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Abstract: This paper presents a study of the tribological properties of stainless steel coatings with
varying Ag contents, deposited via magnetron sputtering. The growth of the coatings was done in
Ar and Ar + N, atmospheres in order to change the crystalline phase in the coating. The analysis of
the chemical composition was performed using energy-dispersive X-ray spectroscopy (EDS) and the
structural analysis was performed via X-ray diffraction (XRD). The adhesive wear resistance and the
friction coefficient were evaluated using the ball-on-disk test with a ball of alumina. The coatings’
adhesion was measured with a scratch tester and the mechanical properties were evaluated with
a nanoindenter. The morphology of the films and the wear track were characterized via scanning
electron microscopy (SEM). By means of XRD, phases corresponding to the body-centred cubic (BCC)
structure were found for the coatings deposited in an inert atmosphere and face-centred cubic (FCC)
for those deposited in a reactive atmosphere. A more compact morphology was observed in coatings
with a higher silver content. The values of the hardness increased with an increase in the silver content
and the presence of nitrogen in the coatings. In the wear traces, mainly mechanisms of oxidative
and adhesive wear and plastic deformation were found. The coefficient of friction decreased with an
increase of silver in the coatings, whereas the wear rate decreased.
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1. Introduction

Stainless steels have good resistance to corrosion, high resistance to cold work and good
formability. One of the stainless steels used in the biomedical, automotive, naval and aeronautical
industries is AISI 316L austenitic stainless steel, since it has good corrosion resistance due to the
presence of a thin film of chromium oxide on its surface, known as a passive film [1-5]. However,
its low mechanical resistance is sometimes not enough for mechanical applications, causing fractures
in structural elements due to mechanical stress and fatigue [6,7]. In view of this, it is important to
improve the durability of AISI 316L steel by increasing its hardness and wear resistance [8].

The deposition of coatings on steel allows an improvement in its properties such as hardness and
resistance to corrosion, wear and fatigue, among others, in comparison with bulk austenitic stainless
steels [9-11]. Stainless steel-based coatings deposited by means of the sputtering technique have been
characterized in different investigations. It has been found that this type of coating has a chemical
composition similar to that of austenitic stainless steel targets; however, a variation in the structure
has been found; for instance, a BCC structure is produced for coatings deposited in inert atmospheres
(Ar), while for reactive atmospheres (Ar + Ny), coatings are obtained with a mixture of FCC and BCC
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phases or only FCC, depending on the amount of nitrogen and the substrate temperature used in
the process [10,11]. At the same time, in recent years silver (Ag) has become a material widely used
as a dopant in thin films, due to its antibacterial activity, hence its use for the purpose of supplying
antibacterial properties to biomedical devices. In coatings, silver can form nanoparticles (AgNPs),
improving the antimicrobial activity of biomaterials and reducing the coefficient of friction. Among the
medical applications of this type of material, coated or integrated with AgNPs to avoid bacterial growth,
are wound dressings, contraceptive devices, surgical instruments and external prostheses [12-14].
The deposition of coatings containing silver has been a subject of interest in applications where
materials with good tribological and antibacterial properties are required. Evidence has been shown of
a tendency to increase the durability of the different types of compounds that contain silver, because in
many cases properties such as the wear resistance and the coefficient of friction are improved, which
can be attributed to the possible action of silver as a solid lubricant on the surface of the coatings, thus
reducing wear [15-17].

We investigated the effect of silver on the microstructure and the mechanical and tribological
properties of stainless steel films with varying silver content that were deposited by means of
magnetron sputtering on stainless steel substrates. The growth of the coatings was done in Ar
and Ar + N, atmospheres in order to change the crystalline phase in the coating.

