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Abstract

TiN/CrN multilayer coatings with bilayer periods of 20 and 30 nm and TiN:CrN layer
thickness ratios of 1:1, 1:2 and 2:1 were deposited on 40Kh steel substrates by pulsed direct
current magnetron sputtering (pDCMS). The phase composition (XRD), microstructure
(SEM), mechanical (nanoindentation, scratch testing), tribological (dry sliding and bound-
ary lubrication), and corrosion (potentiodynamic polarization in 3.5 wt.% NaCl) charac-
teristics of the coatings were examined. Increasing the TiN volume fraction increased na-
nohardness and elastic modulus reaching a maximum H3E? = 0.186 GPa. The A30-
TiN(20)/CrN(10) coating showed the best adhesion (La = 14.4 N, L = 17.7 N, CPRs = 48
N?) and the lowest wear rate both under dry sliding and under boundary lubrication
(1.2x105 mm3/(N-m)). In contrast, CrN dominance (A30-TiN(10)/CrN(20)) sharply de-
graded the tribological behaviour (the wear rate increased by almost an order of magni-
tude) and caused catastrophic localized pitting in the corrosion tests. At the same time,
the best corrosion resistance (Ecorr = —0.47 V, the most extended quasi-passive region) was
achieved at the smallest bilayer period. A balanced composition, A20-TiN(10)/CrN(10),
owing to the highest density of interlayer boundaries, effectively blocks through-thickness
growth defects. The architectures that are optimal in terms of mechanical/tribological and
of corrosion criteria do not coincide, which indicates that the TiN:CrN ratio has to be cho-
sen according to the dominant type of service loading. The results obtained show that
varying the thickness ratio of the TiN and CrN layers at bilayer periods of 20 and 30 nm
makes it possible to tune the balance of hardness, wear resistance, adhesion and corrosion
resistance of multilayer coatings on structural steels.

Keywords: TiN/CrN multilayer coatings; pulsed direct current magnetron sputtering;
bilayer period; nanoindentation; scratch test; corrosion

1. Introduction

Today, the requirements imposed on machine parts and equipment operating under
load, friction, and wear (engine and machine components, pump and compressor parts,

Coatings 2026, 16, 1114

https://doi.org/10.3390/coatings16091114



Coatings 2026, 16, 1114

2 of 19

stamping, pressing, and cutting tools, and others) are becoming ever more stringent. In an
aggressive environment, these parts undergo not only tribological wear under mechanical
loading but also inevitable attack by corrosive media. Under this combined attack, the
surface of the parts degrades faster, which leads to destruction of the surface material.
Premature failure results in considerable economic losses [1-3]. According to the general-
ized estimate of Holmberg and Erdemir, about 23% of global energy consumption is di-
rectly or indirectly related to tribological interactions, and roughly one third of this
amount is due to losses caused by wear and the subsequent restoration of components [4].
Various structural alloy steels, including 40Kh steel (equivalent to AISI 5140, DIN 41Cr4),
are widely used in the manufacture of pumps and shafts [5,6], but their corrosion and
wear resistance is limited. Surface modification or treatment approaches are therefore
needed that can simultaneously improve the corrosion and wear resistance of structural
steels [7,8]. One effective way of solving this problem is to apply protective and antifric-
tion coatings to the surface [9,10].

Among the surface modification techniques, physical vapour deposition (PVD) holds
a leading position because it allows the controlled synthesis of dense, uniform films at
temperatures that do not exceed the tempering temperature of most alloy steels [5]. Within
this approach, coatings based on transition metal nitrides form a separate class of protec-
tive and antifriction systems, among which TiN/CrN multilayer coatings stand out be-
cause they combine accessible technology, a well-established deposition process and good
in-service performance [5,11-13]. The microstructure and properties of TiN/CrN multi-
layers are closely related to the deposition parameters and to the coating architecture. Re-
cent years have seen intensive study of the mechanical, tribological, and corrosion prop-
erties of these coatings. The overwhelming majority of published work focuses on varying
the bilayer period A at a fixed TiN/CrN layer thickness ratio of 1:1. For XC48 steel, for
example, it has been shown that decreasing A from =240 to =12 nm at equal TiN and CrN
fractions raises the nanohardness of the multilayer above 40 GPa and the Young modulus
above 600 GPa through an increase in the number of interfaces up to 300 [14]. Paulitsch
et al. [15] found that reducing A from 7.8 to 6.4 nm lowers the friction coefficient of
CrN/TiN from 0.7 to 0.35. Decreasing A at equal layer fractions also improves the sliding
resistance under dry friction conditions.

At the same time, systematic studies in which the period A is kept constant while the
TiN/CrN thickness ratio itself is varied remain scarce. For example, Tu et al. [16], using a
hybrid HiPIMS/AIP technology to deposit Cr2N/TiN with a thickness ratio of ~158 nm
Cr2N to 28 nm TiN, obtained a maximum hardness of 25.1 GPa and an adhesion level of
HF1. The hexagonal Cr2N phase, which forms when the Nz flow to the Cr target is insuf-
ficient, disrupts the coherence of the interfaces and suppresses the superlattice strength-
ening mechanism. Su et al. [17] showed that when the ratio is shifted in favour of TiN
(TiN:CrN = 2:1), the optimum period shifts to A = 15-20 nm because of the changed ge-
ometry of the interfacial stresses.

