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Modifying MoS, thin films by additional elements shows great potential in order to adjust the property
profile and to meet the increasing requirements regarding high wear resistance and low friction properties
of industrial components. Within that context, MoS,:N:Mo thin films were deposited by a reactive hybrid
dcMS/HiPIMS process. By systematically increasing the Mo target cathode power, an investigation of the
structural and the mechanical properties was conducted to understand the evolution of the tribological
behavior. A low Mo target cathode power of 1 kW is related to the formation of the preferential (002) MoS,
basal-plane and thus a low friction with x = 0.2. With an increasing amount of Mo, the film loses its solid
lubricant MoS, properties and a nitride constitution of the thin film is developing due to the formation of
crystalline Mo and MoN phases. Related to this transformation, the hardness and elastic modulus are
increased, but the adhesion and the tribological properties are impaired. The film loses its plasticity and the
generated film material is directly removed from the contact area during the sliding contact.

Keywords Element modification, Friction behavior, MoS,:Mo:N,
Reactive dcMS/HiPIMS

1. Introduction

Synthesizing thin films by PVD technology is a well-
established method to modify the surface and thus the
functionality of industrial components (Ref 1). Whereas in
lubricated machining operations, thin films with a high
hardness and wear resistance, as TiN and CrN, are required;
in dry machining or tribological applications, thin films are
demanded, which have a lubricating nature themselves, as
MoS, and WS, (Ref 2). The lubricating properties of MoS, are
caused by a lamellar structure, enabling a low shear strength
(Ref 3) and the ability of forming a transfer film (Ref 4).
However, the properties are impaired in humid environments
due to the adsorption and diffusion of water molecules (Ref 5).
In addition, the low hardness and elastic modulus are related to
an insufficient load-bearing capacity (Ref 6).

To reduce the sensitivity of the tribological properties on
humidity and to improve the mechanical properties, the
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addition of elements as Ti (Ref 7, 8) or N, (Ref 9, 10) into
MoS, as well as the incorporation of MoS, into a hard ceramic
matrix, as TiN (Ref 11-13), TiSiN (Ref 14, 15) CtN (Ref 16,
17), CtMoN (Ref 18), or CrAIN (Ref 19) exhibits great
potential. Nevertheless, the structure and the mechanisms
affecting the performance of the thin films deviate with respect
to the chemical composition, especially the ratio between the
doping element/ceramic matrix and the lubricating MoS, phase.
Within that context, previous examinations either consider the
effect of doping metallic/non-metallic elements into MoS, or
the influence of adding MoS, to a nitride matrix. The impact of
co-incorporating metallic and non-metallic elements on the
properties of MoS, thin films, in particular with regard to their
ability of forming new phases, is not yet investigated so far.
Therefore, MoS,:N:Mo thin films were deposited by a reactive
dcMS/HiPIMS process. Subsequently, the effect of an increas-
ing Mo cathode power on the structure and the tribo-
mechanical properties of the thin films was analyzed.

2. Experimental

2.1 Film Deposition

The deposition process of the MoS,:N:Mo thin films was
carried out in an industrial sputtering device CC800/Custom
(CemeCon AG, Germany). As substrate material the steel
16MnCr5 with a hardness of (10.0 £0.5) GPa was selected.
Grinding and polishing processes were applied to obtain a
roughness of R, =(3.1+0.6) nm. Prior to the deposition
process, a heating and etching sequence was carried out in
the sputtering device. Therefore, the temperature was increased
up to approximately 200° and a noble gas etching process with
Ar ions at a bias-voltage of -650 V was conducted. To
synthesize the MoS;:N:Mo films, two MoS, targets (purity
99.95%) and two Mo targets (purity 99.95%) were used.
Whereas the MoS, targets were sputtered in HIPIMS mode, for
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the Mo targets a dc power supply was selected. As pulse
parameters a frequency of 1000 Hz and a pulse duration of
200 us were chosen at a heating power of 1000 W and a bias-
voltage of -100 V. The parameters were selected according to
(Ref 20). The nitrogen-controlled working pressure was kept
constant at 50 sccm, using argon as working gas with a
pressure of 400 mPa. In order to modify the chemical
composition of the films, three different Mo target cathode
power (cpwmo) levels: 1, 2 and 3 kW were used.

