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Abstract: A nanocomposite CrAlSiN–AlSiN coating with periodically modulated composition was
developed and investigated regarding the effect of the composition and structure on the mechanical
properties. The modulation was performed by variation of the pressure, cathode current and bias
voltage during deposition. The structure and composition of the coating were investigated by X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy
(XPS) analyses. The coating had a nanocomposite structure consisting of (CrAl)N and (AlSi)N
nanograins embedded in a Si3N4 matrix. The EDS analysis of the cross-section revealed that the
period composition had changed from Cr051Al0.41Si0.08N to Al0.82Cr0.04Si0.14N. It was shown that
the elastic modulus could be adjusted by composition modulation. The coating hardness of 54 GPa
was obtained by nanoindentation. The modulated CrAlSiN–AlSiN coating exhibited improved
elastic strain to failure (H/E* = 0.11, H—nanohardness, E*—the effective elastic modulus), excellent
resistance to plastic deformation (H3/E*2 = 0.72), and elastic recovery of 70%, which suggested
improved toughness.
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1. Introduction

Various types of coatings, such as multicomponent, gradient, multilayer, and nanocomposite,
have been used for many years for improving surface properties of industrial tools [1–4]. Recently,
coatings combining enhanced mechanical properties (high hardness), improved tribological parameters
(high wear resistance, a low friction coefficient), high temperature stability, better wear, and oxidation
resistance have been subjected to intensive research. A wide range of applications require coatings
with high hardness (>40 GPa) and toughness [5–10]. However, superhard coatings exhibit lower
plasticity, which results in lower toughness [11,12]. A. Leynad and A. Matthews proposed the concept
of nanocomposite coatings with high hardness and low elastic modulus, which can exhibit improved
toughness and therefore better wear resistance [13]. Two ratios, H/E (elastic strain to failure, E—elastic
modulus) and H3/E2 (resistance to plastic deformation), have been used as ranking parameters
correlating to the wear resistance of the coatings [13,14]. Thus, the development of superhard coatings
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with enhanced toughness should be directed toward the development of a suitable structure and
composition, which could provide high elastic strain to failure, high resistance to plastic deformation,
and high elastic recovery (We).

Among the large variety of coatings, CrN coatings demonstrated better wear resistance under
severe tribological conditions due to its lower friction coefficient, and better corrosion and oxidation
resistance [15,16]. Cr-based ternary and quaternary coatings have been developed in order to improve
the mechanical and tribological properties demonstrated by CrN [17,18]. The quaternary CrAlSiN
systems, having high hardness, excellent wear, and oxidation resistance, have attracted increasing
attention since they promise to become multifunctional [8,9,18–20]. The modification of the CrN lattice,
by addition of Si and Al atoms, causes enhanced hardness of the structure due to the solid solution
hardening mechanism in CrAlSiN coatings [21,22]. These coatings exhibit very good resistance to
plastic deformation (H3/E2 = 0.295 GPa [9]); but an optimal H/E ratio of 0.1 or higher, satisfyingly
high elastic strain to failure, has not been achieved yet. Compared to CrAlSiN coatings, AlSiN
coatings exhibit better elastic strain to failure, but lower hardness. They also demonstrate high
resistance to plastic deformation, high temperature hardness, and high oxidation resistance [23–25].
Therefore, as layers in a multilayer structure, they might be beneficial for improving the elastic strain
to failure of CrAlSiN nanocomposites and could contribute to good wear and oxidation resistance [26].
The multilayer structure with compositional modulation along the coating growth has been shown to
be helpful in improving the properties of ternary and quaternary Cr-based coatings [27–30]. Moreover,
several studies have proven that the interlayer with a median H/E ratio improves the wear resistance
of the coating [30].

In this study, we propose a nanocomposite CrAlSiN–AlSiN coating with periodically modulated
composition. The suggested structure targets improvement of the mechanical and tribological
properties through hardness enhancement, increase in the elastic strain to failure, and resistance
to plastic deformation. Two reference nanocomposites, CrAlSiN and AlSiN, were also developed.
The results from the comparative study of the mechanical properties, structure, and composition of the
modulated CrAlSiN–AlSiN coating and monolayer nanocomposites, CrAlSIN and AlSiN, are presented
and discussed.

