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HIGHLIGHTS

« A multilayered architecture of Mo,N-
Ag and SiNy nanolayers in Mo,N-Ag/
SiNy films.

« Room temperature tribological
properties were improved with
increasing period thickness up to
64 nm.

« Multilayered Mo,N-Ag/SiNy films
avoided the excessive diffusion of Ag
at elevated temperatures.

« Inserting SiNy layers avoided the
excessive diffusion of Ag at high
temperature.

« Multilayer films exhibited excellent
temperature-cycling tribological
properties.
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ABSTRACT

Nowadays there is the need to avoid the excessive consumption of liquid lubricant oils, as they are harm-
ful to the environment and hard to disposal. Self-lubricant films have been seen as the sustainable solu-
tion to achieve a long-term lubrication under high temperature-cycling conditions. In this manuscript,
multilayer Mo,N-Ag/SiNy films with a fixed modulation ratio (thickness of Mo,N-Ag to SiNy) of 3:1, with
changing modulation period (A, thickness of Mo,N-Ag and SiNy) from 8 to 200 nm were produced to
achieve an effective balance between the lubricious phase diffusion control and the adequate formation
of the low friction tribo-layers. Results showed that a dual-phase of fcc-Mo,N and fcc-Ag co-existed in
Mo,N-Ag layers, while the SiNy layer exhibited an amorphous character. Both room temperature (RT)
lubricant and wear-resistance properties of the films were improved by increasing A from 8 to 64 nm,
while a further increase of A degraded the wear-resistance properties. The multilayer film at A = 64 n
m exhibited an excellent RT-500 °C temperature-cycling tribological properties. Mechanical properties
and the synergistic effect of both modulation layers were the cause for the improvement of the tribolog-
ical properties.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Friction is both an ancient and a young science, it has been
affecting people’s life all the time since the drilling wood for fire
in ancient times to today’s nano friction generators [1-5]. Seeking
an anti-friction and wear-resistance solid material which can
achieve an efficient and stable service of core components in the
field of airplane engine, thermonuclear, tools and abrasives is a
current hot topic in the field of materials [6-10]. With the increas-
ingly stringent global energy conservation and emission reduction
policies, improving the lubrication properties of workpiece surface
in wide temperature range to realize “zero lubricating oil” or “mi-
cro oil lubrication” has significant science and research meaning
and application value [11-15]. Therefore, during recent twenty
years, a wide variety of solid lubricating films were produced
and design by combining the intrinsic properties of some binary
and ternary films which are very hard and resistant to oxidation,
with specific elements which diffused up to the surface and formed
a low friction tribolayer. Addition of soft metals such as Ag [16-20]
and Cu [21-25], was observed to be one of the more efficient solu-
tions to obtain self-lubrication properties at a wide temperature
range. Nevertheless, the strong out-diffusion of the lubricious ele-
ment and its quick depletion from the entire volume of the film
only allows low friction behavior for short periods of time, leading
after few minutes to the failure of the film [26-30]. For example,
additions of Ag to Mo, N hard films allows to improve their lubrica-
tion performance in a wide range of temperatures [31-34]. Similar
results have been reported for Mo,N-Cu films [35]. However, the
excessive diffusion of Ag from the entire volume of the film to
the surface of the films, leads after critical time to the failure of
the films and consequently to higher wear rates at elevated tem-
peratures [36]. Besides this, soft metals reduce the hardness of
the films [37-41], also degrading their wear resistance properties.

