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A B S T R A C T   

The MoxN coatings are deposited by direct current magnetron sputtering (DCMS) and high power impulse 
magnetron sputtering (HiPIMS). It is found that the MoxN coatings prepared by HiPIMS has a denser micro
structure, higher hardness and wear resistance. Besides, the effect of peak current is investigated with respect to 
the microstructure, mechanical properties and tribological behavior of the coatings. As the peak current in
creases, the cross-sectional morphology of the coating transforms from featureless to columnar morphology, and 
the preferred orientation of the coating gradually transfers from (111) to (200). However, the hardness of the 
coating is not significantly influenced by the peak current. The MoxN coating with a peak current of 260 A owns a 
low friction coefficient of 0.28, which is better than that of the MoxN coating prepared by DCMS. The MoxN 
coating with a peak current of 300 A provides excellent wear resistance with the lowest wear rate of 5 × 10− 8 

mm3/(Nm).   

1. Introduction 

In the aviation field, the problem of friction and wear has a signifi
cant impact on the service life of aero-engine components, such as main 
shaft bearings and turbine blades [1,2]. The wear caused by harsh ser
vice conditions is beyond the performance limits that the substrate can 
withstand. It is important to emphasize that the surface characteristics of 
mechanical moving parts are the key issue affecting the tribological 
performance [3]. In order to enhance the service life of mechanical 
components, the advancement of coatings with high wear resistance and 
good adhesion properties has become one of the effective solutions. In 
particular, new enabling technologies for coating production are also 
very crucial [3]. For the time being, most coatings are fabricated by 
vacuum deposition techniques. 

Hard coatings are widely used by industry to combat wear in me
chanical components, particularly in rolling, rotary and sliding bearing 

applications. Nitrides and carbides of transition metals stand out among 
the many hard coatings available today due to their excellent mechan
ical properties and wear resistance. However, research on nitrides has 
focused attention on obtaining greater hardness of the coating by 
attempting to optimize the microstructure. To avoid brittle failure 
because of cracking, the coatings should also be sufficiently tough and 
ductile, which can be enhanced by increasing the valence electron 
concentration of the alloy [4]. In this respect, MoxN coating is widely 
used because of its ability to crystallize in different crystal structures, 
such as the most reported structures of tetragonal β-Mo2N, cubic γ-Mo2N 
and hexagonal δ-MoN [5]. Besides, MoxN coating has high hardness, 
relatively low friction coefficient and high wear resistance over a wide 
temperature range, making it one of the candidates for aerospace high 
temperature lubricating application [5,6]. 

There are diverse techniques to prepare MoxN coatings, including ion 
beam assisted deposition [6], direct current magnetron sputtering 
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(DCMS) [7], CVD [8], RFMS [9], cathodic arc evaporation [10,11] and 
PLD [12]. As a new physical vapor deposition technique, the high power 
impulse magnetron sputtering (HiPIMS) has recently gained widespread 
research interest [13]. Short high power pulses are imposed on the 
target in HiPIMS instead of a constant discharge power as in DCMS. This 
can enhance the probability of electron impact ionization of the sput
tered atoms, resulting in the ionization of a large portion of the sputtered 
material, such as Ti (90%) and Cu (70%) [14]. Therefore, HiPIMS dis
charges are expected to yield high atomic ionization rates and high 
energy ions compared to DCMS discharges. In particular, the high 
density of plasma produced by the highly atomic ionization of the 
sputtering target results in deposited coatings with dense structure and 
excellent high adhesion strength [15–18]. To date, several papers have 
been published on the deposition of MoxN coatings by HiPIMS [19–21]. 
For example, Mei et al. [22] explored the effects of chemical composi
tion on the microstructure, mechanical and tribological properties of 
Mo-V-Cu-N coatings deposited by HiPIMS, and the coating achieved the 
lowest friction coefficient ~ 0.3 and wear rate 10− 17 m3/Nm. The per
formance of the coating can be further improved by the optimization of 
process parameters, such as nitrogen partial pressure [21], discharge 
voltage [20], duty cycle [23,24], pulse frequency [25,26], and pulse 
length [27,28]. As an important process parameter, the peak current 
plays an important role in determining the ionization fraction and pro
ducing a highly ionized plasma environment [29,30]. The enhancement 
of the ionization rate leads to intense ion bombardment of the growing 
coating, which will facilitate the crystallization and densification of the 
coating [31]. However, too high ion density may lead to the destruction 
of the coating structure [32]. Therefore, it is necessary to investigate the 
effect of peak current on the microstructure and properties of coating. 