At a constant bilayer period, the ratio of the individual TiN and CrN layer thicknesses
acts as an independent variable that governs the structure and the resulting properties of
TiN/CrN multilayers. It is this ratio that determines the volume fractions of two phases
with opposite functional roles: TiN carries the main load and provides the load-bearing
capacity, whereas CrN is responsible for ductility, corrosion resistance, and the reduction
in residual compressive stresses in the system. Changing the TiN:CrN thickness ratio at a
fixed A makes it possible to re-tune the balance between strength and toughness without
changing the number of interfaces or the overall density of crystalline boundaries. This
decouples the effect of the phase fractions from that of the interface density in the for-
mation of the service characteristics. Moreover, for medium-strength structural chromium
steels such as 40Kh, studies of multilayer TiN/CrN systems are few, although it is precisely
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for this group of materials that the problem of the protective properties of the coating is
most acute [5,8].

Thus, an analysis of the current literature shows that most studies deal with TiN/CrN
coatings with a constant A in the superlattice range (A < 30 nm), whereas the effect of the
thickness ratio of the constituent layers at a fixed A = 20-30 nm remains systematically
unexplored within a single experiment. Accordingly, in the present work, pDCMS was
used to deposit TiN/CrN multilayer coatings with bilayer periods of 20 and 30 nm and a
varying TiN/CrN thickness ratio on 40Kh steel substrates. The phase composition, micro-
structure, mechanical properties, and tribological and corrosion characteristics of the re-
sulting systems were studied under dry sliding and under boundary lubrication. The
work aims to reveal the controlling influence of the ratio of the functional layers within
the studied range of modulation periods on the formation of the protective and antifric-
tion characteristics of the TiN/CrN system, and to identify the composition that provides
the optimum balance of hardness, adhesion, wear resistance, and corrosion resistance of
the coatings.

2. Materials and Methods

2.1. Substrate Preparation and Coating Deposition

The TiN/CrN multilayer coatings were deposited on the surface of 40Kh steel (258
mm x 2 mm), p-type single-crystal silicon Si(100) wafers (SW GmbH, Schramberg, Ger-
many), and A99 aluminum foil (Eurofoil Luxembourg S.A., Dudelange, Luxembourg) by
pDCMS. The steel substrates were used for the tribological tests, the silicon for imaging
the morphology and cross-section of the coating, and the foil for preparing powder sam-
ples of the coating for X-ray phase analysis. Prior to deposition, the 40Kh steel substrates
(GOST 4543-2016 [18]) (Severstal, Cherepovets, Russia) were ground on abrasive papers up
to P2000 grit, mirror-polished with diamond paste to a final particle size of 1 um, and
ultrasonically degreased in absolute ethanol for 20 min. Table 1 lists the chemical compo-
sition of the steel. The nitride layers were grown from separate titanium (VT1-0, 99 mm in
diameter) and chromium (ERKh-1, 75 mm in diameter) targets, the chemical compositions
of which are specified by GOST 19807-91 [19], and TU 14-22-164-2002 [20] and summa-
rized in Tables 2 and 3. A fixed target-to-substrate distance of 30 cm was maintained dur-
ing all deposition runs.

The working chamber was evacuated to a base pressure of 5x10- Pa before each dep-
osition run. All substrates were subsequently ion-cleaned for 10 min in argon at 0.3 Pa
using an APEL-IS-21CELL ion source (Applied Electronics, Tomsk, Russian Federation)
operated at a plasma current of 50 mA and an accelerating voltage of 2.0 kV. The TiN and
CrN nanolayers were then grown from two separate magnetrons, an APEL-MRE100 for
titanium and an MKE-95/100 for chromium (Applied Electronics, Tomsk, Russian Feder-
ation). The magnetron discharge was powered by an APEL-M-5PDC-1000A-1 pulsed DC
power supply (Applied Electronics, Tomsk, Russian Federation) operating in current-reg-
ulation mode. Both magnetrons were driven from this unit through separate output chan-
nels at a pulse repetition frequency of 60 kHz and a duty cycle of 65%, which corresponds
to a pulse period of 16.7 ps with a pulse-on time of 10.8 ps and a pulse-off time of 5.8 us.
The discharge current was set to 2.0 A for the titanium target and 0.7 A for the chromium
target. The substrate bias was supplied by a separate power supply operating in continu-
ous (non-pulsed) DC mode and was kept constant at =100 V throughout the deposition.
The flow rates of the inert and reactive gases were regulated by RRG-12 mass flow con-
trollers (Eltochpribor, Moscow, Russian Federation), with argon serving as the inert gas
and nitrogen as the reactive gas, both of 99.999% purity. A titanium adhesion layer 200
nm thick was deposited first to improve the bonding between the coating and the steel
substrate. The deposition parameters of all the coatings obtained are given in Table 4. All

https://doi.org/10.3390/coatings16091114



Coatings 2026, 16, 1114

4 of 19
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other process parameters were kept unchanged except for the sputtering time, since each
layer has its own deposition rate. Three variants of TiN/CrN multilayer coatings with dif-
ferent layer thickness ratios were deposited, as shown schematically in Figure 1: 1/1, 1/2
and 2/1. These samples are designated as AX-TiN(a)/CrN(b), where AX corresponds to
the bilayer modulation period and the numbers in parentheses correspond to the thick-
nesses of the individual TiN and CrN layers expressed in nanometres. The three coatings
form two comparison pairs. A30-TiN(10)/CrN(20) and A30-TiN(20)/CrN(10) have the
same bilayer period of 30 nm and differ only in which layer is thicker, which isolates the
effect of the TiN:CrN ratio at a constant number of interfaces. A20-TiN(10)/CrN(10) serves
as the symmetric reference with equal layer thicknesses. Table 5 lists the main character-

istics of the coatings obtained.