Nano-multilayer architecture was reported to be an effective
method to achieve the long-term wide-range temperature self-
lubricant properties [42]. This design depending on the layer mate-
rials is able to (i) inhibit the heat flows induced by the frictional
heat sources during the wear test [43-45], (ii) work as a barrier
layer to avoid the strong diffusion of soft metal to the surface
[46-48] and (iii) enhance the wear-resistance by changing the
wear mechanism due to the formation of the transition zones
between the adjacent layers, which can hinder crack propagation
or even relax them [49] and (iv) increase hardness if the super-
lattice effect is reached [27]. Barrier layers have been applied to
avoid the strong diffusion of soft metal to the surface and thus
achieve the long-term self-lubrication properties at wide range of
temperatures. For example, ]. Hu et al. [50] deposited a 300 nm
TiN top layer over a YSZ-Ag-Mo self-lubricant films and results
confirmed that the top barrier layer could enhance the wear-
resistance at 500 °C. Beyond this, a TiN barrier layer was also used
to produce a YSZ-Ag-Mo/TiN multilayer film with 2, 4, and 8 TiN
layers, resulting in an excellent temperature-cycling tribological
properties of those films [51]. The multilayer design could be thus
considered as an effective method to avoid the excessive diffusion
of soft metals during the wear testing [52-54]. Soft metals mainly
diffuse from inner part of the film to the surface though the grain
boundaries [55]. Hence, amorphous phases with excellent thermal
stability and mechanical properties combined in a multilayer con-
figuration with a hard matrix alloyed with the lubricious element
could be the solution to extend the long-term self-lubricant prop-
erties of the self-lubricant films. In this paper, amorphous SiNy
phase with excellent oxidation resistance (~1200 °C) and higher
hardness (~21 GPa) was chosen as a barrier layer to control the dif-
fusion of the lubricious phase in the Mo,N-Ag films. Therefore, the
present research work aims to investigate the influence of the
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modulation period on the microstructure, mechanical properties
and essentially tribological properties at room temperature and
temperature-cycling conditions (cycle RT-500 °C repeated different
times).

2. Experimental details

Series of Mo,N-Ag/SiNy nano-multilayer films were prepared
using RF magnetron sputtering system, using high purity (99.9%)
Mo, Si and Ag targets. The 3D schematic representation of the
deposition system and the films configuration are illustrated in
Fig. 1. Polished high-speed steel W18Cr4V (W18) and Si (100)
wafers were used as substrates in the depositions. Before deposi-
tions the substrates were ultrasonically cleaned in alcohol for
15 min and propanol for 15 min. High-speed steel substrates were
used for mechanical properties evaluation (Hardness and elastic
modulus and tribological assessment, either at room temperature
(RT) and temperature cycling conditions (RT-500 °C, repeated dif-
ferent times), whilst, Si substrates were used for XRD, XPS and
TEM analysis. The distance between the targets and substrates
was set to 80 mm. Prior the depositions, the chamber was vacuum
down below 6.0 x 10% Pa. A Mo adhesion layer with
thickness ~ 150 nm was firstly deposited under Ar flow of 10 sccm
in order to improve the adhesion of the films to the substrate. After
that, the multilayer structure was deposited by opening the Mo
and Ag shutters and closing the shutter of the Si target, in alter-
nated way, in the presence of a N, atmosphere. The multilayered
structure was growth by applying a power 280, 150 and 50 W at
the Mo, Si and Ag targets, respectively, in all the depositions. The
Ar and N, partial pressures were 0.23 and 0.7 Pa, corresponding
to a total working pressure of 0.3 Pa. Films with different modula-
tion periods ranging from 8 to 200 nm with a fixed thickness ratio
of Mo,N-Ag to SiNy of 3:1, were produced by controlling the sput-
tering time of Mo, Ag and Si targets. Reference Mo,N-Ag and SiNy
monolayer films were also deposited under the same deposition
conditions to infer about the individual layers composition and
chemical bonding.

