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Abstract: The coating system MoN-Ag is an interesting candidate for industrial applications as
a low friction coating at elevated temperatures, due to the formation of lubricous molybdenum

check for oxides and silver molybdates. Film deposition was performed by high-power impulse magnetron
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sputtering and direct current magnetron sputtering. To facilitate a future transfer to industry Mo-
Ag composite targets have been sputtered in Ar/N, atmosphere. The chemical composition of
the deposited MoN-Ag films has been investigated by wavelength dispersive X-ray spectroscopy.
Morphology and crystallographic phases of the films were studied by scanning electron microscopy
and X-ray diffraction. To obtain film hardness in relation to Ag content and bias voltage, the
instrumented indentation test was applied. Pin-on-disc tribological tests have been performed at
room temperature and at high temperature (HT, 450 °C). Samples from HT tests have been analyzed
by Raman measurements to identify possible molybdenum oxide and/or silver molybdate phases.
Atlow Ag contents (<7 at.%), coatings with a hardness of 18-31 GPa could be deposited. Friction

https://doi.org/10.3390/

coefficients at HT decreased with increasing Ag content. After these tests, Raman measurements
coatings11111415

revealed the MoOj phase on all samples and the Ag,Mo4O13 phase for the highest Ag contents
(~23-26 at.%).
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1. Introduction

Publisher’s Note: MDPI stays neutral The current interest in MoxNN coatings for tribological applications results from its
excellent mechanical properties (hardness 21-39 GPa compared to 18-24 GPa for TiN
and CrN [1-3]) and its friction-reducing and lubricating qualities of the surface oxides
at elevated temperatures (>300 °C) which is due to the presence of lamellar structures
(also Magnéli phases [4]) that shear easily during contact loading. Three molybdenum
nitride phases are stable in thermal equilibrium according to H. Jehn et al. [5]—tetragonal
-Mo,N, face-centered cubic y-Mo,N and hexagonal -MoN. Up to now, no single phase
8-MoN could be synthesized by reactive magnetron sputtering [6-9]. The high hardness
and relatively low coefficient of friction (COF) of MoxN coatings of about 0.25-0.4 against
alumina balls [2,10] leads to an excellent wear resistance at lower temperatures [2,3,10,11].
Adding silver to molybdenum nitride is interesting for high temperature (HT) tribological
applications for three reasons:
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1.  The MoN-Ag coatings oxidize and form lamellar MoOj3 and play a key role in the
friction reduction at HT friction processes [10];
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2. Low melting point Ag molybdates can synthesize, which also strongly reduces fric-
tion [12]; and

3.  Ag exhibits low shear strength and has already been used as a solid lubricant in
high-temperature tribological applications [13,14].

Up to now, several papers have been published on the topic of MoN-Ag films de-
posited by magnetron sputtering from elemental target materials [3,15-18] or mosaic
targets [19,20]. The optimal concentration of Ag significantly improves the mechanical
and tribological properties of parts subjected to tribological load [3]. A slight hardness
increase is observed for Ag additions of a few percent using reactive magnetron sputter-
ing [15,19]. However, at higher Ag contents (>15 at.%) hardness of MoN-Ag films drops
below 10 GPa [15]. Gulbiniski et al. reported an optimal Ag content of about 6 at.% for the
tribological behavior of MoN-Ag films at HT [15]. At this Ag content the hardness is still
sufficiently high (20 GPa) and the friction coefficient is clearly lowered.

In this work, MoN and MoN-Ag films have been deposited by using direct current
magnetron sputtering (dcMS) and high-power impulse magnetron sputtering (HiPIMS).
The main aim of this work is to study the formation of solid lubricants in the coating system
MoN-Ag by using two different deposition technologies, namely dcMS and HiPIMS. Pin-
on-disk tests were performed at RT and HT to study the formation of lubricating films
lowering the COEF. To simplify the transfer from research to industry MoAg composite
targets have been applied and their sputtering behavior has been explored. Neither HiPIMS
nor composite targets have been reported previously for the deposition of MoN-Ag films.

2. Materials and Methods
2.1. Film Deposition

The MoN-Ag coatings were deposited onto mirror-polished high-speed steel samples
(HSS M2, 1.3343, Werner Wilke Zerspanungstechnik GmbH, Homberg, Germany, hardness
64-66 HRC) by magnetron sputtering in a Leybold L560 UV system (Leybold AG, Alzenau,
Germany, base pressure <1.5 x 1073 Pa) using a @ 75 mm sputtering cathode (PK75,
Leybold Heraeus GmbH, Hanau, Germany, target area 44.2 cm?). Two sputtering methods
were applied: dcMS (power supply: ADL Maris GS30-1000, ADL GmbH, Darmstadt,
Germany) and HiPIMS (power supply: MELEC SPIK 1000 A pulser, MELEC GmbH, Baden-
Baden, Germany, powered by the same ADL Maris GS30-1000) using 2 different pulse
patterns. The power supplies were operated at a fixed averaged power of 400 W (target
power density: 9 W/cm?). After plasma cleaning of the target and the substrates, a pure
metallic adhesion layer—about 50 nm thick—was deposited from the target material that
was used for the nitride layer (Mo or MoAg alloy target). The same parameters as for
the nitride layer were used with the difference that only Ar gas with a slightly increased
partial pressure (0.4 Pa) was used to stabilize the plasma. For the deposition of the nitride
coatings, an Ar/N, gas mixture (gas purity 99.999%) was employed. The substrate holder
was fixed at a distance of 6 cm opposite the target surface. No intentional heating was
applied to the substrates. The substrate was kept at floating potential except for one series
of depositions where the bias voltage was varied between —30 and —150 V. This DC bias
voltage was provided by a second HiPIMS pulse unit (MELEC SIPP 2000A, MELEC GmbH,
Baden-Baden, Germany) being capable of carrying a sufficiently high substrate current
during the pulse on times.

