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The paper presents research on coatings with advanced architecture, composed of a Cr/Cr
2
N ceramic/metal multilayer and graded

carbon layers with varying properties fromCr/a-C:H to a-C:N.Themicrostructure of the coatings was analysed using transmission
electron microscopy and Energy Dispersive Spectroscopy, the mechanical properties were tested by nanoindentation, spherical
indentation, and scratch testing, and tribological tests were also conducted. The proper selection of subsequent layers in graded
coatings allowed high hardness and fracture resistance to be obtained as well as good adhesion to multilayers. Moreover, these
coatings have higher wear resistance than single coatings and a friction coefficient equal to 0.25.

1. Introduction

Thin, hard coatings deposited by physical, vacuum methods
are increasingly used in almost all branches of industry.
In mechanical engineering their main aim is to limit wear,
thereby extending the lifetime of machine parts, and reduce
friction. Coatingswork in very different conditions,more and
more severe; therefore, single coatings cannot fulfil all the
required demands, and coatings with complex architecture
have to be designed. These may be created by different
materials with contrasting properties and provide results
which are unobtainable for conventional metal, ceramic, and
carbon coatings, which are soft and pliable or hard and brittle.

Properly selected coatings and, in many cases, pretreat-
ment of substrates before coating can significantly increase
the load-bearing capacity of surfaces or reduce the size of
machine parts. Nowadays, the most commonly used PVD
coatings are nitrides [1–3] and carbides [4–6] of transition
metals and carbon-based coatings [7–11].The former are hard
and rigid (hardness 𝐻 = 15–40GPa, elasticity modulus 𝐸 =
200–500GPa), and their wear resistance may be many times

better than steel and titanium alloy substrates. However,
their coefficients of friction (CoF) in dry conditions are
within the 0.2–0.5 range. This parameter is lower for carbon
coatings and CoF = 0.01–0.1 is usually presented in the
literature [12, 13]. Their excellent tribological properties are
discussed in [14]. The main mechanism responsible for such
properties is the graphitization process during which a thin
graphite tribolayer, with very low shear strength, is created
on the surface [15, 16]. In vacuum and lack of moisture, an
important role in the friction process is played by hydrogen
[17] contained in the a-C:H coatings, by shielding sigma
bonds. However, both ceramic and carbon materials are
prone to fracture, and their fracture toughness 𝐾

1C is not
higher than 5MPa⋅m1/2 [17, 18]. Hence, it is necessary to
provide adequate support for these coatings, because even
small deformations of coating-substrate systems can lead
to coating fracture. This is the main application problem
for coatings deposited on soft substrates, such as steel and
titanium alloys. A possible solution is substrate hardening
prior to coating deposition by heat or chemical treatment,
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Table 1: Summary of the mechanical and tribological properties of single coatings and the substrate.

Material 𝐻
∗ [GPa] 𝐸

∗ [GPa] CoF∗∗ 𝑊
𝑉

∗∗ 10−6 [mm3/Nm]
Steel substrate AISI 304 4 190 0.5 560
Cr 8 180 0.7 200
Cr/Cr

2
N 15.7 228 0.5 3.9

Cr/a-C:H 18.4 280 0.4 2.2
Cr/a-C:H,N 15.7 143 0.22 0.65
a-C:N 12 120 0.1 3.8
∗Results of nanoindentation tests (Berkovich indenter, 2mN max. load)
∗∗Results of tribological tests (ball-on-disc, 6mm Al2O3 ball, 1 N load).

such as glow discharge nitriding [19, 20] or ion implantation
[21, 22], which of course increases total production costs
due to the performance of additional operations. After such
treatments, in many cases, further surface polishing prior to
the deposition of thin PVD coatings must be carried out.
Therefore, it is advisable to design appropriate complex coat-
ing produced in one vacuum process. However, this requires
the deposition of many sublayers with significantly different
properties within one coating to ensure good adhesion to
the substrate, low residual stresses, adequate load capacity,
low friction and wear, and high resistance to environmental
factors. Coatings built in this manner that provide small
changes in the mechanical properties of successive layers are
called graded coatings [23, 24].