The elemental chemical composition of reference Mo,N-Ag and
SiN, monolayers was analyzed by an energy dispersive spectrom-
eter (EDS, Oxford, UK). The structure of Mo,N-Ag/SiN, films was
determined by X-Ray diffraction (XRD, Shimazu-6000, Shimadzu,
Kyoto, Japan) with Al ka irradiation at a pass energy of 160 eV,
and 26 was in the range of 20-80° with a step of 0.4°. The valence
states of elements were investigated by X-ray photoelectron spec-
troscopy (XPS, ESCALAB250XI, Thermo Fisher, USA). The Spectrum
of C 1s with bonding energy of 284.8 eV was used for calibration.
Before measurements the surface of the specimens were bom-
barded with a gentle Ar* ions (primary energy of 800 eV at an angle
of ~70° from the surface normal) for 30 s, to remove the surface
contaminants. The microstructure of films was investigated by
the transmission electron microscope (TEM, JEOL, JEM-2100F,
Japan). Hardness (H) and elastic modulus (E) was measured by a
nano-indentation (Anton Paar, CPX + NHT2 + MST, Switzerland),
setting the constant loading force to 3 mN and holding time of
10 s. In order to ensure the accuracy of the results 15 measure-
ments were done in 2 different zones of the specimens. The room
temperature (RT) wear tests were conducted in a pin-on-disc tester
(UMT-2, CETR, USA) using alumina balls (diameter of 9.4 mm) as
counterpart, in open air. The radius of track was 4 mm, the applied
load was 3 N, the rotation speed was 50 rpm and the sliding time
was 20 min. The relative humidity during all the testes was ~30%.
Selected films (Mo,N-Ag monolayer film and multilayered Mo,N-
Ag/SiNy film with period thickness of 64 nm) were also tested
under temperature-cycling conditions (RT-500 °C) with a cycle of
5 repetitions, carried out under the same experimental conditions
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Fig. 1. 3D schematic representation of the deposition chamber: (a) shutters in front of the Mo and Ag targets opened to deposit the Mo,N-Ag layer, (b) shutter at the Si target
opened and at the Mo and Ag targets closed to deposit the SiNx layer, (c) 3D representation of the multilayer Mo,N-Ag/SiNy films.

as for RT. The average friction coefficient of films after the wear
tests was taken from the steady state zone of their corresponding
friction curves. The 2D profiles of the wear tracks was measured
by the 3D Profiler (BRUKER, Dektak-XT, Germany), and the wear
rate of the films obtained using Archard’s law. SEM and Raman
spectrometer (inVia, Renishaw, UK) were applied to measure the
wear track surface and the tribo-phase on the wear track
respectively.

3. Results and discussion
3.1. Microstructure

Fig. 2 illustrates the XRD diffraction patterns of reference mono-
lithic Mo,N-Ag and SiNx layers and Mo,N-Ag/SiN, multilayer films
with different modulation periods (A). The XRD pattern of Mo,N-
Ag monolayer film exhibits diffraction peaks assigned to fcc-
Mo;N, fcc-Ag, pure molybdenum from the transition layer, and sil-
icon substrate. This result confirms that a dual-phase of fcc-Mo,N
and fcc-Ag co-exists in the Mo,N-Ag monolayer film. Soft metals,
such as Ag and Cu, were widely incorporated into the hard nitride
based films to induce the lubricant performance, and have been
reported to be insoluble on the nitride matrix [56-60]. Excluding
the substrate contribution (peaks at ~34° and ~70° assigned to sil-
icon), no diffraction peak could be indexed to the monolithic SiNy
layer. This is an expected result as SiNx phase have been reported
to display an amorphous character. EDS Analysis conducted at the
monolithic layers revealed that the ratio Ag/(Mo + N + Ag) in the
monolithic Mo,N-Ag layer is ~26.4 at.%, and oxygen in the film
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Fig. 2. XRD diffraction patterns of Mo,N-Ag monolayer film, SiNy monolayer film,
and Mo,N-Ag/SiNy multilayer films as function of modulation periods.
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was ~3.2 at.%. Si, N and O contents in the monolithic SiNy layer
was ~45.3, ~50.5, and ~4.2 at.% respectively. The multilayer film
with 8 nm period thickness displayed a broaden peak with very
low intensity at ~36-40°. As suggested the diffraction peaks of
the individual monolithic layers, the barely visible diffraction
peaks corresponds to the diffraction peaks of fcc-Mo,N and fcc-
Ag phases. The small period thickness of the multilayer should
be the cause for the poor crystal quality of the Mo,N-Ag layers.
Increasing A leads to the appearance of well defined diffraction
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peaks, which are similar from the ones of the Mo,N-Ag monolayer

film.