2. Experimental Details

2.1. Coating Preparation

The modulated CrAlSiN–AlSiN coating and reference nanocomposites, CrAlSiN and AlSiN,
were deposited onto 5 mm-thick disks (coupons) of high-speed stainless steel (HSS) with a diameter of
10 mm for mechanical and tribological measurements; and on 10 mm × 10 mm square stainless steel
DIN 1.4541 substrates (SS) for morphology, composition, and structure investigations. Preliminarily,
the specimens were subjected to ultrasonically cleaning in an alkaline solution, followed by rinsing
in de-ionized water and drying at 130 ◦C. The coatings were deposited by cathodic arc evaporation
using a π80+ LARC® system (Platit, Grenchen, Switzerland) from two lateral rotating cathodes of Cr
(99.99 wt.%) and AlSi alloy (82 at.% Al, 18 at.% Si). A three-axis planetary system was used to obtain
uniform coating thickness [31]. Two cleaning treatments, using Ar discharge and Cr ions at a bias
voltage of 1000 V, were performed prior to coating deposition. Coating deposition was performed in a
nitrogen (99.9999%) atmosphere at a pressure in the range of 9 × 10−1 to 4 Pa, depending on the required
composition. The process started with deposition of a contact layer composed of Cr adhesion and CrN
transition layers, followed by a CrAlSiN gradient layer. Next, the main structure of the coating was
formed in three alternate periods with modulated composition. In each period, the composition was
gradually modulated from Cr-rich to Al-rich regions (called CrAlSiN and AlSiN sublayers) by variation
of the cathode current. The CrAlSiN sublayer was formed by changing the current of the Cr (ICr)
and Al + Si (IAl+Si) cathodes from 125 to 120 A, and from 135 to 145 A, respectively. The bias voltage
was maintained at −45 V. The AlSiN sublayer was deposited at an Al + Si cathode current of 160 A,
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and a bias voltage of −90 V. The transition between both sublayers was accomplished with a thin film,
grown by gradually changing ICr from 120 A to zero, while IAl+Si increased to 160 A. The transition
between the periods was also gradually formed by increasing ICr to 125 A, and decreasing IAl+Si to
135 A. The scheme illustrating the deposition process is presented in Figure 1.
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Figure 1. A scheme of the coating deposition in the chamber of the machine Platit π80+.

The contact layer of the CrAlSiN and AlSiN nanocomposites was the same as that of the modulated
coating. During deposition of the CrAlSiN nanocomposite film, the current of the Cr and Al + Si
cathodes was 120 and 145 A, respectively. The bias voltage was −45 V. The AlSiN nanocomposite film
was deposited at an Al + Si cathode current of 160 A, and a bias voltage of −90 V.

The modulated coating and reference nanocomposites were deposited at a constant temperature of
500 ◦C. After coating deposition, two-hour annealing at 525 ◦C in a nitrogen ambience was performed.

2.2. Characterization Methods

The mechanical properties were investigated using nanohardness measurements obtained using
Compact Platform CPX (micro indentation tester/nanoindentation tester (MHT/NHT)) equipment
(CSM Instruments, Anton Paar, Graz, Austria). Nanoindentation was performed with a certificated
diamond Berkovich indenter within the loading interval of 5–500 mN. Six indentations were performed
at each load. The Oliver–Pharr method was used to determine the nanohardness, elastic modulus,
penetration depth, and stiffness from the load–displacement curves [32].

Coating thickness was measured using the ball-erosion method [33]. A rotating stainless steel
sphere (ball) with a diameter of 30 mm was used to create an abraded area. Fine slurry, with diamond
particles of 0.25 µm in diameter, was used. The thickness was calculated from the image of the
projected surfaces of the abraded coating and substrate sections, using the charge-coupled device
(CCD) camera (UEye UI-2220-C-BG, IDS Imaging Development Systems GmbH, Obersulm, Germany),
and positioning system of the CPX Compact Platform.

