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Abstract: Peculiarities of the formation of secondary structures on the surface of a diamond-like
coating are studied on the example of a friction contact between a steel ball and a diamond-like
coating. The friction surface was examined in various areas; the zone of wear products (the boundary
of the friction track) and the original surface outside the friction area. It is shown that secondary
structures with a high content of iron, nickel, manganese, chromium, and oxygen are characteristic of
areas with the highest wear resistance. Such secondary structures are formed because of the intense
interaction of the diamond-like coating with the steel of the ball during dry friction.
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1. Introduction

One of the common ways to improve the reliability and service life of various com-
ponents and mechanisms is to modify their surface by applying functional coatings [1].
Among the various types of such coatings, diamond-like carbon (DLC) has been of par-
ticular interest to researchers since 1971, when Aisenberg and Chabot [2] developed a
method of thin carbon film deposition by ion-beam. These films exhibited properties
close to those of diamond and were called diamond-like. Such coatings are dielectrics
and have high thermal conductivity, good optical transparency, chemical inertness, and
biocompatibility; therefore, they are used in various fields of optics, mechanics, electron-
ics, and biomedicine [3]. They also have a low coefficient of friction, high hardness, and
wear resistance, making them suitable for tribological applications [4-7]. DLC structure
determines the coating’s properties.

As is known, carbon forms a wide variety of crystalline and disordered structures since
it can exist in three hybrid forms: sp! (carbon chains), sp? (graphite-like), and sp® (diamond-
like). DLC is a metastable form of amorphous carbon with a significant proportion of
sp3-type carbon bonds. The cluster model gives the simplest idea of their structure. It
is assumed that sp? structures are located in clusters of a certain size embedded in a
matrix with sp> bonds [8,9]. In addition, the structure may contain hydrogen, which has
a significant effect on the mechanical properties [10]. In [11], DLCs were classified into
several types depending on the proportion of sp® bonds (they can reach almost 90%) and the
hydrogen content (up to 50%—-60%). Among them, the hydrogenated form (aC:H) is more
ordered in contrast to the hydrogen-free form of amorphous carbon (ta-C); the existence of
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the last one was considered unlikely [12,13]. Thus, the ratio of sp3 and sp2 bonds of carbon
determines the properties of DLC, which depend on the deposition method. The main
methods for coating deposition are chemical and physical vapor deposition (CVD and
PVD) methods with direct current (DC) or radio frequency (RF) sputtering. Cathode-arc
sputtering, pulsed laser sputtering, plasma-enhanced chemical vapor deposition (PECVD),
etc., are often used [8,14,15]. Various methods of coating formation make it possible to
obtain DLC with a wide range of properties. It is known that the difference in the thermal
and elastic properties of the coating and the substrate can lead to a low level of adhesion
at the interface, which negatively affects reliability. Therefore, to improve the adhesion of
the coating to the substrate, it is common practice to apply an intermediate layer before
coating [16-18].

Additional doping of DLC [19-25] is widely used to improve the mechanical and
tribological properties (for example, by silicon). An increase in the silicon concentration
in the coating leads to less wear resistance [26]; therefore, in this study, the silicon content
in the DLC is 0.5-1 wt.%. Silicon doping of films of hydrogenated diamond-like carbon
reduces the residual internal stress, slightly affecting mechanical hardness [27].

Friction induces graphitization of DLC surface layers [28-30]. The presence of sp?-
type clusters should accelerate the graphitization process and affect the composition and
properties of secondary structures formed on the friction surface. In [28], only the effect of
sp3-sp? transformation on wear was considered (the process occurs only with the carbon
of the coating). Other elements (doping elements of the coating, counterpart elements [31])
can also affect the wear process. Therefore, in this paper, we will analyze the influence of
other elements of interacting materials on the composition of secondary structures. This
will give a more complete representation of the processes occurring on the friction surfaces.