2.2 Film Characterization

The chemical composition, the morphology and the topogra-
phy of the thin films were investigated by means of scanning
electron microscopy (SEM), using a JSM-7001F (JEOL, Japan)
with an acceleration voltage of 20 kV and a probe current of
15 nA. The chemical composition was determined by energy
dispersive x-ray spectroscopy (EDS) using an INCAx-act detector
(Oxford Instruments, United Kingdom). Furthermore, the crys-
tallographic orientation was analyzed using an Advanced D8
(Bruker AXS, United States of America) diffractometer. The
measurements were conducted in a 2 ®-angle range from 10 to
100° with a step size of AB = 0.035° and an exposure time of | s.
In order to examine the hardness H and the elastic modulus E,
nanoindentation tests were performed with the nanoindenter G200
(Agilent, USA). In total, 49 indents per sample were conducted
with a Berkovich diamond tip in the continuous stiffness mode
(Ref21, 22). The mechanical properties were measured in a depth
not exceeding 10% of the film thickness to prevent an influence of
the substrate. A Poisson ratio of v = 0.2 was assumed (Ref 23).
Besides, the effective Young s modulus was calculated from the
equation E* = E/(1—v?) in order to determine the H/E* ratio as
plasticity index related to the elastic strain failure and the HY/E"™
ratio related to the resistance to plastic deformation. The adhesion
was evaluated by the Rockwell C indentation test according to the
German guideline VDI 3198. A load of 1 kN was applied on the
coated substrates. To determine the coefficients of friction, a
tribometer (CSM Instruments SA, Switzerland) in ball-on-disc
configuration was used. As test parameters a normal load of 5 N
with a sliding velocity of 0.4 m/s and 5000 rotations were selected
in ambient air with a relative humidity of 40%. The wear
coefficients, as amount of the removed film material, were
evaluated by a 3D profilometer (Alicona, Austria). In addition,
SEM images from the wear track were taken and 3D-models were
generated with the software Leica Maps 8 (Leica, Germany).

3. Results and Discussion

3.1 Structural Properties

The chemical composition of the thin films is illustrated in
Table 1.

Table 1 Chemical composition of the MoS,:N:Mo thin films

It can be seen that an increasing Mo target cathode power
directly results in a higher Mo content as well as a reduction of
the S content in the thin films. At the same time, the N, content
increases. All films are characterized by a sub-stoichiometric
character, which is a typical feature of sputtered MoS, thin
films. This effect is ascribed to a loss of S during the transport
through the plasma (Ref 24) and a preferential re-sputtering of
S during the film growth process (Ref 25, 26) caused by the
lower atomic mass of S compared to Mo. Both mechanisms are
suggested to be more pronounced in HiPIMS due to the related
increased plasma density and the high kinetic energy of the
sputtered particles (Ref 27). By using additional Mo targets, an
enhanced amount of Mo is sputtered and the S/Mo ratio is
therefore shifted to lower values. Although the N, flow rate has
been kept constant for all deposition processes, the N, amount
in the films increased. This effect is attributed to the formation
of MoN, which will be discussed below.

For the examination of the crystallographic orientation, x-
ray diffraction measurements were conducted (see Fig. 1). The
thin film only synthesized with MoS, targets shows the (100)
and (110) reflexes belonging to hexagonal MoS,. Due to the
use of additional Mo targets with a cathode power of 1 kW,
these both reflexes vanish and the film exhibits a pronounced
(002) reflex. By further increasing the Mo cathode power,
reflexes related to crystalline Mo and MoN can be identified.
The film synthesized without additional Mo targets can be
characterized as edge-plane oriented, since the (100) reflex is
most pronounced (Ref 28, 29). By applying a Mo target
cathode power of 1 kW, a shift from (100) edge-plane to (200)
basal-plane oriented occurs. Similar effects are achieved by
depositing a multilayer structure, where a periodic deposition of
metal layers interrupts the crystallite growth. The metal layers

r~ 1 1 1T 1T T T 1T " ™1 "1
oMoS, (hex.) * MoN (cubic)

® Mo (cubic) ¢ substrate

Intensity (arb.u.)

