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A B S T R A C T

This research provides detailed insights into the correlation of microstructural and morphological characteristics 
of a Cr/CrN multilayer coating deposited onto steel and its corrosion behavior, by examining its local surface 
electronic properties, nanomechanical behavior, and electrochemical activity in a 3.5 % NaCl solution. A key 
focus of the study is the influence of physicochemical surface evolution on nano-mechanical properties of Cr/CrN 
coating. This is investigated by correlating electrochemical data from electrochemical impedance spectroscopy 
(EIS) with findings from X-ray photoelectron spectroscopy (XPS) and nanoindentation analysis. The integrated 
approach shed light on physicochemical evolution of the coating, and its resistance to corrosion in demanding 
environments.

1. Introduction

Transition metal nitride coatings are widely recognized as promising 
materials for enhancing the performance and extending the service life 
of tools, particularly under extreme conditions such as marine envi
ronments [1], elevated temperatures [2], simulated body fluids [3], and 
high-pressure aqueous environments [4]. These performance advan
tages are linked to their high hardness, elevated elastic modulus, low 
friction coefficient, excellent durability against wear and corrosion, and 
excellent adhesion to steel surfaces [5–7]. These hard coatings are 
commonly deposited using advanced techniques, including physical 
vapor deposition (PVD) methods such as magnetron sputtering [8], and 
chemical vapor deposition (CVD) [9]. Among the various transition 
metal nitride coatings, chromium nitride (CrN) has drawn global in
terest thanks to its excellent mechanical properties and robust resistance 
to corrosion and oxidation [10] as well as high-temperature oxidation 
[11].

The CrN-based coatings exhibit remarkable corrosion resistance due 
to the spontaneous formation of a passive chromium oxide layer, even 
when exposed to highly corrosive environments. However, in environ
ments containing aggressive ions (Cl- and SO4

2-, etc.) or under 

tribocorrosion conditions, this protective oxide layer can be easily 
degraded, resulting in accelerated corrosion [6,10]. Despite the high 
chemical stability of the CrN ceramic phase (Fm-3m) the PVD CrN 
coatings remain prone to defects such as pinholes, which can serve as 
initiation sites for localized corrosion, potentially accelerating further 
degradation [12]. To achieve superior performance in metal nitride 
coatings, a variety of advanced microstructural designs have been 
developed, including multi-element composites, gradient transitional 
microstructures, multilayered coating architectures, and the combina
tion of nanocrystalline and amorphous phases [13–15]. To address the 
tribological and corrosion challenges associated with CrN-coated sub
strates, attempts were made to incorporate additional elements and 
design multilayer structures such as CrN/CrAlN [16], CrN/ZrN [17], 
CrN/NbN [18], TiAlN/CrN [19], CrN/Mo2N [20] and CrN/W2N [20], 
CrN/TiN [21], CrN/TiSiN [22].

A Cr/CrN multilayer structure has been shown to significantly 
enhance the corrosion resistance of CrN coatings [14,23]. Consequently, 
this multilayer system is expected to exhibit excellent mechanical 
properties, a dense and uniform surface, and superior corrosion resis
tance. The performance of a Cr/CrN multilayer coating is strongly 
dependent on its architecture. For instance, the work by Chipatecua 
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et al. [24] emphasized the importance of the total thickness and bilayer 
period for optimizing corrosion resistance. Their findings showed that 
Cr/CrN coatings with a lower thickness and a shorter bilayer period 
exhibited superior corrosion resistance. In another study, Wang et al. 
explored the corrosion and tribocorrosion performance of two-layer and 
multi-layer Cr/CrxN coatings [25]. They observed that the multi-layer 
Cr/CrxN coating exhibited a greater number of transverse interfaces, 
which were marked by a flat and densely packed structure. Additionally, 
their electrochemical impedance spectroscopy (EIS) measurements 
indicated that the multilayer coating had a charge transfer resistance 
thirteen orders of magnitude higher than the two-layer coating. This 
enhanced barrier effect not only minimized electrochemical attacks in 
static corrosion environments but also played a key role in reducing 
electrochemical degradation under frictional conditions.

Previous studies have demonstrated that Cr/CrN multilayer coatings 
exhibit superior corrosion resistance due to their dense and uniform 
structure, with performance strongly influenced by coating architecture, 
particularly total thickness and bilayer configuration [25–27]. However, 
a comprehensive understanding of the interplay between microstruc
tural characteristics, electrochemical behavior, and nanomechanical 
properties remained incomplete. In particular, the evolution of the oxide 
film during corrosion and its impact on nanomechanical integrity have 
not been fully elucidated. Therefore, this study aims to bridge this gap 
by conducting an in-depth investigation into the microstructural, elec
trochemical, and nanomechanical properties of an optimized Cr/CrN 
multilayer coating exposed to a 3.5 % NaCl aqueous electrolyte. The 
multilayer system, composed of six Cr/CrN bilayers, was selected based 
on its demonstrated superiority in mechanical, tribological, and corro
sion protective properties. A combination of advanced characterization 
techniques, including scanning electron microscopy and energy disper
sive X-ray spectrometry (SEM-EDXS), atomic force microscopy (AFM), 
scanning Kelvin probe force microscopy (SKPFM), X-ray photoelectron 
spectroscopy (XPS), and AC/DC electrochemical analyses were 
employed to provide a comprehensive assessment of the coating 
microstructure, crystallographic orientation, surface morphology, local 
electronic properties, and corrosion behavior. Furthermore, the study 
focuses on the formation and evolution of the oxide film during corro
sion, evaluating its role in passivation and its influence on the nano
mechanical properties of the coating through nanoindentation. By 
systematically correlating these factors, this work aims to advance the 
fundamental understanding of Cr/CrN multilayer coatings upon expo
sure to corrosive environments and contribute to the optimization of 
protective coating strategies for industrial applications.