Four series of samples were produced and process details are listed in Table 1:

1. Series dc-0.4: MoN and MoN-Ag films deposited by dcMS with a nitrogen partial
pressure, p(N3), of 0.4 Pa and floating substrate bias voltage;

2. Series HiP-0.07: MoN and MoN-Ag films deposited by HiPIMS with p(N,) = 0.07 Pa
and floating substrate bias voltage;

3. Series HiP-0.4: MoN and MoN-Ag films deposited by HiPIMS with p(N) = 0.4 Pa
and floating substrate bias voltage;

4.  Series HiP-0.4-bias: Process “HiP-0.4”, but with a variation of the substrate bias
voltage from —30 to —150 V.
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Table 1. Deposition parameters of the 4 series and the coating thickness dg,y, of the prepared films.

Deposition Param. HiPIMS Parameters Thickness
. Bias p(Ar) p(N2) ton T Duty ipeak diim
Series Target vy (pa) (Pa) (us) (us)  Cyce  (Alem?) (um)

Mo 0.022 19
MoAg10 0.021 2.2

dc-0.4 —— float. 0.3 0.4 - - 100
MoAg20 0.019 1.7
MoAg35 0.019 1.9
Mo 0.3 15 24
MoAg10 1 21

HiP-0.07 ————— float. 3y 0.07 30 2000 15
MoAg20 ’ 0.9 1.5
MoAg35 0.9 1.9
Mo 14 0.7 3 2.1
MoAg10 16 0.8 2 22

HiP-0.4 —— float. 0.3 0.4 _— 2000

MoAg20 20 1 15 1.7
MoAg35 24 1.2 1.2 1.8
MoAg35 float. 1.2 1.8
MoAg35 -30 1.1 2.1

HiP-0.4-bias —— 03 0.4 24 2000 1.2
MoAg35 —100 1.1 2.0
MoAg35 —150 1.1 2.0

The utilized target materials were elemental Mo targets and MoAg compound targets
(Sindlhauser Materials GmbH, Kempten, Germany) with a purity of 99.95% and 99.8%,
respectively. The MoAg compound targets have been manufactured by powder metallurgy
and vacuum hot pressing. MoAg targets were ordered with 10, 20 and 35 at.% of silver
(labeled as MoAg10, MoAg20 and MoAg35). The Ag content in the compound targets were
measured by inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent
5110, Agilent Technologies Australia Pty Ltd, Melbourne, Australia) on chips which were
milled from the target center. The measured Ag content for the MoAg10, MoAg20 and
MoAg35 targets was about 7, 14 and 33 at.% as listed in Table 2.

Table 2. Silver content of the MoAg compound targets and of the deposited MoN-Ag coatings of the
3 series without substrate bias (measured by WDX, 7 keV).

Tareet Ag Content Target, Ag Content Coating, Ccoat (Ag)

8 Crarget (Ag) (at.%) dc-0.4 (at.%) HiP-0.07 (at.%) HiP-0.4 (at.%)
MoAg10 7 0.9 1.6 0.4
MoAg20 14 5.8 6.2 2.8
MoAg35 33 24.1 26.1 23.1

The pulse duration ton had to be slightly increased with increasing Ag target content
in Series HiP-0.4 in order to balance the increase of the target voltage, preventing it from
approaching the maximum of the pulser (—1000 V) (for details, see Section 3.1).

2.2. Characterization

The film composition was measured by wavelength dispersive X-ray spectroscopy
(WDX, INCA 5.05, Oxford Instruments, High Wycombe, UK) with a measuring field of
60 um? with a field emission scanning electron microscope (FE-SEM, Zeiss Gemini SEM
300, Oberkochen, Germany). The electron accelerating voltage was adjusted to 7 kV for
limiting the information depth, which was about 0.25 um in this case. The Lo emission
lines were analyzed for the elements Mo and Ag, and the K« emission lines for N.

Crystallographic phases were studied by X-ray diffraction in Bragg-Brentano geometry
(XRD, Bruker D8 DaVinci, Karlsruhe, Germany). More or less finely fragmented film debris
received from (intentionally produced) badly adherent coatings (without metallic interlayer
with the exception of sample dc-0.4/Mo target) were sprinkled on zero diffraction plates for
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phase analysis. Due to the low amount of this film debris, milling could not be applied, and
hence no real powder could be produced. However, the advantage of having the coatings
as debris was to reduce the film texture, which distinctly enhances the identification of
crystallographic phases.

The film hardness was measured by instrumented indentation test (Fischerscope H100
xy p, Sindelfingen, Germany with an upgraded EPROM for a reduced minimum load of
0.1 mN) using a Vickers indenter and 9 mN of maximum load. The durations for load
increase, creeping under maximum load and decreasing load were 10 s, respectively. The
penetration depth of the indenter varied between 0.12 um for the hardest films (30 GPa)
and 0.2 pm for the softest films (10 GPa). Adhesion was acquired by the Daimler Benz
Rockwell C adhesion test (Dia Testor 2 Rc, Otto-Wolpert-Werke GmbH, Ludwigshafen,
Germany, HF classification with 6 HF classes, for details see [21,22]).

Tribological measurements were carried out by pin-on-disc tribometers at room tem-
perature (RT) or at a temperature of 450 °C (HT = high temperature) using two mechanically
similar pin-on-disc machines (CSM Instruments SA, Peseux, Switzerland), one equipped
with a heating stage (at CTU Prague) and one without (fem). All other test parameters were
kept the same, i.e., counterpart: 6 mm Al,O3 ball, wear track diameter: 2 mm, load: 10 N,
rotation speed: 500 min~! (corresponds to a sliding speed of 52.4 mm/s). The measure-
ment duration usually comprised 30,000 rotations with the exception of measurements on
samples with MoN-Ag films with >20 at.% of Ag content, which were stopped after 5000
rotations due to worn coatings at RT. The sliding distance for the 5000 and 30,000 rotations
amounts to 31.4 and 188.5 m, respectively. The coefficient of friction (COF) was recorded
and averaged between 1000 and 30,000 or 1000 and 4500 rotations, respectively. In Figure 1
this is shown for two samples from the HiP-0.07 series at RT and HT for the case of 30,000
cycles. The wear was analyzed by confocal microscopy (Nanofocus psurf custom, Ober-
hausen, Germany) using a 4 x 4 pattern of stitched scans. Wear volume and depth were
evaluated by Mountains Map (Version 7.2.7568, 2015, Digital Surf, Besancon, France).