10 20 30 40 50 60 70 80 90 100
Diffraction angle 26 (°)

Fig. 1 X-ray diffractograms of the MoS,:N:Mo thin films

cpmo/ kW Mo content/at.% S content/at.% N content/at.% S/Mo ratio
0 312 £ 0.2 47.7+£2.0 212 £ 1.8 1.53
1 349 £ 1.7 3590+ 12 29.3 £2.7 1.02
2 36.7 £ 0.7 27.7 £ 0.5 355 £ 0.7 0.75
3 37.7 £ 0.1 242 £ 0.5 38.1 £ 04 0.64
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act as nucleation barrier and cause a basal-plane growth, since
on each layer a new growth process starts, which is typical
determined by basal-planes (Ref 30-33). Although the inves-
tigated MoS,:N:Mo film is not deposited in a multilayer
structure, the manner in which it is synthesized leads to the
assumption that a similar mechanism occurs. The substrates are
rotated between the MoS, and Mo targets, and thus, the film
growth is periodically interrupted. Although N, is introduced
during the deposition process, no Bragg reflexes related to
MoN are identified for a low Mo cathode power. This is
attributed to the fact that MoS, is chemically stable in a mixed
A1/N, atmosphere during the reactive sputtering process (Ref
9). This is based on a higher affinity of Mo to S compared to
Mo to N, and the related preferred formation of MoS,, as
shown for WS, by Nossa et al. (Ref 34). Therefore, MoN is
hardly formed due to a reactive sputtering of only MoS,
targets, respectively a low Mo target cathode power. Since no
new crystalline phases are formed, it is suggested that Mo acts
as a doping element and is incorporated in the spaces between
the S planes or makes junctions between the MoS, lattice as
reported for Ti (Ref 35, 36). This assumption is supported by
the shift of the (002) reflex to lower 20-angles compared to pure
MoS,. This shift can be traced back to an expansion of the
basal-planes caused by the lattice distortion related the
incorporated elements (Ref 28), which also leads to an
increased hardness as discussed later. In addition, the incorpo-
ration of N, contributes to this effect. N, is characterized by a
lower electronegativity compared to S. Due to the reduced
electron density, a compression of the lattice in direction of the
basal-planes and an expansion in direction of the edge-planes
occurs (Ref 9). Above a Mo cathode power of 2 kW, the
amount of Mo in the films is sufficient to from crystalline Mo
and MoN phases. This gives also an explanation for the
increasing N, content with an increasing Mo target cathode

power. Nevertheless, the presence of the (002) MoS, basal-
plane leads to the suggestion that S and Mo are still
incorporated as compound instead of elemental Mo and S
at the grain boundaries as it was also assumed by Gangopad-
hyay et al. for TiN- MoS, films (Ref 12).

In order to examine the morphology and the topography of
the thin films, SEM images are taken and illustrated in Fig. 2.
The film deposited without additional Mo targets is character-
ized by densely packed and v-shaped columns over the whole
film thickness. By sputtering Mo targets with a cathode power
of 1 kW, a densification of the microstructure occurs. A further
increasing Mo cathode power leads to the development of
narrow columns in growth direction. Furthermore, all films
exhibit a cauliflower-like topography with agglomerated grains.
The v-shaped columnar structure, as identified for the film
deposited without Mo targets, was also seen in a previous
investigation (Ref 37). It results from adatoms diffusing
between the adjacent grains due to a high adatom mobility
(Ref 38) and the growth competition taking place between the
differently oriented crystals (Ref 39). Since the surface energy
of the (100) edge-plane is higher compared to the (002) basal-
plane (Ref 40), the adatom mobility leads to a (100) edge-plane
orientation of the films as seen in the XRD spectra. By applying
a low cathode power to the Mo targets, the film loses the
columnar character and a densification occurs. A further
increased Mo cathode power is related to a columnar structure
and indicates the crystalline character due to the formation of
crystalline Mo and MoN (Table 1).

