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A B S T R A C T

Achieving simultaneous enhancement of both mechanical and self-lubricating properties by incorporating soft 
lubricants into nitride films has been a longstanding challenge in the development of solid lubricant materials. 
This paper introduced a novel approach to overcome this challenge by developing coherent-structured Mo2N/Ag- 
SiNx multilayered films using radio frequency (RF) magnetron sputtering. The multilayer films were designed 
with a fixed modulation period of 30 nm, while the modulation ratio (γ) was varied from 1:9 to 1:1. The Mo2N 
layers exhibited a single fcc-Mo2N phase, while the Ag-SiNx layers formed a dual-phase structure comprising fcc- 
Ag nanoparticles embedded in an amorphous SiNx matrix. At a modulation ratio of 1:9, the Ag-SiNx layer 
epitaxially grew on the Mo2N template, resulting in a coherent structure. This coherent structure significantly 
enhanced both the hardness and elastic modulus, reaching approximately 36 GPa and 230 GPa, respectively. The 
improved wear resistance at room temperature can be attributed to the coherent strengthening effect, which not 
only elevated the film’s hardness but also eliminated sharp interfaces between modulation layers, thereby 
reducing crack initiation sites. In temperature-cycling tribo-testing from room temperature to 600 ◦C, the film 
with a γ of 1:9 maintained a stable coefficient of friction around 0.2, except during the initial room temperature, 
where it was 0.4. The wear rate could not be accurately calculated due to the adhered tribolayer on the top of the 
wear track following the initial tribo-test at 600 ◦C. The excellent tribological properties across temperature 
cycles were attributed to the synergistic lubricant characteristics of both layers and the formation of self- 
lubricating tribo-phases. The optimized Mo2N/Ag-SiNx multilayered films provide an effective balance of 
lubrication and mechanical stability under extreme conditions, making them highly promising for high- 
performance engineering applications.

1. Introduction

Over the past few decades, the development of wide-range temper
ature self-lubricant films has emerged as a pivotal focus in the field of 
surface engineering. These films are designed to meet the rigorous de
mands of critical applications, such as high-performance machining and 
aerospace technology [1–3]. The introduction of the classical 

"self-adaptation" principle marked a turning point, considerably accel
erating the innovation and refinement of multi-component self-
lubricating film materials [4,5].

Magnetron sputtering technology has enabled the incorporation of 
soft metals such as Ag, Cu, and Ni into hard matrices such as TiN [6,7], 
NbN [8,9], VN [10,11], and Mo2N [12,13], resulting in films that 
maintain excellent self-lubricant properties across a broad temperature 
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spectrum. What’s more, the MoN/Ag coating with 2.2 % Ag had excel
lent tribological properties [12]. The effectiveness of these kinds of films 
is largely ascribed to two key mechanisms: (i) the soft metals exhibit 
superior lubricant properties at medium to high temperatures [12–14]; 
and (ii) the combination of soft metals and hard nitride matrices facil
itates self-lubricant frictional chemical reactions across various tem
peratures, producing unique self-lubricant phases [15–17]. Despite of 
these advancements, significant challenges persist: (i) achieving effec
tive self-lubricant across a wide range of temperatures requires an 
optimal concentration of soft metals; however, when these kinds of 
metals are dispersed within a hard matrix, they often compromise the 
mechanical strength of the films; (ii) excessive diffusion of soft metals at 
elevated temperatures reduces the ability to maintain consistent lubri
cation, leading to the premature failure of the films’ long-term lubri
cating properties. These issues have significantly hindered the 
widespread adoption of these films in the industry.

To address the existing limitations of the inversion between the 
lubricant and mechanical properties in this kind of films, two prevalent 
approaches have been employed: (i) alloying the films with other metal/ 
nonmetal elements to improve the overall hardness of the films [18–20], 
and (ii) reducing the relative content of soft metals to achieve an optimal 
balance between lubricant and mechanical properties [21–23]. To 
overcome the rapid diffusion of the lubricant agents, anti-diffusion 
phases/layers are incorporated into the self-lubricant matrix for 
achieving the long-term lubrication at elevated temperatures. For 
instance, an amorphous SiNx phase has been used either as a distinct 
layer in the multilayered structure or as a three-dimensional encapsu
lation around the lubricant phase, effectively controlling or even 
blocking the diffusion of the lubricant agents [20,24,25]. Nevertheless, 
this architecture design approach may compromise the wide tempera
ture range self-lubricant performance to some extent.

Achieving a balance between long-term self-lubrication across a 
wide range of temperatures and maintaining the overall mechanical 
properties of solid lubricant films remains a significant challenge. In a 
recent work, the authors of this paper have highlighted the mechanisms 
that contribute to strengthening in ceramic-based thin films containing 
very low levels of soft metals (<5 at.%), with coherent strengthening 
identified as a key mechanism that significantly enhances the overall 
mechanical resilience and performance of these advanced films [51]. 
Additionally, we integrated nanocrystalline Ag into an amorphous SiNx 
matrix by utilizing magnetron sputtering technology, enabling precise 
control and continuous release of Ag in high-temperature environments. 
Through precise optimization of the film alloy composition, we suc
cessfully achieved a delicate balance between lubricant agents’ diffusion 
and anti-diffusion [27].