1.0 T
HiP-0.07, MoAg20 target
0.9 4 | Counterpart: Al,O,

Load: 10N

0.8 4| Rotation speed: 500 min™'
Wear track diameter: 2 mm
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S 06 Range for averaging COF (30,000 cycles)
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S 059 "
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S 03‘%.4%%“
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Figure 1. COF vs. number of cycles of MoN-Ag coated HSS samples. The samples used for this

diagram are from the series HiP-0.07 (MoAg20 target). Pin-on-disk tests were performed at RT and at

450 °C.

Film thickness (see Table 1) was measured by tactile profilometry (MarSurf + MarSurf
GD26+ BFW A 10-45-2/90°, Mahr GmbH, Géttingen, Germany) on a sharp film edge,
produced by covering a part of the samples with a razor blade during deposition. This
sample was always fixed at the same position at the substrate holder.

The thickness of the oxide films evolving during the HT tribological tests was deter-
mined by two methods:

1.  Glow discharge optical emission spectroscopy (GDOES, GDA 750, SPECTRUMA

Analytik GmbH, Hof, Germany) for thin oxide films on Ag-free MoxN films;

2. Optical profilometry (Nanofocus psurf custom + Mountains Map, see above) on ball
crater wear tracks for the other samples.
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For the latter, a ball crater was ground into the samples (aside from the worn area)
using a CSM Calotest (Peseux, Switzerland) with a 100Cr6 steel ball (& 40 mm) and
0.1 pm diamond paste. The oxide layers turned out to be well visible. At the transition
between non-oxidized MoN-Ag film and the oxide layer, a more or less pronounced plateau
emerged, where the oxide is removed quite uniformly. The entire ball crater was scanned
by confocal microscopy (Nanofocus psurf custom) and the height difference between this
plateau and the surface of the surrounding sample surface was measured at up to eight
measuring points.

Raman measurements were performed after high temperature tribological tests to
identify molybdenum oxide and/or silver molybdate phases. Macro Raman measurements
were carried out using a Renishaw inVia Raman spectrometer (Wotton-under-Edge, UK,
laser wavelength: 532 nm, spot diameter 1.1-1.6 mm), gathering information from the
sample surfaces outside the wear tracks. Furthermore, to collect phase information across
the wear track, micro Raman measurements have been analyzed at several positions across
the wear track on selected samples by using a Horiba XploRA Plus spectrometer (Lille,
France, laser wavelength: 532 nm, spot sizes: 5 and 30 pm). Raman spectra were manually
corrected for the baseline, as even repeated measurements at the same position could
contain different underground signal heights.

3. Results and Discussion
3.1. Sputtering Behavior of Mo and MoAg Targets

In Figure 2 the HiPIMS pulse shapes of the cathode voltage and current of the Mo
and the three different MoAg targets are depicted. As an example, the HiPIMS pulse
with on-time ton = 30 ps and pulse duration T = 2000 ps was selected. Oscillations on all
curves for the first 10 pus and a delay of the current increase of about 6 us can be observed.
However, after 10 us the oscillations vanish and a stable plasma behavior establishes. In the
stable pulse area, the cathode voltage increases with increasing Ag content in the targets
from —700 V for the Mo targets towards 960 V for the MoAg35 target. The cathode current
saturates for the MoAg targets after about half of ton but not for the Mo target. Obviously,
the Ag in the composite targets significantly influences the sputtering behavior. Ag is
known for having the highest sputtering yield of all metallic materials [23]. According to A.
Anders [23], the discharge pulse will be dominated by gas ions for short pulses (as in our
case) and self-sputtering will only occur for longer pulses. The peak power of the HiPIMS
pulses decreases with increasing Ag content from about 43 kW for the Mo target towards
about 30 kW for the MoAg35 target.

250 11250
] | ton =30 ps, T = 2000 pis, p(N,) = 0.07 Pa | ]
2001 HRge : 1-1000
i 1750
g 100 500 5
g ] :
- 1.250 o
0T 10
- ; : 1250
0 10 20 30 40 50

Time (us)

Figure 2. Cathode voltage and current for the HiPIMS pulse with 30 ps ton and a pulse duration of
2000 ps for Mo and the 3 different MoAg targets.
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The comparison of the Ag/Mo ratio in the MoAg compound targets with the Ag/Mo
ratio in the deposited MoN-Ag coatings revealed that a significant loss of Ag during
sputtering (see Table 2 and Figure 3) is only observed for the MoAg10 and MoAg20 targets.
For these targets, the most severe loss is found for the HIP-0.4 sputtering process. However,
the Ag/Mo ratio in the film is higher compared to the target material for the MoAg35
target.

- @- dc-0.4 3
L= e ; N
@- HiP-0.07 P
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Figure 3. Ag/Mo ratio of coating vs. target. The dotted lines are a guide to the eye. A dashed
bisecting line has been added. This dashed line represents the case when the Ag/Mo ratio in the
coating resembles the one of the composite target. The green text and vertical dashed lines mark the
corresponding target materials.

The high sputtering yield of Ag leads to an increase of the deposition rate of MoN-Ag
coatings with increasing Ag content (Figure 4). As expected and in detail explained by A.
Anders [24], the highest deposition rates are observed for the dc sputtered films (series
dc-0.4). The higher deposition rates of series HiP-0.07 compared to series HiP-0.4 results
from lower target poisoning (lower nitrogen partial pressure) and the slightly higher duty
cycle (1.5% for HiP-0.07 compared to 0.7-1.2% for HiP-0.4). The latter relation was already
reported by Haye et al. [25].
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Figure 4. Deposition rate vs. Ag content (target) of MoN and MoN-Ag coatings.