High-resolution XPS spectra of Mo,N-Ag and SiN, monolayer
films are shown in Fig. 3. As shown in Fig. 3(a), two peaks at
~231.8, ~232.4 eV can be indexed at the Mo 3d spectrum of

Materials & Design 223 (2022) 111128

Mo,N-Ag monolayer film. The first one belongs to the Mo-N bonds

in Mo,N, and the other one refers to Mo-O bonds in molybdenum

oxide phase [61]. Four peaks at ~368.4, ~368.6, ~374.4 and
~374.8 are detected in the Ag 3d spectrum from the Mo,N-Ag
monolayer film (Fig. 3b), corresponding to Ag-Ag bonds in metal
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Fig. 3. High-resolution XPS spectra of Mo 3d (a), Ag 3d (b), N 1s (c) and O 1s (d) for Mo,N-Ag monolithic film, and Si 2p (e), N 1s (f), O 1s (g) for SiN, monolithic film.
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silver [41]. N 1s spectrum of the monolithic film exhibits a single
peak at ~398.3 eV, corresponding to Mo-N bonds in Mo,N [61],
as shown in Fig. 3(c). O 1s of the monolayer sample is shown in
Fig. 3(d), and a peak at ~530.5 eV corresponds to Mo-O bonds in
molybdenum oxide phase [62], as also detected in the Mo 3d spec-
trum. Si 2p spectrum of monolayer SiNy film, shown in Fig. 3(e),
exhibits two peaks at ~100.8 and ~102.7 eV, which refers to the
bonding energy of Si-N in amorphous SiN, (~101.8 eV) [63] and
Si-O in SiO, phase [64], respectively. As for the N 1s spectrum of
the SiNy sample, an obvious peak at ~397.3 referring to Si-N bonds
in amorphous SiNy is detected. Single peak at ~398.2 eV is detected
in the O 1s spectrum of SiN, monolayer film, which could be
described as the Si-O bonds in SiO, oxide [65]. Hence, Mo;N, Ag
and residual MoOs; phases co-exists in the Mo,N-Ag monolayer
film, whilst, SiNy and residual Si-O phases co-exists in the SiNy
monolithic film.

Fig. 4 shows the cross-sectional TEM image and the correspond-
ing SAED pattern of the Mo,N-Ag/SiN, multilayer film with A of
64 nm. The cross-sectional TEM image in Fig. 4(a), clearly shows
the architecture of the produced films, including the substrate (sil-
icon wafer), adhesion layer of molybdenum, Mo,N-Ag and SiNy
modulation layers. The SAED diffraction pattern includes two sets
of diffraction rings corresponding to fcc-Mo,N and fcc-Ag phases,
as shown in Fig. 4(b). The diffraction rings corresponding to fcc-
Mo,N (111) and (200) are continuous, while the ones for fcc-Ag
are discontinuous. This might be attributed by the size and distri-
bution of both crystal phases (see Fig. 4d). Soft metal phases of Ag
or Cu were observed to be fine distributed in TiN and Mo,N
matrixes as observed by HRTEM in our previous results [35,66].
No diffraction rings, referring to silicon or silicon nitride phase,
appears in the SAED pattern, strengthens the presence of amor-
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phous SiN, phase in the Si-N layer. Magnification TEM image of
as-deposited multilayer film is shown in Fig. 4(c). Mo,N-Ag layer
is darker than the SiN, one due to the different electron scattering
factors. A modulation period of ~64 nm is observed, with the thick-
ness of Mo,N-Ag and SiNy modulation layers of ~48 and ~16 nm,
respectively. Modulation ratio of Mo,N-Ag to SiNy is ~3:1 based on
above results, in good agreement with the design architecture.
HRTEM is also displayed in Fig. 4(d) to further detail the
microstructure of each modulation layer. A clear interface between
the Mo,N-Ag and SiNy layers is detected. However, two sets of lat-
tice fringe appear in the Mo,N-Ag layer: one corresponds to fcc-
Mo,N (111) with a lattice spacing of ~0.246 nm (JCPDF card #
24-0768), and other of fcc-Ag (111) with lattice parameter of
~0.228 nm (JCPDF card # 65-2871). Both FFT patterns from
Mo,N and Ag phases also exhibit a single cubic diffraction spots.
In addition, the lattice fringe corresponding to fcc-Mo,N (111)
occupy most space of the Mo,N-Ag layer, and defects are almost
nonexistent. Obvious distorted lattice fringes are detected in the
fcc-Ag phase. This might result in the observed discontinuity of
diffraction rings of Ag phase in the SAED pattern as shown
previously.