2. Materials and Methods

As a first step, a nitrided sublayer of the (Cr, Al, Si)N system about 1 um thick was
deposited Please confirm if this means a single page or cite the whole book. If it means cite
the whole book, please change it to 673p.on the substrate. Then, a coating up to 1.3 pm
thick was applied to the nitrided sublayer. The deposition of DLC on the nitrided sublayer
occurred from the gaseous medium (C,H; + Si(CHj3)4). The gas mixture contained ~0.8%
Si(CH3)4, which ensured the silicon content in the DLC of 0.5%-1.0% Si. B The substrate
used was a 4.8 mm thick tungsten carbide composite plate with 88% WC, 2% Cr30,, and
10% Co.

Coatings were obtained by cathode-arc evaporation using a Platit 7311 unit (Platit
AG, Selzach, Switzerland). The intermediate (Cr, Al, Si)N layer was deposited in the
argon-nitrogen environment using Cr and AlSi cathodes to provide interface adhesion [28].
The coating hardness was measured by AFM methods; it was 26 + 6 GPa [32].

Figure 1 shows a representative image of a sample of a carbide insert with DLC after
testing. The numbers indicate the areas of the sample surface selected for microscopic
examination: 1—at the boundary of the upper edge of the friction track, 2—at the boundary
and in the middle of the friction track, and 3—on the friction track.

A ball 4 mm in diameter made of 52,100 steel (hardness 61-63 HRC) was used as a
counterbody. This steel, used in the manufacture of rolling bearings, is considered one of the
most suitable materials for testing coatings under dry friction conditions. The composition
(Table 1) provided the desired mechanical properties-high strength and hardness with
satisfactory ductility.

The main method for studying the surface of the samples was electron microscopy
(scanning electron microscope (SEM) FEI Quanta-650 (FEI company, Hillsboro, OR, USA)).
The materials were examined in a high vacuum (10° to 10~° Torr) mode using a secondary
electron detector (FEI company, Hillsboro, OR, USA) at an accelerating voltage of 25 kV. To
determine the elemental composition of the samples, an EDAX energy-dispersive X-ray
spectroscopy (EDS), which was included in the microscope package, was used.
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Friction
track

Figure 1. Coated sample after friction tests (numbers indicate the areas under study).

Table 1. Chemical composition (wt.%) of 52,100 steel.

C

Si

Mn Ni S P Cr Cu Fe

0.95-1.05

0.17-0.37

0.2-0.4 up to 0.3 up to 0.02 up to 0.027 1.3-1.65 up to 0.25 bal.

The scheme of friction tests “spherical indenter (counterbody)-plane (test sample with
coating)” was implemented in a reciprocating mode with a frequency of 7.7 Hz at a load
of 5N using tribotester UMT-3 by CETR (Campbell, CA, USA) [28]. Room conditions
(23 °C and 60%-70% humidity) were realized. The average velocity per cycle was 0.1 m/s
with a friction track length of 6.5 mm (Figure 1). The friction test time was 60 min. Three
repetitions were made for these friction conditions.

For nondestructive, fast evaluation of micro and nano-geometry of the surface, a
noncontact optical 3D profilometer S neox (SENSOFAR-TECH, Terrassa, Spain) equipped
with confocal lenses 5%, 20x, 150 x was used.

3. Results and Discussion

The friction track profile is shown in Figure 2 (the average friction coefficient was
0.19 [28]), and the change in the surface of the coated sample was analyzed. Below are
the results for characteristic surface areas at the boundary and in the middle zone of the
friction track.

200 400 600 800
L, um

-20.600 pm

(b)
Figure 2. Photo (a) and profile (b) of the sample surface after the test.

The image of the sample surface at the boundary of the upper edge of the friction track
(area 1) and element distribution maps is shown in Figure 3, and the elemental composition
of the characteristic zones is in Table 2. A graphical representation of the results, as done,
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for example, in [33], is inappropriate since it is impossible to predict the compositions of
secondary structures.

