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Abstract: The research presented in this article concerns Zr—C gradient coatings that were deposited
on HS6-5-2 steel by reactive magnetron sputtering from the Zr target in appropriately programmed
C,H; mass flow rate, resulting in various profiles of atomic carbon concentrations in the coating
and consequently in spatial change of the properties (H, E, ... ) and behavior (H/E, H3/E?, W,).
In particular, the characteristic changes in hardness and Young’s modulus in the Zr-C coatings
represented approximately by the bell curve, which has a maximum at the content of about 50 at.%
C, were an inspiration to study the behavior of gradient coatings with carbon content in the range
of 0-50 and 50-85 at.% with the same hardness change profile. The obtained results indicate that,
firstly, the gradient of spatial changes in the coating composition increases their resistance to cohesive
damage in comparison to non-gradient coatings, and, secondly, the results show that high hardness
is a desired property but not sufficient to ensure adequate coating performance. Independently,
an appropriate nano/microstructural structure is necessary, which determines their tribological
behavior. In particular, in the case of the tested Zr-C coatings, the obtained results indicate that
gradient coatings with a carbon content in the range of 50-85 at.% have better properties, characterized
by the critical force Lcy, wear, coefficient of friction, H/E and H?3/E? ratios.

Keywords: zirconium carbide; gradient coating; wear; phase composition

1. Introduction

Transition metal carbide coatings, including zirconium carbide coatings, have a wide range of
interesting physicochemical properties, which make them attractive for a variety of applications.
The strong covalent bond between Zr and C results, inter alia, in a high melting point above 3500 °C,
which, combined with relatively high hardness and excellent mechanical stability, enables their use
in various extreme conditions [1]. For example, Zr-C-based coatings can be used for aerospace
applications and for fuel particles in nuclear reactions [2]. In addition, because of its high wear
resistance, it can also be used as a protective coating for cutting tools [3]. Zr—C coatings are also
considered for biomedical applications to improve the corrosion resistance and hemocompatibility of
implant materials [4] or NiTi shape memory alloys [5-7].

The presented examples of applications of Zr-C-based coatings and the prospects for new
applications of these coatings, resulting from the high potential of shaping their properties,
inspire research work aimed at establishing the correlation between the nano/micro structure and
properties of coatings [8-14]. Among other things, in this field, one of the research topics is the analysis
of changes in the properties of the coatings along with the increase in the total carbon content in
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the coating resulting from the formation of carbon in amorphous form, surrounding nanocrystalline
carbide grains [15-17]. The formation of the amorphous phase causes, on the one hand, the formation
of coatings characterized by lower hardness, but on the other hand, it allows the production of coatings
with a low coefficient of friction. Hence, by the appropriate selection of the phase composition of
these coatings, they can be good candidates for cutting tools, and it is also beneficial to deposit
coatings on parts working in tribological contacts, using the favorable properties of carbon to create
graphite structures.

The structural and phase evolution, and consequently the evolution of the mechanical properties
of Zr-C coatings, became an incentive to analyze the possibility of increasing the anti-wear properties
of Zr—C coatings by creating a spatial composition change in the coatings, implying spatial changes in
properties. The values of hardness and Young’s modulus of Zr—C coatings, the changes of which are
approximately represented by a bell curve, having a maximum content of about 50 at.% C, were an
inspiration to compare the properties of gradient coatings produced with a carbon content in the range of
0-50 at.% and 50-85 at.% with the same hardness gradient but a radically different nano/microstructure.
The challenge in these studies was to take another step in understanding the relationship between
changes in mechanical properties (hardness H, Young’s modulus E, etc.) and behavior (H/E, H3/E?,
elastic recovery We) and the nano/microstructural evolution of Zr—C coatings to design gradient
coatings with the desired properties.

In choosing the spatial profile of the coating composition change, the so-called rule of mixtures [18-21]
was used and the change in the carbon content in accordance with the parabolic and square root profile
was adopted. It was assumed that by choosing a profile from the range between the parabolic and
square root, it would be possible to design coatings with specific properties from among possible
effective changes in the properties of these coatings.