2. Experimental procedure

2.1. Materials

This study employed a Cr/CrN multilayer coating deposited onto 
52100 bearing steel substrates via a physical vapor deposition (PVD) 
method [28]. The nominal steel composition (wt%) includes 0.98 %– 
1.10 % carbon, 1.30 %–1.60 % chromium, 0.15 %–0.30 % silicon, and 
0.25 %–0.45 % manganese, with trace levels of sulfur (≤0.025 %) and 
phosphorus (≤0.025 %). The Cr/CrN multilayer consists of a Cr adhe
sion layer of ~ 200 nm followed by six Cr/CrN bilayers of period Λ 
= 470 nm, where the Cr has a thickness of ~50 nm and the CrN layer has 
a thickness of ~420 nm. The Cr and CrN layers have been deposited by 
PVD magnetron sputtering following proprietary recipes from SKF. The 
machined carbon steel substrates were thoroughly degreased using a 
heated alkaline solution. The arithmetic average roughness (Ra) of the 
carbon steel substrates prior to coating was measured to be 150 ± 30 nm 
using AFM (explained in 2.3). Surface cleanliness is critical for suc
cessful coating adhesion; therefore, in addition to washing and cleaning 
before the vacuum process, plasma etching was conducted inside the 
vacuum chamber. During the PVD deposition, a pure chromium (Cr) 
target served as the solid material source. For the Cr layers, the Cr target 

was sputtered with inert gasses, while for the CrN layers, a mixture of 
inert and nitrogen gas (N₂) in the chamber was used. Workpieces were 
mounted on rotating racks within the vacuum chamber to ensure uni
form coating deposition, and the temperature of the process was kept 
below 170 ◦C to avoid damage to the steel substrates.

2.2. SEM and EDXS

The surface morphology and microstructure of the Cr/CrN coating 
were analyzed before and after corrosion testing using a scanning 
electron microscope (Teneo, FEI™) operated at 5 kV, 0.4 nA, and a 
working distance of 10 mm. Imaging was conducted with both second
ary electron (SE) and backscatter electron (BSE) detectors, while an 
energy-dispersive X-ray spectroscopy (EDXS) detector was used for 
compositional analysis (operated at 20 kV, 1.6 nA, and a working dis
tance of 10 mm).

2.3. AFM, and SKPFM

To investigate the surface topography and electronic surface poten
tial evolution of the fresh Cr/CrN multilayer, atomic force microscopy 
(AFM) coupled with scanning Kelvin probe force microscopy (SKPFM) 
measurements were conducted. The experiments were performed using 
a Bruker Dimension Edge™ instrument equipped with an antimony (n)- 
doped silicon pyramid single crystal tip, coated with PtIr5 (SCM-Pit-V2 
probe). The probe had a tip radius of 25 nm and a height of 10–15 μm. 
Surface potential maps were recorded in dual-scan mode. During the 
first scan, topography data were collected in dynamic mode (also known 
as tapping mode). In the second scan, the tip was lifted to 50 nm above 
the surface, and the surface potential was measured by following the 
topography contour registered in the initial scan. All topography and 
surface potential maps were acquired ex-situ in an air atmosphere at 22 
◦C and a relative humidity of approximately 40 %. The measurements 
employed a pixel resolution of 512 × 512, a zero DC bias voltage, and a 
scan frequency rate of 0.3 Hz. Histogram analysis, based on multimodal 
Gaussian distributions, was utilized to interpret the topography, 
amplitude, and surface potential distribution on the surface 
microstructure.

2.4. GIXRD

The Grazing-Incidence X-ray diffraction (GIXRD) measurements 
were performed using a Bruker D8 Discover diffractometer equipped 
with an Eulerian cradle and parallel beam geometry. On the incident 
beam side, a polycapillary optic (polycap) was used, providing a 
divergence of 0.25◦ with a beam size of 2 × 5 mm. The diffracted beam 
side was configured with a parallel Soller slit (0.35◦ divergence) and a 
graphite monochromator. The measurements were conducted using Co 
Kα radiation at an operating voltage of 45 kV and a current of 25 mA. 
Detector scans were performed in θ-2θ mode, covering the range of 
10◦–110◦ 2θ with a step size of 0.02◦ 2θ and a fixed θ angle of 5◦. The 
counting time per step was set to 5 seconds. Data evaluation and analysis 
were carried out using Bruker DiffracSuite.EVA software (version 7.3).