Cr N

(©)

Figure 3. Image of the sample surface in area 1 at the boundary of the friction track: (a)—characteristic
zones, (b)—zones of X-ray spectral analysis, (c)—maps of the distribution of chemical elements.

Table 2. The chemical composition of the sample surface zones in area 1 (the edge of the friction
track, the strip of wear products, and the coating outside the friction zone).

Content of Element, wt.%

Zone ; N
N (@] Al Si Cr Mn Fe Ni Cu Co W C Other

1-1 1.77 12.29 0.45 0.23 5.04 0.69 65.80 0.23 0.04 4.53 0.72 8.16 bal.
1-2 1.03 8.45 0.22 0.51 4.74 0.65 71.06 0.23 0.04 4.79 0.71 7.52 bal.
1-3 6.04 0.43 3.45 3.82 17.60 1.02 0.05 0.02 0.01 0.65 0.87 65.78 bal.
1-4 6.77 0.40 3.24 3.30 15.90 0.97 0.04 0.02 0.01 0.57 3.67 64.91 bal.
1-5 13.89 1.11 2.02 1.96 11.88 0.76 0.06 0.02 0.02 0.22 0.70 67.29 bal.
1-6 16.73 1.91 10.40 5.26 32.76 2.23 0.26 0.21 0.06 3.78 17.95 7.44 bal.
1-7 11.44 1.56 8.97 5.77 31.96 1.71 0.05 0.06 0.00 3.10 20.80 13.73 bal.
1-8 4.84 1.24 3.02 3.75 17.43 1.18 0.26 0.11 0.08 1.15 4.76 61.87 bal.
1-9 0.03 1.99 0.37 3.66 448 0.71 1.36 0.64 0.37 8.00 30.25 46.07 bal.
1-10 4.67 1.21 3.70 3.83 17.77 1.10 0.19 0.05 0.02 0.82 4.84 61.52 bal.

Figure 3a shows the zones that most clearly differ in composition and topography—the
edge of the friction track, a strip of a relatively dense layer of wear particles, and the initial
surface of the coating. It should be taken into account that SEM gives the content of elements
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to a depth of approximately 3 pum. This means that not only the high-carbon diamond-like
coating (C + Si) but also the nitrided sublayer ((Al, Si, Cr) N) and the composite base (W,
Co, Cr, C) are analyzed. Therefore, a change in the content of these elements could be
associated not only with their appearance on the friction surface but also with a change in
the coating thickness, especially due to the existing growths or depressions in the friction
zone and on the initial surface (light and gray zones).

Figure 3 shows that the zones mentioned above differ significantly in topography. The
friction track is smoother than the original surface and has risks in the direction of friction.
It could be seen that on both surfaces there are defects in the form of pits of various shapes
and sizes; moreover, the number of defects on the friction track was greater, and the defects
themselves were larger. The wear particle zone is a light band consisting of many compact
groups of small particles. The strip zone near the friction track is smoother compared to
more distant zones.

The element distribution maps (Figure 3c) confirm that the wear strip consists mainly
of iron oxides and was depleted in carbon and elements from the nitrided sublayer.

Spots with high nitrogen content in the friction track and in the zone without friction
correspond to the presence of pits in the initial state of DLC, which increase in size as a
result of friction.

For oxygen, in addition to wear products, individual points with increased content
in the friction track and outside the friction track are characteristic. These points coincide
with the points of increased iron content. These are iron oxide particles that did not interact
with the carbon from the DLC.

In area 1, the compositions of zones 1-4 and 1-5 (see Table 2) obtained on the initial
surfaces outside the friction track in zones without defects were taken as the initial ones.
They are characterized by a high carbon content (65%—67%), a low oxygen content (0.4%—
1.1%), heterogeneity in nitrogen (6.8%-13.9% N), cobalt (0.2%-0.6% Co) and tungsten (0.7%—
3.7% W), the average content of aluminum (2%-3% Al), silicon (2%-3% Si), chromium
(12%-16% Cr), as well as low content of iron (0.04%-0.06% Fe) and nickel (0.02% Ni). Iron
and nickel are fine wear dust from the steel ball.