Table 1. Chemical composition of 40Kh steel according to GOST 4543-2016 [18].

S, % P, % Cl‘, % Cu, %
<0.035 <0.035 0.8-1.1 <0.3

C, % Si, % Mn, % Nl, %
0.36-0.440.17-0.37 0.5-0.8 <0.3

Steel Grade
40Kh

Table 2. Chemical composition of VT1-0 titanium according to GOST 19807-91 [19].

A=20nm, TiN:CrN =1:1

Thickness, um

Ti

Steel

Titanium Grade Ti,% Fe,% Si, % C, % 0, % N,% H,% Others
VT1-0 9Z§2§_ <0.25 <0.1 <0.07 <0.2 <0.04 <0.01 <0.30
Table 3. Chemical composition of ERKh-1 chromium according to TU 14-22-164-2002 [20].
Chromium o i OrM88 Noug/s  Cug/g S pug/g  Fe uglg
Cr, %, Min
Grade (ppm), Max (ppm), Max (ppm), Max (ppm), Max (ppm), Max
ERKh-1 99.95 50 50 80 20 80
A30-TiN(10) /CrN(20) (c) A30-TiN(20) /CrN(10)
= A =30nm, TiN:CrN =1:2 " A =30nm, TiN:CrN =2:1
A O A
2 2
£ g
i 1 i 1
“10nm ~20 nm =10inm
~10 nm ~T0nm AV
0 il 0 Ti
Steel Steel

Legend: [] TiN nanolayer

[] Steel substrate

[] CrN nanolayer [ ] Tilayer (200 nm)

Figure 1. Schematic illustration of the architecture of the deposited TiN/CrN multilayer coatings
with different TiN-to-CrN layer thickness ratios: (a) A20-TiN(10)/CrN(10); (b) A30-TiN(10)/CrN(20);
(c) A30-TiN(20)/CrN(10).
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Table 4. pDCMS parameters used for the deposition of the TiN/CrN multilayer coatings.

Coating Deposition Parameters

D i?;;i;igon S[.)utterir-lg Chamber Inert and Reactive Target Current,
Time, min Pressure, Pa Gas Flow, L/h A

TiN(l(/);?ng(lO) 125 04 For TiN: argon 11+ 17 2/Cr=07

manene % % rentmentns TECe07

TiN(Z(/)\)?g_rN(lo) 130 0.4 nitrogen 035y cr=07

Table 5. Main parameters and characteristics of the TiN/CrN multilayer coatings.

Thick f th
. Bilayer Period and i ne.ss of the Average Deposition
Coating . Multilayer
Designation Layer Ratio Coating, pm and Roughness Rate,
TiN/CrN g (Ra), nm nm/min
Number of Layers
40Kh steel 1
(substrate)
A20- A =20nm, 10 nm/10
TiN(10)/CrN(10) nm 2.8-260 23 25
A30- A =30nm, 10 nm/20
2.8-17 2
TiN(10)/CrN(20) nm 8173 35 ?
A30- A =30 nm, 20 nm/10
TiN(20)/CrN(10) nm 2.75-173 14 21

2.2. Coating Characterization

The phase composition of the TiN/CrN multilayer coatings was examined by X-ray
diffraction (XRD) on a D8 Advance diffractometer (BRUKER, Ettlingen, Germany) with
Cu-Kou radiation (A = 1.540598 A). Powder samples for the analysis were prepared by
depositing the coatings onto aluminum foil and subsequently separating them from the
substrate. The patterns were recorded over 20 = 4-90° with a step size of 0.01° and a scan
rate of 0.1-1°/min at 35 kV and 20 mA. Phase identification was performed with the EVA-
Search/Match module against the Powder Diffraction File PDF-2 rel. 2023 database. The
same module computed the degree of crystallinity automatically as the ratio of the inte-
grated intensity of the crystalline reflections to the total integrated intensity of the pattern
after background subtraction; these values serve for comparison within the series and are
not treated as absolute quantities.

The surface morphology and the cross-sections of the multilayers were examined by
scanning electron microscopy (SEM) on a JXA-8230 microscope (JEOL, Tokyo, Japan), and
the elemental composition was determined on the same instrument by wavelength-dis-
persive X-ray spectroscopy (WDS). Each measurement was averaged over several 100 pm
x 100 um areas of the coating surface. Samples deposited on silicon substrates were used
both for imaging the morphology and for measuring the coating thickness.

The mechanical characteristics were determined by nanoindentation on a Fischer-
scope HM2000 S system (Helmut Fischer, Sindelfingen, Germany) equipped with a four-
sided Vickers diamond pyramid with a face angle of 136°, in accordance with DIN EN ISO
14577 [21]. The nanohardness and the elastic modulus were measured at a load of 20 mN,
an indenter approach speed of 2 um/s, a load-setting accuracy of 0.4 mg, a displacement
accuracy of 0.1 nm, and a creep time of 5 s at maximum load. Ten indents were made on
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each coating, and the mean values are reported with the standard deviation. The indenta-
tion depth did not exceed 200 nm, which is below 10% of the coating thickness and there-
fore satisfies the conventional 10% rule for instrumented indentation, ensuring that the
substrate does not affect the measured hardness.