2. Materials and Methods

Stainless steel coatings were deposited by means of DC magnetron sputtering. The discharge
was done with a 316L stainless steel target of 10 cm in diameter and 0.64 cm in thickness, where 1,
2 and 4 pieces of Ag of 4 mm X 4 mm were added to the surface of the target. The target was facing
up so that the Ag target sat on top of the 55316 target by gravitational force. The base pressure was
9 x 1073 Pa and the working pressure was fixed at 0.2 Pa. The deposition gas was composed of
argon (purity 99.9%) and nitrogen (purity 99.9%) with flux 1.2 and 0.8 sccm, respectively. The power
density was 7 W/cm?. The substrate temperature was 300 °C and the substrate-target distance was
maintained at 6 cm. The coatings were deposited on AISI 316L substrates, which were previously
sanded with abrasive paper from 180 to 2000 and polished with cloth and 2.0 pm alumina suspension.
To remove alumina particles during the final polishing, an amphoteric surfactant was used. Finally,
in order to reduce organic impurities, especially fats, the samples were cleaned with acetone and
2-propanol in ultrasound for 10 min. The thickness of the deposited films was measured by means of a
Bruker DektakXT profilometer (Billerica, MA, USA). To perform the thickness measurements, silicon
substrates were used, on each of which were placed pieces of silicon in order to generate a step during
the deposition of the coatings. The thickness of the deposited thin films was between 3.0 and 4.0 pm,
with deposition times of 28 and 32 min for inert and reactive atmospheres, respectively. The coatings
were designated as shown in Table 1 according to the amount of Ag pieces used and the atmosphere in
which they were deposited.

Table 1. Stainless steel coatings deposited with and without Ag pieces and in inert and
reactive atmospheres.

Coating Silver Pieces Atmosphere
ArOAg 0 Ar
ArlAg 1 Ar
ArdAg 4 Ar

ArNOAg 0 Ar + N

ArNI1Ag 1 Ar+Np

ArN4Ag 4 Ar +Np

To study the microstructure, an X'Pert PRO PANalytical grazing incidence X-ray diffraction
system (GI-XRD) (Panalytical, Almelo, The Netherlands) was used. The incidence angle was set to
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1°, while the swept angle was varied from 35° to 85° in 20 mode (scanning step of 0.02°), with Cu
Ko (1.5418 A) radiation operating at 45 kV and 40 mA. The grain size of the crystalline phases was
determined by the Scherrer formula, as shown in Equation (1).

kA

Grain size = ———
Bcos©

)
where k is a constant related to the shape factor (0.94), A is the X-ray wavelength used in the experiment,
B is the peak broadening at half maximum intensity in radians (taking into account the subtraction of
the experimental error of the measuring equipment, Bexp) and 0 is the Bragg angle.

The percentage of lattice distortion or strain (¢), which is directly proportional to the residual
stress, was estimated from the difference between the measured lattice spacing and the bulk parameter
lattice spacing. The lattice parameter was calculated from the position of the (110), (200) and (111)
Bragg reflections in the XRD spectra. The morphology of the films was studied by means of scanning
electron microscopy (SEM, 6701F-JEOL, Tokyo, Japan) and the chemical composition was studied at
one spot, via an energy-dispersive X-ray system (Shimadzu EDX-720, Tokyo, Japan), which allowed
detecting elements from Na (Z = 11) to U (Z = 90). EDS spectra were collected from different locations
on a homogeneous zone, where each single scan area was approximately 10 x 10 mm?.

Hardness measurements were done with a CTER Nano-Micro nanoindenter (CTER, San Jose, CA,
USA). For the hardness test, a Berkovich diamond tip with a radius of 200 nm was used, applying a
maximum load of 10 uN in all samples in order to measure hardness (H) and reduced modulus (E;).
To separate the contributions of the substrate properties in the film measurements, the indentation
depth was below 10% of film thickness. From the reduced modulus, the elastic modulus of the film
was calculated using Equation (2) [18].

1 (1-v}) (1-+3
E Ef + Ei (2)

where E, is the reduced modulus, E; and v; are the elastic modulus (1140 GPa) and Poisson’s ratio
(0.07) of the Berkovich indenter, respectively and Eyand vy are the elastic modulus and Poisson’s ratio
(0.29) of the film, respectively.

