties of these two varieties of films at higher
carbon content.

Although RMS surface roughness does not carry any in-
formation about slopes, sizes or frequencies of asperities,
it is still an important parameter for predicting and under-
standing the properties of tribological systems. Earlier in-
vestigations indicated that friction coefficient of diamond
film increases with increase in roughness [17, 18]. Higher
roughness increases the asperities slope angle, which in turn
increases the friction coefficient [17]. There are two mecha-
nisms, which govern the roughness dependence of the fric-
tion coefficient. The first mechanism is known as ratchet-
ting where relative motion between two surfaces is
achieved by asperities riding over each other. The second
possible mechanism is related to energy loss where asperi-
ties push each other. In the initial stage of sliding, there
can be other operative mechanisms. The influence of
roughness on the steady state friction coefficient in the
present investigation does not show any direct relation.
Thus the mechanisms mentioned above do not hold good
for the present investigation. This may partly be related to
the fact that the hardness and elastic modulus of W—S—-C
and Mo-Se—C films are widely different. Hence, they have
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Table 5. RMS, Lateral correlation length and Hurst parameters of the investigated films.

Sample AFM measure RMS | AFM measure RMS after | o — statistical RMS | ¢ — lateral correlation o — Hurst
(nm) flaterning on O level (nm) (nm) length (nm) parameter
Mol 26.6 18 4.9 12.9 0.99
Wi 18.2 13.4 43 12.5 0.99
Mo2 27.0 16.4 1.7 15.0 0.99
w2 29.8 20.6 7.8 37.4 0.99

different roughness dependence of friction coefficient. Also
a different mechanism may play an important role in these
systems.

The surface morphology of thin films can generally be
described by a Gaussian self-affine fractal with a long wa-
velength cutoff. Such a model gives a surface height—height
correlation function [19] of

C(r) = o exp[—(Irl/&)*"] 4)

where s is the root mean square amplitude of the surface or
interface roughness. Parameter £ is called the lateral corre-
lation length. The correlation length is a measure of and de-
notes the average length for which the heights between two
surface points are correlated. ¢ is a measure for the lateral
fluctuations of the roughness. The third parameter is the
roughness exponent «, also called Hurst parameter, which
is related to the local fractal dimension d of the surface
through o = 3 — d. It tells how jagged a surface with a given
rms roughness and lateral correlation length is. « usually
ranges between 0.5 (exponential decay of C(r)-more jagged
surface) and 1 (Gaussian C(r)-less jagged). There are easy
ways to determine these three roughness parameters from
a given morphology: These parameters as determined for
the investigated surfaces are listed in Table 5. Clearly lat-
eral correlation length follows the same trend as that of
RMS values of the as received surfaces confirming the
above discussion on friction coefficient and surface rough-
ness. Hurst parameters also indicate that the surface is less
jagged for the given surface roughness.

The roughness parameters of the films are around 18 to
30 nm (RMS). W-S—C films have low roughness compared
to Mo—Se—C films. The maximum depth of indentation at
2 mN load is around 118 nm for W—S—C films and between
187 nm (Mo2) to 264 nm (Mol) for Mo—Se—C films. Thus
maximum depth of indentation is around 8 times the rough-
ness (RMS). Further, the thickness of the W—-S—C film is
1000 nm for W1 film and 2000 nm for W2 film. The thick-
ness of Mo2 film is 2000 nm and that of Mol film is
3000 nm. This indicates that the film thickness is nearly
10 times the maximum depth of indentation. The indenta-
tion process fulfills the roughness criteria and film thick-
ness criteria. Thus, hardness measurement is a valid inden-
tation process and the hardness obtained is representative
of true hardness of the film. At this stage it should be stated
that the roughness (RMS) value reported in this work is
rather high as the film thickness is 1000 nm and above.
For most of the MEMS application required film thickness
is an order of magnitude lower. As reported previously
[20], the roughness of a film decreases as the thickness of
the film decreases.