In sum, the aim for the present study is to investigate the possibility of using changes in the
mechanical properties of Zr—C coatings, depending on the carbon content, to produce gradient coatings
characterized by increased anti-wear properties. Independently, the aim of the research was to answer
the question of what influence differences in the nano/microstructure of Zr-C coatings have on their
performance properties, regardless of whether the necessary condition has been met, i.e., obtaining an
appropriate hardness change.

2. Materials and Methods

2.1. Coating Deposition

The coatings Zr-C were deposited on disc-shaped samples using pulsed reactive magnetron
sputtering. The samples were made of HS6-5-2 high speed steel.

Sputtering was performed from a metallic Zr target of 100 mm diameter and a purity of 99.2% of
metal basis excluding Hf in a mixed Ar and C,Hj, atmosphere. The change in the carbon content in
the coatings was possible due to the change in the acetylene mass flow rate in the working chamber
during deposition in the range of 0-6.5 sccm. For comparison purposes, monolayer coatings with
a determined and selected carbon content in the range of 20-85 at.% were produced. The details
related to the preparation of samples prior to the deposition of the coatings and the functioning of the
deposition test stand are described in [15].

The subject of this article is a coating with a gradient change in carbon content from the substrate
to the coating surface. The gradient of the carbon content in the coating was obtained with an
appropriately programmed C,H, mass flow rate in the working chamber during target spraying.
Four types of gradient coatings were deposited with square root and parabolic profile of carbon
concentration in the ranges of 0-50 and 50-85 at.%. A detailed description of the profiles obtained can
be found in Section 3.3.

In each case, the deposition of the coating was preceded by the deposition of a zirconium sublayer
with a thickness of 0.2-0.3 um to improve the adhesion of the coating to the substrate.



Coatings 2020, 10, 1121 30f 19

2.2. Microstructure, Composition and Morphology

The microstructure of Zr—C coatings was analyzed by means of X-ray diffraction (XRD) using
grazing incidence diffraction geometry with an X'Pert Panalytical powder diffractometer (Cu-Ko
radiation beam incidence angle of 3 degrees) (Malvern Panalytical, Malvern, United Kingdom) as well
as by transmission microscopy using a high resolution electron microscope (HRTEM) Tecnai G? F20
(FEI, Hillsboro, OR, USA).

The concentration of the individual elements in the deposited coatings was determined by means
of wavelength-dispersive X-ray spectroscopy (WDX) using a Thermo Scientific Magnaray system with
an X-ray microprobe working in a wave mode Noran IBEX (Noran Instruments, Middleton, WI, USA).

An assessment of the coating morphology and of the cross-sections of the coatings was performed
using a scanning electron microscope (JEOL SEM LV 5500). (Jeol Ltd., Tokyo, Japan).

2.3. Mechanical Evaluation

Hardness measurements were performed by means of nanoindentation using a Fisherscope
HM?2000 (Fischer, Sindelfingen, Germany) nanoindenter equipped with a diamond Berkovich indenter.
The load—-depth indentation curves were obtained in the mode of the linear load increase up to fixed
indentation depths of 0.15, 0.3 and 0.5 um. The values of the hardness and the Young’s modulus were
determined based on the indentation curves using the Oliver—Pharr model [22].

2.4. Tribological Tests

By means of tribological tests, the friction coefficient and the wear rate were determined. The tests
were carried out using the ball on disc method by means of a T-10 tribotester with a normal load
of 5 N at a linear sliding speed of 0.2 m/s. A ceramic alumina ball of 10 mm diameter was used as
the counter-specimen. Based on the cross-section profile of the wear track obtained by means of
a Hommelwerke T2000 profilometer (Hommelwerke GmbH, Villingen-Schwenningen, Germany),
the values were determined of the volumetric wear rate of the coating. The tests were performed in an
ordinary laboratory environment at a humidity of about 50% and a temperature of ~21 °C.