The chemical composition of the surface along the edge of the friction track (zones 1-8
and 1-10) differs slightly from the original surface of the DLC in terms of carbon content
(61.5%—68.5%) and tends to decrease in nitrogen content. The main differences are the
increase in the content of iron and nickel by 5 times, manganese by 1.3 times, and oxygen
by 3 times. From Figure 2, it follows that the wear at the edge of the friction track was
less than in the middle of the friction track. Along the edge of the friction track (zones 1-8
and 1-10), the interaction with the steel of the ball leads to the enrichment of secondary
structures with elements of steel 52,100.

The decrease in the carbon content was caused by the presence of pits in the coating
(zone 1-7—the original surface; zones 1-6, 1-9—friction track). In the process of friction, not
only wear of the DLC occurs but also mechanical fracture. The coating partially delaminates,
exposing the nitrided layer or tungsten-based substrate in these places. Mechanical failure
was due to the presence of pits on the initial DLC surface, in some cases reaching the nitrided
layer. The presence of tungsten in wear particles and on the friction surface means that, as
a result of DLC chipping, the nitrided sublayer and substrate can also be destroyed [34,35].
On the friction track, the deeper the damage, the less carbon and more tungsten. In zone
1-6, DLC destroyed to a nitride sublayer (a maximum of nitrogen, aluminum, silicon, and
chromium, which are part of the sublayer, was recorded). Depending on the location of
the pit, a significant (zone 1-6) or insignificant (zone 1-7) amount of steel wear particles
(0.26 and 0.05% Fe, respectively) are inside it. The probability of wear particles getting into
the pits on the friction track is greater than outside the track. This was clearly seen in zone
1-9, which contains an increased amount of iron (1.36% Fe) and oxygen (1.99% O). This
indicates the filling of zone 1-9 with wear particles of steel with carbon (46.07% C). Zone
1-9 was characterized by a minimum nitrogen content, which may mean that fracture of
DLC and sublayer occurs. The increased carbon content indicates the subsequent filling
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of the pit with wear particles of the DLC. The depth of damage was evidenced by the
anomalously high content of tungsten (up to 30.25%) and cobalt (8.0% Co) for area 1 and
the low content of chromium (4.8%), which was less in the composite than in the nitride
sublayer (up to 32%).

The wear particles that form the band (zones 1-1 and 1-2) are oxidized iron in compo-
sition (66%—71% Fe + 8.5%-12.3% O); that is, they are the result of steel ball wear.

There was no dense layer of wear particles at the boundary of the friction track, but
there were separate particles of different sizes (Figure 4).

Cr

(©)

Figure 4. Image of the sample surface in area 2 at the boundary of the friction track: (a)—characteristic
zones, (b)—zones of X-ray spectral analysis, (c)—maps of the distribution of chemical elements.

According to the element distribution maps (Figure 4c), the wear particle strip con-
tains iron, oxygen, and carbon. The oxygen content was less than in the wear strip in
Figure 3. Iron oxides are located on the friction track and in the strip of wear products.
The appearance of pits was noted on the friction trace. They have a high content of silicon
and tungsten or aluminum and nitrogen. It depends on what is at the bottom of the pit; a
nitrided sublayer or a substrate based on tungsten carbide. The tungsten carbide bottom
pit contains steel ball wear particles (iron).

The elemental composition of various zones in this area is given in Table 3.
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Table 3. Elemental composition of different zones of the sample surface in area 2 (edge of the friction
track, band of wear particles, DLC outside the friction zone).