Coating composition was studied by a dual beam scanning electron microscope/focused ion beam
system (SEM/FIB LYRA I XMU, TESCAN, Brno, Czech Republic), equipped with an energy dispersive
X-ray analysis (EDX) detector (Quantax 200, Bruker, Billerica, MA, USA), which was used for element
analyses in point, line scan, and mapping modes. The beam energies for EDX acquisition were 30 keV
(for mapping) and 5 keV (in point mode) with specimen currents around 0.1 nA. Lower energies
were used to reduce parasitic signal from the adjacent layers. Powder X-ray diffraction patterns
were collected within the range of 5.3◦ to 80◦ 2θ with a constant step of 0.02◦ 2θ, on a D8 Advance
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu-Kα radiation and a LynxEye detector
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(Bruker AXS GmbH, Karlsruhe, Germany). Phase identification was performed with Diffracplus
EVA (version V4, release 2014, Bruker AXS GmbH, Karlsruhe, Germany) using ICDD-PDF2 Database.
Unit cell parameters and mean crystallite size were determined with the Topas-4.2 software package
using the fundamental parameters peak shape description, including appropriate corrections for the
instrumental broadening and diffractometer geometry. The XPS measurements were carried out using
an AXIS Supra electron spectrometer (Kratos Analytical Ltd., Manchester, UK), using Al-Kα radiation
with photon energy of 1486.6 eV. The energy calibration was performed by normalizing the C1s line of
adsorbed adventitious hydrocarbons to 284.6 eV. The binding energies (BE) were determined with
an accuracy of ±0.1 eV, and the deconvolution of the peaks were performed using the commercial
data-processing software ESCApeTM from Kratos Analytical Ltd., Manchester, UK.

3. Results and Discussion

3.1. Thickness

Figure 2 presents the craters formed by the ball-erosion method, which were used for coating
thickness determination. The concentric circumferences in Figure 2a present the sublayers forming
the modulated structure of the CrAlSiN–AlSiN coating. The innermost light ring with a thickness of
600 nm coincides with the contact layer between the substrate and the first coating period. The rings
that follow are assigned to the sublayers of the modulated periods. The light rings correspond to the
CrAlSiN sublayers, while the dark ones are the AlSiN sublayers. The thickness of the CrAlSiN and
AlSiN sublayers is 610 and 790 nm, respectively. The total thickness of the modulated CrAlSiN–AlSiN
coating was determined to be 4.8 µm.
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Figure 2. An image of the calotest crater of: (a) a compositionally modulated CrAlSiN–AlSiN coating;
(b) a CrAlSiN nanocomposite; and (c) an AlSiN nanocomposite.

Figure 2b,c presents the images of the abraded craters of the CrAlSiN and AlSiN nanocomposites,
respectively. The relevant thicknesses for the above nanocomposites were determined to be 4.4 and
5.0 µm.

3.2. Mechanical Properties

The loading–unloading curves were measured to determine the parameters characterizing the
mechanical properties, nanohardness (H), elastic modulus (E = E*(1 − ν2), E*—the effective elastic
modulus, ν—the Poisson ratio), and elastic recovery (We). The measurements were performed on high
speed steel HSS coupon specimens with a hardness of 13 GPa. Poisson’s ratio was assumed to be
0.25 [34]. Figure 3 presents the typical loading–unloading curves of the compositionally modulated
CrAlSiN–AlSiN coating, and the reference CrAlSiN and AlSiN ones, measured at a load of 20 mN.
The area between the unloading curve and the perpendicular to the displacement axis defines the elastic
recovery work (We). The different maximum displacement of the indenter into the surface at the same
load of 20 mN related to different nanohardnesses. The lower displacement into the CrAlSiN–AlSiN
coating indicated higher nanohardness in comparison with the reference CrAlSiN and AlSiN coatings.