2.5. Fracture Toughness and Adhesion

The assessment of fracture toughness and coating adhesion was carried out using the scratch
test method by means of a CSM Revetest scratch tester (CSM Instruments SA, Needham, MA, USA).
The tester was equipped with a diamond conical indenter with a spherical tip of 200 um radius.
The indenter was moved over the surface of the coating at a speed of 10 mm/min over a distance of
5 mm, while the force loading the indenter increased linearly from a preload of 90 mN to 50 N at a
speed of 100 N/min. The critical load L. specifying coating resistance to cracking was determined
on the basis of changes in acoustic emissions recorded during the test. The change of the indenter’s
friction force and the observation of the resulting cracks enabled the determination of the critical load
L., under which the coating was completely delaminated.

To assess the adhesion and crack resistance of the coatings, a Rockwell C test was also used.
This test uses a standard hardness tester equipped with a Rockwell C type indenter. Indentation of the
substrate/coating system under a load of 1471 N causes a strong plastic deformation of the substrate
and cracks in those layers that are adjacent to the imprint boundaries.

3. Results and Discussion

3.1. Chemical Composition of Coatings

According to the methodology adopted (Section 2), an appropriate profile of the carbon content in
the coatings was obtained by means of a programmed algorithm of changes in the flow rate of acetylene
through the working chamber of the coating deposition test stand. For this purpose, it was necessary
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to determine the relation between the mass flow rate of acetylene and the chemical composition of the
coating obtained, which was determined by means of wave dispersion X-ray spectroscopy (WDX).

The results obtained, which formed the basis for the production of single-layer coatings and the
development of a specific algorithm for acetylene flow rate variations, which enabled gradient coatings
to be obtained, are presented in Table 1.

Table 1. Chemical composition of the Zr—C coatings.

C,H, Volumetric Flow Rate, sccm C, at.% Zr, at.% O, H and Others, at.%

0 ~0.0 91.8 8.2
1.5 20.7 71.6 7.7
2.0 359 58.4 5.7
2.5 50.8 449 43
3.5 52.9 43.7 34
4.5 63.3 33.0 37
6.5 79.0 18.9 2.1

3.2. Characteristics of Zr-C Coatings

Two Zr-C coatings differing in their nano/microstructural composition were considered, i.e.,
coatings with carbon content in the range of 0-50 at.% of C and a coating with carbon content in the
range of 50-85 at.%.

An analysis of XRD diffractograms demonstrated (Figure 1a) that in the range of carbon content
of up to 50 at.%, there was an evolution of the Zr crystalline structure into a Zr—C crystalline lattice.
The evolution took place through intermediate phases, and even with the lowest carbon content in the
coating, no lines from Zr in the coating were observed in the diffractograms (Figure 1a).

* ZrZC
nZrC

u(111)

21 at. %

T T T T T T T T T T T T T T T T T T T T {

20 30 40 50 60 70
26 (deg)

(a)

Figure 1. Cont.
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Figure 1. The structure and morphology of Zr—C coatings with carbon content in the range of 0-50 at.%:
(a) X-ray diffractograms of the coatings, (b) SEM cross section image [15].

The common feature for coatings deposited from the gaseous phase was that the coating was
created in the form of quite tightly packed columns that ran perpendicularly to the base. This column
microstructure was also formed for Zr—C coatings with carbon content less than 50 at.% (Figure 1b).
The research presented in [8-12] demonstrated that every column consisted of a large number of
nanocrystalline carbide grains.

In the concentration range of 50-85 at.% of C, no columns were observed in photograph taken by
SEM (Figure 2b); the coating became smooth. In X-ray diffractograms, a clear decrease in the intensity of
the main diffraction line from Zr-C (111) was observed in parallel with its widening, which indicated
that the share of this phase in the coating decreased with a reduction of Zr-C crystallite dimensions
(Figure 2a). Based on the Scherrer Equation [23], the estimated average dimensions of carbide crystallites
are approximately 20 nm in coatings with carbon contents below 50 at.%, and these decrease rapidly to
several nanometers in the carbon concentration range above 50 at.%. Example tests of a coating with 63
at.% carbon content carried out with HRTEM served to confirm the XRD results, i.e., the coating consisted
of regularly shaped crystallites with diameters of approximately 5 nm (Figure 2c). The figure also shows
that the Zr—C crystallites were surrounded by an amorphous (carbon) phase.