The paper presents the research results of the microstruc-
ture and mechanical tests of coatings with a complex
microstructure, designed as low-wear and low-friction coat-
ings. The studies of single coatings that were applied in the
tested complex coatings have been shown in previous works:

(i) Cr/CrN multilayers [25].
(ii) Cr/a-C:H nanocomposite coatings [26].
(iii) a-C:H, a-C:N hydrogenated and nitrogenated carbon

coatings [27].

The main aims were to deposit coatings with predesigned,
advanced architecture by magnetron sputtering on an AISI
304 austenitic steel substrate, characterizing their mechanical
(nanohardness, Young’s modulus, adhesion to the substrate,
and fracture toughness) and tribological (wear resistance,
coefficient of friction) properties that exceed the properties
of the single coatings forming the proposed coatings.

2. Tested Coatings

Coatings were deposited by an unbalanced magnetron sput-
tering method with a −50V bias. Two oppositely arranged
rectangular sputter magnetrons, equipped with chromium
and graphite targets (Schunk Elektrokohle, Bad Goisern,
Austria), were used.Mirror-polishedAISI 304 austenitic steel
substrates were coated. Prior to deposition, the substrates
in the form of 20 × 20 × 2 plates were cleaned in an
industrial washing machine (Miele Professional IR 6002,
Guetersloh, Germany) with surface active agents, dried, and
mounted on a 3D rotatable planetary table in industrial-like
R&D deposition equipment (Leybold Univex 450 machine,

Leybold Vakuum, Cologne, Germany, equipped with a cube-
like chamber of 0.5m3 volume). After pumping to high
vacuum conditions (2×10−5mbar), the ion plasma treatment
was performed at room temperature. Therefore, a linear
anode layer ion source (Veeco ALS 340, Fort Collins, CO,
USA) operated between 1 and 3 keV acceleration voltage, with
oxygen-argon gas mixtures, was used.

16xCr/Cr
2
N multilayers and then gradient carbon coat-

ings were deposited on steel substrates. The microstructure
of carbon layers changed from a Cr/a-C:H nanocomposite
layer, through Cr/a-C:H,N, to nitrogenated a-C:N on the
surface.The subsequent layers in the carbon coatingwere also
deposited previously as single layers, as well as multilayers,
and tested. Their mechanical properties, shown as the results
of indentation tests (nanohardness𝐻 and elasticity modulus
𝐸) and tribological tests (coefficient of friction CoF and wear
index𝑊

𝑉
), are summarized in Table 1.Themethodology and

parameters of these tests were the same as those used during
studies of the proposed coating and are described below in
the Experiment section.

Ceramic/metal 16xCr/Cr
2
N multilayers have a 250 nm

bilayer period (the sum of the thickness of two successive Cr
and Cr

2
N layers). The sixteen bilayers in the multilayer give

a total thickness of 4 𝜇m. The thickness of Cr metal layers is
two times lower than Cr

2
N nitride layers (Cr-83 nm, Cr

2
N-

167 nm) and this Cr:Cr
2
N = 1 : 2 ratio was chosen based on

previous studies of ceramic/metal multilayer coatings [28].
The changes in the mechanical properties of such multilayers
with a different metal to ceramic layer thickness ratio, in
the case of Al/AlN materials, were also presented in [29].
A Cr/Cr

2
N multilayer, instead of a CrN single coating, was

deposited for two reasons. Firstly, it is applied directly on a
steel substrate and its significantly lower elasticity modulus
than that of a CrN coating, closer to the modulus of steel as
well as to carbon layers that are applied on them, is highly
favourable. Such a smallmismatch of this parameter indicates
small shear stress in the coating-substrate interface and thus
shows its high strength, which was confirmed by scratch
testing [30]. However, a multilayer is almost 4 times harder
than uncoated steel. Secondly, the fracture resistance of
ceramic/metalmultilayers ismuchhigher than single ceramic
coatings [31, 32]. So, if a crack appears in the multilayer, it is
not as readily transferred to the outer carbon layer as in the
case of a single ceramic layer.