3.2 Mechanical Properties

To investigate the mechanical properties, the hardness and
the elastic modulus were determined (see Fig. 3 a). The values
of the hardness and the elastic modulus are enhanced by an
increasing Mo target cathode power from (0.9 £0.1) GPa and

Fig. 2 SEM images of the morphology and topography of the MoS,:N:Mo thin films
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Fig. 3 (a) Hardness and elastic modulus and (b) H/E* and H*/E*? of the MoS,:N:Mo thin films
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Fig. 4 SEM images of the Rockwell indents of the MoS,:N:Mo thin films

(27.6£2.1) GPa for no additional Mo targets up to
(8.66+0.7) GPa and (162.1 £9.3) GPa for a cathode power
of 3 kW. The film deposited without additional Mo targets
shows the lowest hardness and the elastic modulus. Thus, the
incorporated N, amount does not affect the mechanical
properties and the film exhibits similar characteristics to
sputtered MoS, and MoS,:N films (Ref 41). This behavior is
also reflected in the chemical composition and the crystallo-
graphic orientation. For a cathode power of 1 kW, the
additional incorporated Mo is related to a hardness enhance-
ment, which is caused by a solid solution hardening effect due
to the distortion of the MoS, lattice by the doping element,
which was also seen due to the shift of the MoS, reflexes in the
diffractogram (Ref 42, 43). By further increasing the Mo target
cathode power, the formation of the hard MoN phase besides
the soft MoS, phase is responsible for the increased hardness
(Ref 44). Furthermore, it is to note that the synthesized films do
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not improve the hardness compared to the substrate, but the
hardness is increased compared to the not-modified film. In
addition, H/E* and H?/E*? as plasticity and resistance to plastic
deformation are shown in Fig. 3 b. Both ratios increase with an
increasing Mo target cathode power. For all films deposited
with additional Mo targets, the H/E* ratio is at a similar level.

Moreover, the adhesion of the films was evaluated by
Rockwell indents (see Fig. 4). Considering the SEM images of
the Rockwell indents, all films are marked by an insufficient
adhesion reflected in film delaminations around the indent.
Therefore, all films are classified in adhesion class HF6.
However, there are differences regarding the appearance and
the degree of the spalling. For a Mo target cathode power of
1 kW, the area of the removed film material increased
compared to 0 kW. At 2 kW, the area around the indent is
characterized by cracks and detached material. Due to the
additional Mo, the adhesion is further impaired, since the area

Volume 31(4) April 2022—3203



of the removed film material is increased. For a low Mo target
cathode power, the adhesion is sufficient due to the low
hardness. Similar results are obtained in a previous investiga-
tion regarding the incorporation of an increasing amount of N,
(Ref41). Although the hardness and the elastic modulus as well
as the H/E* and H’/E* are enhanced with an increasing Mo
target cathode power, the adhesion is impaired. Due to the
formation of the MoN phase, the residual stress within the films
is increased, which is responsible for the higher hardness, but
impairs the adhesion at the same time. This trend reflects the
changes regarding the characteristics of the films from a solid
lubricant to a nitride based film, which is directly linked to the
tribological properties discussed in the next section.

3.3 Tribological Properties

To analyze the tribological properties of the synthesized thin
films, the coefficients of friction against 100Cr6 counterparts
and the wear coefficients were determined. The corresponding
values are illustrated in Fig. 5. In addition, the development of
the friction over the amount of rotations is given in Fig. 6 and
SEM images as well as 3D-models of the wear tracks are shown
in Fig. 7. The film deposited without Mo targets and the film
synthesized with a Mo target cathode power of 1 kW exhibit
the lowest coefficients of friction with values about 0.2. The
coefficient of friction develops homogeneously over the
amount of rotations. By further increasing the Mo cathode
power to 2 and 3 kW, the friction increases directly after few
rotations up to 1 and then settles to a value between 0.7 and 0.8.
The wear coefficients show a different trend. The lowest wear
exhibits the film synthesized with a Mo target cathode power of
1 kW with a value of (1.06 £0.2) x10° mm*/Nm. For a Mo
target cathode power of 2 kW and the film deposited without
additional Mo the wear coefficient is about 3.5 x10° mm*/Nm
and increases up to (5.93 + 0.4) x10”> mm®/Nm for a Mo target
cathode power of 3 kW. For all films, except the film deposited
with a Mo target cathode power of 1 kW, the film material is
completely removed from the contact area.