Content of Element, wt.%

Zone
(@) Al Si Cr Mn Fe Ni Cu Co W C Others

2-1 9.43 1.07 2.55 2.95 12.27 0.73 0.05 0.02 0.02 0.19 1.69 68.93 bal.
2-2 4.69 0.28 3.38 3.71 16.66 1.07 0.08 0.05 0.03 0.72 4.42 64.68 bal.
2-3 14.85 18.27 4.52 2.16 12.59 1.05 23.66 0.03 0.02 1.42 0.95 20.39 bal.
2-4 3.88 2.39 3.20 4.06 18.34 1.26 1.36 0.06 0.03 0.82 4.90 59.49 bal.
2-5 0.31 2.34 0.56 5.20 3.14 0.35 1.35 0.35 0.07 6.69 33.24 4492 bal.
2-6 12.97 1.61 9.60 5.48 32.31 2.26 0.42 0.26 0.12 3.43 20.94 9.32 bal.
2-7 0.12 2.58 4.51 4.26 22.76 1.79 1.01 0.26 0.20 3.60 19.90 37.84 bal.
2-8 0.03 2.14 0.00 5.65 1.53 0.15 0.66 0.15 0.01 3.99 66.82 16.26 bal.
2-9 3.19 17.18 2.47 2.32 16.90 1.61 20.22 0.07 0.02 1.65 1.82 32.43 bal.
2-10 3.62 0.60 4.05 3.61 18.34 1.25 0.20 0.13 0.10 1.76 6.76 59.13 bal.
2-11 5.58 0.48 3.40 3.02 16.18 1.04 0.10 0.08 0.03 1.12 5.03 63.68 bal.

A comparative analysis showed that the topography and chemical composition of the
zone outside the friction track (initial surface) of area 2 (2-1, 2-2) was almost identical to the
similar zone of area 1 (14, 1-5). However, the layer of wear particles was much thinner, as
determined by the amount of iron and oxygen. As the width of the friction track increases
during the experiment, more wear particles come into direct contact with the steel ball.
These particles become one of the components for the formation of secondary structures. At
the friction surface, there were zones (2-10 and 2-11), which were very close in elemental
composition to zones 1-8 and 1-10. This means that the secondary structures of areas 1 and
2 were characterized by an increased content of steel ball particles and oxygen compared to
the initial surface. On the surface of the sample in area 2 (similar to zones 1-6 and 1-9),
there are pits in the coating filled with ball wear particles (zones 2-5, 2-6, and 2-8).

More significant changes in the surface of the sample were found in the middle zone
of the friction track (area 3, Figure 5, Table 4).

This area is characterized by a combination of smooth surface zones with large and
small pits filled with wear particles. Separate steel particles embedded in the DLC have
been identified. The average carbon content in different zones of area 3 was lower than
in areas 1 and 2. This is due to the fact that the wear of the coating in the middle was
greater than at the edges of the friction track (Figure 2). The least wear and, accordingly,
the maximum carbon content was observed on smooth surfaces (zone 3-6). Compared to
the initial state, the carbon content decreased by 9%-12%.

It follows from the element distribution maps (Figure 5b) that this area contains three
large pits (about 20 um in size) and several small pits (about 3 pm in size). The bottom
of one large pit is a nitrided sublayer (enrichment with aluminum and nitrogen). The
bottom of the other two large pits is a tungsten-based substrate (enriched with tungsten
and silicon). It should be noted that in large pits, there were no wear products of the steel
ball. Small pits were covered with wear products of the steel ball-particles of iron oxides.

In zones 3-3 and 3—4 (Table 4), there was no nitrogen, and the content of tungsten was
maximum. This corresponds to DLC damage zones reaching the WC-based substrate. The
resulting voids were filled with wear products of the DLC and the steel ball. The carbon
content was 23%-32%. The silicon content was about 6%. The iron content was about 0.7%.
This is the result of filling voids with wear products of the steel ball and DLC coating. This
is how the “healing” of DLC damages happens. The powder mixture of wear products can
act as a damper to prevent the development of fatigue cracks.
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(b)

Cr

N

Figure 5. Image of the sample surface in area 3 in the middle zone of the friction track: (a)—zones of

X-ray spectral analysis, (b)—maps of the distribution of chemical elements.