Afterwards, 1 𝜇m thick graded carbon coatings (three
coating types: A, B, and C), were deposited with architectures
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Table 2: Deposition parameters of carbon graded coatings.

Step Cr C C
2
H
2

Ar N
2

Time Thickness
[W] [W] [sccm] [sccm] [sccm] [min] [nm]

Version A
1 1400 50 5 45 0 14

2702 1230 410 4.4 45.6 0 14
3 1060 780 3.8 46.2 0 14
4 890 1150 3.1 45.2 1.7 14

530

5 720 1520 2.5 44.2 3.3 14
6 550 1890 1.9 43.1 5.0 14
7 380 2260 1.3 42 6.7 14
8 210 2630 0.6 41.1 8.3 14
9 50 3000 0 40 10.0 14
10 0 3000 0 40 10.0 30 200

Version B
1 1400 50 5 45 0 14
2 1230 410 4.4 45.6 0 14
3 1060 780 3.8 46.2 0 14
4 890 1150 3.1 46.9 0 14 530
5 720 1520 2.5 47.5 0 14
6 550 1890 1.9 48.1 0 14
7 380 2260 1.3 45.4 3.3 14
8 210 2630 0.6 42.7 6.7 14 270
9 50 3000 0 40 10.0 14
10 0 3000 0 40 10 30 200

Version C
1 1400 50 20 30 0 14
2 1230 410 22.5 27.5 0 14
3 1060 780 25 25 0 14
4 890 1150 27.5 22.5 0 14 530
5 720 1520 30 20 0 14
6 550 1890 32.5 18.5 0 14
7 380 2260 35 11.7 3.3 14
8 210 2630 37.5 5.8 6.7 14 270
9 50 3000 40 0 10.0 14
10 0 3000 0 40 10 30 200

as given in Table 2. The deposition process was led from
the two Cr and C targets. Gradient layers were realized by
stepwise changes of power and C

2
H
2
, Ar, and N

2
gas flow

conditions (Table 2). Firstly, on themultilayer, a load-bearing
Cr/a-C:H nanocomposite layer, with the highest hardness
andmodulus of elasticity (Table 1), was applied. In the second
stage, the properties of coatings were stepwise changed to
lower the hardness and stiffness of Cr/a-C:H,N by changing
the atmosphere in the chamber—an increase in N

2
gas flow.

Simultaneously, the power of the magnetron on the Cr target
was reduced.

These Cr/a-C:H,N layers have significantly better tribo-
logical properties, the smallest wear and CoF = 0.2. The
elasticity modulus is also low and, favourably, is similar to the
elasticity modulus of a-C:N, deposited as the outermost layer.

These nitrogenated carbon layers exhibit the lowest CoF = 0.1,
although the wear index is higher than in the Cr/a-C:H and
Cr/a-C:H,N nanocomposite layers.

The main difference between coatings A and B is the
thickness of the load-bearing part of the coating that consists
of the Cr/a-C:H nanocomposite layer. In version A, this layer
is 270 nm thick, while through the next 530 nm the rising
nitrogen flow introduced into the chamber causes a gradual
reduction in hardness and rigidity to the characteristic values
of an a-C:H,N coating. On the contrary, version B has
reverse layer thickness: rigid 530 nm and graded 270 nm. In
contrast, version C was chosen to be more polymeric (higher
𝐻 content) by deposition in a higher C

2
H
2
gas flow. The

properties and structure analysis of such soft polymeric-like
carbon coatings were presented in [33, 34].
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3. Experimental