+7Zr
nZrC

u(111)

(@)
Figure 2. Cont.
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(b) (0)

Figure 2. The structure and morphology of Zr—C coatings with carbon content in the range of 50-85 at.%:

(a) selected X-ray diffractograms of the coatings, (b) SEM cross section image of coating with approx.
63 at.% of C, (c) HRTEM image of coating with approx. 63 at.% of C.

The disappearance of the columnar microstructure and smoothening of the coating, documented
among others in Meng et al. [16], was associated with an increase in the share of the amorphous
carbon phase in the coating. With low carbon concentrations (0-50 at.%), the resulting amorphous
carbon phase accumulated by the borders of the columns, while with higher concentrations, the sizes
of carbide grains decreased, and the grains were surrounded by an amorphous carbon matrix.

3.3. Selection of C Content Profile in FGM Coating

Models for the determination of specific thermo-physical properties of heterogeneous materials
are based, among other things, on the microstructure-dependent “mixtures rule” [18-21]. This rule
is very useful in designing the properties of heterogeneous materials, including FGM (Functional
Gradient Material), although this only gives approximate numerical values.

In the case of the Zr-C coatings analyzed, the objective was to select a spatial composition change
profile depending on the carbon content profile, which provided an appropriate hardness profile.

In the carbon concentration range of 0-50 at.%, according to the “mixtures rule”, the hardness of
the coating is expressed by means of the following formula:

Hy = fz:-Hz: + fz:cHzic, @
and in the range of the concentrations of 50-85 at.%:
Hy = fz:c'Hzic + fac-Hac, @

The volume fractions of Zr and Zr—C components and of the amorphous carbon phase are
labelled as fz;, fz;c and f,c, respectively, while accepting that fz, =1 — fz,c and f,c = 1 — fz,c are the
hardness values of pure Zr and Zr-C carbide coating and of an amorphous carbon coating, respectively.
The changes in the hardness of the coatings in the carbon concentration ranges analyzed, calculated
according to Formulas (1) and (2), are illustrated in Figure 3. The hardness values of Hz;,, Hz.c and
H,c were accepted according to [15], i.e., Hz, = 6, Hz,c = 42 and H,c = 12 GPa.

In order to use the data as illustrated in Figure 3, single-dimensional geometry was accepted in the
x-direction, which is the direction of the microstructural gradient, in order to design the FGM coating.
The change in the share of the fz;, fz,c and f,c components that determined the hardness of coatings in
the FGM coating was determined by means of the function used, among others, by I. Dahan [24], i.e.,

Cl) = o+ (1 -Co)(3), )

where C(x) is the carbon content at distance x from the substrate; D is the FGM coating thickness; Cy is
the carbon content by the boundary with the substrate, x = 0; and C; is the carbon content at distance
D from the substrate, x = D.
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Figure 3. Hardness change profiles for coatings in carbon concentration ranges of 0-50 at.% (a) and
50-85 at.% (b), determined with the use of Formulas (1) and (2) on the basis of experimental data

contained in [15].

This simple function offers considerable flexibility of selection regarding the form of the function
and thus in the formation of FGM properties. In the studies presented, the following values were
accepted: k =2 and 0.5, i.e., change in carbon content according to parabolic and square root profiles.
It was assumed that these are changes in carbon content profiles that determine the boundary and
effective changes of mechanical properties in the gradient coatings analyzed. In other words, by
selecting k from the range of 0.5 < k < 2, we may design a coating with specific properties out of the
possible effective changes in the properties of these coatings. In all the cases examined, it was assumed
that the hardness of coatings changed from the value of 17 GPa at the boundary with the substrate to
the value of 42 GPa on the top of the coating, using the data contained in [15].

3.3.1. Parabolic Profiles

Carbon content range of 0-50 at.%.

For this range, the carbon content in the coating in Formula (2) was accepted to be Cy = 23 and
Cy =50 at.%. The coating thickness D = 3500 nm was accepted.

According to the carbon content profile (Figure 4a), using changes in hardness depending on
carbon content (Figure 3a), the change of hardness was determined along the cross-section of the

coating (Figure 4b).
55 45
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Figure 4. (a) Change in carbon content in coating according to parabolic profile in the range of 0-50 at.%
determined according to Formula (3), and (b) change in coating hardness determined from accepted
carbon content profile and changes in hardness calculated according to mixtures rule (Formula (1)).
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Carbon content range of 50-85 at.%.