The adhesion was evaluated by scratch testing on a Revetest RST 300 tester (Anton
Paar, Graz, Austria) in the progressive loading mode with a Rockwell diamond indenter
of 200 um tip radius. The normal load was raised linearly from 0.5 to 30 N at 60 N/min
over a scratch length of 4 mm at a travel speed of 4 mm/min. The normal load (Fn), the
acoustic emission signal (AE), the friction coefficient (COF), and the penetration depth
(PD) were recorded continuously throughout each test.

The tribological characteristics were evaluated on a TRB3 tribometer (CSM Instru-
ments, Peseux, Switzerland) in the ball-on-disc configuration at room temperature and a
relative humidity of 40-60%, following DIN 50324 [22]. Coated steel substrates were tested
both under dry sliding and with a lubricant, with an Al2Os ball 3 mm in diameter as the
counterbody. The dry tests were run at a normal load of 2 N for 1000 cycles and the lubri-
cated tests at 5 N for 2000 cycles, in both cases at a track radius of 5 mm and a sliding
speed of 1 cm/s. The COF was recorded in real time, and the wear rate (WR) was calculated
from the cross-sectional area of the wear track measured with a Surtronic S-128 profilome-
ter (Taylor Hobson, Barcelona, Spain).

Three-dimensional topography and surface roughness of the coatings on the steel
substrate were measured with a Leica DCMS8 3D profilometer (Leica, Wetzlar, Germany)
designed for surface metrology. The measurements were performed after the friction tests
in order to obtain 3D micrographs of the wear and to characterize it. In this study, each
wear track was scanned separately at three sites in the confocal mode using a 10x objec-
tive. The scanned areas were approximately 2 mm x 2 mm. The topographic data obtained
were processed with the LeicaMap DCM software.

The electrochemical corrosion properties of the coated samples were studied with a
potentiostat/galvanostat Corrtest 350M (CorrTest Instruments, Wuhan, China) in a 3.5
wt.% NaCl solution. A standard cell with a three-electrode system was used for the cor-
rosion tests, in which a platinum plate served as the counter electrode, Ag/AgCl as the
reference electrode, and the coated sample as the working electrode. The circular area of
the coating surface under study on the steel was 0.785 cm? To reach a stable steady-state
corrosion potential, the open circuit potential (OCP) was measured for 30 min before each
test. The potentiodynamic polarization curves were recorded from —-0.25 V to +0.25 V rel-
ative to the open circuit potential at a scan rate of 0.5 mV/s.

3. Results and Discussion
3.1. Structure and Composition of the TiN/CrN Multilayer Coatings

Figure 2 shows the XRD patterns of the TiN/CrN coatings deposited with different
layer ratios. The patterns clearly show that all the coatings exhibit the main reflections
from the (111), (200), and (220) planes of the cubic TiN and CrN phases. The coatings grow
predominantly with a (200) orientation. The phases formed are mainly of a nitride struc-
ture based on TiN, CrN, and the possible (Cr,Ti)N solid solution. The pronounced overlap
of the nitride peaks is due to the close lattice parameters of these phases, which is typical
of nanoscale multilayer TiN/CrN systems, where partial mutual dissolution of Ti and Cr
at the interlayer boundaries is possible [17,23,24]. As the CrN fraction increases, the full
width at half maximum (FWHM) of the (111) and (200) peaks increases noticeably, which
means that a higher CrN phase fraction reduces the crystallinity of the coating structure.
The XRD analysis showed that the A30-TiN(10)/CrN(20) has a crystallinity of 28%,
whereas the other coatings gave A20-TiN(10)/CrN(10) = 43% and A30-TiN(20)/CrN(10) =
50%. Overall, the data obtained confirm that varying the TiN and CrN layer thicknesses
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allows the phase ratio to be changed in a controlled way without altering the nitride na-
ture of the coating, which is an important advantage for optimizing the mechanical and
tribological properties of TiN/CrN multilayers.
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Figure 2. XRD patterns of the TiN/CrN multilayer coatings obtained: (a) A20-TiN(10)/CrN(10); (b)
A30-TiN(10)/CrN(20); (c) A30-TiN(20)/CrN(10).