Coatings 2021, 11, 1415

7 of 21

3.2. Chemical Composition of MoN and MoN-Ag Coatings

The chemical composition of the MoN-Ag films deposited by the three different
sputtering processes with floating substrate bias are presented in Figure 5. The silver
content of the coatings was already listed in Table 2. It was observed that the incorporation
of Ag into the films leads to a reduction of the N content in the films by up to 14 at.%.
However, the N content in the MoN-Ag films is not drastically affected by changing the
MoAg compound targets, i.e., by changing the Ag content in the MoN-Ag films. The
highest Mo content is found for the films deposited with the MoAg10 target, which in case
of HIPIMS is caused by the drastic decrease of the N content, when replacing the Mo by
the MoAg10 target. By increasing Ccoat (Ag) the Mo content decreases quite linearly with
increasing Crarget (Ag) (Figure 5). To understand and visualize the influence of Coat (Ag)
on the N/Mo ratio of the MoN-Ag films a graph has been compiled with the N /Mo ratio
vs. Ceoat (Ag) in Figure 6. Using the MoyN films as a starting point, it can be observed
that incorporating a low content Ag into the films (MoAg10 compound target) leads to
a significant decrease of the N/Mo ratio. A further increase of the Ag content leads to
an increasing N /Mo ratio, reaching the original N /Mo ratio of the MoxN films with the
exception of the dc-0.4 series. For the latter, a surplus of nitrogen is found in the MoN-Ag
film deposited with the MoAg35 target, as the N/Mo ratio is higher than 1:1. For this
MoN-Ag film, MoN is over-stoichiometric with respect to nitrogen.

80 80 80 :
dc-0.4 [HiP-0.07 | [HiP-04 |

3 704 Ag < 70+ ~e—Ag || & 701 ~9—Ag
3 N 3 =—N &5 =—N
& 604 Mo & 60+ =@—Mo 8 604 =2—Mo
c c = =
S 50 S 50+ 2 50
3 3 3
Q ol Q 2 Q 4
£ 40 £ 40 £ 40
S 304 S 304 S 30
© [v] ©
o
£ 204 £ 20 E 201
2 2 2
O 104 O 104 O 104

0-a ; . , . 0449 : ; . . . . 0-e 7 ! ! i i
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Figure 5. Chemical composition (WDX) of Mo and MoN-Ag coatings from the 3 different sputtering processes.
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Figure 6. N/Mo ratio vs. Ag content of the coatings as measured by WDX. The horizontal dashed
lines (olive color) indicate the N /Mo ratio of stoichiometric Mo,N and MoN films.

3.3. Microstructure and Morphology

For all MoN and MoN-Ag samples, fracture cross section has been prepared and
studied by SEM, see Figure 7 (samples with floating substrate bias) and Figure 8 (series
HiP-0.4-bias). The Ag-free films without bias (Figure 7) show a fine-grained columnar
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structure. Incorporating Ag into the films seems to densify the film microstructure. For
MoN-Ag films deposited with MoAg20 and MoAg35 targets, the columnar structure
vanishes. Ag precipitations in MoN-Ag films can only be observed for the one deposited
by dcMS (series dc-0.4, target MoAg35). As reported in Section 3.1, for this sample, an
over-stoichiometric MoN phase was identified in the MoN-Ag film.

HiP-0.07 HiP-0.4

Figure 7. SEM micrographs of fracture cross sections of the samples from the 3 series with floating substrate bias voltage.

For studying the influence of substrate bias on the MoN-Ag microstructure a sample
of the HiP-0.4 series with Ag content of 23.1 at.% (target MoAg35) was used as starting
point. Figure 8 presents the development of the microstructure with increasing bias voltage
(from left to right). The left SEM micrograph of the fractures’ cross sections (=starting
point) in Figure 8 shows a section of the SEM micrograph marked by a red box in Figure 7.
Obviously, the increasing bias voltage densifies the films microstructure, even rendering
the films featureless at bias voltages > —30 V. The increased ion bombardment causes this
densification due to the applied substrate bias voltage [26,27]. The influence of the bias
voltage on the Ag content in the MoN-Ag films will be discussed in the next subsection.
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Floating

-30V -100V -150V

Figure 8. SEM micrographs of fracture cross sections of the samples from the bias voltage series (HiP-0.4-bias, MoAg35).

XRD investigations have been performed on the film debris and can be found in
Figure 9. In Figure 9a the XRD patterns of films sputtered by dcMS are depicted (series
dc-0.4). For the Ag-free MoN film two phases have been identified: Mo and 6-MoN. The
Mo phase originates from the Mo adhesion layer. The peaks of the 6-MoN phase are
slightly shifted to lower angles, indicating residual stress in the film debris. Incorporation
of 0.9 at.% of Ag into the MoN film changes the Mo-N phase composition towards a mixture
of y-Mo,N and 6-MoN, as observed for the MoN-Ag film sputtered from a MoAg10 target.
The peaks of both phases are shifted to lower angles. A further increase of the Ag content to
5.8 at.% (target MoAg20) reduces the 6-MoN phase and increases the y-Mo,N phase, which
can, for example, be witnessed for the (002) y-Mo,N peak and for the (210) 6-MoN peak.
There are even signs of Ag precipitation at the 26 angles 38°, 44.3° and 64.5° (asymmetric
MoxN peaks). A significant change in the X-ray pattern is found when the MoAg35 target
is used to deposit MoN-Ag films: Ag reflexes occur at several positions in the X-ray pattern
with crystallographic orientations of (111), (200), (220), (311) and (222). Additionally, peaks
of y-Mo,N can be observed. The Ag phases seem to be stress-free, but the y-Mo,N phase
shows significantly shifted peaks to lower angles, maybe caused by compressive stress
(see, e.g., (111), (002) and (022)).

In Figure 9b XRD patterns of samples of the series HiP-0.07 are presented. A HiPIMS
process with reduced nitrogen partial pressure (0.07 Pa) was used to deposit these coatings.
No Ag-free film debris sample was available for the XRD measurements. Only the y-Mo,N
phase can be identified in the XRD patterns of all three investigated MoN-Ag films. Even
for the highest Ag content in the coatings (26.1 at.%, target MoAg35) no Ag precipitations
are visible. We assume silver forms small clusters and due to their small crystallite size the
phase is cryptocrystalline and not visible in the XRD patterns. The XRD patterns of the
MoN-Ag films of the MoAg10 and MoAg?20 targets are nearly identical with a preferential
(002) texture. The shift of the X-ray peaks to lower angles indicates residual stress in the
debris of the two films. The texture composition changes for the MoN-Ag film deposited
from the MoAg35 target. The intensity of the (111) crystallographic orientation is now
slightly higher than the (002) peak. Furthermore, additional peaks of the y-Mo;N phase
occur at 20 angles of 63.2° and 75.8°. The peaks of the film deposited from the MoAg35
target are not shifted.