In this case, the carbon content change profile determined according to Formula (2) is shown in
Figure 5a, and the hardness change profile is presented in Figure 5b. The following was accepted:
CO = 85 at.% of C, C1 =50 at.%.

90 45
C=f(x) H =f(x)
850 ey =0 [Hy=fo]
— 40
80 \.
751 \. 351
X 70 \ & 30
s Y g
O 654 \ T 5l
60+ .
20
55+ \
50 . | . ‘ . . . 15 | ‘ | ‘ . ! !
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
x (nm) X (nm)
(a) (b)

Figure 5. (a) Parabolic change in carbon content in the concentration range of 50-85 at.% determined
using Formula (3) and (b) change in coating hardness determined from accepted carbon content profile
and changes in hardness calculated according to mixtures rule (Formula (2)).

Figure 6 shows a comparison of the profiles of hardness changes in the coatings in the concentration
range of 0-50 at.% and 50-85 at.% of C. As is evident, the objective was achieved, i.e., the same change
in hardness along the cross-section of the coatings in the concentration range of 0-50 and 50-85 at.%

was obtained.
45
H=f(x)
404 H=)
35
& 30
Qe
I
254 /
~
204 = e
"
15 ! ; : . : | :
0 500 1000 1500 2000 2500 3000 3500 4000

X (hm)

Figure 6. Comparison of profiles of hardness changes in coatings determined on the basis of parabolic

carbon content profiles determined in the range of 0-50 at.% and 50-85 at.%.

3.3.2. Square Root Profiles

The same procedure was used for the accepted square root profiles of carbon concentration
changes (Formula (3) for k = 0.5, Figures 7-9).
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Figure 7. (a) Square root change in carbon content in the concentration range of 0-50 at.% determined
using Formula (3) and (b) hardness change in coating determined based on carbon content profile
accepted and changes in hardness calculated according to mixtures rule (Formula (1)).
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Figure 8. (a) Square root change in carbon content in the concentration range of 50-85 at.% determined
using Formula (3) and (b) hardness change in coating determined based on carbon content profile
accepted and changes in hardness calculated according to mixtures rule (Formula (2)).
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Figure 9. Comparison of profiles of hardness changes in coatings determined on the basis of square
root carbon content profiles determined in the range of 0-50 at.% and 50-85 at.%.

Additionally, in this case (Figure 9), i.e., in the concentration range of 0-50 and 50-85 at.% of C,
an analogous change in hardness along the cross-section was obtained.
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3.4. Results of Investigations in Relation to Coating Properties

3.4.1. Thickness of Coatings

In order to validate the thickness of the coatings produced, the so-called Calotest [25,26] was
performed in accordance with the PN-EN ISO 26423:2016-05 Standard [27]. The results obtained
(Table 2) indicated that the thicknesses of all the coatings were in the range of 3.2-3.8 um.

Table 2. Coating thicknesses determined using the Calotest method.

Gradient Type Coating Thickness, pm
square root, 0-50 at.% of C 3.6
square root, 50-85 at.% of C 3.2
parabolic, 0-50 at.% of C 3.8
parabolic, 50-85 at.% of C 33

3.4.2. Hardness of Coatings

In order to qualitatively verify the profiles of hardness changes in the coatings, surface hardness
was measured with three different maximum loads, resulting in indentation depths of 0.15, 0.3 and
0.5 pm. The average values determined from five measurements are presented in Figure 10. As it can
be seen, the values obtained represent the intended change in hardness values and, within the limits of
the experimental error, both the parabolic and square root profiles of hardness changes coincided for
coatings in the ranges of 0-50 and 50-85 at.% of C. However, it must be taken into account that there
were diametrically different changes in the nano/microstructure in those coatings that were responsible
for the increase in hardness from the substrate to the top layer in the carbon concentration range under
consideration. The same hardness value was the result of other interactions between crystallites that
followed from their different nanometric sizes, their orientations and the separation of crystallites
through the amorphous phase.