In conclusion, and in good agreement with XRD and XPS results,
TEM analysis confirmed the formation of a multilayered architec-
ture altering Mo,N-Ag and SiNy layers. The Mo,N-Ag layer exhib-
ited a dual-phase of fcc-Mo,N and fcc-Ag, and the SiNy layer was
an amorphous phase.

3.2. Mechanical and tribological properties

Hardness (H) and elastic modulus (E) of the Mo,N-Ag/SiN, mul-
tilayer films are illustrated in Fig. 5. The increase of the A from 8 to
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Fig. 4. (a) Cross-sectional TEM image of multilayered Mo,N-Ag/SiNy films with period thickness of 64 nm, (b) corresponding SAED patterns, (c) magnified TEM image and (d)

HRTEM image.
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64 nm does not significantly change the hardness of the multilayer
films, being ~13 GPa. Further increase of the A to 128 nm drops
the hardness to ~8 GPa, and then the further increase of the A
to 200 nm does not further significantly changes the hardness
value. A A of 8-128 nm exhibits a little effect on the elastic mod-
ulus, holding a stable value of ~200 GPa, while a further increase of
A increases the elastic modulus to ~300 GPa. The hardness and
elastic modulus measured for the monolithic Mo,N-Ag and SiNy
films are H= ~11 GPa and E= ~240 GPa; and H= ~21 and E=
~120 GPa, respectively. In many materials combinations, the evo-
lution of the hardness as a function of the period thickness have
shown a characteristic behavior, with maximum hardness values
normally obtained for a period thickness in the range of 2-10 nm
[67]. Such high hardness is reported to occur by the blocking dislo-
cations motion at the layer interfaces, owing to the differences in
the shear moduli of the individual layers and by coherency strain
causing periodical strain-stress fields in the case of lattice mis-
matched multilayered films. Further increase of multilayer films
thickness decreases the hardness of the films and for a certain
threshold period thickness multilayers the hardness of the films
starts to be represented by the weighted average of the hardness
of the individual layers. Thus, the lower hardness and elastic mod-
ulus of the films can be interpreted based on the high period thick-
ness of the multilayers structure, which avoids the establishment
of the superlattice effect. The hardness of the coatings are thus rep-
resented by the weighted average of the individual layers. This jus-
tifies the stable values of hardness (~13 GPa) and elastic modulus
(~200 GPa) of multilayered films with a A of 8-64 nm. Further
increase in A to above 128 nm drops the value of hardness and
elastic modulus. It should be highlight that top layer of all as-
deposited multilayer films is the Mo,N-Ag layer, which considering
the depth penetration of the indenting tests (~150 nm) represents
the hardness of the monolithic Mo,N-Ag film.

Fig. 6 illustrates the RT average friction coefficient (Cof.) and
wear rate (WR) of the Mo,N-Ag/SiN, multilayer films with various
modulation periods. Cof. value firstly drops gradually from ~0.56
at A of 8 nm to ~0.50 at A of 64 nm, and then holds stable Cof.
with a further increase of A. However, significant change on the
WR can be observed with the increase of the modulation period.
The WR progressively drops with increasing A up to 64 nm to
~5 x 10 mm?/N.mm and then WR increases with a further
increase in A.

Fig. 7 illustrates the RT wear track morphology of the multilayer
films as a function of modulation periods. Huge amounts of
ploughings accompanying with an obvious desquamation and

20 350
—=— Hardness e
16} —=— Elastic Modplus &
5 1 {3000
Q12t \%—% E
8 {250 5
5 8 | =
1 /) (3}
ks . % \%/% {200 =
i 1]
W

ol—— . _l450

0 50 100 150 200
Modulation Period (nm)

Fig. 5. Hardness and elastic modulus of the Mo,N-Ag/SiN, multilayer films with
various modulation periods.
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Fig. 6. Room temperature (RT) average friction coefficient (Cof.) and wear rate (WR)
of Mo,N-Ag/SiNx multilayer films with various modulation periods.

deep scratch in some area of the wear track surface of the film with
a A of 12 nm are detected, as shown in Fig. 7(a). Increasing A to
96 nm could enhance the tribological performance based on the
results from Fig. 7(b) of narrowed wear track and disappearance
of film desquamation, though there are still some deep scratches.
Further increase of the A to 200 nm induces large amount of debris
on the wear track and disappears deep scratches. But the obvious
ploughings are still detected as shown in Fig. 7(c).