The coatings’ microstructures were analysed by transmission
electron microscopy (TEM) using a Tecnai G2 F20 200 kV
(FEG) microscope on thin foils prepared by the focus ion
beam (FIB) technique. Mechanical properties were studied
by the nanoindentation technique [35, 36] using a CSM
nanoindenter. Tests were performed with a Berkovich geom-
etry diamond at 2 and 5mN maximum load and 4 and
10mN/min loading and unloading rates, respectively. The
Oliver and Pharr procedure was used for hardness and
elasticity modulus calculation [37]. On each coating and
each load, at least 10 indentations were made, while mean
values and standard deviation values were taken for further
analysis. Indentations at higher load, 1 N, allows analysis of
the coatings’ fracture resistance to be performed. The values
of maximum load to the first crack event and corresponding
penetration depth were compared. It was not possible to
calculate the fracture toughness 𝐾IC according to equations
cited in the literature, like Li and Bhushan [38], because
of the complex coating architecture that results in complex
stress distribution and stiffness of subsequent layers. To
study the load-bearing capacity of the three tested coatings,
spherical indentations were performed with a 20𝜇m tip
radius diamond under a 500mN maximal load. The load-
penetration depth curves were transformed into stress-strain
curves according to the procedure presented in previous
papers [37].The first coating crack corresponds to pop-ins on
indentation curves and sudden drops in stress on stress-strain
curves [39]. This deformation limit, as an area under the
curve up to the coating fracture, was calculated and called the
apparent fracture toughness𝐾󸀠 [40].This parameter provides
important information on the load-bearing capacity of the
coating-substrate system. Scratch testing [30, 41] with an
MCT CSM apparatus and a standard conical Rockwell C
indenter with a 200𝜇m tip radius was mainly used to study
the adhesion of carbon graded coatings to multilayers. Tests
were performed within the 0–30N load range, along a 5mm
scratch length and 5mm/min scratch speed. According to
the ISO standard [30], the critical loads 𝐿C1 and 𝐿C2, which
correspond to cohesive and adhesive failures of the coating,
were determined. The tribological properties of coating-
substrate systems were studied with a ball-on-disc tribometer
[42] at two different loads of 1 and 5N.Assuming contact with
an infinitely thick coating and 6mm diameter Al

2
O
3
ball,

contact stresses calculated using the Hertz equation [43, 44]
were 0.45 and 0.8GPa, respectively. Being careful to conduct
tests only with wear track depth within the coating, the total
cycle numbers were 5000 for the 5N load and 20000 cycles
for 1 N. For both tests, sliding speed was 0.05m/s. During the
tests, friction force was recorded, which allowed changes in
the friction coefficient to be observed.Wear track profiles and
ball scars were measured after tests by a stylus profilometer
(coatings) and through lightmicroscopy observations (balls),
and then the wear index𝑊

𝑉
was calculated using the formula

[42]

𝑊
𝑉
=
𝑉

𝐹
𝑛
⋅ 𝑠
, (1)

where 𝑉 is volume of removed material, 𝐹
𝑛
is normal load,

and 𝑠 is length of the wear track.

4. Results and Discussion

Figures 1 and 2 show the microstructure of coating A. TEM
observations revealed a complex coating microstructure
consisting of multilayer coating and graded carbon coating
(Figure 1(a)). In the case of the Cr/Cr

2
N multilayer, in many

areas there is the same diffraction contrast through the
interfaces. This demonstrates the strong crystallographic
relation between the Cr and Cr

2
N layers (Figure 1(b)). The

presence of the Cr andCr
2
N layers was confirmed by electron

diffraction spectroscopy performed in order to analyse the
phase composition of the layers (Figures 1(c) and 1(d)).

The carbon layer deposited on the multilayer is clearly
seen in Figure 2(a). Figure 2(b) shows the results of the
element analysis carried out along the line marked in
Figure 2(a). Within the graded carbon layer, a gradient
increase in the chromium content confirms the evolution
form hydrogenated carbon a-C:H (higher intensity of carbon
atoms) on the surface to Cr/a-C:H nanocomposite layers
close to the multilayer.

Indentation test results are shown in Figures 3(a) and
3(b). The dashed lines correspond to values measured for
the single coatings described above them. The hardness of
coatingsA andB is similar:𝐻= 14-15GPa.This is significantly
higher than the hardness of a hydrogenated amorphous
carbon a-C:H single coating (Table 1). However, it should be
noted that, even at a lower load of 2mN, the penetration
depth for coatings A and B reached 90–100 nm, which
indicates that the material is deformed below indentation
to a depth of about 1 𝜇m, assuming the commonly accepted
1/10th rule of indentation depth to radius of the deformed
zone [36, 45]. Therefore, the test results are affected by the
whole graded carbon coating, including the nanocomposite
coating of Cr/a-C:Hwith a hardness above 18GPa.Therefore,
the obtained coatings are harder than a-C:N and a-C:H,N
single coatings, but softer compared with the Cr/a-C:H
nanocomposite coating. Similar relations were also found in
the case of the elasticity modulus.