The pin-on-disc method was carried out to determine the wear resistance. The test was done
using a CETR-UMT-2-110 tribometer (CTER, San Jose, CA, USA) with a stationary pin in air under
ambient laboratory conditions. A 6 mm diameter alumina ball was used under a normal load of 1 N
and 2 N and a sliding speed of 10 and 50 mm/s for 20 s. In order to obtain a stable coefficient of
friction value and determine the wear rate of the coatings, additional tests were carried out under
aload of 1 N at a speed of 10 mm/s for 10 min. The wear volume (W) of the films was calculated
according to ASTM G99-17 [19]. The wear track cross profile was measured at least four points of the
wear track with a Dektak 150 profilometer (Bruker, Billerica, MA, USA) in order to obtain an average of
the wear track width. After the test, the wear tracks were examined using a Bruker contour GT optical
profilometer. The wear products were chemically analysed using energy-dispersive X-ray spectroscopy
(EDS). The wear rate (Ws) was calculated according to Archard’s equation, Equation (3) [20], where F
is the normal load (N) and L is the sliding length (mm). The wear rate is reported in mm3/Nm.

W= 20t ©

The adherence of the coating was measured by means of the scratch test technique with a CSM
Instruments model Revetest Xpress. For the test, a progressive load was applied from 1 to 60 N. Then
the scratch tracks were characterized by means of optical microscopy in order to measure the critical
loads of the coatings.
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3. Results

The XRD patterns obtained for the stainless steel coatings deposited in an Ar atmosphere are
shown in Figure 1. A body-centred cubic structure can be seen, with mixed orientation, where the
peaks were indexed as (110), (200) and (211). The BCC phase is associated with the ferritic structure of
stainless steel, commonly obtained when the atmosphere of the sputtering process is composed only
of Ar, as has been found by other researchers [9-11]. Furthermore, peaks related to the presence of the
FCC structure of silver in Ar1Ag and Ar4Ag coatings can be seen [17,21,22]. In the XRD pattern of
the target, a face-centred cubic structure with mixed orientation can be seen, where the peaks were
indexed as (111), (200) and (220).
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Figure 1. X-ray diffraction (XRD) diffraction patterns of stainless steel coatings deposited in
Ar atmosphere.

Figure 2 shows the XRD patterns corresponding to the coatings deposited in the reactive
atmosphere (Ar + Nj). A face-centred cubic (FCC) structure can be seen, with a (200) preferential
orientation in the sample without Ag (ArNOAg), because the nitrogen tends to stabilize the FCC
structure by broadening the gamma loop in the iron-carbon equilibrium diagram, which has been
reported by other researchers [9-11]. However, with the addition of Ag, the (111) signal appears and
for the sample with highest Ag content (the ArN4Ag sample) the (111) orientation increases and the
(200) disappears. In other studies, it has been reported that the addition of high silver content to
different types of materials tends to increase the amorphization of the matrix, which can be attributed
to the interruption of the growth of the crystalline phase by the nucleation of Ag nanocrystals at the
grain boundaries [22-24].

Table 2 shows the results regarding the size of the crystallite, the percentage of deformation and
the lattice parameters. The coatings deposited in a nitrogen atmosphere have a smaller crystallite size
and higher values of deformation and lattice parameters. This could be attributed to the inclusion
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of nitrogen in the octahedral sites of the austenite lattice, generating a lattice distortion as well as
expansion of the FCC lattice [9,10,25,26].
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Figure 2. XRD diffraction patterns of stainless steel coatings deposited in Ar + N, atmosphere.

Table 2. Results of the size of the crystallite (D), percentage of deformation (¢) and lattice parameter (a).

Coating Phase Reflection (h k1) D (nm) € a (nm)
Ar0Ag BCC 110 15.45 0.10 0.288
200 8.28 0.31 0.289

ArlAg BeC 110 19.24 0.08 0.288
ArdAg BCC 110 16.46 0.09 0.287
ArNOAg FCC 200 12.93 0.15 0.363
ArN1Ag FCC 200 9.69 0.19 0.363
AgN4Ag FCC 111 4.24 0.38 0.353