Samples from another HiPIMS series (HiP-0.4) manufactured at the same nitrogen
partial pressure as the dcMS sputtered films are shown in Figure 9c. The Ag-free MoN
film possesses only peaks of the 5-MoN phase. Incorporating Ag into the film changes the
crystallographic structure completely. Mainly peaks of the y-Mo,N phase can be identified.
Due to the possible peak shifting caused by stresses and possible preferred orientation in
the MoN-Ag film debris, it cannot unequivocally be concluded that no 5-MoN phase is also
present. However, the fraction of this phase will be negligible. Furthermore, no distinct Ag
peak could be identified. Only the asymmetric shape of the (111) peak of y-Mo,N (MoAg35
target)) could be a hint on tiny Ag precipitations.

The identified crystallographic phases of all investigated MoN and MoN-Ag films are
compiled in Table 3.
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Table 3. Compilation of the crystallographic phases identified for the MoN and MoN-Ag films. In
brackets are phases which have not unequivocally been identified.

Target Crystallographic Phases

dc-0.4 HiP-0.07 HiP-0.4
Mo Mo !, 5-MoN - 5-MoN
MoAg10 v-Mo,N, 6-MoN vY-Mo,N v-Moy N, (5-MoN)
MoAg20 V'MOZ(I\IA;)'MON’ vy-Mo,N vy-Mo,N, (6-MoN)
MoAg35 v-MoyN, Ag vY-Mo,N Y-MoyN, (Ag)

! The Mo phase originates from the Mo adhesion layer used only in this sample.
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Figure 9. XRD patterns of MoxN and MoN-Ag films: (a) series dc-0.4, (b) series HiP-0.07 (the Ag-Figure 2. N film is missing)
and (c) series HiP-0.4. The main X-ray peaks of Mo, y-Mo;N, 6-MoN and Ag have been included as vertical dashed lines.
The Ag content of the coatings is added in brackets (in at.%) to the MoAg target materials.

3.4. Microhardness

Well adherent coatings with HF class of 1-3 have been deposited. Figure 10 shows the
microhardness of the MoN-Ag coatings as a function of the Ag content. Silver-free MoN
coatings have an indentation hardness Hir of 23.1 (dc-0.4), 25.0 (HiP-0.07) and 31.2 GPa
(HiP-0.4). Both HiPIMS-MoN films show a higher hardness compared to the dcMS film,
whereas the hardest MoN film has a similar N content as the dcMS film, but an 8 GPa
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higher hardness. However, adding 0.4 at.% Ag into this hardest MoN films leads to a
significant drop in hardness to 22.1 GPa. This certainly is caused by the loss of the pure
5-MoN structure, as shown in the previous section, as this phase is harder compared to
v-Mo;N [28]. With increasing Ag content all three MoN-Ag film series show a more or
less pronounced decrease in hardness. The dcMS-0.4 and the HiP-0.4 MoN-Ag film series
show a very similar progression of the hardness values with respect to the Ag content.
The HiP-0.7 MoN-Ag films possess higher hardness. For these sample series, a hardness
decrease occurs only at Ag contents higher than 6 at.%. The pronounced hardness increase
with the Ag content, as reported by Gulbiriski et al. [15], was not observed for our MoN-Ag
film series. They used pulsed magnetron sputtering and a low substrate bias voltage
for film deposition. The hardness increase was ascribed to a dispersion of silver atoms
into the nitride lattice. This induces its distortion resulting in hardness enhancement.
Furthermore, silver sub-nanometer clusters cause a re-nucleation of the nitride lattice
leading to a crystallite size refinement [15]. According to the Hall-Petch relationship, the
reduction in grain size increases the hardness of materials [29,30]. For silver-rich films, the
presence of the soft component facilitates the grain boundary sliding, leading to the drop
of hardness [15,19].
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Figure 10. Indentation hardness Hjt vs. Ag content of the MoN-Ag coatings.

The influence of a substrate bias voltage on hardness and Ag content of MoN-Ag
coatings is presented in Figure 11. The process HiP-0.4 (MoAg35 target) was used as a
base for having the maximum i,eqx and thus ionization of the sputtered atoms. Obviously,
an increase of the bias voltage from floating to —150 V linearly increases the hardness
from 11 GPa to 17.6 GPa. This is accompanied by a linear decrease of the Ag content in
the MoN-Ag coatings. Hence, the removal of the soft Ag phase caused by bias-induced
preferential sputtering leads to the hardness increase. The Ag content drops by a factor of
about 2 from 23.1 at.% (floating) to 11.6 at.% (—150 V). Given the Ag concentration in the
targets purchased, the substrate bias turned out to be the only method to produce coatings
with Ag content between 6 and >20 at.% Ag. Therefore, this considerable influence on
hardness and Ag content has to be taken into account when applying a bias voltage to
the substrates. Otherwise, a very compact film structure is obtained already with a bias
voltage of —30 V as can be observed in SEM micrographs of fracture cross sections shown
in Figure 8. A slightly denser microstructure is even found for higher bias voltages.
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Figure 11. Indentation hardness Hir and Ag content vs. substrate bias voltage of the MoN-Ag
coatings deposited with a MoAg35 target.

The hardness values presented in this Section are quite comparable with the ones
reported by Gulbiniski et al. [15]. They observed a hardness of 20 GPa for a Ag content of
about 6 at.%, which was identified as optimum Ag content for tribological behavior.

3.5. Tribological Properties

In Figure 12 the results of pin-on-disc tribotests at room temperature (RT) on MoN and
MoN-Ag films are presented. Two typical friction curves (RT and HT) have already been
shown in Figure 1, which illustrated that the COF is stable during long-term operation
with a relatively smooth curve behavior. Figure 12a shows the average COF and Figure 12b
the wear rate. For Ag-free MoN films, a low COF of 0.23-0.29 is measured. The low COF of
most of the MoN and MoN-Ag films is explained by adsorbed water, which, together with
surface oxide traces, builds a lubricating layer [15]. Incorporating Ag into MoN films leads
to different tribological behavior with respect to the sputtering process:

1. dc-0.4: The Ag content seems to have no significant impact on the COF. For Ag
contents of 1-24 at.% the COF is in the range of 0.23-0.26. The wear rate is linearly
increasing with increasing Ag content.