However, scarce studies have been published on the influence of 
peak currents, especially for the deposition of MoxN coatings. The aim of 
this work is to deposit MoxN coatings by HiPIMS technique. Besides, the 
effect of peak current on microstructure, mechanical and tribological 
properties of the coatings is explored in detail. In addition, for 
comparative study, a furnace of MoxN samples is also prepared by DCMS 
in the paper. 

2. Experimental details 

2.1. Coating deposition 

MoxN coatings were deposited using a HCMS+CA-400 deposition 
system with a pure Mo target (483 mm × 85 mm × 6 mm, 99.98 at%) 
connected to the cathode, and Ar and N2 (99.999 at%) were used as the 
working gas and reaction gas, respectively. During the reactive deposi
tion, N2 was introduced near the substrate and Ar was introduced into 
the vacuum chamber from the back of the cathode target to relieve the 
poisoning of the cathode target after the introduction of the reactive gas. 
Mirror-polished 9Cr18 steel and Si (100) wafers were provided as sub
strates. The samples were cleaned by ultrasonication in petroleum ether 
and anhydrous ethanol, respectively. The process was repeated twice 
and then the samples were blown dry with a hot air gun and placed in a 
drying oven. The specific procedure was as follows: the cleaned samples 
were fixed on the rotating frame, and the vacuum chamber door was 
closed. When the vacuum level was as low as approximately 3 × 10− 3 

Pa, the process started to run. Meanwhile, the chamber was heated to 
350 ◦C in order to activate the substrate and enhance the film adhesion. 
In addition, to get rid of oxide layers and other adsorbed impurities on 
the substrate surface, all substrates were first etched with Ar+ for 20 min 
(argon flow: 150 sccm, bias voltage: − 850 V). The substrates were then 
further etched and cleaned using the arc-light electron source enhanced 
glow discharge (AEG) plasma cleaning function with the cathode AEG 
current set to 70 A, the anode AN current set to 35 A and the bias voltage 
set to 300 V. Afterwards, the Mo transition layer was prepared in 10 min 
under an Ar gas flow rate of 60 sccm to improve the film-based adhesion 
strength. Next, N2 was introduced under a gas flow rate of 15 sccm and 

the MoxN coating was deposited by controlling the peak currents of 180 
A, 220 A, 260 A and 300 A for 2 h. The specific preparation details were 
presented in Table 1. For subsequent discussion, the samples deposited 
at various peak currents were labeled as S180, S220, S260 and S300, 
respectively. For the purpose of comparing the influences of the 
microstructure and properties of the coatings prepared by HiPIMS, a 
separate furnace of MoxN samples was prepared by DCMS in this study. 
The DC sputtering current of the Mo source was fixed at 4 A, and the 
coating was deposited at a working pressure of 0.39 Pa. The pulse 
voltage (Uout) and target current (Iout) waveforms on different pulse time 
are shown in Fig. 1. It is obvious that the output value of the Mo target 
peak current is significantly different within a pulse time period (0–300 
μs), while the output value of the pulse voltage is almost the same. The 
output current values shown in Fig. 1 are analog and are linear function 
values about the actual current. Therefore, the current values do not 
display actual units. 