Coatings 2020, 10, 41 5 of 13

The load–displacement curve of the compositionally modulated CrAlSiN–AlSiN coating showed the
highest elastic recovery work after indentation, implying it has the highest elasticity.Coatings 2020, 10, x FOR PEER REVIEW 5 of 13 
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Figure 4 presents the change of the hardness and elastic modulus into the coating depth.
The nanohardness of all coatings gradually decreases with the coating depth. Maximum nanohardness
of 54, 49, and 46 GPa was determined for the CrAlSiN–AlSiN, CrAlSiN, and AlSiN coatings, respectively.
This hardness could be accepted independent of the substrate effect because the corresponding
indentation depth is lower than 10% of the coating thickness. The enhanced nanohardness of the
coatings could be due to two mechanisms: the solid solution hardening effect, and/or formation of a
nanocomposite structure [21,22,35–37]. The hardness of the CrAlSiN–AlSiN coating decreases very
slowly into the coating depth, and even at a depth of 800 nm, it is still high—40 GPa. The reference
AlSiN coating shows the same downward tendency of decrease, from 46 to 34 GPa, in the same
indentation depth interval. Both coatings exhibit the same decrease magnitude of 1.35. The hardness
of the CrAlSiN nanocomposite reduces more steeply, and at a depth of 800 nm it lowers 1.53 times,
from 49 to 32 GPa. We associate this steeper decrease with the lower thickness of the coating. In the
indentation depth of 900 to 1200 nm, the hardness of the modulated coating decreases rapidly to
29 GPa, reaching the values of the reference coatings. The observed fast reduction of the calculated
coating hardness is caused by the increased influence of the low-hard substrate.
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Similarly, the elastic modulus decreases with the increase of the indentation depth and at 1200 nm
it reaches values close to the elastic modulus of the substrate (285 GPa). The reference coatings
demonstrate behavior typical of superhard nanocomposites, in which the enhanced hardness relates to
a high elastic modulus. An elastic modulus of 483, 468, and 560 GPa, corresponding to the maximum
hardness, was calculated for the CrAlSiN–AlSiN, AlSiN, and CrAlSiN coatings, respectively (Figure 5a).
This result shows that the elastic modulus of the coating with modulated composition is quite low in
comparison with the reference CrAlSiN coating, and very close to that of the AlSiN one. We assume
that the increased amount of the AlSiN compound in the modulated CrAlSiN–AlSiN coating causes
its moderate elastic modulus. Figure 5 presents a comparison between the mechanical properties of
the modulated CrAlSiN–AlSiN coating, and the reference CrAlSiN and AlSiN ones. The modulated
CrAlSiN–AlSiN coating exhibits the highest H/E* ratio of 0.11, indicating improved elastic strain
prior to failure, which relates to improved resistance of the CrAlSiN–AlSiN coating to mechanical
degradation under external influence. Ratios of 0.08 and 0.9 were determined for the CrAlSiN and
AlSiN nanocomposites, respectively. A high value of the ratio H3/E*2 = 0.72 was determined for the
CrAlSiN–AlSiN coating as well, which suggests improved resistance to plastic deformation. The latter
leads to an increase in the coating resistance to crack formation and low brittleness. Hence, the high
H3/E*2 ratio implies high wear resistance, which is important for the tool reliability in the working
process. Elastic recovery of 70%, 54%, and 67% was determined for the CrAlSiN–AlSiN, CrAlSiN,
and AlSiN coatings, respectively, which indicates that the coating with a periodically modulated
composition featuring the highest elastic recovery possesses high elasticity, improved toughness,
and superhardness.
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3.3. Composition and Structure

The composition modulation of the CrAlSiN–AlSiN coating was examined by EDX analysis of
the cross section in six characteristic points outside the gradient interfaces between the sublayers.
The SEM image of the cross-section with well distinguished Cr-rich and Al-rich sublayers is presented
in Figure 6. The cross-section reveals excellent coating adhesion to the substrate and cohesion between
the sublayers. No delimitations or voids were observed in the coating depth. The coating exhibits
a dense structure without any indications of columnar growth. The coating thickness of 4.74 µm,
measured by SEM cross-section observation, agrees very well with the value determined using the
ball-erosion method.
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The element content and the sublayer composition are summarized in Table 1. The composition
of the reference coatings is presented as well. The element content makes it possible to consider
the coating composition stoichiometric with regard to the N