Two main factors can help explain the RT Cof. and WR values
variations: (i) role of each modulation layer. The lubricant property
of the multilayer films is mainly ensured by the Mo,N-Ag layer.
Both Ag and Mo;N phases are accepted traditional solid lubricants
and are reported to exhibit excellent lubricant performance during
the wear test at RT [68,69]. Additionally, the Ag,MoO, phase
detected on the wear track (see Raman spectra of the wear track
at temperature-cycling conditions) is working as lubricant phase
as well, as demonstrated by D. Wang et al. [70]. Enhancement on
the hardness of the Mo,N-Ag layer by inserting hard SiNy could
improve the capabilities of load-bearing (hardness) during the
wear test at RT. (ii) synergistic effect between both modulation lay-
ers. Thickness of each modulation layer plays an important role in
this part. Alumina counterpart first contacts with the top layer of
Mo,N-Ag. The top layer could provide a relative low Cof at the
beginning of the wear test, but it exhibits high WR due to its low
hardness and formation of layered tribo-phase [62,66]. The brittle
SiNy layer will be continuously exposed to the counterpart after
the worn out of the Mo,N-Ag layers, and will form hard debris
under the shear force and downforce. The hard debris from SiNy
layer could scratch the self-lubricant layer of Mo,N-Ag, and the
wear rate is furtherly exacerbated.

Based on the factors referred above, two stages could be divided
according to the tendency of Cof. and WR: (i) one is the continuous
reduction in both Cof. and WR, corresponding to the film with a A
below 64 nm. At this period, the lubricant behavior is enhanced by
the increase of the Mo,N-Ag layer thickness, and this results in the
continuous reduction in Cof. Continuous lubrication also drops the
WR with the increase of A, since the film exhibits a relative high
value in hardness (~12 GPa) and HJ/E ratio (~0.6). (ii) continuous
increase in WR with a stable value of Cof., corresponding to the
film with a A above 64 nm. Although the Mo,N-Ag layer could pro-
vide the lubricant phases to remain the Cof stable, it also weakens
the mechanical properties, consequently degrading the wear per-
formance. Beyond this, hard debris from the SiNy layer could be
considered to be increased with the increase of SiN, layer thick-
ness. This also contributes to the increase of the WR at this period.



H. Ju, R. Zhou, J. Luan et al.

Materials & Design 223 (2022) 111128

Fig. 7. Wear track morphology of the multilayer films as a function of modulation periods: (a) 12, (b) 96 and (c) 200 nm.

Inserting SiNy layers into the Mo,N-Ag matrix to synthesize a
multilayer film with a A of 64 nm (the thickness of Mo,N-Ag
and SiNy is ~48 and ~16 nm respectively) could improve the RT
tribological properties, and exhibits the tremendous application
potential as self-lubricant hard films coated on the surface of cut-
ting tools, moulds and engine pistons to prolong life, reduce energy
consumption. However, temperature-cycling is often involved
regarding to the actual working conditions of high-speed and dry
cutting, open/close action of moulds, and the auto start and stop
of engines [71-73]. The temperature-cycling tribological proper-
ties of the multilayer film with a A of 64 nm was also evaluated,
and the friction curves and 2D wear track profiles after every
temperature-cycling conditions are shown in Fig. 8. Samples was
first tested at RT (RT-1), and then the temperature was increase
to 500 °C to carry out the high temperature tribological test
(500-1). RT-1 + 500-1 is defined as the first temperature-cycling
wear test unit. Then temperature-cycling wear test was repeated
until unit 5, and all temperature-cycling wear tests were carried
out at the same wear track. As shown in Fig. 8(a), all friction curves
regardless of testing temperatures include two main stages, one is
running-in and the other is the steady state stage. RT friction coef-