2.2. Coating characterization 

The surface and cross-sectional morphology of the coatings were 
observed using a scanning electron microscope (JSM-7610 F). The sur
face morphology, roughness and particle sizes of the coatings were 
analyzed using atomic force microscopy (Bruker Dimension Icon). The 
crystalline phase structure of MoxN coatings was analyzed using a high- 
resolution X-ray diffractometer (D8 ADVANCE) in grazing incidence 
mode (incidence angle of 1◦). Further microstructural details of the 
coatings were obtained by high resolution transmission electron mi
croscope (FEI Talos F200s). TEM samples were prepared from steel 
substrates using a focused ion beam (Strata 400 S). XPS (ESCALAB 
250xi) was utilized to determine surface chemistry of deposited coat
ings. The monochromatic Al Kα X-ray radiation with kinetic energy of 
1486.8 eV was used and the electron emission angle was 30◦. The spot 
size of analyzed area was 400 µm. Prior to XPS analyses, the sputter was 
performed by Ar+ etching ion gun at an etching rate of 17.4 nm/min and 
etching time of 2 min. The Ar+ energy was 1000 eV and the incidence 
angle was 45◦. The XPS was performed under a base pressure of 
3.0 × 10− 7 mbar. Charge compensation was implemented using a low 
voltage electron flood gun. XPS was used to observe the distribution of 
elements in the sample. The elastic modulus and hardness of the coatings 
were measured by a nanoindenter (STEP E400). The maximum inden
tation load ranges from 7 to 9 mN with a Berkovich tip diamond 
indenter. In our work, the hardness and elastic modulus of the coating 
were measured five times to ensure the accuracy of the data, and the 
final average of the five sets of data was taken. In addition, the variance 
obtained by averaging the five data sets was taken as the error bars. The 
residual stress of coatings was determined by film stress tester (FST 
1000). To ensure the reliability of the data, the average and variance of 
the three measured values were obtained. So as to evaluate the film- 
based adhesion strength, a scratch test was performed by scratch 
tester (MFT-4000). And the scratches were observed by optical micro
scope (NMM-800TRF). To evaluate the tribological properties of MoxN 
coatings, a friction test was conducted using a friction and wear tester 

Table 1 
The deposition parameters of MoxN coating deposited by HiPIMS.  

Parameters Values 

Working pressure (Pa) 0.33 
Bias voltage (V) 

Argon flow (SCCM) 
Nitrogen flow (SCCM) 
Deposition temperature (℃) 

-120 
60 
15 
350 

Peak current (A) 180/220/260/300 
Frequency (Hz) 100 
Pulse width (μs) 300 
Duty cycle 

Deposition time (min) 
3% 
120  
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(CSM, TRB3) against an Al2O3 counterpart with a diameter of 6 mm. The 
tribological testing parameters including the normal load (5 N), the 
sliding frequency (5 Hz), the sliding stroke (6 mm), the total sliding 
stroke (216 m) and the sliding time (1 h), had been maintained constant 
throughout the experiment. In addition, wear profiles were observed by 
a 3D surface profiler (UP-Sigma) and the wear rate was calculated [33]. 

3. Results and discussion 

3.1. Structure and morphology 

The structure of the cross-section and surface of the MoxN coatings 
deposited by DCMS and HiPIMS are given in Fig. 2 and Fig. 3, respec
tively. The MoxN coatings prepared by the DCMS exhibit a loose 
columnar morphology. However, the MoxN coating prepared by HiPIMS 
has a denser structure and smooth surface. This indicates that the high- 
energy bombardment during HiPIMS leads to the densification of the 
coating and the smoothing of the coating surface. At low peak currents, 
the S180 coating does not exhibit a significant columnar morphology 
and the particle aggregation on the coating surface is not obvious. 
However, as the peak current increases, the microstructure of the 
coating appears columnar morphology and the particles on the surface 
start to agglomerate. It is suggested that the increased ionization rate 
brought about by raising the peak current leads to intense ion 
bombardment of the growing coating, which promotes the crystalliza
tion of the coating. The maximum thickness of the S180 coating is 
1.2 µm, while the thickness of the coating varies between 0.79 and 1 µm 
as the peak current increases. This indicates that the effect of peak 
current on coating thickness is not completely linearly correlated. In 
general, the thickness of the coatings deposited at higher peak currents 
is less than that of the coatings deposited at lower peak currents. This 
can be attributed to the increased ionization rate resulting in intense ion 
bombardment of the growing coating, which promotes the densification 
of the coating. 