Micrographs of the surface morphology and cross-section of the TiN/CrN multi-
layers, which have different layer thickness ratios, are shown in Figure 3. As can be seen
from the figure, continuous, even layers of fairly uniform thickness are formed. In all the
variants studied the coating surface is smooth and even, with no pronounced cracks or
fractured areas. The low density of pores and nucleation centres on the surface of the coat-
ings studied is a natural consequence of the physics of magnetron sputtering combined
with the multilayer architecture of the TiN/CrN system [14,25,26]. According to the cross-
sectional data, the thicknesses of the A20-TiN(10)/CrN(10), A30-TiN(10)/CrN(20) and A30-
TiN(20)/CrN(10) coatings are about 2.8, 2.8 and 2.75 pm, respectively. In all cases, the coat-
ing also retains a sharp boundary with the substrate with no signs of delamination.
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The chemical composition analysis of the TiN/CrN multilayers revealed the main el-
ements forming the nitride layers (Ti, Cr, and N) as well as oxygen. The contents of all the
elements for each coating are given in Table 6. The results show that titanium and chro-
mium vary in the range 19.1-31.9 at.% and 19.8-27 at.%, respectively. Nitrogen varied
from 33.6 to 44.2 at.%. On the whole, this corresponds to the specified thickness ratios of
the TiN and CrN layers in the coatings studied. Such differences may be related both to
the changing fraction of the TiN and CrN nitride layers within the period and to the spe-
cific features of the quantitative determination of light elements by WDS. The oxygen con-
tent of 9.7-14.7 at.% is of extrinsic origin. The base pressure of 5x10-% Pa leaves residual
water vapour and oxygen, which are gettered by Ti and Cr during growth. Additional
oxygen is taken up along the column boundaries of the coating during venting and air
exposure, well beyond the native surface oxide [27,28]. Part of the reported value is also a
normalization artefact, since nitrogen is underestimated by WDS in Ti-containing nitrides.
No oxide reflections appear in the XRD patterns. The (Ti+Cr)/N ratio is 1.0-1.5. The value
(Ti+Cr)/N = 1 obtained for the A30-TiN(10)/CrN(20) coating indicates a composition close
to the stoichiometric mononitrides TiN and CrN, for which a metal-to-nitrogen ratio close
to 1:1 is typical [17,24,29]. The increase in this ratio to 1.3-1.5 for the other coatings may
be caused by oxygen, which partially reduces the relative nitrogen fraction in the normal-
ization of the WDS analysis.

A20-TiN(10)/CrN(10) A30-TiN(10)/CrN(20) A30-TiN(20)/CrN(10)

Top view

Cross-section

2.8 um

Figure 3. Surface morphology and cross-section view of the TiN/CrN multilayer coatings.

Table 6. Chemical composition of the TiN/CrN multilayers deposited with different layer ratios.

Elemental Composition, at.%

Coating Sample Ti Cr N 0 (Ti+Cr)/N
A20-TiN(10)/CrN(10) 27.7 22.9 38.5 10.9 13
A30-TiN(10)/CrN(20) 19.1 27 442 9.7 1.0
A30-TiN(20)/CrN(10) 31.9 19.8 33.6 14.7 1.5
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3.2. Analysis of the Mechanical Characteristics of the TiN/CrN Multilayer Coatings

Figure 4 shows the hardness (H) and elastic modulus (E) of the multilayers and of
the steel substrate, where the coating hardness varies with the layer ratio. The elastic mod-
ulus follows a similar trend of gradual increase (Figure 4a). As the TiN fraction in the
multilayer coating increases, the structure becomes denser and more crystalline, and the
number of internal defects decreases, which leads to higher hardness. Raising the TiN
volume fraction shifts the effective H and E values towards those of TiN itself, which,
under identical deposition conditions, exceeds CrN by 15-20% in nanohardness and by
20-30% in elastic modulus owing to the higher energy of the Ti-N covalent-ionic bond
[8,30-32]. The (200) texture does not follow the hardness trend: it is most pronounced in
A20-TiN(10)/CrN(10). The hardness increase is therefore governed by the TiN volume
fraction rather than by the growth orientation. In addition, another possible reason is the
minimum average roughness Ra = 14 nm in this series, which ensures correct contact of
the indenter without distortion of the signal by the surface relief [14]. Figure 4b shows the
averaged indenter penetration depth-load curves for each coating; on average, the depth
did not exceed 200 nm.
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Figure 4. Mechanical characterization of the TiN/CrN multilayer coatings: (a) nanohardness and
elastic modulus; (b) load—depth curves from nanoindentation tests; (¢) H/E and H3/E? ratios; (d)
H3/E? as a function of H/E.
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The metal-to-nitrogen ratio may also contribute to the hardness variation. Vacancies
in substoichiometric TiNx and CrNx can either increase hardness through vacancy hard-
ening or reduce it through the loss of covalent Ti-N bonds. In the present series, however,
hardness does not follow stoichiometry. The hardest coating, A30-TiN(20)/CrN(10),
shows the lowest apparent nitrogen content and the highest (Ti+Cr)/N ratio. The apparent
nitrogen content also decreases monotonically with increasing titanium content, which is
consistent with the known underestimation of nitrogen by WDS in Ti-containing nitrides.
The hardness increase is therefore attributed mainly to the higher intrinsic hardness of
TiN. A secondary contribution of stoichiometry cannot be excluded.

Figures 4c,d show the H/E and H3/E? ratios, which are key indicators of the fracture
resistance of a coating. The H/E value reflects the ability of a coating to resist elastic de-
formation damage, whereas H3/E? indicates its ability to resist plastic deformation [32,33].
Here again, the A30-TiN(20)/CrN(10) coating retains its advantage over the others because
of its higher nanohardness and elastic modulus. The distribution map (Figure 4d) illus-
trates this clearly. According to the Leyland-Matthews criterion, all the coatings show H/E
>0.08, which corresponds to a high elastic strain to failure and excellent resistance to abra-
sive wear [34]. The value H%E?= 0.186 GPa for the A30-TiN(20)/CrN(10) coating is the
highest in the series and 52 times higher than that of the substrate. According to the Musil
criterion, this indicates a high resistance to plastic deformation in the contact zone [35].