Figure 3 shows the surface morphology and cross section of the stainless steel coating with the
highest Ag content (sample Ar4Ag) deposited in an inert atmosphere, where a homogeneous surface,
without the presence of defects and a columnar structure that is in accordance with zone I of the
Thornton model [27] can be seen. Figure 4 shows the microstructure of the AgN4Ag sample deposited
in an atmosphere of nitrogen, in which is seen a more compact morphology with less columnar
structure, which could be associated with the T zone structure of the Thornton model [27]. This can
be attributed to a combination of the nitrogen in the plasma and the highest percentage of silver
deposited in this coating, which can be segregated at the grain boundaries and columns, interrupting
the columnar growth by decreasing the size and number of voids between the columns. Also, the Ag
phase is dispersed in the steel crystal, grain growth is inhibited and grain refinement is promoted [28].
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Figure 3. Scanning electron microscopy (SEM) micrographs of Ar4Ag films: (a) surface; (b) cross-section.
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Figure 4. SEM micrographs of ArN4Ag films: (a) surface; (b) cross-section.
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The chemical composition and the mechanic properties are shown in Table 3. The presence of
the elements Fe, Cr, Ni, Mn and Mo can be seen, which are commonly found in this type of coating.
In addition, there is a slight deviation with respect to the target’s chemical composition, due to the
difference in sputtering yield between its elements and because the pieces of Ag were added to the
surface of the target. Also, an increase in Ag up to 5.25 at.% and 13.06 at.% can be seen in the inert and

reactive atmospheres, respectively.

Table 3. Mechanical properties and chemical composition of deposited coatings.

Elastic Chemical Composition (at.%

Coating ~ Hlardness /0 jule HIE H3/E? (GPa) omp @t %)
(GPa) (GPa) Cr Fe Ni Mn Mo Ag
ArOAg 81408 211414 0039+64x10° 0012451x10° 163 691 96 28 23 00
ArlAg 8.6+ 04 200412 0041+£42x10°5 0014+36x10° 163 681 98 26 22 10
ArdAg 10405 22415 0042447 %105 0018+49x10° 157 648 95 26 22 52
ArNOAg 82403 187415  0044+51x10° 0016+43x10° 164 686 98 31 22 00
ArNIAg 9.9+03 196+8  0051+£36x1075 0025+43x10° 172 677 95 30 22 05
ArN4Ag 132405 214+7  0062+£44x10° 0050+£89x 1075 144 595 87 24 20 131
Target 316L - - - - 174 656 89 38 42 00
Substrate g4 03 189£15  0014+27x105 0001+29x10°6 164 699 101 15 21 00

Py 840, . . . . . . 1 1 . .

In Table 3, high values of hardness (values up to 8 GPa) also can be seen in the deposited coatings
in comparison with the substrate. However, there was no significant increase with the addition
of Ag. It can be seen that the hardness has higher values in the case of coatings produced in a



Coatings 2018, 8, 381 7 of 12

reactive atmosphere, which can be attributed to the fact that the use of nitrogen tends to stabilize the
austenitic phase of stainless steels. There was an increase in the lattice parameter and the percentage of
deformation due to the supersaturation of nitrogen in the austenitic structure, also known as expanded
austenite [10]. Based on the Hall-Petch relation, the hardness can increase with the decrease of the
grain size and the increase in hardness is due to the effect of fine grain strengthening. On the other
hand, the results of the H/E and H?/E2 ratio, where H is the hardness and E the elastic modulus of the
coatings, indicate that the coatings with the highest silver content deposited in a nitrogen atmosphere
exhibited higher values of these ratios, indicating a highly elastic behaviour [29] and resistance to
plastic deformation [30].

Figure 5 shows the track obtained by means of the scratch test technique in coatings deposited in
the absence of nitrogen. In general, the coatings have good adherence without the formation of cracks
on the track; however, pile-up failure can be seen at the edges of the scratch. Also, a large part of the
material is dragged by the indenter and located on the sides of the track, which is associated with
stick-slip effects. Plastic deformation phenomena and material removal can be seen, mainly due to
micro-cutting mechanisms, with an absence of adhesive or cohesive faults [31,32]. Similar behaviour
is seen for the coatings deposited in the presence of nitrogen (see Figure 6). However, in the case of
the ArN4Ag coating, there is a severe case of spallation phenomena, which is characterized by large
regions of coatings with low adhesion forces, coating detachment, adhesive failure and the absence of
cohesive failure [33]. It was determined that the critical load (L.) at which the failure occurred in this
coating was 2.81 N.