Significantly lower hardness, 𝐻 = 4.7GPa, is exhibited
by coating C, but Young’s modulus of 𝐸 = 42GPa, compared
with coatings A and B with 𝐸 = 150GPa, is also much lower.
This is due to the more polymeric nature (higher𝐻 content)
of coating C. The hardness reduction together with a rise
in the 𝐻 amount was also discussed in [46]. Tests with a
Berkovich indenter were also performed at higher loads that
allow the comparison of the fracture toughness of the tested
coatings. Figure 4 presents the indentation curves performed
at a 1N maximum load.

The curves for coatings A and B, with almost the same
hardness and elasticity modulus, were very similar except
for the load level at which the first pop-in corresponding to
the first edge cracks appeared. The first crack was found at
180mN for coating B, while coatingA survived up to 330mN.
The further rise in load leads to a high stress concentration at
a certain distance from the contact area. This phenomenon
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Figure 1: Analysis results of coating microstructure carried out using the TEM technique; (a) observation in a bright field, (b) higher
magnification on the multilayer area, and (c, d) analysis of the phase composition performed using electron diffraction.
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Figure 2: Qualitative EDS analysis of the chemical composition: (a) bright field TEM image with a pointed line of EDS analysis and (b)
distribution diagram of selected elements.

was analysed based on FEM modelling results and is shown
in publications [47, 48]. If this stress exceeds the coating
strength, circular cracks are formed around the imprint.
These cracks appeared for coatings A and B at 1000 and
1300mN, respectively (Figure 5(a)). But it should be pointed

out that both of these coatings cracked at a much higher
load than the pure carbon coatings a-C:N and a-C:H, for
which significant cracks were formed at a 200–300mN load.
These results clearly indicate the enhancement in the fracture
resistance of graded coatings. Furthermore, at a load of about
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Figure 3: Indentation test results: (a) nanohardness and (b) elasticity modulus.
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Figure 4: Berkovich indentation curves of tested coatings.

1 N, the failure of total single carbon coatings, in the form of
large area delamination, was observed.

The images of indents for all tested coatings are shown in
Figures 5(b)–5(d). The results for coating C differ from the
others. Initially, the load induces a much larger deformation
than for coatings A and B, which is clearly seen on the
indentation curve. This is a result of its lower stiffness. At
400mN, large adhesive cracks were formed (Figure 5(d)).
This indicates that coating C, despite its lower hardness and
elasticitymodulus, is notmore fracture resistant, but quite the
contrary. Indentation tests are easier for quantitative analysis
when spherical indenters with a known tip radius (in this
work, indenter 𝑅 = 20 𝜇m) are used [40]. The results of

spherical indentations are shown in Figure 6(a) and confirm
the similarmechanical properties of coatingsA andB, and the
much lower stiffness of coating C. Cracks in coatings A and B
appeared at loads of 340 and 310mN, with the corresponding
penetration depth of 600 nm (Figure 6(b)). A single a-C:H
coating deposited on the same multilayer cracked under a
120mN load. For the softest coating, version C, the first
fracture appeared at 440mN and 1200 nm penetration depth.

Coating C, due to its lower elasticity modulus, is not
subject to such a high tensile stress concentration as more
rigid coatings. This is a result of lower contact stress in the
contact area of the indenter and coating. This was confirmed
by analysis of mean contact stress using the transformation
procedure of indentation curves onto stress-strain curves,
described in detail in previous publications [49]. The max-
imums of mean contact stress during spherical indentation
(Figure 7(a)) for coating C reached 4GPa, while for coatings
A and B they were higher, 7.7 and 7GPa, respectively.
Further deformation leads to a high concentration of tensile
stress usually just outside the contact area and to coating
fracture which can be seen as sudden drops in stress values
(Figure 7(a)).