The scratch test results of the coatings are shown in Figures 5a,b. In the scratch test,
the critical loads L« (onset of coating cracking) and Lo (onset of coating delamination)
were determined. The adhesion and strength of a coating can be characterized by the crack
propagation resistance index (CPRs). The formula was calculated using Equation (1) [36]:

CPRS = Lcl' (LCZ—LCI) (1)

As can be seen from Figure 5b, the results show a pronounced dependence of the
scratch parameters on the TiN/CrN ratio within the bilayer. The A30-TiN(20)/CrN(10)
coating gave the highest values, La = 144 N, L2 = 17.7 N and CPRs = 48 N2. The A20-
TiN(10)/CrN(10) coating has intermediate critical loads (La = 10.9 N; Le = 14.4 N) and a
relatively high CPRs =38 N2 owing to the wider AL interval. The lowest crack propagation
resistance was recorded for A30-TiN(10)/CrN(20) (Laa= 11.6 N; L= 14 N; CPRs = 28 N?),
which is caused by the dominance of the more ductile and less stiff CrN phase [37,38]. The
observed ranking correlates directly with the nanoindentation results (Figure 4): the max-
imum La of A30-TiN(20)/CrN(10) corresponds to the maximum H = 25.1 GPa and H3/E? =
0.186 GPa. The higher TiN volume fraction provides an increased load-bearing capacity
of the coating in the zone of first cohesive failure owing to the stronger Ti-N covalent-
ionic bonds compared with Cr-N [30]. The values CPRs = 28-48 N2 correspond to the typ-
ical range for thin (= 2.8 um) nitride multilayers tested under progressive loading up to 30
N [30,39,40]. The much higher values CPRs = 400-2000 N2 reported for thick (10-15 pm)
graded Cr/CrN/CrTiN architectures [41,42] are due mainly to the wider load range of the
test (0-150 N) rather than to the toughness of the material itself. The ranking of the tough-
ness characteristics is therefore as follows: A30-TiN(20)/CrN(10) > A20-TiN(10)/CrN(10) >
A30-TiN(10)/CrN(20).

The optimum mechanical properties are reached not by minimizing the period
within the studied A range, but by tuning the TiN/CrN layer thickness ratio while keeping
the period close to, yet above, the superlattice peak region.
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Figure 5. AE signals with optical images of the scratches (a) and a plot of the Lci, Lc2 and CPRs data
(b) for the TiN/CrN multilayers after the scratch test.

3.3. Analysis of the Tribological Characteristics of the TiN/CrN Multilayer Coatings

Figure 6a—b shows the COF and WR results of the TiN/CrN multilayers under dry
friction and under lubricated friction. Each value was obtained by averaging three inde-
pendent measurements. The results obtained show that a change in the bilayer architec-
ture has a much stronger effect on the WR than on the COF.

Under dry sliding (Figure 6a), the lowest COF (0.59) belongs to A20-TiN(10)/CrN(10),
whereas in terms of WR, the multilayer with the higher titanium nitride fraction, A30-
TiN(20)/CrN(10), takes the lead. Increasing the CrN layer thickness to 20 nm at a TiN
thickness of 10 nm (A30-TiN(10)/CrN(20)) sharply degrades the tribological characteris-
tics: the WR rises by almost an order of magnitude and reaches 2.0x10-* mm?/(N-m), while
the COF simultaneously increases to 0.70. This is probably caused by the formation of
more ductile Cr20s oxide films in the dry contact, which increase the adhesive component
of friction. As a result, the WR increases, as noted in [24,25,37,43]. It should be noted that
there is no direct correlation between COF and WR. Despite the higher COF of the A30-
TiN(20)/CrN(10) coating, its WR is about 33% lower than that of the A20-TiN(10)/CrN(10)
coating. The overall picture agrees well with the data in Section 3.2. The decisive factors
are the map of the mechanical characteristics (Figure 4d) and the crack propagation re-
sistance index (Figure 5b).

The transition to the boundary lubrication regime (Figure 6b) reduces the WR of all
the coatings by about an order of magnitude, to 1.2-2.3x10-> mm?3/(N-m), and the COF by
a factor of 5-6, to the narrow range 0.114-0.116, even though the load was raised to 5 N.
The practically identical COF of all three samples indicates that in the boundary regime,
friction is governed mainly by the properties of the oil film rather than by the coating itself
[44-46]. Under these conditions, the influence of the coating architecture on the COF al-
most disappears, whereas the differences in WR remain. The minimum WR of 1.2x10-
mm?/(N-m) was again recorded for A30-TiN(20)/CrN(10), which reflects the mechanically
controlled character of material loss even when the contacting surfaces are effectively sep-
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Figure 6. Tribological characteristics of the TiN/CrN multilayer coatings deposited on a 40Kh steel
substrate: wear rate (WR, left axis, bars) and friction coefficient (COF, right axis, orange circles) ob-
tained under (a) dry sliding and (b) boundary lubrication with the industrial oil TSP-15K.