Cr + Al + Si ratio, which proves that the
modulated periods are composed of stoichiometric sublayers. The element composition shows that
the Si/Al ratio in the AlSiN sublayers and the corresponding reference coating are lower than that in
the CrAlSiN sublayers and the corresponding reference coating. We suggest that this discrepancy
is due to re-sputtering, which is intensified at the higher bias voltage used during deposition of
the AlSiN sublayers. The ionized Si atoms reaching the surface, are positioned close to the surface,
thereby increasing the possibility of re-sputtering by the impinging particles; while the Al atoms reach
the surface with higher energy, resulting in subplantation, which decreases the possibility of their
re-sputtering [38].

Table 1. Element composition of the modulated CrAlSiN–AlSiN and reference CrAlSiN and
AlSiN coatings.

Coating Period/Sublayer Element Concentration, at.% Elemental
CompositionN Al Cr Si

CrAlSiN–AlSiN

CrAlSiN 49 21 26 4 Cr051Al0.41Si0.08N
AlSiN 50 41 4 7 Al0.82Cr0.04Si0.14N

CrAlSiN 50 19 27 4 Cr0.54Al0.38Si0.08N
AlSiN 50 41 2 7 Al0.82Cr0.04Si0.14N

CrAlSiN 51 20 25 4 Cr0.51Al0.41Si0.08N
AlSiN 50 40 3 7 Al0.80Cr0.06Si0.14N

CrAlSIN CrAlSiN 50 19 27 4 Cr0.54Al0.38Si0.08N

AlSiN AlSiN 50 41 1 8 Al0.82Cr0.02Si0.16N
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Nevertheless, in both compositions, the Si content is high enough, suggesting a reduction in grain
size and formation of an amorphous SiNx phase. The Si content of 7%–8% in the AlSiN composition
facilitates the grain size decrease in the film [23]. The detected chromium in the Al-rich sublayers and
in the reference coating, is caused by the diffusion process from the adjacent Cr-rich layers during high
thermal treatments. As expected, the composition of the Cr-rich and the Al-rich sublayers is consistent
with the compositions of the reference CrAlSiN and AlSiN nanocomposites, respectively, because of
the same deposition conditions.

Two types of specimens were prepared for the XPS analysis of the Cr-rich and Al-rich sublayers,
with CrAlSiN and AlSiN top layers, respectively. The escape depth of the emitted photoelectrons is in
the range 1–5 nm, depending on their kinetic energy. Figure 7 illustrates the fitted Cr2p, Al2s, Si2p,
and N1s high-resolution photoelectron spectra of the CrAlSiN and AlSiN sublayers.
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modulated coating.

The peaks of the deconvoluted Cr2p spectra are assigned to different chemical states according
to reference data. The peaks centered at 575.5 and 584.8 eV, were recognized as Cr2p3/2 and Cr2p1/2

respectively. They relates to Cr–Al–N bonds, implying the existence of a (Cr,Al)N phase [9,39].
The Cr2p3/2 peak at 576.8 eV was assigned to the Cr–N bond in the Cr2N phase. It should be noted
that this peak might correspond to Cr2O3 (usually appearing between 576 and 577 eV) as well [40].
The peak centered at 579.0 eV might be attributed to CrO3. The maximum of the binding energy of
Al2p was determined at 74.0 eV (not shown). Because the positions of the Al2p and Cr3s peaks overlap,
the Al2s spectrum was measured for clarification. The Al2s peak was identified at binding energy of
118.7 eV, which related to the Al–N bond in AlN or (CrAl)N phases [7,10,41]. The deconvolution of
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the N1s peak displayed that it consists of 3 components. The main peak at 396.6 eV was identified as
nitrogen bonded to aluminum and chromium (Al–N, Cr–N, Cr–Al–N) [9,20]. The peak at 397.6 eV
could be assigned to nitrogen in Si–N [20]. The low intensive peak at 395.4 eV is most probably due
to N–N defects in Al–N [42]. In the Si2p spectrum, the binding energy for the Si2p level appeared at
101.5 eV, confirming the presence of stoichiometric Si3N4 [43]. Consequently, the XPS measurements
identified three types of bonds, Cr–N, Al–N, and Si–N, which dominate in the CrAlSiN–AlSiN coating.