2.5. XPS

X-ray photoelectron spectroscopy (XPS) was employed in this study 
to analyze the chemical states of the oxide layer on the Cr/CrN multi
layer coating, both before and after exposure to the NaCl solution. The 
measurements were carried out using a PHI Versaprobe II spectrometer 
equipped with a monochromatic Al Kα X-ray source (1486.6 eV). The 
binding energy range was calibrated using Cu 2p3/2 (932.62 ± 0.1 eV) 
and Au 4f7/2 (83.96 ± 0.1 eV) reference peaks. Spectra were collected 
at a take-off angle of 45◦ with an X-ray beam diameter of 200 µm and an 
irradiation power of 49.6 W. The sample, a 25 × 10 × 4 mm 52100 steel 
plate coated with a Cr/CrN multilayer, was mounted on the specimen 
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holder using double-sided non-conductive tape. Charge neutralization 
was achieved using a combination of low-energy electrons and an 
Ar+ ion beam, calibrated against a PET reference sample. Minimal dif
ferential charging was observed, as evidenced by the absence of spectral 
tails in the C 1 s and O 1 s regions. Survey scans (1400–0 eV) were ac
quired using a pass energy of 187.5 eV, a step size of 1 eV, and 50 ms 
dwell time over 10 sweeps, revealing Cr, O, N, and C, with minor traces 
of Na. High-resolution scans of O 1 s, Cr 2p, N 1 s, and C 1 s were ob
tained with a pass energy of 23.5 eV, a step size of 0.1 eV, and 50 ms 
dwell time. Chamber pressure during measurement was ~7.5 × 10⁻⁹ 
Torr due to the Ar ion inflow required for charge neutralization. All 
spectra were charge-corrected relative to the C 1 s adventitious carbon 
peak (284.8 eV). Data analysis was performed using PHI Multipak 
software (version 9.9.2).

2.6. AC/DC electrochemical analyses

Electrochemical measurements were conducted using a three- 
electrode configuration with a Biologic SP-300 potentiostat. The Ag/ 
AgCl/KCl (3 M) reference electrode (+222 mV vs. SHE), platinum mesh 
counter electrode, and Cr/CrN-coated working electrodes comprised the 
system. A 3.5 %wt NaCl electrolyte, prepared using ultra-pure Milli-Q 

water (resistivity >5 MΩ.cm) and J.T. Baker™ NaCl, was employed to 
simulate a corrosive environment. The electrolyte’s pH was recorded as 
5.6 at 22 ± 1◦C. To stabilize the open-circuit potential (OCP), the 
samples were immersed in the solution for 1 hour prior to testing. 
Potentiodynamic polarization (PDP) was performed at a scan rate of 
1 mV/s, beginning 100 mV below the OCP and extending to 1 V vs. Ag/ 
AgCl. Electrochemical impedance spectroscopy (EIS) was conducted 
over a frequency range of 100 kHz to 10 mHz, applying a ± 10 mV si
nusoidal perturbation after OCP analysis.

2.7. Nanomechanical analysis

Nanoindentation experiments were performed with a TI Premier 
Hysitron nanoindenter (Bruker, USA). The instrument has two load 
heads: the first one with a maximum load of 10 mN was used for 
studying low penetrations up to 350 nm depth, and the second one with 
a maximum load of 2 N was used to produce high penetrations up to 
3300 nm. All tests were carried out using a Berkovich diamond indenter 
of 150 nm end-tip diameter in the load-controlled mode. The variation 
of the hardness and elastic modulus as a function of the indentation 
depth was realized by using a “load-partial-unload” (LPU) methodology 
which consisted of producing twenty loading/unloading cycles at 

Fig. 1. (a–c) Top-view SEM images of the Cr/CrN multilayer coating at low and high magnifications, capturing both secondary (SE) and backscattered electron (BSE) 
signals, (d) Topography, (e) amplitude, and (f) electrical surface potential maps of the Cr/CrN coating, (g) Topography and (h) surface potential histograms obtained 
from d and f, respectively, (i) Mean value and standard deviation of surface potential extracted from h. The yellow arrows indicate nodular surface defects.
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increasing target loads. All experiments were repeated at least 5 times, 
and the values of nanoindentation hardness (HIT) and reduced elastic 
modulus (Er) were calculated by the method of Oliver and Pharr [29].

3. Results and discussion

3.1. Morphological, microstructural, and electronic surface 
characteristics

Figs. 1a and 1b present the top-view SE and BSE-SEM images of the 
CrN top layer in the Cr/CrN multilayer coating. The surface morphology 
of the CrN top layer appears uniform, closely conforming to the un
derlying carbon steel substrate surface roughness. However, certain 
areas exhibit defects along the steel’s machining trace lines (Figure S1), 
likely influenced by the substrate texture. In the high-magnification 
image presented in Fig. 1c, a uniform submicron cauliflower-like 
morphology is evident throughout the coating, distinctive of sputter
ing films deposited under low surface diffusion growth conditions [30]. 
Nevertheless, some regions exhibit nodular or granular surface defects 
ranging from 1 µm to 3 µm (indicated by the yellow arrows). These 
features are associated with the geometrical shadowing effect typical of 
PVD deposition techniques, where small seed particles expand during 
the coating process. The nodular defects specifically arise from foreign 
particles or droplets that settle on the substrate surface, either before or 
during the coating’s growth phase [31].