The three-dimensional morphology of the coatings (5 × 5 µm2 area) 
and the corresponding roughness are shown in Fig. 4. As shown in Fig. 4, 
the MoxN coatings deposited by DCMS are distributed with many pro
trusions on the surface and have the largest roughness of 5.83 nm. The 
MoxN coatings prepared by HiPIMS have a more homogeneous distri
bution of particles on the surface, and the roughness is slightly lower 
than that of the MoxN-DC coatings. The roughness of the MoxN coating 
decreases with the increase of peak current. In addition, the particle size 
of the prepared coating shown in Fig. 5 is also obtained from the three- 
dimensional morphology of the coating. The MoxN-DC coating exhibits 
the particle size of 0.101 µm. Compared to MoxN-DC coatings, the par
ticle size of the deposited MoxN coating becomes smaller at lower peak 
currents, while the particle size of the coating becomes larger at higher 
peak currents. 

Fig. 6 shows the XRD patterns of the MoxN coatings. It is shown that 
the MoxN coatings prepared by DCMS are mainly composed of hexag
onal δ-MoN phase. As can be seen from the Fig. 6, the coatings deposited 
by HiPIMS exhibit four effective diffraction peaks after excluding the 
effect of the substrate. The diffraction peaks at 37.3◦, 43.2◦, 62.9◦, and 
75.5◦ correspond to the (111), (200), (220), and (311) crystallographic 
planes of the face-centered cubic γ-Mo2N phase (JCPDF 25–1366), 
respectively. This indicates that the coatings exist mainly in the face- 
centered cubic γ-Mo2N phase structure [34]. In general, the peak devi
ation of all exhibited Mo-N peaks compared to the JCPDF data can be 
observed due to the presence of residual stresses within the coating [35]. 
As shown in the Fig. 6, the intensity of the γ-Mo2N (111) diffraction peak 
tends to increase and then decrease with the gradual increase of the peak 
current. And the preferred orientation of the coating gradually changes 
from Mo2N (111) to Mo2N (200). The competition for the preferred 
orientation of (111) and (200) is driven by the strong isotropy of po
tential energy and diffusivity of the moving surface species. At low 
ion-to-metal flux ratios, the (111) surface provides more stable cation 
sites than the (200) surface, resulting in a net cation flux for the shift in 
orientation from (200) to (111) oriented grains [36,37]. However, a net 

Fig. 1. Variation of pulse voltage (Uout) and target current (Iout) with pulse time.  

Fig. 2. Cross-sectional and surface morphology of MoxN coatings deposited by DCMS.  
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cation flux can be reversed at high ion-to-metal flux ratios. The evolu
tion of the preferred direction from (111) to (200) with increasing 
ion-to-metal flux ratio is attributed to the kinetic control [38,39]. 

Besides, an increase of peak current favours the formation of Mo2N 
(220) crystal plane. The apparent γ-Mo2N (220) surface diffraction peak 
is due to the strong ion bombardment by the higher peak current, and 

the "channel effect" occurs under the high energy ion bombardment, 
which induces the (220) plane to grow along the coating surface [40]. 

To further determine the microstructure of the MoxN coatings, cross- 
sectional TEM micrographs and corresponding HRTEM images of the 
S260 sample are shown in Fig. 7. Fig. 7a presents the columnar structure 
along the direction of coating growth. As shown in Fig. 7b, the lattices 

Fig. 3. Cross-sectional and surface morphology of MoxN coatings deposited by HiPIMS.  

Fig. 4. AFM images and the corresponding roughness of MoxN coatings (a) MoxN-DC, (b) S180, (c) S220, (d) S260, and (d) S300.  

Fig. 5. The roughness values and particle sizes of MoxN coatings.  Fig. 6. XRD patterns of MoxN coatings.  
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with spacings of 0.242 nm and 0.212 nm are recognized and considered 
to be γ-Mo2N (111) and (200) planes in the high-resolution image of the 
MoxN coating. The Mo2N (111), Mo2N (200), Mo2N (220) and Mo2N 
(311) planes from selected area electron diffraction (SAED) can be 
recognized, indicating that Mo2N is the main phase of the coating, 
consistent with the XRD results. In addition, Mo, N and O elements in the 
MoxN coatings are uniformly distributed in the coatings by EDS analysis. 