5000 5000
square root 0-50 at.% C square root 50-85 at.% C

4500 4500
= 4000 % 4000
< 3500 L 3500
@ 73
@ 3000+ @ 3000+
5 5
5 2500 5 2500
=4 =
§ 2000 g’;
”g 1500 g 1500
[} 2]

1000 1000

500 E—
0-
By = 0.5 pm P = 0.3 ptm h =015 um Py = 0.5 pm P = 0.3 ptm h =015 um
(a) (b)

Figure 10. Cont.
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= 4000 = 4000
< 3500 < 3500
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& 2500 & 2500
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% 1500 E 1500 -

1000 4 1000

500 ]
0-

h =05 pm Noax = 0.3 pmM h @ =015 um h =05 pm Noax =03 M h @ =015 um

(o) (d)

Figure 10. Surface hardness of coatings with three different maximum loads causing indentations
of 0.15, 0.30 and 0.5 um: (a) square root carbon content variation profile in the range of 0-50 at.%,
(b) square root carbon content profile in the range of 50 to 85 at.%, (c) parabolic carbon content profile
in the range of 0-50 at.%, (d) parabolic carbon content profile in the range of 50 to 85 at.%.

3.4.3. Evaluation of Coating Adhesion Using the Scratch Test

In accordance with the methodology presented in Section 2.5, the so-called scratch test was carried
out on all of the gradient coatings produced and, for the purpose of comparison, on coatings with
a determined and fixed carbon concentration. The determined values of critical loads L and L,
are presented in Figure 11a, and the dependence of friction force from normal force is presented in
Figure 11b (for gradient coatings) and in Figure 11c (for selected single-layer coatings with fixed carbon
content). The results obtained demonstrated that the values of critical forces L of all of the gradient
coatings tested, which proved the occurrence of cohesion damage, were more than twice as high as the
values of these forces for single-layer coatings. The tests presented also demonstrated that the coating
with the square root profile (k = 0.5), in the concentration range of 50-85 at.%, is characterized by the
highest adhesion, determined on the basis of critical load Lc».

50

Bl \.c,| | 0-50at% ofC 50-85 at.% of C
Lc,
40

B 21at.% 36at.% square parabolig 56 at.% 74 at.% square paraboli?:
root root

(@)

Figure 11. Cont.
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parabolic 50-85 at.% C

square root 50-85 at.% C 74at%C

friction force (N)
friction force (N)

56 at% C

36at%C

21at%C Le,=21N

normal force (N) normal force (N)

(b) (o)

Figure 11. Scratch test results: (a) values of critical loads determined, dependence of the friction force
on the normal force loading the indenter for (b) gradient coatings, and (c) single-layer coatings.

The comparison of the values of the Lc; critical forces for coatings in the range of 0-50 and
50-85 at.% of C with the square root hardness profile showed that, regardless of the hardness,
the nano/microstructure had a significant impact on the adhesion of the coatings, as also demonstrated
by other authors [28-33]. On the other hand, the reason for the higher value of the critical force Lc, for
a coating with an square root hardness profile compared to a coating with a parabolic profile, in the
case of coatings in the range 50-85 at.% of C, may be higher changes in hardness in the area adjacent to
the substrate/coating interface for the first of the mentioned coatings (Figure 11).

3.4.4. Evaluation of Coatings Using Rockwell C Method

A qualitative assessment of the mechanical properties of the coatings was also performed on the
basis of observations of the indentation created in the Rockwell C test. Asis well-known, this destructive
test can clearly distinguish two properties of substrate/coating systems, i.e., interfacial adhesion as well
as cohesion and brittleness of the coating [34,35]. A high load combined with the contact geometry
induces shear stress by the interfacial surface. Well-adhering coatings are resistant to these shear
stresses, and they do not delaminate around the indentation imprint. Normal stresses being greater
than critical stresses, i.e., greater than the strength of the coating, they cause interfacial bond release
or chipping. The release of the interphase bond is correlated with the stress tensor component, i.e.,
shear stress, which causes micro- and macro-delamination.