The surface physical and electrical characteristics of the Cr/CrN 
multi-layer coating were evaluated through the generation of topog
raphy, amplitude, and electrical surface potential/charge maps, as 
depicted in Figs. 1d, 1e, and 1f. The combined topography and ampli
tude mappings provide a clear visualization of the small cauliflower-like 
structures and defective nodules (marked with yellow arrows on the 
topography map) on the CrN top layer. These small features are distin
guished by slight differences in height and distribution, with a root mean 
square roughness (Rq) of 25 ± 6 nm. The height histogram from the 
topography image in Fig. 1g shows two distinct peaks: one for the small 
cauliflower-like morphology with mean heights of 140 nm and one at a 
height of 212 nm for the larger defective nodules. The highest surface 
potential and/or charge values are primarily associated with the 
cauliflower-like morphology, particularly at their nodule boundaries 
(Fig. 1f). Localized charges concentrated at grain or nodule boundaries 
can give rise to defect states, which in turn bend energy levels and 
establish a contact potential difference (ΔCPD) in the space charge re
gions adjacent to these boundaries [32,33]. As demonstrated in Fig. 1h 
and 1i, the surface potential histogram reveals a pseudo-heterogeneous 
distribution characterized by two deconvoluted peaks. Despite this 
heterogeneity, the Cr/CrN coating exhibits a defined surface potential 
range of − 100–20 mV relative to PtIr, implying a weak tendency to form 
electrostatic interactions with the AFM tip apex [34]. This predomi
nantly negative surface potential and/or charge distribution reflects a 
lower likelihood of electrochemical activity and reduced charge transfer 
and mass transport at the coating surface/electrolyte interface [35].

3.2. Crystalline microstructure, cross-sectional morphology, composition, 
and electronic properties

Fig. 2 displays the GIXRD pattern of a Cr/CrN multilayer coating on 
carbon steel, with overall fitting details provided in Figure S2. According 
to the GIXRD results (Fig. 2), the Cr/CrN multilayer coating exhibits 
distinct diffraction peaks at 43.8◦, 51.1◦, and 75.4◦, corresponding to the 
CrN (111), CrN (200), and CrN (220) phases, based on PDF 
04–007–9961. Additionally, weaker peaks observed at 91.6◦, 96.3◦, 
119.9◦, and 140.1◦ are associated with the CrN (311), CrN (222), CrN 
(400), and CrN (420) phases. The presence of nano Cr layers (~50 nm) is 
not evident in the GIXRD patterns, However, in the XRD patterns shown 
in Figure S2, the Cr diffraction peak at 44.4◦ exhibits significant in
tensity, corresponding to the Cr (110) phase, which is strongly 

influenced by the thick Cr adhesion layer. Smaller peaks at 65.1◦, 82.1◦, 
and 98.3◦ are attributed to Cr (200), Cr (211), and Cr (220), respec
tively, based on PDF 04–004–8467 for Cr. Overall, the preferential 
crystalline growth of CrN in the Cr/CrN multi-layer coating occurs along 
the [200] direction [36], which corresponds to the lowest surface energy 
[25].

Figs. 3a and 3b illustrate the BSE-SEM cross-sectional image and the 
merged multi-elemental map of the Cr/CrN multilayer coating applied 
to carbon steel. All these data were collected from a mirror-polished 
surface. The Cr/CrN multilayer coating exhibits a total thickness of 
2.7 ± 0.4 µm (Fig. 3a), the exact thickness depending on the surface 
roughness and morphology of the underlying substrate. The visible in
dividual layers include a Cr adhesion layer adjacent to the carbon steel, 
and alternating thin CrN and thin Cr layers, with thicknesses of 
approximately 250 nm, 420 nm, and 50 nm, respectively. There is no 
visible evidence of micro-cracks in the SEM/EDXS cross-sectional image 
of the polished surface, see Figs. 3a and 3b. However, the large-scale 
BSE-SEM images of the Cr/CrN multi-layer fracture surface (Fig. 3c) 
reveal a compact structure with some micro-cracks, alongside discon
tinuous columnar crystalline features [25,37]. The micro-cracks, high
lighted by red arrows in Fig. 3c, appear perpendicular to the steel’s 
machining trace lines (Figure S1) and are likely influenced by the sub
strate’s roughness distribution (SEM images in Figs. 1a and 1b), 
contributing to the occurrence of defective sites. Surface roughness plays 
a crucial role in the corrosion performance of CrN PVD coatings. A 
rougher substrate promotes the preferential growth of columnar struc
tures, increasing the likelihood of pinholes and microcracks, which can 
act as pathways for corrosive media, leading to localized corrosion and 
coating degradation [38]. In contrast, smoother substrates result in 
denser coatings with fewer defects, enhancing corrosion resistance. 
Studies have shown that coatings on smoother surfaces exhibit improved 
passivation behavior and lower corrosion rates, highlighting the corre
lation between surface finish, coating density, and corrosion perfor
mance [38–40]. Therefore, optimizing substrate roughness can 
significantly enhance the protective properties of CrN coatings.