XRD measurements were performed to investigate the coating phase composition. A powder XRD
pattern of the modulated CrAlSiN–AlSiN coating is presented in Figure 8a. The sharp peaks of the
stainless steel substrate (SS) are referred to a cubic unit cell with parameter 3.5955(5) Å (S.G. Fm-3m).
The cubic unit cell parameter of the substrate was 2.867(7) Å (S.G. Im-3m), and the mean crystallite size
was determined to be 97 nm. The film comprises two crystalline phases, together with a certain amount
of amorphous component. Impurity peaks of individual Cr–Si or Si–N phases were not detected.
The first observed crystalline phase is a face-centered cubic CrN-type (S.G. Fm-3m). Preferred (200)
orientation centered at 37.48◦ was detected. The same preferred orientation was reported for CrAlSiN
nanocomposite coatings deposited by the same technique [30]. The detected diffraction peaks tend to
shift to the smaller angles, compared to the standard PDF cards. The unit cell parameter of 4.155(2) Å
of the cubic phase presented in the coating is slightly higher than the unit cell parameters 4.148 Å of
pure CrN. We attribute this increase in the lattice parameter to the substitution of the smaller Cr atoms
(at.r. 127 pm) by the larger Al atoms (at.r. 143 pm), in the fcc–CrN lattice showing the formation of the
fcc–(CrAl)N solid solution [8]. The mean crystallite size of the fcc–(Cr,Al)N phase was determined to
be 9 nm. The value of 2.47 × 10−3 calculated for the strain parameter indicates that incorporation of
Al into the CrN lattice may occur not only by substitutional replacement of Cr, but also by being in
interstitial positions.
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AlSiN coatings.

The second crystalline phase is a hexagonal AlN-type (S.G. P63mc) with preferred (100) orientation
of the crystallites, and unit cell parameters of a = b = 3.152(2) Å and c = 5.018(5) Å (“a” and “b” denote
the cell parameters along a-axis and b-axis, respectively; “c” is the cell parameter along c-axis). The ratio
of the unit cell parameter c/a = 1.59 is a little lower than that of the pure AlN (1.60). This result implies
the existence of a bond shorter than the Al–N bond in pure AlN [44]. Among the possible bonds of the
Si atoms in the Al–Si–N system, only the Si–N bond is shorter than the Al–N bond [45]. This result
suggests that Si atoms (at.r. 134 pm) substitute for the Al atoms in the AlN lattice, and the formation of
the (AlSi)N solid solution is possible. However, as a whole, the lattice parameters are higher than the
corresponding ones of pure AlN (PDF 00-025-1133), which might be due to the fact that the lattice
of the hexagonal phase should match the lattice of the cubic phase in the coating, or incorporate Si
in it. Peaks of the hexagonal phase are broader than those of the CrN-type, and the calculated mean
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crystallite size for the hcp-AlN phase is 7 nm. The strain parameter of this phase was calculated to be
1.7 × 10−3.

XRD patterns of the reference CrAlSiN and AlSiN coatings are presented in Figure 8b. The peaks
of the substrate (marked SS) correspond to a cubic unit cell with parameter 3.5955(5) Å (S.G. Fm-3m).
Both XRD patterns exhibit peaks from different lattice planes, indicating that both coatings are
polycrystalline with random grain orientation. The CrAlSiN film comprises of one crystalline phase,
which could be recognized as a face-centered cubic (Cr,Al)N [8]. A mean size of 16 nm was calculated for
the CrAlN crystallites. No Cr–Si phase was detected in the CrAlSiN coating. The XRD patterns of the
AlSiN coating indicate that the film crystallizes in a hexagonal AlN-type (S.G. P63mc). The diffraction
peaks could be assigned to the hcp-(AlSi)N phase [45]. A mean crystallite size of 5 nm was determined
in the AlSiN coating. No Si–N phase was detected in either coating, which indicates that SiNx might
exist in the film in amorphous state.