Figure 7 presents three-dimensional optical profilometry of the wear tracks on the
TiN/CrN multilayer coatings after tribological testing under dry sliding (left column) and
under lubricated friction (right column). Each 3D image corresponds to one of the three
selected scanning areas. Every panel shows the three-dimensional topography with a
height colour scale in micrometres and the corresponding cross-sectional profile indicat-
ing the maximum track depth (hmax) and its width (W). The colour palettes of the height
maps were chosen individually for each coating for the sake of visual discrimination. The
cross-sectional profiles were taken along the lines marked with spherical markers on the
3D images. Optical micrographs of the same tracks are given as thumbnail insets.

Under dry conditions the wear depth increases in the order A30-TiN(20)/CrN(10)
(hmax=261nm, W =93 um) < A20-TiN(10)/CrN(10) (324 nm, 82 um) < A30-TiN(10)/CrN(20)
(655 nm, 155 pum). This order reproduces the WR distribution (Figure 6a) and coincides
with the ranking by mechanical and adhesion characteristics. The smallest track, obtained
for A30-TiN(20)/CrN(10), corresponds to the maximum H (25.1 GPa), H%/E? (0.186 GPa),
La (144 N), Le (17.7 N) and CPRs (48 N?). The deepest track, obtained for A30-
TiN(10)/CrN(20), corresponds to the minimum values of the same characteristics. Accord-
ing to the Leyland-Matthews and Musil criteria, high H/E and H%E? values limit the pen-
etration depth of the counterbody, whereas a high CPRs restrains the propagation of
cracks from the contact zone [34,35]. In the dry regime, the cross-sectional profile of A30-
TiN(10)/CrN(20) has an uneven bottom with signs of spallation and local delamination,
which reflects the transition to a catastrophic wear regime when the toughness of the coat-
ing is insufficient [38,39].

The transition to boundary lubrication changes the morphology of the tracks: the
cross-sectional profiles become smooth and U-shaped, without signs of fracture. In the
lubricated regime the track width (122-131 um) exceeds that in the dry regime (82-93 pm)
for the A20-TiN(10)/CrN(10) and A30-TiN(20)/CrN(10) samples, while hmax increases by a
factor of 1.5-2.3. At first sight, this seems to contradict the order-of-magnitude decrease
in WR (Figure 6b), but it is explained by the mechanics of the boundary regime: third-
body particles retained by the oil exert a mild micro-polishing action that forms a wider
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yet regular track, while the integral material loss decreases [44,46]. In addition, the load
in the lubricated tests was 2.5 times higher.

Dry sliding Sliding with lubricant
&l
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Figure 7. Three-dimensional optical profilometry of the wear tracks on the TiN/CrN multilayer coat-
ings after testing under (left column) dry sliding and (right column) boundary lubrication with TSP-
15K oil: (a) A20-TiN(10)/CxN(10); (b) A30-TiN(10)/CrN(20); (c) A30-TiN(20)/CrN(10).

3.4. Analysis of the Corrosion Characteristics of the TiIN/CrN Multilayer Coatings

The corrosion resistance of a coating depends directly on its architecture. Figure 8
shows the potentiodynamic polarization curves (Tafel plots) recorded in 3.5 wt.% NaCl
solution for the uncoated 40Kh steel substrate and for the three TiN/CrN multilayers. The
curves reveal pronounced differences in the free corrosion potential (Ecor), in the extent of
the quasi-passive region, and in the character of the anodic branch. The most noble Ecorr =
-0.47 V and the most extended quasi-passive region (up to ~3x10-> A/cm?) were recorded
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for the A20-TiN(10)/CrN(10) coating; its anodic branch shows a gentle, extended rise in
current density without abrupt breakdown. The uncoated steel shows an intermediate
Ecorr ® =0.51 V with a narrow quasi-passive region and an abrupt anodic breakaway at
~1.5x10* A/cm?, typical of local breakdown of the passive oxide film on low-alloy steel in
a chloride-containing medium [47]. The least noble Ecorr = —0.63 V and a monotonic rise in
the anodic current from the lowest densities, without a pronounced plateau, are charac-
teristic of A30-TiN(20)/CrN(10). For A30-TiN(10)/CrN(20) the curve shows a sharp rise in
potential to =~0.28 V at a current density of ~5x10-* A/cm?, followed by a reversal towards
more negative potentials as the current increases further. This is a characteristic hysteresis
loop associated with the nucleation and avalanche-like growth of pitting [47]. The ob-
served ranking of corrosion resistance is: A20-TiN(10)/CrN(10) > 40Kh steel > A30-
TiN(20)/CrN(10) > A30-TiN(10)/CrN(20).

The TiN and CrN nitride layers are themselves electrochemically more noble than
the steel, and the corrosion resistance of the system as a whole is determined not so much
by their bulk inertness as by the density and connectivity of through-thickness growth
defects (columnar boundaries, pores, microcracks) that give the electrolyte access to the
substrate. Since the coating area (cathode) exceeds the defect area (anode) by orders of
magnitude, a galvanic microcouple with a high cathode-to-anode area ratio forms at the
defect, which localizes and accelerates the dissolution of the steel exactly at this point
[46,48].

Steel substrate
—— A20-TiN(10)/CrN(10)
— A30-TiN(10)/CrN(20)
—— A30-TiN(20)/CrN(10)
04
2 06|
[S4]
-0.8
M R R NI |
107 10-° 10> 10 10 102

I.__(A/cm?)

corr

Figure 8. Potentiodynamic Tafel curves of the uncoated 40Kh steel and of the TiN/CrN multilayers
in 3.5 wt.% NaCl solution.