Through cross-sectional analysis of the Cr/CrN multi-layer structure 
using SKPFM, the influence of both the composition and the electronic 
properties of individual layers (namely the Cr adhesion layer, CrN, and 
thin Cr layers) on the overall electronic surface potential was revealed. 
The conductive interface between layers results in Fermi-level align
ment, driving electron migration from the lower work function (Φ) 
metal to the higher work function metal nitride [41,42]. Accordingly, 
cross-sectional electrical surface potential measurements may provide 

Fig. 2. GIXRD result of Cr/CrN coating applied on the carbon steel substrate.
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an indirect measure of the layers’ intrinsic nobility [32]. Figs. 4a, 4b 
and 4c provide a detailed visualization of the topography, amplitude, 
and electrical surface potential of the Cr/CrN multi-layer coating after 
mirror polishing. The topography and amplitude profiles distinctly 
highlight the individual layers, with the Cr layers appearing lower in 
height than the CrN layers, reflecting their comparatively lower hard
ness value.

The SKPFM map presented in Fig. 4c reveals distinct electrical sur
face potential variations across the layers. The Cr adhesion layer exhibits 
the highest surface potential, followed by the Cr thin layers, and the CrN 
layers, which demonstrated the lowest surface potential. This aligns 
with previous studies, which indicate that the CrN layer exhibits a high 
work function of ΦCrN = 5.1 eV [43,44], exceeding that of Cr (ΦCr =

4.5 eV) [45]. Additionally, this prior work demonstrated that the CrN 
layer has a lower surface potential compared to SrTiO3-x, which, despite 
having a higher surface potential, possesses a lower work function (Φ 
SrTiO3-x = 4.5 eV) [43].

Analysis of the surface potential line profiles in Fig. 4d further 
quantifies these differences, showing a 5–10 mV potential difference 
between the CrN and Cr thin layers, and a more pronounced 60 mV 
difference between the CrN layer and the Cr adhesion layer. The surface 
potential histogram analysis derived from Fig. 4e vividly illustrates the 
electrical surface potential distribution across individual layers. 
Notably, a distinct surface potential signal is observed at the Cr adhesion 
layer/CrN interface. This phenomenon arises from charge accumulation 
in the space charge region and the reconfiguration of the energy diagram 
(energy band alignment) at this interface, which significantly influences 
the electrostatic force and the electronic surface potential [46,47].

When analyzing the correlation between corrosion studies and 
SKPFM data, variations in the work function among microstructural 
features and chemical compositions across different systems manifest as 
measurable differences in surface potential on the surface. These dif
ferences can reveal key electrochemical properties by identifying re
gions with varying levels of electrochemical activity and inherent 

nobility. However, the direct relationship between these surface po
tentials and actual corrosion behavior in real-world scenarios remains 
complex. Nevertheless, in this study at the Cr/CrN interface, differences 
in electrical surface potential point to variances in work function (e.g. 
ΦCrN =5.1 eV and ΦCr = 4.5 eV), which, under localized corrosion 
conditions, foster micro-galvanic coupling. This accelerates the corro
sion process, particularly at the Cr/CrN adhesion layer, where signifi
cant charge accumulation is observed.

3.3. Surface chemical composition and complex oxide evolution

The CrN top layer in the Cr/CrN multilayer coating develops a 
nanometer-thick oxide film, exhibiting various oxidation states when 
exposed to a 3.5 % NaCl solution, a highly aggressive environment. 
Hence, we conducted an analysis of the surface chemical composition 
and the evolution of various oxide states on the CrN top layer. This 
investigation was performed using XPS and encompassed both the fresh 
surface and the surface after 24 hours of exposure to a 3.5 % NaCl so
lution. Fig. 5 presents the high-resolution XPS spectra for Cr 2p, N 1 s, 
and O 1 s, before and after NaCl exposure. The Cr 2p spectra were fitted 
into multiple components, identifying metallic Cr⁰ (574.1 eV), CrN 
(575.2 eV), and oxide and hydroxide of Cr (III) (576.69 eV, including 
Cr2O3 and Cr(OH)3 [48,49]). The findings reveal that chromium pre
dominantly existed in the CrN bonding state, accompanied by slight 
traces of oxide and hydroxide of Cr (III) (Fig. 5d) which aligns with prior 
research [48–50]. For the oxide/hydroxide, a single-component fit was 
chosen (Fig. 5a). It is recognized that this is an approximation and that 
for more accurate quantification of each individual oxide compound, an 
envelope fit of all the individual components is preferred (see [50]), but 
since the focus was on identifying whether the oxide layer grows upon 
corrosion, the single fit approximation was considered justified in this 
case. The presence of metallic Cr0 may be attributed to the uneven 
distribution of the CrN top layer along the machining trace lines of the 
steel, which creates conditions that locally expose the topmost 

Fig. 3. (a) Cross-sectional BSE-SEM image of the Cr/CrN multilayer polished surface, (b) EDXS cross-sectional multi-elemental maps, and (c) Cross-sectional BSE- 
SEM image of the Cr/CrN multilayer fracture surface.
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underlying Cr thin layer at the surface. The N 1 s spectra (Fig. 5b) in the 
fresh surface condition were fitted with two components: one for CrN 
and one for chromium nitrites/nitrates (CrNxOy), with binding energies 
of 396.3 eV and 399.6 eV, respectively.