Figure 5. Micrographs of the wear track produced by the scratch tester in coatings deposited in an
inert atmosphere: (a,c) ArOAg film; (b,e) Ar4Ag film; (d) ArlAg film.

Figure 6. Micrographs of the wear track produced by the scratch tester in coatings deposited in a
reactive atmosphere: (a,d) ArN1Ag; (b,e) ArN4Ag; (c) ArNOAg.

The coefficient of friction (COF) of the coatings is presented in Figure 7. The coefficient of friction
in the produced coatings was reduced in comparison with the substrate. It can be seen that there are
no significant changes in the COF value in the coatings deposited in the absence of nitrogen (Figure 7a).
As shown, the average COF of the film without Ag was 0.5 but a slight increase in the COF was
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observed with the change in silver content until it reached 0.54 for the Ar4Ag sample. On the other
hand, in the coatings deposited in a reactive atmosphere (Figure 7b), there was a tendency to decrease
the COF with an increase in the silver content. As shown, the average COF was 0.5. However, the
average COF for Ag films decreases gradually and reaches 0.35 in the ArN4Ag sample. This behaviour
can be attributed to a good solid lubricant, Ag, which allows lubricating the wear tracks of the coating
and friction pairs, so the sliding between the two surfaces tends to be facilitated, lowering the COF of
the film. The quality of silver as a solid lubricant depends on its ability to segregate and hold during a
certain number of cycles on the surface, so if the segregation of silver is low, the wear rate will not be
affected but if the segregation is high, the wear rate is influenced by the time it takes for the silver to
run out, since once exhausted the solid lubrication ability of the film is reduced and the surface has an
unstable porous structure, causing failure and an increase in the wear rate [15,16].

0.7 4 0.7
0.6 - 0.6
0654 — 054
w 0.4+ w 0.4
o 1 o
© 03 O o3
0.2+ 0.2+
0.1+ 0.14
0.0 T T T T 0.0 T T T T
Ar0Ag Ar1Ag ArdAg  Substrate 316L ArNOAg ArN1Ag ArN4Ag  Substrate 316L
Sample Sample

(a) (b)

Figure 7. Values of coefficient of friction (COF) of the deposited coatings: (a) inert atmosphere;
(b) reactive atmosphere.

Figure 8 shows the results of the wear rate in the produced coatings. In general, the wear rates in
the produced coatings were reduced in comparison with the substrate, which is associated with the
significant increase in the hardness of the coatings. Coatings deposited in the presence of nitrogen had
lower values of wear rate, possibly attributable to the fact that this group has the highest values of
hardness and resistance to plastic deformation. However, it can also be seen that an increase in the silver
content in the film produced a higher value of the wear rate, possibly due to an increase in the fragility
of the material, loss of adhesion, Ag debris and Ag aggregates formed on the wear tracks. For example,
in DLC coatings doped with silver, similar results were found: a decrease in the rate of wear and COF
for silver contents between 4.3% and 10.6%. This was attributed to the presence of Ag nanograins,
while higher levels of Ag result in a detriment to the tribological properties of the coatings [34,35].
Therefore, Ag aggregates on the wear surface during the sliding process are forming an Ag layer on the
counterpart, which may be responsible for the increased wear rate in relation to the reference coating.
ZrN/ Ag films also showed a decrease in the COF and an increase in the wear rate with a rise in the
amount of Ag [28,36]. With an increase in the Ag content in the film, a large amount of the soft Ag
phase in the film during the friction experiment is separated from the abrasive surface by the sliding of
the friction pair and wear is formed, resulting in the film’s wear rate increasing gradually with the Ag
content. However, due to the low shear strength of Ag, in the friction process Ag easily breaks away
from the wear surface with the friction of the sliding, thus forming debris, resulting in an increase in the
wear rate. In addition, more and more Ag diffuses to the surface as the ambient temperature increases,
forming voids inside the film which are easily worn under the pressure of the friction pair [28,35].
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Figure 8. Values of wear rate of the coating deposited: (a) inert atmosphere; (b) reactive atmosphere.