Figure 5 clearly indicates that for both varieties of film
pull off force decreases with increasing carbon content.
This fact, the increase in pull-off force with decrease in car-
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bon content may be related to a decrease in oxygen adsorp-
tion on the surfaces. These values are substantially lower
than the pull-off force calculated to be 445 nN for Ti/a-
C:H film and lower than the pull off force of 76.4 nN plas-
ma enhanced chemical vapour deposited (PECVD) dia-
mond film reported earlier [21]. Further, it can be noted that
pull-off force follows a trend of W2 < A2 < Mo2 < Mol.
However, friction coefficient does not follow a similar
trend. When W-S—C or Mo-Se—C systems are considered
separately, friction coefficient and pull-off force follows
the opposite trend for the W—S—C system whereas it follows
a similar trend Mo2 < Mol for the Mo—Se—C system. Thus,
adhesion is not directly related for the W—S—C system and it
may be related for the Mo—S—C system.

Recently it was demonstrated that not only hardness and
elastic modulus but also the ratio H/E is very important ma-
terials properties [22]. The ratio H/E multiplied by a geo-
metric factor, which is the ratio of the diameter of the plas-
tic zone to total deformed zone, gives the plasticity index.
The plasticity index describes the deformation properties
of contacting surfaces. This quantity also appears in various
expressions for fracture toughness. In the present work,
though the hardness and elastic modulus of W-S-C films
were significantly higher than those of Mo—Se-C films,
the ratios of H/E are comparable. Thus the present work
clearly indicates that as long as this ratio (H/E) is high, fric-
tion coefficient will be low.

The applied load during AFM study is very low. The
wear under such condition can be negligible. There are
two important friction dissipation mechanisms under this
no wear condition. The first mechanism is dissipation of
friction energy by emission of phonons [23]. The second
mechanism is dissipation of friction energy by electron hole
pair excitation [24]. To date it is not clear which mechanism
dominates. Some authors have proposed that the electronic
mechanism is the important mechanism for friction dissipa-
tion. As the carbon content is increased, sp> hybridisation
increases. Hence a similar electronic behaviour is expected
for both varieties of films (e.g. for W—S—C and Mo-Se-C
films) with increase in carbon content. Since W-S—C and
Mo-Se—C films exhibit different friction response with car-
bon content, the electronic mechanism cannot be consid-
ered to be dominant mechanism. In that case phononic
emission can be considered to be the dominant mechanism.
Further, phononic emission is usually considered to be the
dominant mechanism in insulating systems and the films in-
vestigated in present work are insulating materials.

Finally it is noted that the hardness and elastic modulus
of W-S-C film are considerably higher than those of
Mo—Se—C films. Further, hardness and elastic modulus of
W-S—C based films are insensitive to carbon content even
though film with low carbon content has low roughness
(RMS). As the friction coefficient decreases with increase

Int. J. Mat. Res. (formerly Z. Metallkd.) 101 (2010) 7
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in the ratio of hardness to elastic modulus, it is clear that
film W1, i.e. the W—S—C film with low carbon content, ex-
hibits the best combination of hardness, elastic modulus,
friction coefficient and roughness. Thus film W1 is the
best-suited self-lubrication film among the films investi-
gated in present work for nanotribological application.

5. Conclusions

1. The roughness parameter indicated by the RMS value is
higher for Mo—Se—C film than W—S—C film at low car-
bon content and at high carbon content W—S—C film
has a higher RMS value than Mo—Se—C film.

2. Carbon content of the investigated films influenced
pull-off force values. Further, Mo—Se-C films have
higher pull-off force than W—S—C films.

3. The friction coefficient of Mo—Se—C film at this low
load range decreases with increasing carbon content.
However, for W-S—C films the friction coefficient is in-
dependent of carbon content.

4. Friction coefficient of all these films decreases with in-
creasing H/E ratio.
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