An analysis of the indentation imprint (Figure 12) demonstrated that only small areas of
delamination were observed in coatings, with carbon contents in the range of 50-85 at.%. Considering

the nature of these damages, these coatings could be assigned, according to the classification provided
in [36], as HF2-3.
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(b)

()

Figure 12. Results of Rockwell C test: (a) square root carbon content variation profile in the range of

0-50 at.%, (b) square root carbon content profile in the range of 50 to 85 at.%, (c) parabolic carbon content
profile in the range of 0-50 at.%, (d) parabolic carbon content profile in the range of 50 to 85 at.%.

In all of the coatings, there were radial cracks of varying intensity, which pointed to the brittleness
of the coatings. Among the coatings tested, by far the smallest number of cracks and practically no
delamination was observed for the coating with a parabolic carbon content profile in the 0-50 at.%
range. This result is somewhat of a contradiction in relation to the scratch test of adhesion, as a result of
which the lowest value of the L., index was noted for this coating (Figure 11a). A similar discrepancy
in the results of the scratch test and Rockwell C test was noted in [36], where the same CrN coating was
deposited on different substrates. In all of the coatings analyzed, around the indentations, extensive
peripheral cracks were observed. The formation of these cracks was associated with the occurrence of
a plastic deformation area of the substrate around the indentation.

3.4.5. H/E and H3/E?

In accordance with the procedure for the determination of the profile of hardness change in coatings
with varying carbon contents in accordance with square root and parabolic profiles (Section 3.3),
analogous profiles were determined concerning changes in Young’s modulus values (Figure 13).
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Figure 13. Profiles of changes in Young’s modulus values in Zr—C coatings, determined based on the
carbon content profile and mixtures rule (Formula (2)). (a) Parabolic carbon content profile in the range of
0-50 at.%, (b) parabolic carbon content profile in the range of 50 to 85 at.%, (c) square root carbon content
profile in the range of 0-50 at.%, (d) square root carbon content profile in the range of 50 to 85 at.%.

Taking into account the obtained profiles and hardness change profiles (Figure 3), changes in H/E
and H3/E? ratios were determined. The former ones, according to [36—43], were related to resistance to
elastic stress, and the latter ones were related to resistance to plastic deformation. Ratios for coatings
in the ranges of 0-50 and 50-85 at.% of C are shown in Figure 14.
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Figure 14. Profiles of changes in the values of H/E indices: (a) parabolic profiles, (c) square root profiles
and H3/E?; (b) parabolic profiles, (d) square root profiles for Zr-C coatings in carbon content ranges of
0-50 and 50-85 at.%.

The profiles obtained of changes in H/E and H3/E? ratios corresponded to the values of critical
forces determined in the scratch test. Higher values of these ratios and higher values of critical force L.,
are characteristic for coatings with carbon contents in the range of 50-85 at.%. This is particularly true
for the elastic strain resistance, i.e., H/E (Figure 14a,c). In the case of resistance to plastic deformation,
there were no longer such significant differences in the values of H3/E? ratios for coatings in the carbon
concentration ranges analyzed (Figure 14b,d). This was caused by a relatively high hardness of the
coatings tested that changed in the range of 17-42 GPa [42].

3.4.6. Friction and Wear

Figure 15 shows the change in the friction coefficient value as a function of sliding distance during
the ball on disc test. The lowest coefficient of friction (COF = 0.1) was characteristic for the coating with
a parabolic profile in the carbon concentration range of 50-85 at.% (Figure 15d). For the coating with
an square root profile from this carbon concentration range of COF = 0.2, see Figure 15c. The friction
coefficient for coatings with carbon contents in the range of 0-50 at.% was significantly higher. For the
coating with an square root carbon change profile, this was 0.27 (Figure 15a), and for the coating with a
parabolic profile, it increased over a distance of 60 m from 0.36 to 0.6 (Figure 15b). When analyzing the
results obtained, it must be taken into account that the assumption is that the surface concentration
of carbon is the same and it is 50 at.%. However, in the gradient coatings tested, the carbon content
changed from the substrate to the top layer in two different carbon concentration ranges and according
to two different profiles. These changes were determined by the different nano/microstructures of these
coatings represented in surface morphology and, consequently, in the value of the friction coefficient.
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Figure 15. Dependence of the friction coefficient on the sliding distance during ball-on-disk test of
gradient Zr-C coatings with (a) square root carbon content profile in the range of 0-50 at.%, (b) parabolic
carbon content profile in the range of 0-50 at.%, (c) square root carbon content profile in the range of
50 to 85 at.%, (d) parabolic carbon content profile in the range of 50 to 85 at.%.