ficient of the sample regardless of the number of temperature-
cycling does not significantly varies. The same can be observed
for 500 °C friction coefficient of the films from the five
temperature-cycling wear test units. The 2D wear track profiles
at the RT-500 °C temperature-cycling conditions is shown in
Fig. 8(b). Results confirms an excellent wear-resistance after the
five RT-500 °C temperature-cycling wear tests as the maximum
wear depth is below 2 pm. The wear track seems relative smooth
and small amount of wear debris have seen to be accumulate on
both sides of the wear track after the RT-1 wear test. A rough wear
track surface is detected with an obvious debris accumulation on
the wear track sides for the sample at 500-1. Then a smooth wear
track surface also appears after the RT-2 wear test, and the 500-2
wear test induces the rough wear track surface again. Therefore,
polishing wear might be the main wear mechanism at RT, whilst,
oxidation and abrasive wear could be considered as the main wear
mechanism at 500 °C. Cof. and WR of the sample under the RT-
500 °C temperature-cycling conditions is shown in Fig. 8(c) and
(d). All Cof. values at RT remain at approximately to 0.5, and ones
at 500 °C at ~0.4. As for WR under the temperature-cycling condi-
tions, the value increases gradually with the increase of
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Fig. 8. (a)Friction curves, (b) 2D wear track profiles, (c) average friction coefficient f and (d) wear rate of the Mo,N-Ag/SiNx multilayer film with A = 64 nm under the RT-

500 °C temperature-cycling conditions.

temperature-cycling numbers. The Mo,N-Ag monolayer film with
a thickness of 2 pm was also tested at temperature cycling condi-
tions, and the results showed that the film was worn out at RT-2.
The excessive diffusion of silver phase from inner to the film sur-
face through the grain boundaries at elevated temperature
revealed to be the cause for the failure of the film (see Fig. 10).

Yield strength of the as-deposited multilayer films is widely
considered to be equal or approximately equal to one third of its
hardness [74]. The contact pressure in the tribological contact, con-
sidering the applied load can be estimated as ~0.27 * 0.1 GPa
under the RT-500 °C temperature-cycling conditions, and it is
lower than the yield strength. Hence, the main factors attributing
to the Cof. and WR as a function of temperature-cycling conditions
is the surface interaction between wear track surface and counter-
part, since the multilayer film system chosen to investigate the
temperature-cycling tribological behaviors exhibits the same
mechanical properties.

Due to the sliding movement of the ball combined with the test-
ing temperature and friction tribo-phases will be generated on the
contact [75]. The Raman spectra from the wear track surface after
RT-1 and 500-1 wear test is shown in Fig. 9. Three main tribo-
phases (Ag;Mo0Q,, SiO, and MoOs) are detected in the Raman spec-
trum from the RT-1 wear track. Raman spectrum from the 500-1
wear track confirms that similar tribo-phases (SiO,, MoO3 and Ag,-
Mo0,) exist in the wear track surface, and the intensity of Raman
peaks is higher than that from RT-1. Further increase of the testing
temperature increases the relative content of the same tribo-
phases. The lubricant properties of MoOs; has been widely dis-
cussed for nearly two decades and have seen the responsible for

ISlN oVl v
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" +1'¢ 4Mo0O, .
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4 Mﬂ— '
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Fig. 9. Raman spectra of wear track surface of the films at RT-1 (a) and 500-1 (b).

the self-lubritious properties in the sliding contacts. Ag,Mo0Qy,, also
reported to exhibit self-lubricant property at elevated tempera-
tures [70]. Thus, the presence of this phase on the sliding contact
is the responsible for the good tribological performance of the films
under cycling conditions.
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After annealing

Fig. 10. Schematic representation of as-deposited (a) and annealed (b) Mo,N-Ag monolithic film, SEM image of the Mo,N-Ag monolithic film surface after 500 °C annealing
(c), schematic representation of as-deposited (d) and annealed (e) Mo,N-Ag/SiN, multilayer film, and (d) SEM image of the Mo,N-Ag/SiN, multilayer film surface with A of

64 nm.