Images of circumferential cracks on coating surfaces are
shown in Figures 8(a)–8(c). The most clearly visible crack
some distance from the contact zone is on the surface of
coating A. Similarly to Berkovich indentation, the fracture of
coating B after spherical indentation is not as drastic as for
coating A. Probably this is a result of the significantly thicker,
530 nm hard, load-bearing nanocomposite layer in coating B,
while coating A has such a layer which is only 270 nm thick.
Cracks on the thicker, brittle layer are more prominent and
wider. Meanwhile, the value of apparent fracture toughness
𝐾
󸀠 decreased slightly for the subsequent coatings A, B, and

C (Figure 7(b)). Although coating C is the most flexible, the
lowest value of the parameter 𝐾󸀠 derives from low pressure
in the contact zone, which indicates the lowest value of
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Figure 6: Results of spherical indentation tests: (a) indentation curves and (b) load and penetration depth that causes the first fracture.
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Figure 8: Images of coating surfaces after spherical indentations: (a) version A, (b) version B, and (c) version C.

tensile stress leading to crack formation. However, it should
be noted that this analysis does not take into account the
state of residual stresses that can be up to several GPa in
carbon coatings [50]. Cracks on the tested coating-substrate
systems were also analysed by the TEM technique on their
cross-sections. For the outermost graded carbon coatings,
significant differences between them were not observed.

The authors expected effective crack closing in Cr/Cr
2
N

multilayers. The deformation mechanism of the same type of
Ti/TiN ceramic/metal multilayers was presented in previous
articles [28, 34]. Subsequent metal layers with appropriate
thickness caused crack closure or at least impeded easy crack
propagation through ceramic layers. Cr/Cr

2
N multilayers

were deposited with an increased ratio of ceramic phase
which, with adequate thickness of metal layers, makes it
possible to significantly improve the mechanical properties
of multilayers compared to multilayers with a 1 : 1 ratio.
When the ratio of metal/ceramic layers thickness is 1 : 2,
multilayers are harder andmore wear resistant, but still retain
a high resistance to fracture. But a further increase up to
1 : 4 causes the deterioration of fracture resistance, because
the metal layers are too thin and are not able to stop the
cracks propagating in the ceramic layers [51].Themechanism

of crack deflection in the Cr/Cr
2
N multilayer by the plastic

deformation of Cr layers is shown in Figure 9. For the Cr
layers, slip planes with a 45∘ angle to cracks propagating in
Cr
2
N layers are visible.
Scratch test results clearly exhibited the best adhesion of

coating A to the Cr/Cr
2
N multilayers. For that coating, no

adhesive cracks were observed up to the maximum applied
load, 30N (Figures 10(b) and 10(c)). Meanwhile, the first
cohesive cracks for all tested coatings were formed at a
1.5–1.7N load range (Figures 10(a), 10(d), and 10(g)). The
adhesion of coating B was significantly weaker than that of
coating A, which was indicated by the large delaminations
that appeared at a low 4N load (Figures 10(e) and 10(f)).
Taking into account the similarmechanical properties of both
coatings A and B, the parameter that can explain that fact is
the much higher residual stresses in coating B. This may be
the result of a significantly thicker hard Cr/a-C:H layer with
an elasticity modulus much greater than the multilayer. The
higher Young’s modulus mismatch of coating and substrate
and higher coating thickness lead to a higher concentration
of shear stresses in the coating-substrate interface. For com-
parison, the single a-C:H and a-C:N coatings were removed
from substrates at a 3–5N load.
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Figure 10: Scratch track images: (a)–(c) coating A, (d)–(f) coating B, and (g)-(h) coating C.

A different character of failure compared with coatings A
and B was observed for coating C, which was crushed and
removed from the substrate at a 20N load. Scratch images
indicate that this is a result of exceeding the load capacity of
the coating rather than the adhesion lost.

