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Abstract: A multilayer film, composed by ZrN-Ag (20 nm) and Mo-5-N (10 nm) layers, combining the intrinsic
lubricant characteristics of each layer was deposited using DC magnetron sputtering system, to promote
lubrication in a wide-range of temperatures. The results showed that the ZrN-Ag/Mo-S-N multilayer film
exhibited a sharp interface between the different layers. A face-centered cubic (fcc) dual-phases of ZrN and
Ag co-existed in the ZrN-Ag layers, whilst the Mo-S-N layers displayed a mixture of hexagonal close-packed
MoS2 (hcp-MoS;) nano-particles and an amorphous phase. The multilayer film exhibited excellent room
temperature (RT) triblogical behavior, as compared to the individual monolayer film, due to the combination of
a relative high hardness with the low friction properties of both layers. The reorientation of MoS, parallel to the
sliding direction also contributed to the enhanced anti-frictional performance at RT. At 400 °C, the reorientation
of MoS, as well as the formation of MoO; phase were responsible for the lubrication, whilst the hard t-ZrO,
phase promoted abrasion and, consequently, led to increasing wear rate. At 600 °C, the Ag,MoO, double-metal
oxide was the responsible for the low friction and wear-resistance; furthermore, the observed transformation
from t-ZrO, to m-ZrO,, could also have contributed to the better tribological performance.
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1 Introduction development, in the last years, are focused on the
development of solid self-lubricant coatings. The main
Friction and wear, exhibiting a profound impact on  objective is to improve both anti-friction and wear-
human society due to their influence on energy  resistance properties, in a wide range of temperatures,
consumption, can be considered as a bottleneck in  to replace the conventional liquid lubrication, that
the development of key industrial technologies [1, 2]. might contain harmful additives [5].

Traditional lubricants, such as oils and greases, In the literature it is extensively reported that
have been widely used to enhance the tribological  self-lubricant films for high temperature can be achieved
performance and extend the lifetime of many by combining the intrinsic properties of hard nitride-
mechanical components [3]. However, the lubrication =~ based films with low friction elements (e.g. soft
performance of the oils at high temperature is metals, fluorides, oxides, etc.) which, by their own
significantly reduced, leading to the premature failure =~ properties or by the combination with other elements,
of the parts [4]. Thus, industry efforts on research and  can provide low friction properties [6]. For instance,
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Ag additions to binary ZrN films, using magnetron
sputtering, have been shown to improve the tribological
properties. The diffusion of silver at elevated
temperatures to the wear track significantly drops the
friction coefficient and, consequently, the wear rate [7].
Nevertheless, at room and intermediary temperatures
the self-lubricant properties of the ZrN-Ag, with
relative high hardness values, are not satisfactory
due to the absence of enough Ag element on the wear
track [8].

Transition metal dichalcogenides (TMD) films are
known to exhibit superlubricity properties in vacuum
conditions [9]; however, these films wear out easily
at moisture and elevated temperature conditions [10].
Therefore, recent works are focused on the improvement
of their tribological properties by alloying with metal
[11, 12] or nonmetal elements [13]. For example,
addition of N to MoS, films could increase the
hardness and enhance the tribological performance
with a significant decrease of the friction and wear
rate from room temperature up to 400 °C [14]. Thus,
it is reasonable to assume that the combination
of self-lubricant TMD alloyed layers with high
temperature self-lubricant ones could be the solution
to achieve adequate low friction and wear properties
in a wide range of temperatures from room
temperature (RT) up to 400 °C or higher. Therefore,
a multilayer design alternating TMN-Ag (such as
ZrN-Ag) and TMD-N (such as Mo-S5-N) layers is a
potential solution that should be explored. The
TMN-Ag layer can provide low friction and wear at

high operating temperatures (up to 400 °C), whilst, the
latter can ensure adequate tribological properties at
low temperatures. Moreover, the deposition parameters
of monolayer films of ZrN-Ag, which showed excellent
performances, are similar to the ones used for Mo-S-N
films [15]. Thus, a multilayer ZrN-Ag/Mo-S-N film
with alternating ZrN-Ag and Mo-S-N layers can
be deposited using the magnetron sputtering with
ideal
both layers. The microstructure and the tribological

approximately processing conditions for
properties from RT to 600 °C are evaluated. The
monolayer films, ZrN-Ag and Mo-5-N with similar
chemical composition as the layers in the multilayer
structure are also deposited for comparison purposes.