The XPS and XRD analyses revealed that the CrAlSiN–AlSiN coating is a nanocomposite composed
of nanocrystallites embedded in an amorphous matrix. It was found out that the nanocrystalline
phase consists of solid solution (CrAl)N and (AlSi)N crystallites, with a mean size of 9 nm and 7 nm,
respectively. This refined coating structure causes by the existence of the amorphous Si3N4 phase,
which segregates along the (CrAl)N and (AlSi)N crystallite boundaries. The latter is facilitated by the
higher Si quantity, which exceeds the solubility limit in the CrN [8] and AlN [45] lattices. Besides,
the formed Si3N4 phase interrupts the continuous growth of nitrides, prevents the dislocation and
crack propagation, and hampers the grain boundary sliding. Thus, solid solution and nanocomposite
hardening occur, which explains the observed enhancement of the coating hardness.

According to the EDS results, the coating composition is periodically modulated from
Cr051Al0.41Si0.08N to Al0.82Cr0.04Si0.14N. This means that along the period, two areas could be
distinguished: one dominated by Al1−xSixN nanograins, and a second one where Cr1−xAlxN nanograins
prevail. The different chemical composition corresponds to different chemical bonds between the
elements, each of them having different bond strength. It is known that bond strength affects the
physical and mechanical properties of the solid state. Bond strength directly influences the elastic
modulus of the material. The higher the bond strength, the higher the elastic modulus of the
material is [46]. Among the bonds revealed by the XPS analysis in the CrAlSiN–AlSiN coating,
two basic bond types were recognized in the nanocrystalline phase. One of them relates to the
stronger Cr–N bond (377.8 ± 18.8 kJ/mol), and the second one is associated with the weaker Al–N bond
(297 ± 96 kJ/mol) [47]. Thus, because of the modulation of the coating composition, the elastic modulus
is modified as well. We believe that due to the higher Al amount in the composition, the influence of the
Al–N bonds is greater, which causes a decrease in the elastic modulus of the modulated CrAlSiN–AlSiN
nanocomposite coating, compared to the CrAlSiN nanocomposite.

4. Conclusions

The CrAlSiN–AlSiN coating reported in this study has a nanocomposite structure consisting of
an amorphous Si3N4 matrix, in which nanocrystallites with sizes of 9 nm and 7 nm are incorporated.
The XRD and XPS analyses revealed that nanocrystallites are composed of (CrAl)N and (AlSi)N.
This structure causes enhanced coating hardness of 54 GPa. The coating composition is periodically
modulated, as Cr-rich (Cr051Al0.41Si0.08N) and Al-rich (Al0.82Cr0.04Si0.14N) regions are formed in each
period. As a result of the modulated composition, the elastic modulus of the coating has a moderate
value of 483 GPa, which is much lower than that of the reference Cr054Al0.38Si0.08N nanocomposite,
and slightly higher compared to that of the reference Al0.82Cr0.02Si0.16N nanocomposite. The improved
elasticity relates to the better elastic recovery of 70%. The CrAlSiN–AlSiN coating exhibits improved
elastic strain (H/E* = 0.11) and very good resistance to plastic deformation (H3/E*2 = 0.72). This result
implies improved resistance to mechanical degradation and failure under higher stresses, and improved
ability to absorb energy at deformation before fracture.
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The results of this study showed that the CrAlSiN–AlSiN coating with periodically modulated
composition possesses enhanced hardness and improved toughness. The developed coating will be
subjected to further research on its surface morphology and coefficient of friction. The effect of the
post-deposition thermal treatment, thermal stability, and wear resistance at high temperatures will be
investigated as well.
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