Building upon the aforementioned research foundation, the present 
paper introduces a novel film system - Mo2N/Ag-SiNx, which is designed 
to achieve long-term lubrication capabilities while simultaneously 
ensuring the overall outstanding mechanical properties of the film. The 
architecture is developed to: (i) the incorporation of the amorphous SiNx 
phase is employed to facilitate the continuous release of Ag and to 
provide protection to Mo2N in high-temperature environments, thereby 
improving the film’s capability to withstand temperature cycling vari
ations during wear tests; (ii) through the meticulous optimization of the 
thickness of the two modulation layers, we induce coherent growth of 
Ag and Mo2N template layers, leveraging coherent strengthening to 
significantly enhance the overall mechanical properties of the film.

To accomplish these objectives, this study employs magnetron 
sputtering technology to meticulously incorporate high-performance 
Mo2N and Ag-SiNx as modulation layer materials. We design and 
fabricate a series of nanostructured multilayer films, Mo2N/Ag-SiNx, by 
maintaining a fixed modulation period and varying the modulation 
ratio. The study investigates how the modulation ratio influences the 
film’s mechanical properties, friction, and wear characteristics, partic
ularly under temperature cycling conditions ranging from room tem
perature up to 600 ◦C. The ultimate goal is to optimize the structural 

characteristics of the film and to elucidate its tribological performance 
across a broad temperature range based on the ratio of the two modu
lation layers.

2. Experimental information

A series of Mo2N/Ag-SiNx multilayered films was prepared using RF 
magnetron sputtering, from high purity (99.9 %) Mo, Si and Ag targets. 
Reference films with single monolithic architecture, i.e. individual 
Mo2N [28,29] and Ag-SiNx [27] films were produced for study of the 
morphology, composition and structure of individual layers in the 
multilayer films. Polished high-speed steel W18Cr4V (W18) and Si (100) 
wafers were used as substrates in the depositions. Before depositions the 
substrates were ultrasonically cleaned in alcohol for 15 min and prop
anol for 15 min. High-speed steel substrates were used for mechanical 
and tribological properties evaluation (hardness, elastic modulus and 
tribological assessment, either at room temperature (RT) and tempera
ture cycling conditions (RT-600C◦, repeated different times), whilst Si 
substrates were used for X-ray diffraction (XRD), and transmission 
electron microscopy (TEM) analyses. The distance between the targets 
and substrates was set to 80 mm. Prior to the depositions, the chamber 
was vacuumed down below 6.0 × 10− 4 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 shutter and 
closing the shutters of the Si and Ag target, in alternated way, in the 
presence of a N2 atmosphere. The multilayered structure was grown by 
applying a power 280, 150 and 50 W at the Mo, Si and Ag targets, 
respectively, in all the depositions. The Ar and N2 partial pressures were 
0.23 and 0.07 Pa, corresponding to a total working pressure of 0.3 Pa. 
Films with different modulation ratios (ratio of thickness of Ag-SiNx to 
Mo2N) ranging from 1:9 to 1:1 with a fixed modulation period (the 
thickness of the layer of Mo2N and its adjacent Ag-SiNx) of 30 nm, were 
produced by controlling the sputtering time from the Mo, Ag and Si 
targets. Schematic diagram of the deposition system for sputtering 
modulation layers is shown in Fig. 1.

The crystal structure of Mo2N/Ag-SiNx films was determined by X- 
ray diffraction (XRD, Shimazu-6000, Shimadzu, Kyoto, Japan) with Cu 
Kα radiation at a pass energy of 160 eV, in a 2 θ interval ranging from 20 
to 80◦ with a step of 4◦/min. The microstructure of the films was 
investigated by the transmission electron microscope (TEM, JEOL, JEM- 
2100F, Japan) with an accelerate voltage of 200 kV. Hardness (H) and 
elastic modulus (E) was measured by the nano-indentation (Anton Paar, 
CPX + NHT2 + MST, Switzerland), setting the constant loading force to 
3 mN and holding time of 10 s. 0.1 mN/s was applied for the loading and 
unloading speed during the measurement. Nano-indentation measure
ments were conducted on two distinct zones of each specimen, with 
fifteen measurements taken in each zone. The average value was then 
calculated from those thirty measurements to ensure the accuracy and 
reliability of the mechanical testing. The ball-disk tribo-tester (UMT, 
UMT-2, CETR, USA) was applied to investigate the tribological proper
ties at room temperature (RT) and RT-600 ◦C temperature-cycling. The 
wear test was carried at a speed of 50 rpm at RT, for 30 min under a 
normal load of 5 N with a counterpart of alumina ball with a diameter of 
9.5 mm. The relative humidity was about 30 % during the tribo-testing 
at RT. Data from the steady state zone of the friction curve was calcu
lated as average coefficient of friction. The wear test was repeated three 
times to ensure data reliability. The temperature-cycling (RT and 
600 ◦C) tribological behavior of the selected specimen, which exhibited 
the best RT tribological performance, was evaluated using the same ball- 
disk tribo-tester. Initially, the specimen underwent RT tribo-testing for 
20 min (RT-1) under the same parameters used in the initial RT one. 
Subsequently, the specimen was heated up to 600 ◦C for the first 
elevated tribo-test (600-1) and the test conducted at the same wear 
track, using a 5 N load with an alumina counterpart for 20 min. The 
combination of RT-1 and 600-1 constituted one unit of the temperature- 
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cycling tribo-test, which was repeated three times to thoroughly inves
tigate the specimen’s tribological behavior under the RT-600 tempera
ture cycling. The Raman spectrum of inside and outside of wear tracks 
were obtained by Raman spectrometry (inVia, Renishaw, UK). The 
average cross section area of wear tracks test was measured by 2D 
Profilometry (BRUKER, Dektak-XT, Germany), and the wear rates of 
these films were obtained by combining the calculation formula [3].