2. HiP-0.07: The COF of MoN-Ag films is decreasing with increasing Ag content, reach-
ing a minimum at about 6 at.% Ag and then increasing to a COF of 0.49 at a Ag
content of 26 at.%, which is the highest COF of all studied samples (at RT). The wear
rate of the samples from this series is lower than from the other two series, but ata Ag
content of about 6 at.% the wear rate is only slightly lower than the one of the dc-0.4
series.

3. HiP-0.4: The COF vs. Ag content shows a quite similar behavior as HiP-0.07 sputtering
process. However, the COF of the highest Ag content is significantly lower compared
to the sample of the HiP-0.07 sputtering process, scoring a value of 0.37 at a Ag
content of 23 at.%. The wear rate at a Ag content of 0.4 at.% is the same as for the
one of the dc-0.4 series. However, it strongly deviates to higher wear rates for a Ag
content of 2.8 at.%, i.e., with a wear rate of 0.36 x 10~® mm?®/Nm it possesses the
highest wear. This deviation is remarkable, as the COF for the MoN-Ag films is nearly
identical at these Ag contents.



Coatings 2021, 11, 1415 13 of 21

a)
= 07 ; : b) 0.5 :
= RTI - O- dc-04 RT - 0O- de-04
& 06 - O- HP-0.07}| ~ RI} - O- HiP-0.07
o - O- HiP-0.4 £ 04 - O- HiP-04 [~
o =z g
g %° i E g
& ! £ 03
E 0'4 - - - T w
8 0s fostisz '? = o
= i LA =
% D‘g‘&-’%';:' _____ NP I % 0.2 =
»E 02 % )
g ¢ O 1rery
g 01 R d
> - e m]
< 0.0 0.0 O--- i ;
S0 5 10 15 20 25 0 1 2 3 4 5 6 7
Ag content (coating) (at.%) Ag content (coating) (at.%)

Figure 12. COF (a) and wear rate (b) of MoN-Ag coated steel vs. Ag content studied by pin-on-disc tests with Al;O3
counterpart at room temperature (30,000 rotations).

The COFs and wear rates of pin-on-disc tribotests at high temperature (HT, 450 °C)
on MoN and MoN-Ag films are presented in Figure 13a,b, respectively. The COF of the
MoN samples from the three sputtering processes is higher at HT as for the ones at RT
(Figure 13a). The highest COF of 0.55 is measured here for the dc-0.4 sample compared to
roughly 0.4 for both HiPIMS deposited ones. Besides this difference, the COF was found to
decrease with increasing Ag in a very uniform manner for all three sputtering processes,
i.e., at the same Ag content, all MoN-Ag coated samples practically have the same COF
irrespective of the sputtering process. The lowest COF of about 0.25-0.27 is observed for
samples possessing a Ag content in the range of 23-26 at.%.

Compared to the tribotests at RT, far higher wear rates are measured for the HT
tribotests (Figure 13b). With an HT wear rate of 9 x 10~% mm3/Nm the MoN-coated steel
sample from the dc-0.4 series again shows the worst tribological behavior compared to all
other samples (<2 x 107 mm3/Nm). At small Ag contents (0.4-1.6 at.% Ag) the wear
rates amount to around 2 x 107%, at medium Ag contents (2.8-6.2 at.% Ag) they decrease
to around 1 x 10° mm3/Nm. Thus, it seems that the sputtering process (dcMS or HiPIMS)
is less important for the tribological behavior of MoN-Ag coated steel samples than the Ag
content. Hence, it is more important to precisely adjust the Ag content in the films—which
is somewhat challenging for sputtering from MoAg compound targets—than to choose an
advanced sputtering process. However, this fact may partly also be owed to the missing
substrate bias voltage, which would densify the film’s microstructure.
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Figure 13. Friction coefficient (a) and wear rate (b) of MoN-Ag coated steel vs. Ag content of pin-on-disc tests at 450 °C
(30,000 rotations). Notice: the y axis is interrupted between the numbers 3 and 8.



Coatings 2021, 11, 1415

14 of 21

W

The results from tribological tests at RT and HT have been compiled in Figure 14a,b.
This comparison is interesting for applications as for example for aerospace components [3],
where a cycling from low temperatures (around RT) to elevated temperatures occurs. In
the case of the COF (Figure 14a), the difference of the COFs due to the cycling between
RT and HT varies between 0.1 and 0.14 except two samples (dc-0.4/Mo target and HiP-
0.07/MoAg35 target). That means that, on average, the influence of the temperature in
the investigated temperature range on the COF is negligible. Surprisingly, the difference
of the COF of the sample dc-0.4/MoAg35 amounts to only 0.01. Different behavior can
be observed for the comparison of the wear rate (Figure 14b). The wear rate of the coated
samples from the HT tribotests is considerably higher with respect to the relevant samples
from RT tribotests, i.e., the wear of the coated samples is governed by the behavior at HT
during cycling. Hence, the increase in wear rate for the samples at RT with increasing Ag
content (Figure 12b) does not play an important role. The reduction of the wear rate at
HT with increasing Ag content is the most important factor for the tribological behavior
of the coated samples during cycling. The lowest wear rates at HT after 30,000 rotations
were observed for Ag contents of about 3-6 at.%. Gulbinski et al. [15] identified 6 at.%
as optimum Ag content for tribological behavior. However, it cannot be excluded that a
further enhancement of the tribological behavior may be found at somewhat higher Ag
contents, which were not be covered by this research.

One sample strongly deviates from the other samples, with a relatively high wear rate:
the sample dc-0.4/Mo target at HT. This is the sample with the highest COF. Here, a low
amount of silver can significantly improve the tribological behavior.
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Figure 14. Comparison of the average friction coefficient (a) and wear rate (b) of MoN-Ag coated steel vs. Ag content
studied by pin-on-disc tests with Al,O3 counterpart (30,000 rotations) at RT (dashed lines) and HT (compact line).