On the basis of the profiles of the wear track following the ball-disk test, volumetric indicators of
wear of the coatings tested were calculated (Figure 16).
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Figure 16. Volumetric wear indicator after the ball-on-disc test of gradient Zr-C coatings with various
carbon content profiles.

The analysis of the test results presented demonstrated that coatings with carbon contents in the
range of 50-85 at.% were characterized by significantly lower wear, with the lowest wear coefficient
value being obtained for the coatings with the parabolic profile. These results corresponded to the
friction coefficient values obtained. There was also a correlation between the wear values, ratios of H/E
and H3/E? and critical force values. All the results showed that coatings with carbon contents in the
range of 50-85 at.% possessed better properties characterized by critical force L.y, wear, coefficient of
friction and H/E and H3/E? ratios.

4. Conclusions

The intent of the research presented in the article was, firstly, to verify the possibility to increase
the performance of Zr—C coatings by creating the hardness gradient according to the square root and
parabolic profile, from the interphase boundary of the substrate/coating to the top layer and, secondly,
to verify what effect differences have in spatial nano/microstructural changes in coatings in the range
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of 0-50 and 50-85 at.% of C with the same hardness changes on the performance of Zr-C coatings,
mainly on their tribological behavior. In other words, the objective of the study was to answer the
question as to whether the differences in the nano/microstructure of Zr-C coatings, regardless of the
production of an appropriate change in hardness as a basic condition, affect the performance of these
coatings. When selecting the square root and parabolic profile, it was assumed that it is changes in
carbon content profiles that determine boundary and effective changes in mechanical properties of the
gradient coatings under analysis.

Based on the presented research, it appears that high hardness is a desirable property but is
not sufficient to ensure proper performance of coatings. Depending on the application, an adequate
nano/microstructure is necessary, which determines their tribological behavior.

Hardness is directly related to the nanostructure of coatings and, in particular, to the size of
crystallites, their orientation and the distribution of crystallites through the amorphous phase. In turn,
the tribological performance of the coating is the result of complex interactions of various parameters,
among which, for Zr—C coatings, the amount of amorphous phase plays an important role.

The analysis of the presented results show that gradient coatings with carbon content in the range
of 50-85 at.% have better properties, characterized by critical force L.y, wear, friction coefficient and
H/E and H3/E? ratios. The results of the Rockwell C adhesion test provide information about the
relatively good adhesion of gradient coatings to the substrate; however, the conclusions of the analysis
of the indentation observations in this test for individual coatings contradict the results of other tests.

A.  Production of coatings characterized by a gradient of hardness changes according to the square
root and parabolic profile, from the substrate/coating phase boundary to the top layer, increases
their resistance to cohesion damage characterized by critical force values Lc;.

B.  The research shows that regardless of the hardness as the key parameter characterizing
wear-resistant coatings, other properties (Young’s modulus E, coefficient of friction) and behavior
(H/E, H3/E?) also have significant impacts on the performance of Zr-C coatings.

C.  Among the studied gradient coatings, which differ in the range of changes in carbon content, i.e.,
0-50 and 50-85 at.%, lower wear rates and higher values of changes in the H/E and H3/E? ratios,
representing the resistance to elastic and plastic deformation, respectively, characterize coatings
with a higher carbon content. These results correspond to the critical forces Lcy, which are also
higher for coatings in this carbon content range.

D. In the case of coatings with a carbon content in the range of 50-85 at.%, higher values of the
critical forces Lc; and Lc; are characteristic of a coating with a square root hardness profile
compared to coatings with a parabolic hardness change profile.

E. The results obtained from direct tests (critical force Lcy, friction coefficient, wear) and based on
the application of the mixtures rule form the basis for the design of Zr-C gradient coatings with
the desired performance.
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