2 Experiment details

A ZrN-Ag/Mo-S-N multilayer film was deposited in
a semi-industrial DC magnetron sputtering system on
(100) silicon wafers and polished AISI 304 stainless
steel (SS) for investigating the structure and the
tribological behaviors, respectively. For comparison
purposes, two monolayer films, ZrN-Ag and Mo-5-N,
were deposited with the same conditions as in the
multilayer structure. The substrates were cleaned in
alcohol and propanol for 15 min and, then, fixed on
the substrate holder located at the center of the
chamber. The distance from the targets to substrates
was set to 80 mm. 3D schematic representation of
the deposition chamber is shown in Fig. 1. Detailed
deposition parameters of the ZrN-Ag/Mo-5-N

Fig. 1 3D schematic representation of the deposition chamber: (a) shutter rotated to the front of the MoS, target to deposit the ZrN-Ag
layer, (b) shutter rotated to the front of the Zr and Ag targets to deposit the Mo—S—N layer.
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multilayer film by alternating the ZrN-Ag and
W-5-N layers are as follows: (i) base pressure of the
chamber was below 1x10* Pa; (ii) a pure Zr layer
with a thickness of ~200 nm was deposited under Ar
atmosphere (100 sccm corresponding to a deposition
pressure of 4x10" Pa) as an interlayer; (iii) ZrN-Ag
layers with a thickness of 20 nm were deposited by
applying a power of 2,500 W and 500 W at the Zr and
Ag targets, respectively, for 4 min, intercalated with
10 nm thickness Mo-5-N layers deposited by fixing
the MoS, target power at 700 W for 2 min; (iv) the
deposition pressure was set at 5107 Pa and the Ar to
N, ratio was 100:8; (v) no bias and substrate heating
were applied during the deposition. The reference
ZrN-Ag and Mo-S-N monolayer films were deposited
under the same deposition conditions to compare their
properties with the multilayer film.

The elemental composition of the monolayer and
multilayer films was measured using the electron
probe microanalyzer (EPMA, CAMECA SX-50, France)
and results showed that the Ag content in ZrN-Ag
monolayer film was 2.5 at% and N content in
Mo-5-N monolayer film was 29.4 at% N, which is in
good agreement with our previous result [16]. The
crystal structure of the films was evaluated by X-ray
diffractometer (XRD, Shimazu-6000, Japan) with Cu Ka
radiation at 40 kV and 35 mA, and 26 was in the
range of 30°-65° with a step of 1°/min. Transmission
electron microscopy (TEM, JEOL-2100F, Japan) with
an accelerating voltage of 200 kV was used to
investigate the cross-sectional microstructure of the
multilayer film and to complement the structural
analysis of the different layers. A nano-indenter system
(CPX + NHT2 + MST, Swiss) using a load of 5 mN
for 10 s with an indentation depth below 10% of
the films thickness was applied to analyze the films
mechanical properties (hardness and elastic modulus).
Nine points (3x3) at two different regions were chosen
to evaluate the hardness and elastic modulus. The
tribological behavior of the films at room temperature,
400, and 600 °C was evaluated using the ball disc
wear tribometer (UMT-2, USA) using a counterpart
of an alumina ball with a diameter of 9.4 mm. The
test was run for 30 min with a circular track of 4 mm
diameter at a speed of 50 r/min. The applied load
was 3 N. The relative humidity during the room

temperature tests was ~30%. The experiment was
repeated third to ensure the reproducibility of results.
The 3D and its corresponding 2D wear track features
were measured using the 3D Profiler (BRUKER,
Dektak-XT, Germany), and the wear rate was calculated
using the Archard’s law.