The tribological tests were performed at 1 and 5N loads
and typical profiles of wear scars are presented in Figures 11(a)
and 11(b).

For lower loads, the track depth was always less than
1 𝜇m (Figure 11(a)), and therefore only carbon layers were

subjected to wear. The shapes of wear track profiles on coat-
ings A and B have no pile-ups on their sides, which suggests
that the dominant form of wear was abrasion. Some scratches
along the track were formed (Figures 12(a) and 12(c)) as a
result of the spallation of small coating fragments, which
remained in the friction zone and scratched the surface. In
the case of coating C, small pile-ups on the sides of the wear
track were formed. Microscopic observation confirmed the
accumulation of debris on the outer side of the track (right
side in Figure 12(e)). The significantly lower hardness of this
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Figure 11: Wear track profiles after tests at (a) 1 N and (b) 5N loads.
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Figure 14: Coefficient of friction changes during tribological tests performed at (a) 1 N and (b) 5N loads.

coating caused more intensive wear and the maximum track
depth was 0.9𝜇m compared with 0.3 𝜇m for the other two
coatings. Thus, the results suggest that the idea of deposition
of a very soft outermost layer is not appropriate even in the
case of lower load in tribological contact conditions. After the
tests were performed at a 5N load for all coatings, pile-ups
were observed on both sides of the wear tracks, indicating
the plastic deformation of substrates. This phenomenon is
dangerous due to the increased deformation of the whole
system and possible coating fracture. For coating A, the track
depth is about 1 𝜇m, equal to the carbon layer thickness
(Figure 11(b)). Meanwhile, for coatings B and C, track depth
was deeper and the Cr/Cr

2
N multilayers were also involved

in the wear process.
High contact pressure in the friction zone, calculated

using the Hertz equation, was approximately 0.8GPa and led
to the coatings’ strength being exceeded and their fracture.
Longitudinal cracks appeared in the wear track mainly close
to the symmetry axis, as well as around the track and
propagated far beyond it. For coating A, within the test
duration, no adhesive cracks were formed (Figure 12(b)),

while some small areas of coating spallation and substrate
exposure were observed in coating B (Figure 12(d)).

Coating C was completely worn and, despite its much
lower hardness, the crack network was seen inside and
around the wear track. Additionally, debris remained on the
track sides. Furthermore, this coating (Figure 14) did not
reduce the friction coefficient, as it is often observed for
carbon coatings, where the graphitization process on the
surface reduces CoF at certain conditions even below 0.1
[15, 52].

The values of the wear index 𝑊
𝑉
, calculated from wear

track profiles and (1), are summarized in Figure 13. At both
1N and 5N loads, the lowest values of 𝑊

𝑉
were exhibited

by coating A. In contrast, the worst was the softest coating
C, with a wear index 5-6 times higher than for coating A,
in spite of a very similar plasticity index 𝐻/𝐸 = 0.09–0.11,
which is often cited in the literature [53, 54] as a parameter
that predicts the wear resistance of materials. For each of
the tested materials, the wear index increased 2-3 times with
a rise in load up to 5N compared with tests carried out at
1 N. This is due to exceeding the limit of elastic deformation
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for the system and changes in the wear mechanism from
abrasion to combined abrasion and fracture with chipped
fragments of coatings. Comparing the wear rates of versions
A and B (at 1 N load), they are similar to the best of the Cr/a-
C:H,N single coatings included in these advanced coatings
and significantly better than the commonly used a-C:H [26,
55–57]. Furthermore, the single carbon coatings were totally
destroyed after a few hundred cycles during wear tests at 5N,
while coating A survived the whole test duration. The lower
wear of coating A than B was accompanied by the lower wear
of alumina balls for both 1 and 5N loads, as is shown in
Figure 13(b). It is characteristic that thewear index of the balls
increased rapidly with the load. For example, the wear of the
ball in contact with coating B was over 80 times greater at
the 5N load than at 1 N. This was due to the presence of hard
debris particles, originating from cracked coating fragments
(Figure 12(d)), in the friction zone. At the lower load, the
wear had a slightly abrasive character and further protection
against wear was provided by carbon layers formed on the
balls’ surfaces, as observed after the tests. The minimal wear
of the balls, in the case of tests performed at 1N,wasmeasured
after contact with the softest coating C. The wear of the ball
was also the lowest at 5N. However, the ball was worn within
the area of contact with the multilayer, which was exposed
during the tests (Figure 12(f)). It should be noted that the
wear of the alumina balls was even a few thousand times
smaller than the coatings’ wear: the values on the axis of
ordinates for coatings are in 10−6 while for balls they are in
10−9mm3/Nm.