3. Results and discussion

3.1. Microstructure

Fig. 2 depicts the XRD patterns of the reference Mo2N and Ag-SiNx 
monolayered films, and the Mo2N/Ag-SiNx multilayered films. The 
monolayered Mo2N film exhibits six diffraction peaks at approximately 
at 37, 43, 63, 69, 74, and 79◦, corresponding to fcc-Mo2N (111), (200), 
(220), silicon wafer substrate, (311), and (222), respectively. Then, the 
film exhibits only a single phase of fcc-Mo2N. Four diffraction peaks 
could be observed in the pattern of Ag-SiNx monolayered film, located at 
around 38, 44, 64 and 69.2◦. These peaks can be indexed as the fcc-Ag 
(111), (200), (220) planes, and the silicon wafer substrate, respec
tively. No any other diffraction peaks from crystalline SiNx appears in 
this XRD diffraction pattern, suggesting the total amorphous state of the 
SiNx in the film. This result agrees well with the previous published 
paper on Ag-SiNx films with a microstructure of nano-particles of Ag 

embedded into an amorphous SiNx matrix [27]. Consequently, the 
Ag-SiNx monolayered film exhibits a dual-phase of fcc-Ag and amor
phous SiNx phase.

In the multilayered system with a modulation ratio of 1:9, the 
diffraction peaks closely resemble those of the reference Mo2N mono
layered film, though they exhibit a noticeable shift toward lower angles. 
As the modulation ratio increases, the multilayer film continues to 
exhibit six diffraction peaks, five of which matches well the peaks of the 
single fcc-Mo2N. Compared to the multilayered film with a 1:9 modu
lation ratio, these peaks exhibit slight asymmetry and a minor shift to
ward higher angles, even though the diffraction peaks observed in the 
Mo2N monolayered film consistently shift to the left.

The observed low-angle shift in the diffraction peaks is likely related 
to the residual stress and interface characteristics within the multilay
ered film. The Mo2N monolayered reference film was characterized by a 
residual compressive stress with a value of around − 1.0 GPa [28–32]. 
Residual stress in nitride-based films is highly dependent on its thick
ness, with compressive stress sharply increasing as the thickness de
creases [33–35]. In the case of the multilayer films, although the overall 
film thickness remains stable at approximately 2 μm, the alternating 
deposition of Mo2N and Ag-SiNx layers disrupts the continuous growth 
of the Mo2N layer and, thereby resulting in a significantly higher re
sidual compressive stress in the Mo2N layers of the multilayer film 
compared to the monolayer reference one, which primarily accounts for 
the leftward shift in the diffraction peaks. Additionally, the coherent 
structure of Ag within the Ag-SiNx layers, facilitated by epitaxial growth 
on the Mo2N template in the multilayer film with a 1:9 modulation ratio 
(as confirmed latter by the TEM analysis), leads to a reduction in the 
plane spacing of Mo2N near to the interfaces. Consequently, it further 
intensifies the residual compressive stress in the Mo2N layer, causing the 
diffraction peak to shift even further to the left. However, as the mod
ulation ratio increases, the disappearance of this coherent structure 
leads to a slight reduction in the residual compressive stress within the 
Mo2N layer. Moreover, the thicker Ag-SiNx layers could contribute to a 
higher overall thermal expansion coefficient for the multilayer film, 
given that Ag exhibits a greater thermal expansion coefficient as 
compared to nitrides [24,25,36]. This induces additional tensile stress 
due to the thermal expansion [36–39], which partially offsets the 
compressive residual stresses. For the multilayered film other than the 
one with a 1:9 modulation ratio, residual stress results from a of various 
competing factors, including thermal expansion, interface characteris
tics, and the thickness of the Mo2N layer. Consequently, while the 
diffraction peaks of the multilayer films remain consistently shifted to 
the left of the Mo2N monolayer reference, significant shifts in peak po
sitions are not observed with varying modulation ratios.