Table 4. Elemental composition of the sample surface in area 3 in the middle zone of the friction

track.
Content of Element, wt.%
Zone
N (@) Al Si Cr Mn Fe Ni Cu Co \%Y C Others
3-1 15.93 1.81 9.36 6.05 27.94 1.83 0.21 0.24 0.04 4.40 21.71 9.59 bal.
3-2 0.97 10.87 0.36 4.52 4.52 0.74 5.62 0.33 0.28 4.71 49.68 14.84 bal.
3-3 0.00 1.49 0.32 5.55 2.22 0.34 0.78 0.27 0.12 4.16 50.07 32.54 bal.
3-4 0.02 1.78 0.03 5.86 1.50 0.20 0.74 0.25 0.05 4.55 59.81 2291 bal.
3-5 1.56 25.18 1.55 2.71 6.25 0.76 29.20 0.15 0.05 3.05 7.98 21.15 bal.
3-6 3.19 0.25 3.83 3.82 18.29 1.26 0.20 0.14 0.13 1.33 7.44 59.57 bal.
3-7 0.58 0.98 0.42 5.30 4.88 0.61 0.60 0.42 0.17 7.45 50.88 25.24 bal.
3-8 3.39 18.22 3.77 3.44 14.47 1.25 12.04 0.08 0.03 1.62 4.92 36.53 bal.
3-9 5.55 2.58 1.96 4.88 5.96 0.72 0.52 0.38 0.20 4.86 42.14 28.03 bal.
3-10 3.51 19.40 2.83 2.94 14.73 1.29 11.93 0.05 0.03 1.19 2.80 39.15 bal.

Table 5 shows the average surface composition outside the friction zone and the
composition of smooth surface areas in the middle of the friction zone. The increase in
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wear is associated with a decrease in DLC thickness. This leads to a decrease in the carbon
content and an increase in the content of tungsten and nitrogen, as noted in the analysis
of the composition. That is why the relative wear of different zones is determined by the
carbon, nitrogen, and tungsten content.

Table 5. Comparison of the compositions of secondary structures with the initial surface.

Zone

Content of Element, wt.%

(o] Al Si Cr Mn Fe Ni Cu Co W Others C

Average
composition of the
initial surface
Secondary
structures with wear
near 10%
Secondary
structures with wear
near 85%

0.72 2.8 2.98 14.18 0.88 0.06 0.03 0.02 0.43 2.62 0.15 66.45

0.25 3.83 3.82 18.29 1.26 0.20 0.14 0.13 1.33 7.44 0.55 59.57

1.81 9.36 6.05 27.94 1.83 0.21 0.24 0.04 44 21.71 0.89 9.59

After friction in the secondary structures, the content of steel ball elements increased
noticeably: nickel (4.7 times), iron (3.3 times), and copper (6.5 times). The enrichment of
the friction surface with these elements means that they help to reduce DLC wear.

A noticeable increase in the content of the substrate elements in the secondary struc-
tures takes place: cobalt (3.1 times) and tungsten (2.8 times). Such an increase in the content
of substrate elements cannot be explained by a decrease in the thickness of the DLC layer by
10%; there was an increase in the content of these elements on the friction surface. Cobalt
and tungsten get into the secondary structures not as a result of friction but as a result of
fracture of the DLC layer and the substrate. Cobalt is distributed evenly over the friction
surface as a result of friction, which means that it helps to reduce DLC wear. The pits on
the friction surface are enriched with tungsten; tungsten carbide is the cause of the pits.
Therefore, it could be assumed that it increased wear.