Fig. 10 illustrates the anti-diffusion of Ag in the Mo,N by
inserting amorphous SiNy layers in a multilayer architecture.
High-temperature could easily induce the excessive diffusion of
nano-particles Ag in the Mo,N-Ag monolithic film due to the large
number of diffusion channels of grain boundaries, and finally leads
to the premature failure, based on the schematic representation of
as-deposited (Fig. 10a) and after-annealing (Fig. 10b) Mo,N-Ag
monolithic film. SEM result of the Mo,N-Ag monolithic film surface
after 500 °C annealing in the air shown in Fig. 10(c) also confirms
this, and lots of white particles (Ag) are detected on the film sur-
face. However, the deposition of the films with multilayer architec-
ture Mo,N-Ag/SiN, allows in one way the growth of a more
compact morphology and in the other effectively avoid the exces-
sive diffusion of Ag in the inner of the film to the surface. Fig. 10(d)
shows the SEM image of the Mo,N-Ag/SiN, multilayer film (A =
64 nm), and no obvious white particles of Ag appears. This results
also demonstrates the barrier function of SiNy layers.

Based on above tribological results, the temperature-cycling
tribological properties of the multilayer films are governed by
the synergistic effects between the self-lubricant Mo,N-Ag layers
and the protective SiNy hard layers. The friction property of the
multilayer films mainly influenced by three factors: (i) molybde-
num nitride exhibits the excellent self-lubrication properties at
RT and elevated temperatures at a cost of high WR due to the
formation of layered tribo-phase of MoOs [35,75]. Adding silver
lubricant phase into the molybdenum nitride matrix further
enhances the self-lubrication properties. (ii) The Mo,N-Ag layer,
its thickness taking up 75% of the total thickness of multilayer
film regardless of A, ensures the friction property of the whole
multilayer systems under the RT-500 °C temperature-cycling
conditions. This results in a stable low Cof. of ~0.5 at RT and
~0.4 at 500 °C. (iii) Soft metal such as silver could diffuse from
inner to film surface through the grain boundaries at elevated
temperatures. Oxygen also mainly diffuses into the film to oxi-
dize the film through the gain boundaries at elevated tempera-
tures. Inserting amorphous SiN, layers into Mo,N-Ag matrix

could avoid the excessive consumption of the lubricant phases
of Mo,N and Ag, resulting in a long-term self-lubricant under
RT-500 °C temperature-cycling conditions. Multilayer design by
alternating deposition of Mo,N-Ag and SiN, modulation layers
significantly enhances the RT-500 °C temperature-cycling wear
resistance as well. Several could contribute for this behavior:
(i) the protection mechanism of amorphous SiNy layers could
avoid the excessive consumption of the lubricant phases. (ii)
the improvement on the mechanism properties of the multilayer
films by the SiNy modulation layer.

4. Conclusion

In this manuscript multilayer films of Mo,N-Ag/ SiNy with
increasing period thickness with a fixed thickness ratio between
the Mo,N-Ag and SiNy layers of 3:1 were deposited using RF mag-
netron sputtering system. The microstructure, mechanical proper-
ties and RT and RT-500 °C temperature-cycling tribological
properties were investigated. The main conclusions could be sum-
marized as follows:

(1) Two layers (Mo,;N-Ag and SiNy) co-existed in the multilayer
films. The Mo,N-Ag layer exhibited a dual-phase of fcc-
Mo,N and fcc-Ag, and the SiN, layer was an amorphous
phase.

(2) Both room temperature (RT) lubricant and wear-resistance
properties of the films were improved gradually by increas-
ing of A from 8 to 64 nm, while a further increase of A
weakened the wear-resistance properties. Mechanical prop-
erties and the synergistic effect of modulation layers were
attributed to the improvement on the tribological properties
at RT.

(3) Inserting the protection SiNy layers into the Mo,N-Ag matrix
could avoid the excessive consumption of lubricant phases,
and the multilayer film at A = 64 nm exhibited an excellent
RT-500 °C temperature-cycling self-lubricant tribological
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properties, with a Cof. of ~0.5 at RT, ~0.4 at 500 °C and an
outstanding wear-resistance after five temperature-cycling
wear tests.
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