3 Results and discussion
3.1 Microstructure

Figure 2 illustrates the XRD diffraction pattern of
ZrN-Ag/Mo-S-N multilayer film, and the corresponding
monolayer films. The monolithic ZrN-Ag film
displays seven diffraction peaks. The diffraction peak
at ~34° corresponds to the silicon substrate (PDF card
#80-0018), three other phases, fcc-ZrN (peaks at ~34°,
~39°, and ~57°, PDF card #89-3839), Zr interlayer
(peak at ~35°, PDF card #89-4916), and fcc-Ag (peaks
at ~44° and ~63°, PDF card #89-3722), were identified,
respectively. Thus, a dual-phase fcc-ZrN and fcc-Ag
co-exist in the film. The Mo-S5-N monolithic film
displays the typical XRD diffraction pattern of
sputtered TMD alloyed films, i.e. the peak observed
at ~34° (hcp-MoS,, PDF card #89-2905) is broad and
displays an extended shoulder to the right side [17].
This is attributed to the turbostractic stacking of the
S-Mo-S layers resulting in a series of plans of type
(10L) (L=1, 2, 3) [18]. The addition of nitrogen to
MoS, led to the formation of an amorphous phase
and, thereby, to a weakening and broadening of the
diffraction peak of MoS,, as observed in our previous
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Fig.2 XRD diffraction patterns of the ZrN-Ag, Mo-S—-N
monolayer films, and the ZrN—-Ag/Mo—S—N multilayer film.
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results [19]. As it was expected, the XRD diffraction
pattern of the ZrN-Ag/Mo-S-N multilayer film
displayed similar phases as the individual ZrN-Ag
and Mo-5-N monolayer films. Nevertheless, the Ag
signal is almost absent due to the combined effect of
(i) low Ag concentration and (ii) very thin ZrN-Ag
layer present on the film. No individual and notorious
satellite peak is detected. This suggests that the
arrangement of the film as a multilayer of Mo-S-N
and ZrN-Ag layers does not induce a coherence
characteristic, such as the one observed for TiN/AIN
[20] and TiN/SiN, [21].

AFM images of ZrN-Ag, Mo-5-N monolayer films,
and ZrN-Ag/Mo-5-N multilayer film are shown in
Fig. 3. As shown in Fig. 3(a), the surface morphology
of the ZrN-Ag monolayer film exhibits the rolling
hills characteristic with a concavoconvex and orderly
surface morphology. The roughness of the ZrN-Ag
monolayer film is ~1.4 nm. A similar surface morphology
is also detected for the Mo-S-N monolayer film, as
shown in the Fig. 3(b), but the roughness is ~3.2 nm.
Figure 3(c) shows the surface morphology of the
ZrN-Ag/Mo-S-N multilayer film, and it still exhibits a
rolling hills characteristic with a roughness of ~1.9 nm.

The cross-sectional TEM image of the ZrN-Ag/
Mo-5-N multilayer film and its corresponding SEAD
patterns are shown in Fig. 4. As shown in Fig. 4(a),
the cross-section exhibits a multilayer architecture
with well-defined interfaces between the different
layers. The alternating bright and dark layers
correspond to the Mo-S-N and ZrN-Ag layer,
respectively. The modulation period of the multilayer

film is ~32.4 nm, with the thickness of the Mo-S-N
and ZrN-Ag layers being 11.2 and 21.2 nm respectively.
Two different interplanar distance with spacing value
of 0.2732 and 0.2368 nm can be observed in the
ZrN-Ag layers, corresponding to fcc-ZrN (111) (PDF
card #89-3839) and fcc-Ag (111) (PDF card #89-3722)
planes. The lattice exhibits a huge number of defects
and some amorphous zones can also be detected in
this layer. The Mo-S-N layers displayed amorphous
character, however, a lattice parameter of 0.2681 nm
embed in the amorphous matrix can be observed,
corresponding to hcp-MoS, (102) plane (PDF card
#89-2905). This result is in good agreement with that
from the Mo-S-N monolayer film from our previous
results [22]. In summary the nano-crystalline phases
detected in the multilayer film are fcc-ZrN, fcc-Ag,
and hcp-MoS,.