In the O 1 s spectrum (Fig. 5c), three characteristic peaks were 
identified, corresponding to lattice oxide (O2-), hydroxide groups (OH⁻), 
and adsorbed water molecules. With peak fitting binding energies were 
obtained at 529.9 eV, 531.6 eV, and 533.4 eV before exposure, and 
529.8 eV, 531.3 eV, and 532.5 eV after exposure. When the CrN top 
layer was exposed to a 3.5 % NaCl solution for 24 h, an analysis of the 
elemental distribution (Fig. 5e) in the resulting complex oxide film 
showed an increase in oxygen content, while both chromium and ni
trogen levels decreased. This can be attributed to the oxidation of the 
CrN surface, leading to the formation of chromium oxide and hydroxide 
species. This is consistent with the observed increase in the intensity 
peaks of overall chromium oxide and hydroxide species (Cr2O3 and Cr 
(OH)3), along with a decrease in CrN peaks, as shown in the Cr 2p 
spectra (Fig. 5a) and the quantification results in Fig. 5d. Furthermore, 
in the O1s spectra, the intensity of the peak corresponding to O2- is 

enhanced after exposure to 3.5 % NaCl, compared to the fresh surface 
condition. A notable observation is the presence of a chromium nitrites/ 
nitrates (CrNxOy) peak under fresh surface conditions, which disappears 
after exposure to 3.5 % NaCl. The complex oxide film, formed on the 
CrN top layer, acts as a highly effective protective nanolayer [23]. Its 
exceptionally low degradation rate significantly hinders charge transfer 
and mass transport across the Cr/CrN oxide/electrolyte interfaces, as 
well as throughout the entire Cr/CrN multilayer system [48].

3.4. AC and DC electrochemical analyses

The electrochemical activity and corrosion resistance of the Cr/CrN 
multilayer coating were assessed during short-term exposure to a 3.5 wt 
% NaCl electrolyte, using open circuit potential (OCP), potentiodynamic 
polarization (PDP), and electrochemical impedance spectroscopy (EIS) 
techniques. The OCP evolution of the Cr/CrN multilayer coating in 
Fig. 6a exhibits a pronounced initial drop in corrosion potential, ranging 
from − 15 mV to − 233 mV vs. Ag/AgCl during the first 430 seconds of 
immersion in a 3.5 wt% NaCl solution. This is subsequently followed by 

Fig. 4. (a-c) Cross-sectional topography, amplitude, and electrical surface potential maps of the Cr/CrN multi-layer polished coating, (d) surface potential line 
profiles obtained from c, (e) Surface potential histogram obtained from c.
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a significant stabilization, which is attributed to the dense, fine-grained 
microstructure of the coating and the low amount of surface defects, 
such as microcracks (which may be related to the steel machining trace 
lines) and pores [51,52]. This effect is particularly pronounced in the 
multi-layered arrangement of CrN and Cr layers. During the first 1 h of 
immersion, a gradual increase in corrosion potential was observed, 
stabilizing at − 20 mV vs. Ag/AgCl. This change is attributed to surface 
oxidation processes, including the formation of chromium oxide and 
hydroxide (XPS 3.3) [7,12]. Notably, this represents a + 345 mV vs. 
Ag/AgCl difference compared to carbon steel.

Fig. 6b illustrates the PDP curves for both the Cr/CrN multilayer 
coating and carbon steel, recorded immediately after the EIS measure
ment. Using Tafel extrapolation, the corrosion current density (icorr) and 
potential (Ecorr) for both Cr/CrN multilayer coating and carbon steel 
were identified by locating the intersection points of tangents to the 
cathodic and anodic curves. By comparing both samples, it is clear that 
the Cr/CrN multilayer coating exhibits a notable reduction in corrosion 
current density, with a value of 0.27 µA.cm− 2 for the Cr/CrN multilayer 
coating, compared to 5.9 µA.cm− 2 for carbon steel. Additionally, the 

Ecorr is significantly enhanced, with the Cr/CrN multilayer coating 
exhibiting Ecorr = -245 mV vs. Ag/AgCl, in contrast to − 563 mV vs. Ag/ 
AgCl for carbon steel (Fig. 6b). Similarly, the Cr/CrN multilayer coating 
exhibits an activation region up to − 88 mV vs. Ag/AgCl, after which a 
sudden breakdown occurs due to localized corrosion of the top CrN 
layer. Subsequently, multiple breakdown events are observed in the CrN 
layer, followed by minor passivation steps attributed to the thin Cr 
layers, as highlighted by the red arrows in the zoomed-in region of 
Fig. 6c. At an overpotential of approximately + 35 mV vs. Ag/AgCl, a 
stable passivation region becomes evident, extending up to + 850 mV 
vs. Ag/AgCl. This stability is attributed to the protective properties of 
the final thick Cr adhesion layer. Beyond + 850 mV vs. Ag/AgCl, pitting 
corrosion initiates in the thick Cr layer, leading to its breakdown and 
subsequent propagation into the underlying active carbon steel sub
strate (see the optical image of Cr/CrN multilayer coating after the PDP 
test is available in Figure S3). The coating breakdown is clearly 
demonstrated in the SE and BSE-SEM images, along with the EDXS maps 
shown in Fig. 7.