Regarding the shape of the diffraction peaks from the as-deposited 
multilayered films, the film with a 1:9 modulation ratio exhibits a 
coherent structure characterized by the epitaxial growth of Ag on the 

Fig. 1. Schematic diagram of the deposition system: (a) Ag-SiNx layer and (b) Mo2N layer.

Fig. 2. XRD diffraction patterns of the Mo2N, and Ag-SiNx monolayered films, 
and the Mo2N/Ag-SiNx multilayered films as a function of modulation ratio of 
Ag-SiNx to Mo2N thickness.
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Mo2N template, as confirmed by TEM image (Fig. 3). This epitaxial 
characteristic results in an expansion of the Ag plane spacing, leading to 
a symmetric diffraction peak. However, the formation of this epitaxial 
structure is highly dependent on the thickness of the modulation layers. 
Once the thickness exceeds a critical value, the coherent structure 
rapidly disintegrates. As a result, the diffraction peaks from both Mo2N 
and Ag begin to overlap, contributing to each peak in the XRD pattern. 
The close proximity of the Mo2N and Ag peaks leads to an asymmetric 
shape in the diffraction peaks, as observed in Fig. 1.

Fig. 3 shows the TEM results from the cross-sectional Mo2N/Ag-SiNx 
multilayered specimen with a modulation ratio of 1:9. The cross- 
sectional TEM image, depicted in Fig. 3(a), exhibits alternating layers 
of Mo2N (dark) and Ag-SiNx (light). The thickness of Mo2N and Ag-SiNx 
layer are approximately 27 and 3 nm, respectively, as shown in the 
enlarged inset in Fig. 3(a). This result is in good agreement with the 
designed modulation ratio/period.

The selected area electronic diffraction (SAED) pattern from the zone 
A in Fig. 3(a) is shown in Fig. 3(b). This pattern displays five distinct 
diffraction rings, in addition to the central transmission spot. However, 
these rings are challenging to differentiate because their measured 
values fall between those of the fcc-Mo2N and fcc-Ag planes. This 
observation differs from the results obtained through XRD patterns. The 
diffraction peaks in XRD primarily arise from planes within the film that 
are parallel to the surface, which are highly susceptible to stress—both 
intrinsic and thermal—during deposition and cooling. Unlike bulk 

materials, the films studied here exhibit a 2D-like structure, where stress 
significantly impacts the sample parallel to the surface. In contrast, the 
SAED pattern, derived from a cross-sectional specimen, reflects the 
crystal characteristics perpendicular to the surface. The epitaxial growth 
of Ag on the Mo2N template leads to a contraction of Mo2N planes at the 
interfaces and an expansion of Ag planes, as illustrated in Fig. 3(c). This 
interaction results in plane spacings that, as calculated from the 
diffraction rings in Fig. 3(b), fall between those of the fcc-Mo2N and fcc- 
Ag planes.

Fig. 3(c) shows the high-resolution TEM (HRTEM) image from the 
inset in Fig. 3(a). A clear interface between the layers of Mo2N and Ag- 
SiNx is observed, with the Ag-SiNx layer thickness approximately 3 nm. 
The inverse fast Fourier transform (IFFT) pattern from region A in the 
Mo2N layer, far from the Ag-SiNx layer, is shown in Fig. 3(d). It reveals a 
series of lattice fringes with a spacing of around 0.247 nm, corre
sponding to fcc-Mo2N (111) based on the JCPDF card # 25–1366. 
Although some regions in the Ag-SiNx layer exhibit a fully amorphous 
characteristic without obvious lattice fringes, lattice fringes are still 
observed within this layer. These fringes extend throughout the layer, as 
indicated by the IFFT pattern in Fig. 3(e) from region B in Fig. 3(c), 
suggesting epitaxial growth of the Ag-SiNx layer. The spacing of these 
fringes is around 0.241 nm, notably smaller than that within the Mo2N 
layer (measured value of 0.247 nm in Fig. 3(d)). Significant distortions 
are observed in the pattern, indicating the influence of the epitaxial 
growth process.

Fig. 3. The cross-sectional TEM image of the multilayered film with a modulation ratio of 1:9 (a), SAED pattern (b), HRTEM image (c), and its corresponding IFFT 
pattern from inner of Mo2N layer (d), and the interfacial region with epitaxial characteristic (e).
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Previous TEM studies have reported that Ag-SiNx monolayered film 
exhibit a dual-phase structure of fcc-Ag and amorphous SiNx, with Ag 
nano-particles embedded in the amorphous matrix [27]. The coherent 
structure induced by the soft metal epitaxial growth with the 
nitride-based template, exhibits a significant size dependence. For 
instance, the critical size of Ag epitaxial growing with the TiN template 
was reported to be below 4 nm, either for the Ag nano-particles in the 
TiN-Ag composite film, or for the Ag layers in the TiN/Ag 
nano-multilayered films [51]. The possibility of SiNx growing with the 
nitride-based templates, such as Mo2N, was also reported to be below 1 
nm [40]. This experimental result was also confirmed by the calculation 
results [26]. Therefore, the coherent structure observed in the multi
layered film could be attributed to the epitaxial growth of Ag 
nano-particles in the Ag-SiNx layer on the Mo2N template. This occurs 
when the critical thickness of the soft metal is around or below 3 nm. 
Consequently, this results in unique interfacial characteristics of the 
multilayered film, with a coherent structure between Ag and Mo2N, and 
a mixed interface between amorphous SiNx and Mo2N crystalline. The 
regions exhibiting coherent structure characteristics lead to the reduc
tion of the Mo2N planes and the expansion of the Ag planes due to 
epitaxial growth and, thereby inducing the lattice distortions.