Pin-on-disk tribotests with 5000 rotations at both temperatures (RT, 450 °C) have
also been rendered with the samples from the HiP-0.4-bias series (Figure 15). For both
temperatures quite similar COFs have been recorded (Figure 15a). The highest deviation
(ACOF = 0.15) is observed for the samples with the highest Ag content (sample at floating
potential) with the higher COF found at RT. The wear rate (Figure 15b) almost linearly
decreases with an increasing bias voltage (i.e., decreasing Ag content). However, the RT
curve possesses a steeper slope. Therefore, the lowest wear rates are observed for the high
bias voltages —100 and —150 V. We conclude, that applying a substantial substrate bias
voltage is beneficial for the tribological behavior, despite the fact that a substantial amount
of Ag is lost in the MoN-Ag films due to preferential sputtering. This can be regarded as an
indication that the best tribological behavior at HT may be found in the Ag-content range
between 6 and 15 at.% with an applied bias. However, a direct comparison with the other
wear resistance test results is not possible due to the difference in the test duration.
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Figure 15. COFs (a) and wear rates (b) vs. Ag content of the samples from the bias series (HiP-0.4-bias) of pin-on-disc tests
at RT and HT (450 °C, 5000 rotations).

Due to the high temperature (450 °C) during HT tribotests the film surface outside the
wear track is also oxidized. Solak et al. [31] reported that the resistance of MoxN coatings
to oxidation is poor because of their non-protective nature and the volatility of the oxides
at moderately high temperatures. Mo, N starts to oxidize at temperatures between 350
and 400 °C [31]. As outlined in Section 2.2, the oxide thickness of HT tribo-samples was
measured after the tribotests by preparing a ball crater in a non-tested region of the sample
and evaluating the ball crater-wear track by confocal microscopy. With this procedure,
the dependence of oxide thickness on Ag content could be measured (Figure 16). The
investigation shows that Ag-free MoN films contain the lowest oxide thickness of about
0.1-0.15 um. Increasing the Ag content strongly increases the oxide thickness. At higher Ag
content, the oxide thickness seems to saturate at values of 1.5-1.6 um. The oxidation of the
MoN-Ag films leads to film volume increase. The remaining (non-oxidized) MoN-Ag film
is still in the range of 1.2-1.4 um. Hence, these samples are oxidized to nearly half of their
total coating thickness after oxidation. Two data sets from series HiP-0.07 in Figure 16 are
labelled by blue ellipses (Ag content: 1.6 and 6.2 at.%). Due to the deviation from the fitted
exponential lines, the measurements have been repeated. However, nearly identical oxide
thicknesses have been measured for the same Ag contents. At present, it is not clear why
the oxide thickness is distinctly lower for the MoN-Ag film with 6.2 at.% Ag compared to
that with 1.6 at.% Ag despite the higher Ag content. Different coating properties influence
the oxidation behavior:

e  Crystalline phase structure: MoyN coating material showed a higher oxidation thresh-
old compared to MoN [1]. However, according to Figure 9b both MoN-Ag films
possess the same nitride phase: i.e., y-MoyN (curves MoAg10 and MoAg20).

e  Chemical composition: Figures 5 and 6 revealed that the MoN-Ag coating with 1.6 at.%
of Ag (MoAg10 target) is N-deficient, whereas the one with 6.2 at.% (MoAg20 target)
has 10 at.% less Mo in the film. Maybe N-deficient Mo2N is more easily oxidized (no
reference has been found for this statement).

e  Film microstructure: The MoN-Ag coating deposited with the MoAg10 target shows a
columnar microstructure, whereas the coating deposited by MoAg20 lost its columnar
structure (Figure 7). According to Musil et al. the oxidation of thin films can occur
at the grain boundaries of thin films [32]. Hence, a columnar structure facilitates the
oxidation process.

Therefore, the difference in oxide coating thickness of the two discussed MoN-Ag
films might be traced back to the chemical composition and the microstructure.



Coatings 2021, 11, 1415

16 of 21

2.0+
’é\ H
S o e ---9 3
A 157" N-deficient TS S |
[0} z -
< &
5 ‘ e i ‘
= 10 Q PACT. |
£ 9 |
3 ’ ‘ i Q@ dc04
o 4 : : @ HiP-0.07
é O.5-°1 low Mo content & i
- l’ i — — FitExpCurve3
] ‘ . — — FitExpCurve4
0.04 i ; i ‘
. 5 10 15 20 25

Ag content (coating) (at.%)

Figure 16. Oxide coating thickness vs. Ag content of MoN-Ag coated steel samples from tribological
tests at 450 °C.

3.6. Raman Measurements

As described in Section 2.2 Characterization, two different Raman spectrometers
have been used for Raman measurements on the samples of HT tribotests: (a) macro
Raman measurements with a laser spot diameter of 1.1-1.6 mm and (b) micro Raman
measurements with laser spot diameters of 5 and 30 pum.

Macro Raman measurements of the MoN-Ag films outside the wear track are compiled
in Figure 17. The AgyMo,40;3 phase [15] was only observed for the MoN-Ag films deposited
with the MoAg35 target in all three deposition series (Figure 17a—c). All other occurring
peaks belong to the MoOs phase [12,15,33,34] and are listed in Table 4. The major difference
between the three samples made with the MoAg35 target is found in the intensity of the
950 cm~! line. The dc-0.4 shows the highest intensity, whereas the HiP-0.07 shows the
lowest. This seems to correlate with the occurrence of Ag precipitations, as can be observed
in the XRD patterns of Figure 9a,c and also in the SEM image of dc-0.4/MoAg35 in Figure 7.
Maybe these Ag agglomerates in the as-deposited films promote the Ag diffusion to the
surface and its reaction with the oxidizing MoN surface in contrast to the more evenly
distributed Ag atoms of sample HiP-0.07/MoAg35. The other phases which occur in
Figure 17b,c also belong to the MoO3 phase. As written in Section 3.5 oxidation of MoN
to MoOj already starts between 350 and 400 °C [31]. The Raman spectra of Figure 17 are
quite similar to the ones reported by Gulbinski et al. [15] for HT tribotests at 400 °C.