The EIS data for the Cr/CrN multilayer coating and carbon steel, 

Fig. 5. XPS spectra of the (a) Cr 2p, (b) N1s, and (c) O 1 s electron energy regions on the Cr/CrN coating surface were obtained under two different conditions: fresh 
surface and after 24 h of free exposure to 3.5 wt% NaCl. The analysis includes (d) various oxidation states of chromium plus, (e) the surface oxide composition, and 
(f) various states of chromium nitrides. The peaks for H2O and OH⁻ also include a minor contribution from oxygen bonded to organic carbon.
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depicted in Figs. 6d and 6e, demonstrate clear distinctions in corrosion 
behavior. The Nyquist plots show that the Cr/CrN multilayer coating 
achieves significantly greater real (Z′) and imaginary (-Z") impedance 
values, reflected by a notably larger semicircle diameter. This result 
confirms that the Cr/CrN multilayer coating exhibits a much higher 
charge transfer resistance, indicating exceptional corrosion protection 
when compared to carbon steel. The Bode phase diagram of the Cr/CrN 
multilayer coating, analyzed using the most appropriate equivalent 
electrical circuit (EEC), highlights the presence of two distinct time- 
constant elements in the parallel model (Fig. 6g) [10,52]. While, only 
one time constant was considered for the carbon steel substrate 
(Fig. 6h). The EEC is modelled with solution resistance (Rs), the resis
tance of Cr/CrN multilayer coating (Rcoating), charge transfer resistance 
(Rct), and constant phase elements including CPE coating and CPE dl 
corresponding to the coating and the double layer, respectively. The 
capacitance exhibits non-ideal behavior due to intrinsic material im
perfections such as surface roughness, defects, and heterogeneities, 
which are appropriately represented by CPEs instead of ideal capacitors 
[53]. The CPE is described by the following equation: 

ZCPE =
1

Y0 (jω)n (3) 

Here, Y0 represents the admittance of the CPE, j is the imaginary unit, 

ω denotes the angular frequency, and n is the CPE exponent. The value of 
n ranges between − 1 and 1, where n = − 1, n = 0, and n = 1 correspond 
to a system behaving as a pure inductor, pure resistor, and pure 
capacitor, respectively. The Bode phase and amplitude diagrams of the 
Cr/CrN multilayer coating show that the capacitance onset occurs at 
significantly higher frequencies compared to carbon steel (e.g. a delayed 
capacitive response occurs). This occurrence can be attributed to CrN’s 
compact microstructure (fine grains and columnar microstructure) and 
the development of a complex chromium oxide film, which together 
demonstrate significant electronic characteristics (chromium oxides 
acting as a low charge-transfer semiconductor) and robust electro
chemical stability [54]. The Cr2O3 and CrN exhibit work function values 
of ΦCr2O3 = 5 eV [55] and ΦCrN = 5.1 eV [43,44], respectively. These 
closely aligned work function values synergistically create a unique 
barrier to charge transfer and mass transport at the CrN/Cr2O3/elec
trolyte interfaces. Additionally, the exceptional properties described 
above are evident in dynamic-potential EIS (Fig. 6f), where an increase 
in overpotential causes both the Bode phase angle and magnitude to 
shift to higher values, indicating the evolution of surface oxidation or 
the formation of a complex chromium oxide film at the CrN/Cr2O3/e
lectrolyte interfaces. The key EIS parameters, including capacitance and 
resistivity (Fig. 6i), were extracted for the Cr/CrN multilayer coating 
and carbon steel (all fitting parameters are available in Table S1). 

Fig. 6. (a) OCP and (b) PDP curves of the Cr/CrN multi-layer coating and carbon steel substrate during exposure to 3.5 wt% NaCl solution. (c) PDP magnified image 
from b indicating the breakdown of Cr/CrN multilayers and passivity region. (d) Nyquist plots, (e) Bode phase and amplitude plots for both Cr/CrN multilayer coating 
and carbon steel after 1 h of OCP monitoring in 3.5 wt% NaCl solution, (f) Dynamic EIS analysis (Bode phase and amplitude plots) of the Cr/CrN multilayer coating 
surface from − 0.4 V to 0.8 V vs. Ag/AgCl after 1 hour of exposure to 3.5 wt% NaCl solution. The electrical equivalent circuit (EEC) model was used for fitting of the 
(g) Cr/CrN and (h) carbon steel EIS curves. (i) The resistance values for Cr/CrN coating and carbon steel were obtained from EIS fitting analysis.
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Overall, the Cr/CrN multilayer coating exhibits a higher double-layer 
capacitance (Cdl = ~72 µF.cm− 2) compared to the coating capacitance 
(Ccoating = ~10 µF.cm− 2). The extracted values for Rcoating and Rct clearly 
indicate that the Cr/CrN multilayer coating-carbon steel interface shows 
significantly higher charge transfer resistance than the coating alone. 
This suggests the presence of surface defects, such as micro-cracks, 
pores, or pinholes, in the Cr/CrN multilayer coating’s microstructure 
[27,56].