The typical changes in the friction coefficient during the
tests (selected tests for each coating) measured at 1 and 5N
are shown in Figures 14(a) and 14(b), respectively. Coatings A
and B exhibited a CoF in the 0.2–0.25 range, higher than for
a single a-C:N coating CoF = 0.1 (Table 1). This is probably
due to the fairly rapid destruction of the thin (200 nm) a-C:N
layer at the beginning of the test, when the contact stress is the
highest (specific feature of ball-on-disc). Hence, the friction
coefficient measured for coatings A and B is higher and its
value is characteristic for the harder materials lying below
a-C:N, like Cr/a-C:H,N and Cr/a-C:H with CoF = 0.22 and
0.4, respectively.Meanwhile, for coatingC this parameter was
higher, 0.55 and 0.35 for the test performed at 1 N and 5N
loads, respectively. This coating is softer so the deformation
component of friction led to an increase in friction force.

5. Conclusions

The coatings with complex architecture presented in this
work were built by adding load-bearing ceramic/metal multi-
layers and graded carbon layers deposited on them.Through
the appropriate choice of material and thickness of successive
layers, the obtained coatings have significantly better fracture
resistance than single coatings. However, the hardness of
coatings A and B of𝐻 = 15GPa is much lower than for Cr/a-
C:H nanocomposite coatings, 18GPa.Meanwhile, the elastic-
ity modulus, 𝐸 = 160GPa, of the proposed coatings is signif-
icantly lower compared with 280GPa, which is characteristic
for Cr/a-C:H. The reduction in Young’s modulus results in
lower contact stresses, which for the same coating strength

indicates the possibility of carrying higher loads. This was
evident during spherical indentation when coatings A and B
cracked at 340 and 310mN loads, almost 3 times higher than
a single a-C:H coating. The appropriate deposition on the
steel substrate of first the ceramic/metal multilayer and then
a graded carbon layer caused a low mismatch of mechanical
properties at subsequent layer interfaces. The result is a high
fracture resistance of the proposed graded coatings, but also
for coatingA, very good adhesion to themultilayer, which has
been confirmed by scratch testing. From a mechanical point
of view, an important role in the whole coating is played by
the Cr/Cr

2
N multilayer, which allows coating deformations

without losing its coherence. The small cracks within the
Cr
2
N layers are closed or deflected in the Cr metal layers,

preventing easy crack propagation throughout the whole
coating thickness, as is observed for single ceramic and
carbon coatings. In many cases, such cracks after reaching
the coating-substrate interface propagate further through this
interface, leading to large area coating delamination. Coating
A, in addition to high fracture toughness, has shown excellent
tribological properties. The wear index is in the range of the
best Cr/a-C:H,N single coatings. However, a very promising
result is at 5N, when wear resistance indeed is two times
lower, but none of the single coatings survived the test at this
condition. Unfortunately, the friction coefficient CoF = 0.2–
0.25 of coatingsA andBwas higher than for a-C:Nwith aCoF
= 0.1. Among the tested coatings, the polymer-like coating
C has significantly different properties and was quickly
destroyed even at low loads in the tribological contact.

Summarising, properly designed coatings composed of
multilayers and graded amorphous carbon layers can exhibit
significantly better properties than the single a-C:H and a-
C:N coatings. Coatings with complex architecture, as pre-
sented in this paper, significantly increase fracture resistance
and do not deteriorate or may even slightly improve tribolog-
ical properties, in particular, wear resistance. This indicates
the possible applications of the proposed coatings where
single coatings cannot fulfil all demands.
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