Considering the coefficients of friction, it is assumed that the
mechanisms affecting the friction behavior change above a Mo
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Fig. 5 Coefficients of friction and wear coefficients of the
MoS,:N:Mo thin films sliding against 100Crg
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cathode power of 1 kW. Below this value the friction is
determined by the characteristics of MoS, and the relatively
high S/Mo ratio indicates that the formation of a lubricating
MoS, phase is possible. The beneficial effect of additional
elements on the tribological behavior was also reported for Ti.
Due to the Mo in the space between the S planes, respectively,
in the MoS, lattice, the thin film is protected from oxygen
contaminations and the friction is reduced (Ref 35). In addition,
the formation of the (002) basal-plane and the densification of
the microstructure contribute to the improved friction behavior
(Ref 45). Considering the topography of the wear tracks, the
coefficient of friction of the film deposited without additional
Mo targets is lower in contrast to a steel - steel contact,
although the film material is completely removed from the
contact area. This indicates the dynamic interaction of the
generated film material. The generated film particles participate
during the sliding process and are just removed from the
contact area after both contact partners are separated as
discussed in previous investigations (Ref 20, 46). Due to the
incorporation of a low amount of additional Mo, the amount of
the film material contributing the lubricating effect is increased,
since the breakup of the columns is complicated (Ref 47). Also,
the compacted microstructure contributes to this effect (Ref 48,
49) and is reflected in a lower wear and a reduced substrate
exposure for the film deposited with a Mo target cathode power
of 1 kW. It is to note that there is no direct relation between the
mechanical and the tribological properties. These films are
characterized by a low hardness and elastic modulus as well as
low H/E* and H/E*? ratios. More important is the ability to
keep the detached particles within the contact area during the
sliding. This was also seen for MoS,:N films (Ref 41) and
underlines the importance of dynamic effects of the film
material during the sliding process.

In contrast to that, at a further increasing Mo cathode power
the friction increases. A first possible explanation is that the
friction behavior is determined by the MoN phase. Although
the (002) MoS, reflex is still present for the films deposited
with a high Mo cathode power, the lubricating character of the
MoS, phase seems to be superimposed. This could result from
the decreasing amount of S in the films with an increasing Mo
cathode power, since a sufficient supply of S is necessary to
form lubricating phases during the tribo-test (Ref 10). This is
also indicated by the low S/Mo ratio. Furthermore, for these
two films, the film material is completely removed from the
contact area and the substrate exposed. Therefore, it is assumed
that the film material loses its ductility and is marked by a
brittle character. The development of the coefficient of friction
indicates that this effect occurs after a few rotations, since the
coefficient of friction rises to 1 and then settles at a value of 0.7,
which corresponds to a steel - steel contact (Ref 50). The
sudden rise of the coefficient of friction can be justified with the
breakthrough of the thin film by the counterpart due to the
brittle character of the film material. Also, the Rockwell indents
showed an increasing amount of cracks and delaminated film
material, which is in accordance with this suggestion that the
film material has a brittle character. It also supports the
assumption that the MoS, character is completely lost. Despite,
it is underlined that although the H/E* and H’/E*? ratios
increase, the wear properties are impaired. This trend indicates
that the mechanical properties are of minor importance for the
tribological behavior due to the change of the film from a solid
lubricant to a nitride.
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Fig. 7 SEM images and 3D-models of the wear tracks of the MoS,:N:Mo thin films

4. Conclusion

A reactive hybrid dcMS/HiPIMS process was employed to
synthesize MoS,:N:Mo films, whereby the effect of an
increasing Mo cathode power was investigated. At a low Mo
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cathode power, the additional Mo in the film acts as a doping
element and is related to improved friction properties, which
are ascribed to a densification of the microstructure and the
formation of the (002) basal-plane orientation. By further
increasing the Mo cathode power, the properties are determined
by the formation of a MoN phase. An impaired adhesion
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combined with an insufficient supply of S and Mo to form a
lubricating MoS, phase lead to high friction and wear.
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