3.2 Mechanical and tribological properties

The hardness of the monolayer ZrN-Ag and Mo-S-N
films are ~22 and ~8 GPa, respectively. The multilayer
film displays a hardness value comprised between the
hardness of each monolayer films’ values (~15 GPa).
Although it is well known from the literature that
multilayer films can display very high hardness values
as compared to their monolayer films, this property
is depending on the period thickness of the layers and
of the so called superlattice effect [23]. The hardness
progressively increases up to a maximum value where
the superlattice effect is maximum (differences on the
shear moduli of the individual layers materials block
the dislocations motion at the layer interfaces causing

Fig. 3 AFM images of the ZrN-Ag (a), Mo—S—N (b) monolayer films, and the ZrN-Ag/Mo—S—N multilayer film (c).
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Fig. 4 Cross-sectional of the TEM image of the ZrN-Ag/Mo—S-N
multilayer (a), corresponding SAED pattern (b), HRTEM image
and the IFFT patterns (c).

periodical strain-stress fields and consequently
increasing hardness) and, then, it remains fairly
constant, due to the total loss of the superlattice effect.
In this case, the multilayers behave as a sum of the
individual layers and the hardness of the films is
determined by the weighted average of the hardness
of the individual layers [24-26]. Therefore, the lower
hardness of the multilayer films can be interpreted

based on the high period thickness.

The average friction coefficient (COF) and wear
rate (WR) of the monolayer and multilayer films
for the different testing temperatures are shown in
Table 1. At room temperature (RT) COF and WR
of the ZrN-Ag monolayer film are ~0.65 and ~4 x 10
mm’/(mm-N), respectively, in good agreement with
previous work [27]. As expected, the Mo-5-N film
displayed a lower friction coefficient but a higher
specific wear rate than the ZrN-Ag films’ values,
which are also identical to the ones reported in the
literature [28]. The lower friction coefficient has been
attributed to the formation of a low shear tribolayer
of MoS, with the basal planes parallel to the sliding
direction [29, 30]. Despite of the low friction
coefficient, this film presents a higher specific wear
rate due to the films morphology and structure that
makes easier to be removed, due to the exfoliation of
the film layer by layer, which are separated by Van
der Waals forces, thus easily removed by the shear
forces [31]. Besides this, the lower hardness also
contributes to the increase of the WR. The multilayer
film presents a slight higher COF than the Mo-S-N
film, however a significant lower wear rate (by one
order of magnitude). Indeed, this film displays the
lowest specific wear rate among all the films. At 400 °C
similar trend in the COF and WR values is observed,
however, as expected, the specific wear rate increases
for all the films. The COF value for ZrN-Ag film at
this temperature decreased, whilst for the other films
increased. At 600 °C the Mo-S-N film fails due to
their low oxidation resistance. The ZrN-Ag film shows
a COF of 0.4 and an increase of the specific wear rate
by two and one order of magnitudes as compared
with RT and 400 °C tests respectively. The multilayer
film displays a lower friction coefficient than the
ZrN-Ag film with a lower specific wear rate by one
order of the magnitude in comparison with the

Table 1 Average friction coefficient (COF) and wear rate (WR) of the ZrN—Ag monolayer film, Mo—S—N monolayer film, and
ZrN—-Ag/Mo—S—N multilayer film for the different testing temperatures.

RT 400 °C 600 C
Film system WR WR WR
COF (mm*/(mm-N)) COF (mm*/(mm-N)) COF (mm*/(mm-N))
ZIN-Ag 0.65+0.03 4.0(£0.2)x108 0.43+0.02 5.0(£0.2)x107 0.4+0.02 1.0(20.1)x10°®
Mo-S-N 0.20+0.01 3.0(£0.2)x107 0.31£0.02 7.0(£0.2)x107 \ \
ZrN-Ag/Mo-S-N 0.23+0.01 3.0(£0.2)x10® 0.36+0.02 8.0(£0.4)x107 0.23+0.01 4.0(x0.2)x107
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ZrN-Ag tested at same temperature. Thus, the
combination of the two layers in a multilayer film,
allowed to take advantage of the best of the tribological
properties of each of the individual ZrN-Ag and
Mo-5-N layers. In order to understand the tribological
response of the multilayer film as a function of the
temperature, detailed analysis of the wear tracks was
conducted.