Table 4. Measured peaks of MoOj3 phase in the Raman spectra of Figures 17 and 18. The intensities
are given in brackets as w = weak, m = medium, s = strong and vs = very strong.

Frequencies (cm~1) and Intensities of Raman Spectra of MoO3 Phase
829(w)  97.7(w) 1155(m) 127.3(m) 1553(s) 1977 (w) 2167 (w) 2443 (w)
283.4(s) 336.6(m) 365.1(w) 377.9(w) 469.9 (w) 666.6(m) 819.2(vs) 994.7 (vs)

The spectra of the micro Raman measurements of the bias series (HiP-0.4-bias) ac-
quired outside the wear track of the samples after HT tribotests are shown in Figure 18.
The substrate bias voltage seems to have a significant influence on the formation of the
AgrMo4013 phase. This phase can still be observed but is strongly reduced. As discussed
in Section 3.2 (Figure 8), this can be traced back to the change in the microstructure, which
was already identified for a bias voltage of —30 V. Presumably, more compact film mi-
crostructure hinders the Ag diffusion towards the coating surface, necessary for its reaction
with the oxidizing MoN coating to synthesize the Ag,Mo4013 phase.
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Figure 17. Macro Raman measurements. Spectra taken outside the wear track of samples after HT tribotests. The spectra in
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Figure 18. Micro Raman measurements. Spectra of the bias series (HiP-0.4-bias) taken outside the

wear track of samples after HT tribotests with a laser spot size of 30 um. The curves are labelled with
the applied substrate bias and the Ag content on the right side.
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In order to gain information about Ag molybdates from inside and beside the wear
tracks, micro Raman measurements with a spot size of 5 um have been performed across
the wear track on the samples after HT tribotests and are shown in Figure 19.
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Figure 19. Micro Raman measurements across the wear track after HT tribotests for MoN-Ag coated steel samples with
(a) 23.1 at.% Ag (HiP-0.4, MoAg35), (b) 11.6 at.% Ag (HiP-0.4-bias, MoAg35) and (c) 6.2 at.% Ag (HiP-0.07, MoAg20). The
length of the red arrow in Figure 19a is about 400 um (corresponds to wear track width). The Raman intensity of the

820 cm ! line for MoOj (red line) and the Raman intensity of the 950 cm ! line (black line) for AgrMo4013 are plotted vs.

the length across the wear track. The measurement positions (A, B, ... , I) across the wear tracks are estimated.

In Figure 19a a photograph of the wear track including the path of the Raman mea-
surements (=red arrow) and a diagram is shown. In the diagram, the Raman intensity
vs. the path length is plotted, and it is arranged in a way that the measurement length
matches with the location of the red arrow. In Figure 19b,c the same diagrams are presented
but without the photographs of the wear tracks. The Raman measurements in Figure 19
are only for qualitative evaluation to visualize the courses of the MoO3; and AgyMo4013
phases across the wear tracks. In Figure 19a,b it was found that the Ag,Mo40O13 phase is
preferably located at the rim of the wear track. More precisely, the highest AgyMo4O13
intensities were found by intentionally measuring on whitish wear debris at the rim of
the wear tracks. Far lower intensities were partially also measured on Ag clusters located
between the center and the rim of the wear track. The MoOs phase is highest within the
wear track. The diagram of the sample with the lower Ag content of 6.2 at.% (Figure 19¢)
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looks quite different. The Ag content is too low for the formation of high amounts of
AgyrMo4013 phase. However, this phase is also found with lower intensities and again, it is
only located at the rim of the wear track in the wear debris. For this sample, the highest
amounts of MoO3 phase are measured and these are now also found in the wear debris.
Likewise, Gulbiniski et al. [15] reported that for samples containing 6 at.% Ag, the first
traces of phases (molybdate phases) other than MoO3 have been found in Raman spectra
taken from the wear track area after 400 °C tests. Their conclusion was that the molybdate
synthesis is tribo-activated.

The Raman measurements revealed that at low Ag contents (=6 at.% and below)
and at temperatures of 450 °C only negligible amounts of the AgyMo4O;3 phase can be
synthesized within the wear track (Figure 19c). Since the oxidation of the MoyN is strongly
increased by even low amounts of Ag (Figure 16), the friction reduction at these low
Ag contents may more probably be governed through the MoO3 phase. At higher Ag
contents (220 at.%) the AgoMo4013 phase was also identified outside the wear track, i.e.,
the environmental temperature is sufficient to form this Ag molybdate phase. For lower Ag
contents (about 6-20 at.%) the frictional heating with its occurring flash temperatures [35]
is necessary for the tribochemical synthesis of Ag molybdates.

4. Conclusions

MoN and MoN-Ag coatings have been deposited by dcMS and HiPIMS from MoAg
composite targets onto HSS substrates. The addition of silver to MoN has a significant
influence on the coating’s microstructure, hardness, oxidation behavior and tribological
behavior. With Ag addition, a shift of the crystalline phase 6-MoN towards y-Mo,N was
observed, the oxidation resistance in air was decreasing, and the COF and wear rate were
improving for low Ag contents at HT. However, wear rates could only be acquired up to
about 6 at.% Ag content, due to completely worn coatings for higher Ag contents. For up to
6 at.% Ag content in the coatings it was observed, that the wear rates of the coated samples
from the HT tribotests are considerably higher with respect to the relevant samples from RT
tribotests. Furthermore, the COF is roughly 0.1 higher for the HT case. The reduction of the
wear rate at HT with increasing Ag content is the critical factor for the tribological behavior
of the coated samples during cycling, as the wear rate at HT is much higher compared to
the one at RT. The lowest wear rates at HT were observed for Ag contents of about 3-6 at.%.
At HT, solid lubricants have been identified: MoOj3 at low Ag contents (<6 at.%) and Ag,
MoOj3 and AgrMo40;3 phase beyond. Hard coatings (>18 GPa) could be synthesized at Ag
contents below about 11 at.%, depending on the deposition process and the substrate bias
voltage. Further studies on MoN-Ag coatings are intended, especially with Ag contents
in the range of 6-20 at.%. This was not possible with the used composite targets (and low
bias voltages). Furthermore, tribological tests in the temperature range between RT and
450 °C should be performed.
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