XPS is used to observe the elemental content of the coating. Fig. 8 
shows the elemental composition of the MoxN coatings. From the figure, 
it can be observed that the MoxN coating prepared by DCMS has a low 
Mo content and a high N content. However, MoxN coatings prepared by 
HiPIMS show a higher Mo content due to higher Mo ionization. In 
addition, as the peak current increases, the Mo element content of the 
coating increases in small increments. Therefore, increasing the peak 
current will increase the population of Mo ion species. The N element 
content fluctuates between 63.71 at% and 68.83 at%, which accounts 
for more than half of the entire coating element. 

The chemical bonding and electronic structure of the MoxN coating 
are investigated by XPS analysis. Surprisingly it is found that for thin 

film samples composed of metals, nitrides, carbides, borides, oxides and 
oxynitrides, the C1s peak position EF

B varies over a wide range from 
284.08 to 286.74 eV [41,42]. Consequently, the use of C1s peak at the 
charge reference is not reliable. The sum EF

B + ϕSA is essentially constant 
at 289.58 ± 0.14 eV, where the EF

B is the binding energy of the C 1 s peak 
referenced to the Fermi level, and the ϕSA is work function [43–45]. 
Therefore, the referencing to C1s should be calibrated by 289.58 eV - 
ϕSA. 

As presented in Fig. 9, the full spectra of the MoxN coating are mainly 
composed of Mo 3d, N 1 s, and O 1 s. The Mo 3d, N 1 s, and O 1 s spectra 
of MoxN coatings deposited by DCMS and HiPIMS are shown in Fig. 10a- 
e. For the MoxN coating deposited by DCMS (Fig. 10a), the fitted curves 
of the Mo 3d spectra show clear two doublets, indicating that the 
different binding energies (BE) correspond to the mutual binding be
tween Mo and the other elements. The peaks at binding energies of 

Fig. 7. Cross-sectional TEM micrographs of MoxN coatings: (a) TEM micrographs, (b) HRTEM, (c) SAED pattern and (d) HAADF image with STEM ele
ments mappings. 

Fig. 8. Chemical compositions (at%) of the samples.  Fig. 9. XPS full spectra of the MoxN coating.  
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Fig. 10. XPS spectra of (a) MoxN coating deposited by DCMS (deconvoluted Mo3d, N1s, and O1s) and (b-e) MoxN coating deposited by HiPIMS (deconvoluted Mo3d, 
N1s, and O1s). 
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228.9 eV and 232.1 eV are allocated to the Mo 3d5/2 and Mo 3d3/2, 
corresponding to the formation of Mo-N bonding [19,21]. In addition, 
the Mo 3d5/2 and Mo 3d3/2 of Mo4+ species observed at 230.3 eV and 
233.7 eV representing the presence of MoO2, which is due to the for
mation of surface oxides from exposure to the atmosphere [46]. The N1s 
spectra can be decomposed into two binding states corresponding to Mo 
3p (BE=394.69 eV) and N 1 s (BE=397.23 eV) [46]. The fitted curves of 
the O 1 s spectra for MoxN coating displays the fitted peaks 530.23 eV 
and 531.95 eV attributed to the presence of Mo-O bonding formation 
and oxygen as surface impurities, respectively [47]. Similar peaks of the 
Mo-N bonding in the Mo and N regions are also observed in the XPS 
spectra of MoxN coatings deposited by HiPIMS, as shown in Fig. 10b-e. 
However, for the coatings deposited by HiPIMS, the Mo 3d peak shifts to 
a lower BE, indicating a change in the chemical valence state of Mo. The 
coatings deposited by DCMS exhibit mainly MoN phase structure. 
However, the coatings deposited by HiPIMS are mainly present in the 
face-centered cubic γ-Mo2N phase structure. This suggests that the use of 
HiPIMS is able to increase the population of ionic species compared to 
the DCMS preparation, leading to more Mo ions dissociated and bound 
to N, which leads to a change in the chemical state of Mo. For the XPS 
spectra of the S180 coating (Fig. 10b), the fitted Mo 3d binding energy 
peaks at 229.49 eV and 233 eV correspond to the Mo4+ (3d5/2) and 
Mo4+ (3d3/2), respectively [46]. The states of Mo4+ (BE=229.4 eV, 
232.39 eV), Mo4+ (BE=229.54 eV, 232.42 eV) and Mo4+ (BE=229 eV, 
231.84 eV) are shown in the Mo 3d spectra (Fig. 10c-e), respectively. 