Based on above experimental results, the Mo2N monolayered film 
exhibits a single phase of fcc- Mo2N, while the Ag-SiNx monolayer shows 
a dual-phase structure of Ag mixed with SiNx. The multilayered films 
demonstrate a distinct alternating deposition of Mo2N and Ag-SiNx 
layers. When the modulation ratio is below 1:9, unique interfacial 
characteristic emerges, characterized by a coherent structure induced by 
the epitaxial growth of Ag within the Ag-SiNx layer on the Mo2N tem
plate. However, this kind of coherent structure disappears once the Ag- 
SiNx layer thickness (modulation ratio above 1:9) is above the critical 
size of epitaxial growth of Ag in the nitride-based template.

3.2. Mechanical and tribological properties

The hardness and elastic modulus of the multilayered films with 
different modulation ratios are depicted in Fig. 4. The hardness of 
monolayered Mo2N and Ag-SiNx film is approximately 28 and 7 GPa, 
respectively. Alternating deposition of Mo2N and Ag-SiNx layers signif
icantly influences the hardness of the multilayered films. Its maximum 
value reaches around 36 GPa for the modulation ratio of 1:9, whilst it 
gradually decreases with a further increase of the modulation ratio. The 
elastic modulus of the monolayered film of Mo2N and Ag-SiNx is about 
260 and 105 GPa, respectively. The influential tendency of the elastic 
modulus of the multilayered films is similar as the one for the hardness: 
the value firstly increases to approximately 330 GPa for the film with a 
modulation ratio of 1:9, and then drops gradually from around 230 GPa 
for a modulation ratio of 1:6 to about 180 GPa for a modulation ratio of 
1:1.

When compared to the hardness of the reference monolayered films, 
the multilayered film with a modulation period of 1:9 demonstrates a 

significant increase in hardness. This improvement is primarily attrib
uted to the microstructural characteristics resulting from the epitaxy 
growth of Ag within the Ag-SiNx layer alongside the Mo2N template, and 
is given by two main reasons: First, the formation of a coherent interface 
occurs when Ag in the Ag-SiNx layers grows epitaxially on the Mo2N 
template, resulting in a continuous lattice structure across the interface. 
This slight lattice mismatch in coherent interfaces induces elastic strain 
in the layers [26]. Consequently, the strain field generated by this 
coherent structure can impede the movement of dislocations within the 
layers, making it more difficult for the film to deform. Second, these 
coherent interfaces act as barriers to dislocation motion [26]. Therefore, 
the presence of coherent interfaces enhances the hardness of the film by 
hindering the movement of dislocations. In addition, the alternating 
deposition of Mo2N and Ag-SiNx layers results in an increased number of 
interfaces, which makes it more difficult for dislocations to slip, thereby 
enhancing the hardness of the multilayer thin film material to a certain 
extent. However, once the size of the Ag exceeds the critical threshold 
for coherent growth, the coherent structure vanishes, causing a sharp 
decline in the hardness of the multilayer film with a modulation period 
greater than 1:9. At this stage, the hardness of the multilayered film 
decreases, approaching a value that closely reflects the volume-averaged 
hardness of the individual modulation layers.

The elastic modulus of the multilayer film with a modulation ratio of 
1:9 also increases significantly, but the mechanism of its increase is 
different from that of hardness. The coherent structure characteristics 
cause the interplanar spacing to change, which changes the energy of 
adjacent bonds in the lattice, resulting in an increase in the elastic 
modulus. A further increase in the modulation ratio causes the elastic 
modulus of the multilayered films to decrease, which is the same trend 
as the hardness, with the value converging to the volume-averaged 
elastic modulus of the individual modulation layers.

Fig. 5 displays the room temperature average friction coefficient and 
wear rate for both Mo2N and Ag-SiNx monolayered films, as well as for 
Mo2N/Ag-SiNx multilayered ones with varying modulation ratios. As 
shown in Fig. 5(a), the average coefficients of friction of the Mo2N and 
Ag-SiNx monolayered films are 0.3 and 0.4, respectively. The average 
coefficients of friction of the Mo2N/Ag-SiNx multilayered films, with 
different modulation ratios, are higher than those of their monolayered 
ones and progressively increase with the modulation ratio, ranging from 
0.42 at 1:9 to 0.58 at 1:1.