Figures 9 and 10 show the SEM images of the worn surfaces for samples without Ag and those
with higher Ag content and Table 4 shows the chemical composition through EDS of the wear tracks.
A mechanism of oxidative wear can be seen for all coatings. This tribo-film is characterized by the
presence of oxidized residues on the worn surface, as well as the presence of some scratches and

residues of Ag, causing abrasion wear mechanisms [36]. Tribooxidation was a general phenomenon in
the wear test at room temperature.

200 pm
SEM HV: 20.0 kV WD: 16.50 mm
SEM MAG: 500 x Det: SE, BSE

00 it~
SEM HV: 20.0 kV WD: 15.58 mm
SEM MAG: 500 x Det: SE, BSE

(a) (b)

Figure 9. SEM images of wear tracks of coatings deposited in inert atmosphere: (a) sample Ar0Ag;
(b) sample Ar4Ag.
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Figure 10. SEM images of wear tracks of coatings deposited in a reactive atmosphere: (a) ArNOAg
sample; (b) ArN4Ag sample.
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Table 4. Results by means of the energy dispersive X-ray spectroscopy (EDS) analyses of wear tracks.

Chemical Composition (at.%)

Coating
Fe Cr Ni o Mn Al Ag
Ar0Ag 55.0 13.3 6.3 241 0.4 1.0 -
ArdAg 40.3 10.1 5.0 42.6 0.3 - 0.3
ArNOAg 48.2 124 6.1 32.8 0.5 - -
ArN4Ag 32.8 8.5 3.9 52.6 0.3 - 1.9

The coatings deposited in the reactive atmosphere (Figure 10) exhibited greater evidence of
oxidative wear, according to the results of the EDS analysis (Table 4), where high percentages of
oxygen can be seen in the evaluation of the chemical composition carried out on the wear tracks [25].
The plastic deformation and oxidative wear in these films can generally be attributed to the high
concentration of pressure on the surface, causing a local increase in temperature, thus generating
oxidation processes during wear [17]. However, delamination occurred in the coatings with a high
silver content (Figure 10b). The delamination behaviour of coatings doped with Ag has been reported
in other investigations for high silver contents (13.1 at.%) [16,35,36].

4. Conclusions

Stainless steel coatings with varying Ag contents were deposited in inert (Ar) and reactive (Ar and
N,) atmospheres by means of magnetron sputtering and their structural, mechanical and tribological
properties were studied. The study concludes the following:

BCC and FCC microstructures were exhibited by the coatings deposited in inert and reactive
atmospheres, respectively. As for coatings deposited with silver, the FCC structure of silver was also
evident. The coatings deposited in a nitrogen atmosphere and with a higher amount of Ag had a
smaller crystallite size and higher values of deformation and lattice parameter.

Nanohardness values up to 8 GPa were obtained for the stainless steel coatings, corresponding to
a significant increase in the hardness compared to the hardness of the AISI 316L steel used as substrate.
The coatings with Ag and deposited in a reactive atmosphere exhibited a higher degree of hardness,
which can be attributed to the fact that the use of nitrogen tends to stabilize the austenitic phase of
stainless steel and cause an increase in the lattice parameter and the percentage of deformation, due to
the supersaturation of nitrogen in the austenitic structure.

The COF in the produced coatings was reduced in comparison with the substrate. In the coatings
deposited in a reactive atmosphere, there was a tendency to decrease the COF with an increase in
silver content. This behaviour can be attributed to a good solid lubricant, Ag, which allows lubrication
of the wear tracks of the film and friction pairs, so that the sliding between the two surfaces tends to
decrease the friction coefficient of the coating.

Finally, the wear rates in the produced coatings were reduced in comparison with the substrate,
which is associated with the significant increase in the hardness of the coatings. The coatings deposited
with lower Ag content (Ar0Ag and ArNOAg) have a lower value of the wear rate. The decrease in the
wear resistance with the increase of Ag is possibly due to an increase in the fragility of the material,
loss of adhesion, Ag aggregates, or debris formed on the wear track.
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