The influence of the bilayer period agrees with the data of Section 3.1: at a similar
total coating thickness (~2.8 um), the period A20 corresponds to 130 bilayers (260 TiN/CrN
interlayer boundaries), whereas A30 gives only 87 bilayers (173 boundaries). Each inter-
face interrupts the columnar grain growth and deflects the growing defect sideways, re-
ducing the probability of forming a through channel to the substrate. This is consistent
with the most noble Ecrr and the widest quasi-passive region recorded for A20-
TiN(10)/CrN(10) [48-52].

Within the A30 group (A30-TiN(20)/CrN(10) and A30-TiN(10)/CrN(20)), the number
of interlayer boundaries is the same, so the observed difference in corrosion behaviour is
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governed by which sublayer dominates in thickness. For the A30-TiN(10)/CrN(20) coat-
ing, the most aggressive type of failure was recorded. This behaviour agrees with the re-
sults of Section 3.2, where precisely this architecture showed the lowest crack propagation
resistance (CPRs = 28 N2, the lowest value in the series) because of the dominance of the
more ductile and less stiff CrN phase [37,38]. Moreover, this sample had a low crystallin-
ity, which increases the likelihood of a defective structure favourable to corrosion. For the
A30-TiN(20)/CrN(10) coating, in contrast, a smooth anodic behaviour without pro-
nounced breakdown is observed, which indicates a more distributed rather than concen-
trated character of the defects. The shift in Ecorr towards more negative values (less noble
than the steel itself) may reflect a mixed potential of the system that tends towards the
potential of the steel because of the developed network of fine pores typical of the colum-
nar TiN structure [26].

Thus, the architecture that is optimal in terms of corrosion resistance (small period,
balanced TiN:CrN = 1:1 ratio) does not coincide with the architecture that is optimal in
terms of the mechanical and tribological criteria (A30-TiN(20)/CrN(10), Sections 3.2-3.3).
This agrees with the general logic of TiN/CrN multilayer design: TiN carries the main load
and provides the load-bearing capacity, whereas CrN is responsible for ductility and cor-
rosion resistance [8,17]; however, excessive thickening of the CrN sublayer in an architec-
ture with sparse boundaries (A30) turns this contribution into its opposite: instead of in-
creased resistance, localized catastrophic pitting occurs. The choice of the final coating
architecture for practical application must therefore take into account the dominant type
of loading: when the corrosion factor prevails, an architecture with a small period and
balanced composition (A20-TiN(10)/CrN(10)) is preferable, whereas when mechanical or
tribological loading prevails, an architecture with an increased TiN fraction (A30-
TiN(20)/CrN(10)) is preferable.

4. Conclusions

Based on the comprehensive study of the structure, phase composition and mechan-
ical, tribological and corrosion characteristics of TiN/CrN multilayer coatings deposited
by pDCMS on 40Kh steel at bilayer periods of 20 and 30 nm and a varying thickness ratio
of the constituent layers, the following conclusions can be drawn:

¢ A nitride structure based on TiN, CrN and the possible (Cr, Ti)N solid solution with
predominant (200) growth orientation is formed in all the coatings; increasing the
CrN fraction lowers the crystallinity of the coating (from 50% for A30-
TiN(20)/CrN(10) to 28% for A30-TiN(10)/CrN(20)).

° Raising the TiN volume fraction increases the nanohardness, the elastic modulus and
the plastic deformation resistance index H3/E? (a maximum of 0.186 GPa, 52 times
higher than that of the steel substrate), and also provides the best adhesion (L. =14.4
N; Le =17.7 N; CPRs = 48 N2) among the coatings studied.

e  Under dry sliding, the lowest friction coefficient is shown by A20-TiN(10)/CrN(10)
(0.59) and the lowest wear rate by A30-TiN(20)/CrN(10); thickening the CrN layer to
20 nm degrades the tribological characteristics by almost an order of magnitude be-
cause of the formation of ductile Cr20s oxide films. Under boundary lubrication, the
differences in friction coefficient between the coatings practically disappear, whereas
the differences in wear rate remain, which confirms the mechanically controlled char-
acter of the wear.

e The corrosion tests in 3.5 wt.% NaCl showed that the best protective ability (the most
noble Ecorr —0.47 V, the most extended quasi-passive region) is provided by the coat-
ing with the smallest bilayer period and balanced composition, A20-
TiN(10)/CrN(10), owing to the highest density of interlayer boundaries; thickening
the CrN sublayer in an architecture with sparse boundaries (A30-TiN(10)/CrN(20))

https://doi.org/10.3390/coatings16091114



Coatings 2026, 16, 1114 16 of 19

provokes localized catastrophic pitting, whereas thickening the TiN sublayer (A30-
TiN(20)/CrN(10)) leads to a more uniform active dissolution without abrupt break-
down.

Thus, the thickness ratio of the TiN and CrN layers at bilayer periods of 20 and 30
nm is an independent and effective tool for tuning the set of protective and antifriction
properties of TiN/CrN multilayer coatings on structural steels.
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pDCMS  Pulsed DC magnetron sputtering

COF Coefficient of friction
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E Elastic modulus
WDS Wavelength-dispersive X-ray spectroscopy
CPRs crack propagation resistance index
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