From Fig. 5(b), it is evident that the wear rates of the Mo2N and Ag- 
SiNx monolayered films are around 6.3 × 10− 6 mm3/N.mm, and 3.2 ×
10− 6 mm3/N.mm, respectively. For the Mo2N/Ag-SiNx multilayer films, 
when the modulation ratio is 1:9, the multilayer film with a coherent 
structure demonstrates the best wear resistance. In comparison to the 
Mo2N and Ag-SiNx monolayered films, its wear rate at RT is reduced by 
an order of magnitude, reaching a value of about 1.9 × 10− 7 mm3/N. 
mm. As the modulation ratio increases, the wear rate of the multilayer 
film gradually increases, from approximately 8.3 × 10− 7 mm3/N.mm at 
a modulation ratio of 1:6 to around 3.4 × 10− 6 mm3/N.mm at a 

Fig. 4. Hardness (a) and elastic modulus (b) of the Mo2N/Ag-SiNx multilayered films as a function of modulation ratio of Ag-SiNx to Mo2N thickness.
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modulation ratio of 1:1.
Fig. 6 presents the optical microscopy images of the wear track on 

multilayer films with various modulation ratios, alongside their corre
sponding 2D morphologies. As illustrated in Fig. 6(a) and (b), the wear 
track width of the multilayer film with a modulation ratio of 1:9 is 
approximately 500 μm, with a maximum depth of about 1.5 μm. The 
wear track area exhibits a significantly darker color than the as- 
deposited one, indicating the occurrence of tribo-chemical reactions 
during tribo-testing, which likely led to the formation of friction phases. 
This observation was corroborated by subsequent Raman analysis (dis
cussed in detail later), further confirming the presence and nature of 
these chemical transformations within the wear track region. In fact, it is 
not uncommon for nitride-based films to form tribo-chemical reaction 
tribo-phases under room temperature tribo-testing. For instance, the 
formation of layered tribo-phase MoO3 with self-lubricating properties 
has been reported in multiple film systems such as Mo2N [29], Mo2N-Cu 
[18] and Mo2N-Ag/SiNx [24]. Distinct furrows are clearly visible on the 
surface of the wear track, with the majority concentrated in the center. 

These furrows are formed as a result of the load and shear forces exerted 
by the counterpart during the tribo-testing. Asperities on the wear track 
surface are crushed under this contact pressure from counterpart, and as 
the counterpart slides along the surface, hard debris embedded within 
these protrusions scratch the wear track, leading to the formation of the 
observed furrows. As the testing time increases, wear debris gathers 
ahead of the counterpart and slides along the wear track surface, 
resulting in the accumulation of debris on both sides of the wear track. 
Moreover, some areas on either side of the wear track peel off as they 
fracture under the pressure and shear forces during testing due to the 
films’ brittleness. The wear track morphology of the multilayer film with 
a modulation ratio of 1:1 is shown in Fig. 6(c) and (d). Compared to the 
film with a modulation ratio of 1:9, the wear track’s width increased to 
1000 μm, while the wear track depth was approximately similar to that 
of the film with a modulation ratio of 1:9. However, deeper furrows were 
evident, with the deepest furrow reaching 2 μm. The film thickness 
under these conditions was 2 μm, indicating that the film had not worn 
out at this stage. The increased wear track width is primarily due to the 

Fig. 5. Average coefficient of friction and wear rate of the Mo2N/Ag-SiNx multilayered films as a function of modulation ratio of Ag-SiNx to Mo2N thicknesses.

Fig. 6. Optical image of the wear track surface and its corresponding 2D curve of the Mo2N/Ag-SiNx multilayered films as a function of modulation ratio of Ag-SiNx 
to Mo2N thickness: (a, b) 1:9, (c, d) 1:1.
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decreased film hardness (Fig. 6), which leads to a greater contact area 
and thus higher material removal during tribological testing. Similar to 
the wear track observed in the multilayer film with a modulation ratio of 
1:9, the surface of the thin film wear track also appeared darker at this 
stage, consistent with previous analyses. The disappearance of the 
coherent structure resulted in disrupted interface continuity, making 
interlayer peeling more likely. Furthermore, the reduced hardness 
significantly contributed to the formation of deeper furrows on the wear 
track surface. The phenomenon of film peeling on both sides of the wear 
track was more pronounced compared to the 1:9 sample, further 
corroborating the aforementioned conclusion.