3.2. Mechanical properties 

Hardness (H) and Young’s modulus (E) as well as the combination 
index (H/E or H3/E2) are able to predict the wear resistance of the 
coating to some extent [48]. The hardness and elastic modulus of MoxN 
coatings deposited by DCMS (MoxN-DC) and HiPIMS are given in  
Fig. 11a. As shown in Fig. 11a, the hardness and elastic modulus values 
of the MoxN coatings deposited by DCMS are 22.2 GPa and 321.8 GPa, 
respectively. However, the hardness and modulus values of MoxN 
coatings prepared by HiPIMS ranges from 29.59 to 32.54 GPa and from 
330.7 to 343.7 GPa, respectively. This is because the coatings prepared 
by DCMS show a loose columnar morphology, resulting in a low hard
ness of the coating. In contrast, the MoxN coatings prepared by HiPIMS 
have a denser microstructure, which in turn provides excellent me
chanical properties. At lower peak current, the S180 sample shows the 
highest hardness and elastic modulus values of 32.5 GPa and 343.7 GPa, 
respectively. However, the hardness and elastic modulus of the coatings 
deposited at higher peak currents are slightly lower. This is probably due 
to the fact that higher peak currents favor the crystallinity of the coat
ings, allowing the coatings to reappear with columnar morphology, 
which affects the mechanical properties of the coatings. 

The coatings deposited by HiPIMS generally indicate high wear 
resistance due to their typically high hardness and modulus values. In 
Fig. 11b, the H/E and H3/E2 values of MoxN coatings deposited by DCMS 
and HiPIMS are calculated for comparison. The H/E ratio is defined as 

the energy absorbed by the coating before failure and H3/E2 is a 
reflection of the coating’s ability to resist plastic deformation [49,50]. It 
is observed that the MoxN coatings prepared by DCMS show relatively 
low H/E and H3/E2 values of 0.069 and 0.106, respectively, which im
plies a lower resistance to plastic deformation in response to external 
mechanical contact forces. However, the H/E and H3/E2 values of MoxN 
coatings prepared by HiPIMS are high, ranging from 0.087 to 0.095 and 
0.227–0.292, respectively. Among them, the coatings (S180 and S300) 
deposited at lower and higher peak currents have higher H/E and H3/E2 

values, which indicates that the MoxN coatings deposited in this case 
exhibit good wear resistance and resistance to plastic deformation. 

The scratch resistance of the MoxN coatings are tested by a scratch 
tester, and the surface morphologies of the scratch scars are observed 
with an optical microscope. Generally speaking, LC1 refers to the 
beginning of cracking at the edge of the scratch, indicating cohesive 
failure in the coating. LC2 refers to the beginning of chipping failure 
extending from the arc tensile cracks, indicating adhesive failure be
tween the coating and the substrate. As the normal load increases 
further, the cracks become more severe, eventually causing the coating 
to flake off and expose the substrate. Therefore, a higher critical load 
LC3, indicating the complete adhesion failure between the coating and 
the substrate, is used. The positions of LC1, LC2 and LC3 on each track of 
the coatings are indicated. The MoxN-DC sample shows a lower LC1, LC2 
and LC3 about 11 N, 22 N and 62.5 N, respectively. However, the MoxN 
coatings deposited by HiPIMS own a better scratch resistance than that 
of MoxN-DC coatings. For example, a higher LC1 of 15.9 N and LC2 of 
30 N and a highest LC3 of 77 N are recorded for S180 coating. As the 
loading force increases, a small number of transverse cracks first appear 
inside the scratch, then more intensive arc-shaped transverse cracks 
appear, and flaking occurs on both sides of the scratch, and eventually 
the coating is completely flaked off on the substrate, exposing the sub
strate. There exist a lot of arc-shaped transverse cracks inside the scratch 
and spallation along the scratch track sides for the MoxN-DC sample. 
However, the cracks in the scratch of the MoxN coatings deposited by 
HiPIMS are the finest and there is no obvious large flaking in the entire 
scratch track. This indicates that the MoxN coatings prepared by HiPIMS 
have higher adhesion strength than those prepared by DCMS. Fig. 12. 