It should be noted that despite the decrease in nitrogen content, the content of alu-
minum, silicon, and chromium, which are part of the nitrided layer, increased by 1.3 times.
These elements get on the friction surface not as a result of friction but as a result of frac-
ture of the DLC layer and the nitrided layer. The relatively uniform distribution of these
elements over the friction surface means that they help reduce DLC wear.

According to [28], DLC wear significantly increases during the transformation of
diamond-like structures into graphite-like structures. This allows us to assume that a
similar transformation occurred on the friction surface with intense wear (about 50%). As
a result, the surface has become softer, and for “self-preservation,” it requires a greater
content of elements that help reduce wear. Secondary structures on the DLC surface can
contain elements of the atmosphere (oxygen), C, Si, steel ball elements (Fe, Cr, Mn, Cu, Ni),
substrate elements (W, Co, Cr), and nitrided layer elements (N, Cr, Al, Si). It should be
noted that the content of nickel and manganese in the secondary structures significantly
exceeds the content of iron. The content of manganese and nickel in the ball was two orders
of magnitude less than the content of iron. Therefore, we can speak about the predominant
transfer of these elements to secondary structures. The same could be said about chromium,
but it is present in the substrate and in the nitrided layer, so it is impossible to accurately
determine its origin in secondary structures.

The presence of a large number of different pits indicates that the coating was not so
much gradually worn out as it was destroyed. The resulting pits were filled with steel and
DLC wear particles, and the few pits were traps for relatively large steel particles (zones
3-5, 3-8, and 3-10). Some of the pits reach in depth up to the nitride sublayer (zone 3-1),
and the largest ones almost reach the tungsten phases in the substrate (zones 3-3, 34,
and 3-7). Possibly, there is an insufficient bonding strength of the nitride sublayer with
phases with a high content of tungsten (tungsten carbide). All zones of the surface of area 3
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were characterized by a higher iron content compared to areas 1 and 2. This indicates a
significant effect of iron on the formation of secondary structures on the friction surfaces of
the DLC. In this case, the most favorable secondary structure (zones of minimum wear)
contained the minimum amount of oxygen, i.e., it provides a minimum level of oxidative
wear. The ingress of particles of nitrides from the nitrided sublayer or carbides from the
substrate into the secondary structures leads to increased wear.

Chemical analysis of the friction surface of the steel ball showed that the reaction of
steel to friction was a decrease in the silicon content (compared to the initial composition)
with a significant increase in the content of carbon and oxygen. The change in the content
of nitrogen, chromium, nickel, and copper was negligible. The most interesting was the
anomalously high (up to 7.2%) fluorine content on the friction surface of the steel ball.
Usually, the fluorine content on steel after friction does not exceed 2%. It should be noted
that fluorine was not found on the surfaces before friction.

4. Conclusions

Secondary structures on the friction surface of the sample with DLC, formed during
dry friction with a ball of 52,100 steel, appear mainly as a result of saturation of the carbon
phase with elements of the steel ball and their oxides. The content of iron oxides on
the friction track decreased with the distance from the band of wear particles. Nickel,
manganese, chromium, aluminum, and silicon were transferred to the secondary structures.
Their source was not only steel wear particles but also coating and nitrided substrate
particles. The pits formed during friction on the surface of the coating were filled with all
types of wear particles and can also be traps for relatively large separated particles. This
process of “healing” of damages with wear particles contributed to the supply of secondary
structures with the necessary elements and prevented the development of fatigue failures
in stress concentration zones.

Secondary structures formed on graphite-like and diamond-like coating components
had different wear and composition. On graphite-like components, secondary structures
contained more nickel, oxygen, and manganese compared to secondary structures on
diamond-like components. Ball elements (Mn, Ni, Cr) in the friction zone helped to reduce
DLC wear. Elements that enter the friction zone as a result of the destruction of the DLC,
nitrided sublayer (aluminum and silicon nitrides), and substrate (WC, Cr302) contributed
to an increase in DLC wear.
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