The 3D wear track morphologies of the ZrN-Ag/
Mo-5-N multilayer film, tested at various testing
temperatures, are shown in Fig. 5. At RT, the wear
track surface is smooth and narrow, with exception to
a 100 nm depth scratch in the center of the track as
shown in Fig. 5(a). During tribological tests, at the
initial stage, known as running-in period, the asperities
of the film were first in contact with the counterpart,
depending on the test conditions and the characteristics

of the materials. Then, the asperities are removed
and can accumulate in the front of the sliding, being
crushed under the load to form a transfer layer on
the contact area. However, some of the hard debris
incrusted in the transfer layer have sufficient dimension
to originate scratch, with deep marks, on the wear
track surface, as shown in Fig. 5(a). Increasing the
testing temperature to 400 °C the maximum value of
COF of the multilayer film is reached. This increase
of the friction coefficient can be related with a high
number of ploughings sites, resulting in deeper
scratches, as suggested by the 3D image in Fig. 5(b).
Such a behavior is due to the influence of temperature
on decreasing the mechanical properties of the film,
giving also rise to the increase of the WR observed as
the test temperature increases. The maximum value
of the WR is detected at 600 °C in agreement with
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Fig. 5 3D wear track morphologies of the ZtN-Ag/Mo—S—N multilayer film tested at different temperatures: (a) RT, (b) 400 °C, and

(c) 600 °C.
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the deepest wear track of ~800 nm. Scratches and
ploughings exist in the wear surface with a large
amounts of debris on both side of the tracks.

The wear debris influencing the wear track
morphologies can have different compositions at the
different testing temperatures. Raman spectroscopy
of the wear track, after the multilayer film is tested at
different temperatures, was used to analyze the
changes in composition or structure that can occur.
Figure 6 shows the spectrum of the as-deposited film
for reference with two broad Raman peaks in the
spectrum. The spectrum could be divided into a broad
peak of low frequency mode ranging 230-360 cm™
and the high frequency mode ranging of 500-600 cm™.
The disorder of single phonons and second order
process of the Zr ions contribute to the appearance of
the first Raman peak corresponding to the acoustic
phonons [32, 33], whilst the phonon bands in the
optic range could be determined by the vibrations
of the N ions referring to the second peak in the
spectrum [34]. Although it is impossible to induce
the first-order Raman scattering because of the
characterization of inversion symmetry of the fcc
phases [35, 36], both the vacancies and amorphization
of the ZrN and Ag phases (HRTEM results in Fig. 4(c))
could give rise to Raman phonons [37]. No peaks
corresponding to MoS, could be indexed in the Raman
spectra of the as deposited multilayer film due to its
disordered characteristic. The Raman spectrum in the
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Fig. 6 Raman spectra of the as-deposited ZrN-Ag/Mo—S—-N
multilayer film (a) and wear track after testing the film at different
temperatures: RT (b), 400 °C (c), and 600 °C (d).

wear track at RT of the multilayer film is similar to
the as-deposited one (Fig. 6(b)), with two additional
sharp peaks at ~372 and ~410 cm™, that can be assigned
to the E,, and A;, phonon modes of MoS, phase,
respectively [38, 39]. These signals are attributed to
the re-alignment of the MoS, hexagonal plans parallel
to the sliding direction, at the contact zone. Similar
results have been reported for the MoS,-based
monolayer film [40]. At 400 °C the Raman spectrum
presents two additional peaks (Fig. 6(c)) at ~151 and
~666 cm™ that can be associated with the formation of
tetragonal (t) ZrO, [41] and MoO; [42]. Although, at
elevated temperatures, m-ZrO, is more chemical
stable than t-ZrO,, the formation of m-ZrO, is more
difficult since it needs higher activation energy
[43, 44]. The t-ZrO, phase, which exhibits an epitaxial
structure with the ZrN lattice to reduce the interface
energy, firstly forms on the ZrN surface at elevated
temperatures [45]. Moreover, the intensity of the
peaks belonging to the as-deposited film are weakened
when the film is tested at high temperature. Two
factors can explain this decrease in intensity: (i) the
oxidation of ZrN phases [46] and, thereby, the
weakening of the intensity of the ZrN Raman peaks;
(ii) the tribo-layer covering the film surface which
attenuates the laser spot intensity. At 600 °C the main
phases indexed in the Raman spectrum are the
monoclinic (m) ZrO, (~472 cm™) [47] and MoO; (~205
[48], ~285 [49], and ~666 [50, 51] cm™), as shown in
Fig. 6(d). The right shoulder on the ~666 cm™ peak
can be tentatively attributed to Ag,MoO, (~720 cm™)
[52]. The m-ZrO, and MoO; could be considered as
the main tribo-phases based on the Raman peaks
intensity, although the existence of Ag,MoQ, can also
play a significant role in the tribological performance.
The evolution of t-ZrO, was widely reported in the
ZrN based films at elevated temperatures, though
m-ZrO, exhibits more chemical stability below 1,170 °C.
The lower activation energy of ZrN — t-ZrO, results
in the initial formation of the t-ZrO, phase [53, 54].
Moreover, the broaden Raman peak corresponding to
as-deposited multilayer is also detected.