Deposition of coatings in a vacuum environment is susceptible to 
intrinsic residual stresses and depends on process variables such as 
deposition temperature, gas pressure and deposition power [51]. Fig. 13 
shows the residual stresses in the MoxN coatings prepared by DCMS and 
HiPIMS. It can be found that the MoxN coatings prepared via DCMS 
exhibit a low compressive residual stress (− 1.54 GPa). However, the 
MoxN coatings prepared via HiPIMS owns higher residual stresses. The 
coatings prepared by DCMS have a loose columnar microstructure, so 
the residual stresses caused by sputtering may be released, leading to a 
lower compressive stress. However, the coatings prepared by HiPIMS 
show higher compressive stress due to a more compact structure. Be
sides, the coatings grown during HiPIMS preparation are bombarded by 
a large number of high-energy ions and more Ar ions are generated in 
the HiPIMS afterglow. The Ar+ bombardment leads to higher 

Fig. 11. (a) Hardness and elastic modulus and (b) H/E and H3/E2 of MoxN coatings.  
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Fig. 12. Scratch images in the MoxN coatings.  
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compressive stresses in the coatings [52]. Therefore, the higher ioniza
tion fraction in HiPIMS results in higher compressive residual stresses 
compared to DCMS [53]. 

3.3. Tribological properties 

The friction coefficient curves of the deposited MoxN coatings are 
given in Fig. 14a. As shown in the figure, the average value of friction 
coefficient for MoxN coating deposited by DCMS in the atmospheric 
environment is approximately 0.49, and the friction coefficient curve 
fluctuates widely. However, the friction coefficient curves of all coatings 
deposited by HiPIMS have a relatively smooth state. Among them, the 
friction coefficients of S180, S220 and S300 coatings are not very 
different, all around 0.4. The MoxN coating with a peak current of 260 A 
gives an extremely low friction coefficient of 0.28, which is better than 
that of the MoxN coating prepared by DCMS. The results of tribological 
tests confirm that the friction coefficient of MoxN coatings prepared by 
DCMS is relatively high, but slightly lower for HiPIMS preparation. 
Similarly reported, e.g., Fenker et al. [54] fabricated MoxN coatings by 
DCMS and HiPIMS and found that the highest friction coefficient of 0.55 
was measured for the dc-0.4 sample compared to roughly 0.4 for both 
HiPIMS deposited ones. 

Fig. 14b shows the wear rate of MoxN coatings. As shown in Fig. 14b, 
the wear rate of the MoxN coating prepared by DCMS is 2 × 10− 7 mm3/ 
(Nm), which is significantly larger than that prepared by HiPIMS. This is 
because the MoxN coating prepared by DCMS has a loose structure and 
low hardness, which leads to a higher wear rate of the coating. However, 
the peak current shows little effect on the wear rate of the MoxN coatings 
prepared by HiPIMS. It is noteworthy that the wear rate of MoxN coat
ings prepared at lower and higher peak currents is lower, with the S300 
coating having the lowest wear rate of 5 × 10− 8 mm3/(Nm). This can be 
related to the higher H/E and H3/E2 values of the coatings deposited at 
lower and higher peak currents (S180 and S300). The load-bearing 

capacity and resistance to plastic deformation of the coatings are higher 
under such conditions, and the wear resistance of the coatings is 
improved. 