As shown in Fig. 7, the multilayer film with the lowest average 
friction coefficient and wear rate at RT (modulation ratio of 1:9) was 
taken as the research object, and the friction and wear performance were 
tested under RT-600 ◦C temperature cycle conditions. As can be seen 
from Fig. 7(a), in the first temperature cycle, the ambient temperature 
has a significant effect on the change of the friction curve: in RT-1, the 
friction curve enters a stable stage after a 400-s running stage, and the 
coefficient of friction stabilizes at 0.42, which is consistent with that in 
Fig. 5. In 600-1, after a short running-in period, the coefficient of friction 
stabilized at around 0.23, which was significantly lower than that of RT- 
1. In the second temperature cycle, the friction curve of RT-2 did not 
show an obvious running-in period, and the coefficient of friction was 
roughly stable at around 0.23, which was basically the same as that of 
600-1. This could be attributed to the accumulation of a sufficient 
amount of lubricating phase during the friction process at 600-1, which 
effectively reduced wear resistance and maintained a consistently low 
coefficient of friction throughout the subsequent friction process at RT- 
2. During the friction process of 600-2, the coefficient of friction is 
similar to that of RT-2. During the third cycle, regardless of RT-3 or 600- 
3, the coefficient of friction remains relatively constant over time, sta
bilizing at approximately 0.2. Based on the above analysis, the average 
coefficients of friction under this temperature cycle condition are 0.42 
(RT-1), 0.23 (600-1), 0.24 (RT-2), 0.23 (600-2), 0.22 (RT-3), and 0.20 
(600-3).

Fig. 7(b) shows the 2D morphology of the wear track under the 
temperature cycle condition. It can be seen that after the RT-1 friction 
test, the depth and width of the wear track are approximately 1.5 and 
500 μm, respectively. Obvious furrows appeared in the center of the 
wear track, and there was accumulation of wear debris on both sides of 
the wear track. These phenomena are similar to those observed in Fig. 5. 
Then, after the first temperature cycle of the 600 ◦C (600-1) friction test, 
a large amount of friction products adhered to the wear track surface, 
reflecting the negative wear phenomenon, and the actual wear rate 
could not be measured. After the RT-2 friction test, although the height 
of the friction products on the wear track decreased, it still showed 
negative wear, and the actual wear rate was still unmeasurable. After the 
600-2 experiment, the adhesion products increased significantly, and so 
the wear track height increased significantly, which also confirmed that 

a large number of adhesion products were easily produced in the 
tribological environment at 600 ◦C. During the third temperature cycle, 
the wear track surface exhibited a trend similar to that observed during 
the second cycle. A significant amount of adhesive products adhered to 
the wear track surface, and the actual wear rate was unmeasurable.

From the friction and wear experiments under the above RT-600 ◦C 
temperature cycle conditions, it can be seen that, except for the first 
room temperature friction test, the film has shown a stable and low 
coefficient of friction, maintaining a value around 0.2, and has excellent 
wear resistance. Even after three temperature cycles, a significant 
amount of wear debris remains adhered to the wear surface, making the 
wear rate unpredictable.

Fig. 8 shows the Raman spectra of the wear track surface after each 
temperature cycle tribological test. After the first room temperature 
friction test (RT-1), the Raman spectrum of the wear track showed four 
weak peaks at 380, 670, 953 and 1000 cm− 1. Among them, the first two 
correspond to MoO3 and the last two correspond to Ag2MoO4. After the 
first temperature cycle of 600 ◦C (600-1), the peaks in the Raman 
spectrum from the wear track are significantly improved in both quan
tity and intensity compared with RT-1. Among them, those at 315, 337, 
661 cm− 1 correspond to MoO3 [41,42]; at 721, 810, 1001 cm− 1, to 
Ag2MoO4 [43,44]; at 903 cm− 1, to Ag2Mo4O13 [45,46]; at 500 cm− 1, to 
Ag2Mo2O7 [47,48]; and at 401 cm− 1 to SiO2 [49]. Subsequently, after 
tribo-testing at both room temperature and 600 ◦C, distinct peaks cor
responding to the aforementioned five friction phases emerge in the 
Raman spectrum of the wear track. Although room temperature friction 

Fig. 7. Friction curves (a), 2D wear track morphologies (b) of the multilayered film with a modulation ratio of 1:9 after the RT-600 ◦C temperature-cycling 
tribo-testing.

Fig. 8. Raman spectra from the wear track after each cycling of the RT-600 
temperature cycling tribo-testing.

J. Luan et al.                                                                                                                                                                                                                                     Ceramics International 51 (2025) 43924–43932 

43930 



generally does not induce significant chemical reactions on the wear 
track surface, as indicated by the Raman results of RT-1, a substantial 
amount of products remains in the wear track after the initial temper
ature cycle following friction at 600 ◦C. This accumulation is the main 
factor contributing to the prominent friction phases observed on the 
wear track surfaces of RT-2 and RT-3.