As shown in Table 1, globally, the ZrN-Ag/Mo-5-N
multilayer film displayed better tribological performance
as compared to the ZrN-Ag and Mo-5-N monolayer
films. The wear mechanisms of the multilayer film

www.Springer.com/journal/40544 | Friction
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as a function of testing temperature are sketched in
Fig. 7. The explanation for the tribological performance
at different testing temperatures can be summarized
as follows:

(i) At RT, although a smooth wear track with few
deep scratches was formed, Ag and MoS, phases in
the multilayer film with excellent lubricant nature
are the responsible for the low COF. The presence of
aligned and well-ordered MoS, phase, as detected by
Raman, in the contact contributes to the low COF in
comparison to the ZrN-Ag film. On the other hand,
the relative higher hardness of the multilayer film in
comparison to the Mo-S5-N one could provide the
load-bearing capacity, hindering the easier film wear
during experiments, with almost the same low COF.
The presence of re-orientated/crystallized MoS, crystals
on the top surface of the contact provides the low
friction, while the protection against hard wear debris
comes from the nitride layer.

(if) At 400 °C, besides the MoS, crystallites, a new
tribo-phase, MoOj; and ZrO,, could be detected in the
wear track. Both the MoS, phase with the basal planes
parallel to the sliding direction, and the lubricant
nature of MoQO; are considered as the main factor to
hold the COF in relative low value, compared with
ZrN-Ag monolayer film, but the presence of t-ZrO, has
a detrimental effect on the COF although contributes
to ensure the hardness of the wear track surface.
However, the hard debris formed during sliding can

scratch the track surface and results in the increase
of WR.

(iii) At the highest temperature (600 °C), complex
synergy actions take place involving both modulation
layers, as follows: (a) MoS, is not detected anymore
which suggests that is oxidized forming MoQO;, known
to have a lubricious character; (b) a new double-metal
oxide tribo-phase of Ag,MoQ, is potentially formed;
as shown in the diagram of 4x4 cells, in this phase
the -O-Mo-O- is encapsulated by the fragments of
-0O-Ag-O-, with consequent —~Ag—Ag— bonds in the
cells; both O-Ag and Ag-Ag allow an easy sliding
under the shear force, due to their weak bond energy,
providing a lower COF in relation to the Zr-Ag-N
layer; (c) the phase transformation of t-ZrO, to
m-ZrO,, is accompanied by a volume expansion of
~5%, creating compressive stresses that contributes
to the improvement of the anti-wear performance.

4 Conclusions

A new design nano-multilayered ZrN-Ag/Mo-S-N
film was deposited using DC magnetron sputtering
technology for critical lubrication at elevated
temperatures. The microstructure and tribological
properties of the multilayer film were investigated and
the main conclusions can be summarized as follows:
(1) ZtN-Ag/Mo-S-N multilayer film exhibited a
sharp interface between the different layers. A
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dual-phase of face-centered cubic (fcc) ZrN and
fcc-Ag co-existed in the ZrN-Ag layers, whilst, the
Mo-5-N layers displayed nano-particle of hcp-MoS,
inserted in an amorphous matrix.

(2) The multilayer film hardness is ~15 GPa,
representing the average values of the hardness of its
corresponding modulation layers.

(3) The multilayered ZrN-Ag/Mo-S-N film altering
ZrN-Ag and Mo-S-N layers displayed Dbetter
tribological properties as compared with their
corresponding monolayer ones, at the different testing
temperatures. At RT the low friction properties of the
multilayer film were given by the presence of MoS,
and Ag phases on the contract. At 400 °C the same
phases were determining the low friction, however,
the formation of hard t-ZrO, led to the increase of
the wear rate. At 600 °C new lubricant phases were
formed in particular MoOj; and the double-metal oxide
Ag,MoO, on the contract, to result in the low friction.
The volume expansion induced by the phase
transformation from t-ZrO, to m-ZrO, contributed
to the improvement on the wear rate.
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