As illustrated in Fig. 15, the three-dimensional wear profiles of MoxN 
coatings are analyzed. It can be observed from Fig. 15 that the MoxN 
coatings prepared by DCMS have wider and deeper wear tracks, indi
cating a higher wear rate. However, the wear tracks of the coatings 
prepared by HiPIMS are relatively narrow and shallow, which means 
that better wear resistance can be obtained. Besides, the S180 coating 
has a deeper wear depth of about 0.25 µm, and its wear behavior is 
dominated by downward loading forces. However, the maximum wear 
depth of the S220 coating is reduced (0.16 µm), but its wear width in
creases and its wear behavior extends to both sides. In the same way as 
the S220 coating, the S260 coating wear trajectory expands to both 
sides, which is responsible for its large wear rate. Although the S260 
coating has deeper grooves appearing due to the peeling abrasive par
ticles, the overall wear depth is the shallowest at about 0.05 µm. It can 
also be observed that the S300 coating has a wear depth of about 
0.16 µm, and its wear behavior is dominated by downward loading 
forces, which is consistent with the wear behavior of the S180 coating. 

Fig. 16 shows the plots of friction coefficient, wear rate and H/E, and 
the wear width, wear depth and H/E for MoxN coatings. As the lower 
modulus of elasticity disperses the applied load over a wider range, the 
coating achieves better wear resistance. Higher H/E (H3/E2) values are 
used as an important indicator of greater resistance to plastic defor
mation. It can be seen that the coatings prepared by HiPIMS have high 
H/E values with shallower wear depths and smaller wear widths than 
the MoxN coatings prepared by DCMS, resulting in superior wear 
resistance. 

The reason for the enhanced wear resistance of the MoxN coating 
prepared by HiPIMS is shown schematically in Fig. 17. The coatings 
prepared by DCMS have a loose structure and are less dense, leading to 
coatings with poor mechanical properties and wear resistance. The 
MoxN coatings prepared by DCMS have a low adhesion strength, in 
addition, the lower resistance to plastic deformation affects the degree of 
brittle tensile cracking of the coating, which in turn leads to the removal 
of the coating from the scratch. In contrast, MoxN coatings prepared by 
HiPIMS technology have a dense structure and more interfaces inside 
the coating. As a result, coatings prepared with HiPIMS show higher 
compressive residual stresses. The high compressive stress leads to 
coatings with high hardness values, resulting in coatings with increased 
wear resistance. 

4. Conclusions 

The MoxN coatings are prepared by DCMS and HiPIMS technique, 
and the microstructure, mechanical and tribological properties of MoxN 
coatings are systematically analyzed. More specifically, 

(1) The MoxN-DC coatings exhibit a loose columnar morphology. 

Fig. 13. Residual stress of MoxN coatings.  

Fig. 14. (a) Friction coefficient curves and (b) wear rates of the MoxN coatings.  
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Fig. 15. Three-dimensional profile height of MoxN coatings.  

Fig. 16. Plots of (a) friction coefficient, wear rate and H/E; and (b) wear width, wear depth and H/E for MoxN coatings.  

Fig. 17. Schematic diagram to display the reasons for the enhanced wear resistance of MoxN coatings prepared by HiPIMS.  
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However, the MoxN coating prepared by HiPIMS has a denser 
morphology and smooth surface. The MoxN-DC coatings are mainly 
composed of hexagonal δ-MoN phase. Whereas a FCC γ-Mo2N phase is 
easy to form in the coatings deposited by HiPIMS, due to the high 
populations of ionic species. 

(2) Compared to MoxN-DC coatings, MoxN coatings prepared by 
HiPIMS show higher adhesion strength, compressive residual stress, 
hardness, and H/E (H3/E2) ratios. 

(3) Thanks to the dense structure and excellent mechanical proper
ties, the wear rate of the MoxN coatings deposited by HiPIMS is an order 
of magnitude lower than that of the ones deposited by DCMS. By tuning 
the peak current, the coating deposited at 300 A owns the lowest wear 
rate of about 5 × 10− 8 mm3/(Nm), while an extremely low friction co
efficient of about 0.28 is achieved by the coating deposited at 260 A. 
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