Based on the above experimental result, the room temperature fric
tion behavior of multilayer films with different modulation ratios in
dicates that the average coefficient of friction gradually increases with 
higher modulation ratios. However, across all modulation ratios, the 
average coefficient of friction is consistently higher than that of Mo2N 
and Ag-SiNx single-layer films. When the modulation ratio is 1:9, the 
hardness of the film is the highest. During the tribo-testing, under the 
action of the counterpart, the hard abrasive particles, under the action of 
the grinding pair, scratch the surface of the wear mark, creating distinct 
furrows. This results in intense interaction between the two surfaces 
between the counterpart and wear track. Therefore, its average coeffi
cient of friction is higher than that of Mo2N and Ag-SiNx monolayered 
films. As the modulation ratio increases, the hardness gradually de
creases, which results in the contact area between the wear track and the 
counterpart increases gradually, leading to higher frictional forces and 
thus a gradual increase in the average coefficient of friction. The 
multilayered film with a modulation ratio of 1:9 exhibits a coherent 
structure with continuous interfaces between the layers, which effec
tively avoid interlayer delamination. Moreover, the formation of a 
coherent structure can significantly strengthen the film by improving 
both hardness and toughness, thereby enhancing its load-bearing ca
pacity and resistance to crack initiation and propagation. Thereby, the 
film’s wear resistance greatly improves and the wear resistance is 
increased by an order of magnitude compared to the two single-layer 
films. When the modulation ratio is higher than 1:9, the thickness of 
the Ag-SiNx layer exceeds the critical size of the coherent structure. 
Consequently, the mechanical properties of the multilayer film material 
tend to follow the law of mixing more closely, reducing its hardness and 
gradually increasing the film’s wear rate. Despite detecting solid- 
lubricant friction-reducing products, like MoO3, in the wear track, 
their presence is reduced. Therefore, the microstructure of the multi
layer film and the resulting changes in mechanical properties have a 
more significant impact on the friction and wear characteristics at room 
temperature. Moreover, the multilayered architecture—particularly 
with a modulation ratio of 1:9—promotes the formation of coherent 
interlayers. This structural coherence, along with the associated me
chanical strengthening and the elimination of distinct interfacial 
boundaries, leads to improved tribological performance compared to the 
Mo2N–Ag–SiNx composite system [50].

Regarding the friction and wear resistance properties of the multi
layer film with a modulation ratio of 1:9 under temperature cycling from 
RT to 600 ◦C, the behavior observed during the initial cycle at RT aligns 
with the earlier discussion in the RT tribological section. In the subse
quent 600-1 cycle, SiNx demonstrates a significant sustained release of 
Ag at elevated temperatures, continuing the slow release of the Ag 
lubricating agent [24,25]. However, the adhesion of tribo-phases caused 
by the counterpart and the expansion of volume induced by 
tribo-oxidation make it impossible to calculate the wear rate. The 
emergence of a lubricating tribo-phase is indicated by the film main
taining a stable average coefficient of friction of around 0.2. Despite a 
substantial amount of the lubricious tribo-phase adhering to the worn 
surface, the average coefficient of friction at room temperature (RT-2) 
remains steady at 0.2, and the actual wear rate cannot be measured. The 
friction behaviour observed in 600-2 and 600-3 mirrors that of 600-1, 
while the friction behaviour in RT-3 is similar to that in RT-2. There
fore, since 600-1, the average coefficient of friction of the multilayer 
film has remained stable at about 0.2, and the wear rate is still impos
sible to calculate owning to the adhesion of tribo-phase as well as the 
volume expansion.

4. Conclusion

Nowadays, achieving simultaneous enhancement of both mechanical 
and self-lubricating properties by alloying soft lubricant agents into ni
trides remains a significant challenge. This study focuses on the devel
opment and optimization of wide-range temperature self-lubricating 
films, specifically novel RF magnetron-sputtered Mo2N/Ag-SiNx multi
layered films. These films were designed with a fixed modulation period 
of 30 nm and varied modulation ratios (γ) to achieve long-term lubri
cation while maintaining excellent mechanical properties. The main 
findings of the study are as follows. 

(1) The multilayered film consists of two distinct layers: Mo2N and 
Ag-SiNx. The Mo2N layer exhibited a single fcc-Mo2N phase, 
while the Ag-SiNx layer displayed a dual-phase structure, 
comprising fcc-Ag nanoparticles and an amorphous SiNx matrix. 
At a γ of 1:9, the Ag-SiNx layer grew epitaxially on the Mo2N 
template, forming a coherent structure. However, this coherent 
structure diminished as γ increased.

(2) The microstructure of the multilayered films significantly influ
enced their mechanical properties. The coherent structure at γ of 
1:9 enhanced both hardness and elastic modulus, reaching 
approximately 36 GPa and 230 GPa, respectively, due to co
herency strengthening.

(3) The wear rate of the multilayered film at room temperature also 
benefited from the coherent structure, which enhanced me
chanical properties. The wear rate for the film with γ of 1:9 
dropped to around 8.3 × 10− 7 mm3/N.mm. However, the low- 
friction properties were not significantly improved by this 
structural design.

(4) During three RT-600 ◦C temperature cycles, the multilayered film 
with γ of 1:9 maintained a stable coefficient of friction around 
0.2, except for the first room temperature tribological test, where 
it was 0.4. The excellent temperature-cycling tribological prop
erties were attributed to the synergistic lubricant characteristics 
of both layers and the formation of self-lubricating tribo-phases.

This study demonstrated that the optimized Mo2N/Ag-SiNx multi
layered films can provide effective solid-lubrication and mechanical 
stability under extreme conditions, achieving the mutually enhanced 
mechanical and tribological properties, offering a promising solution for 
high-performance engineering applications.
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