3.5. Long-term EIS monitoring of the electrochemical behavior and 
surface oxidation evolution

To gain deeper insights into the electrochemical activity and surface 
oxidation behavior of the Cr/CrN multi-layer coating, extended EIS 
monitoring was employed, as illustrated in Figs. 8a and 8b. The Nyquist 
diagram reveals that the semi-circle impedance values, represented by 
the real (Z′) and imaginary (-Z") components, exhibit a notable 
enhancement up to 5 hours. This trend aligns with the increasing Bode 

magnitude values, confirming the passivation process and the formation 
of a complex chromium oxide film with semiconductor characteristics 
(high work function (SKPFM results in Fig. 4)) on the CrN top layer 
(XPS results in 3.3). Similarly, the Bode phase angle values increase 
across the frequency range from 100 Hz to 0.01 Hz, further validating 
the formation of this protective film. Extracted Rcoating and Rct values 
(Figs. 8c and 8d, all fitting parameters are available in Table S2) also 
show a marked rise up to 5 h, with Rct peaking at 515 Ω.cm2. After 
5 hours of exposure, both the Rcoating and Rct values decreased sharply, 
reaching their lowest levels within 24 hours. This trend is clearly evident 
in the reduction of the Nyquist semi-circle and the changes observed in 
the Bode phase and magnitude curves. XPS analyses after 24 h (Fig. 5) 
revealed a significant increase in the formation of complex chromium 
oxides ( Cr2O3 and Cr(OH)3), accompanied by a reduction in CrN. 
Despite the formation of protective oxides, the highly aggressive envi
ronment, coupled with increased availability of Cl− ions and the pres
ence of surface defects such as micro-cracks, trace lines, and pinholes, 
contributes to the localized corrosion process and overall decrease in 

Fig. 7. (a) SE-SEM and (b) BSE-SEM images of the post-corroded Cr/CrN multilayer coating after PDP measurement until 1 V vs. Ag/AgCl, (c) SE-SEM and (d) BSE- 
SEM high magnification images from a and b, (e) Multi-color layer elemental map and (f) individual elemental maps of Cr/CrN multilayer coating indicating the 
fracture and/or pitting initiation region.
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resistivity.

3.6. Nanomechanical properties of Cr/CrN multilayer coating after 
exposure to NaCl solution

The hardness and elastic modulus of the Cr/CrN multilayer coating 
were calculated using the graphical method outlined in the ISO 14577 
standard - Part 4 [57]. Figs. 9a and 9b display the LPU method used in 
the present experiments for maximum loads of 10 mN and 2 N, 
respectively. Figs. 9c and 9d illustrate representative Cr/CrN multilayer 
load-displacement curves obtained for both maximum loads.

By applying the LPU with a maximum load of 2 N (Fig. 9b), load- 
displacement curves for hardness (HIT) and reduced elastic modulus 
(Er) as a function of penetration depth (h) were obtained, as shown in 
Figs. 10a and 10b, respectively. The HIT increases until it reaches a 
maximum at approximately 200 nm penetration, then decreases to a 
value of ~9.2 GPa at a penetration of ~3300 nm. According to ISO 
14577, the maximum value corresponds to the coating hardness, which 
is found to be HIT = 14.86 ± 0.32 GPa. The hardness value at maximum 
penetration is very close to the steel hardness, HIT = 8.98 ± 0.97 GPa 
[58], as indicated by the black dashed line in Fig. 10a. The Er exhibits a 
similar trend (Fig. 10b), increasing until a penetration depth of 
approximately 180 nm, and then decreasing to a value of ~193 GPa at 
~3300 nm. The maximum in the curve corresponds to the Cr/CrN 
multilayer coating’s reduced elastic modulus, Er = 213.4 ± 1.1 GPa, 
and the value at maximum penetration is close to the reported value for 
the steel substrate, Er = 197.6 ± 8.4 GPa [58], which is also indicated 
by the black dashed line in Fig. 10b. Several studies have reported on the 
nanomechanical properties of Cr/CrN multilayers (see [59] and refer
ences therein). It has been observed that the hardness and elastic 

modulus of these multilayers are influenced by the bilayer period, total 
coating thickness, and the PVD deposition conditions. The mechanical 
behavior, as a function of penetration depth, along with the coating’s 
HIT and Er values, are consistent with those reported by Shan et al. [59].

Corrosion is well-documented to degrade the mechanical properties 
of materials [60]. Nanoindentation offers precise control over indenta
tion depth, ranging from nanometers to microns, enabling the mea
surement of HIT and Er values of surface physicochemical events, 
especially corrosion and passivation. Using this technique, we directly 
correlate the weakening of surface nanomechanical properties caused by 
complex oxide formation (a positive effect in corrosion performance) 
and the detrimental physicochemical surface evolutions (as a weak 
point) with EIS (Fig. 8) and XPS (Fig. 5) results after 24 hours of expo
sure to 3.5 % NaCl. To investigate these effects, the nanomechanical 
properties of a CrN surface coating before and after 24 h of immersion in 
3.5 % NaCl were measured using a low-load sensor head of the nano
indenter. This setup also facilitated surface imaging by employing sur
face probe microscopy (SPM) mode with a Berkovich diamond tip. 
Initially, the sample surfaces were imaged, and indentation points were 
carefully selected on flat regions of the CrN top layer to minimize the 
influence of steel’s polishing trace lines on HIT and Er measurements 
[29]. All measurements were conducted using the LPU method, as 
shown in Fig. 9a. The top surface of the Cr/CrN multilayer coating was 
analyzed in two samples: the sample exposed to 3.5 % NaCl and the 
fresh, unexposed surface. Figs. 11a and 11c, along with Figs. 11b and 
11d, show the SPM topography and gradient images obtained after ex
periments on these regions, respectively. Residual indentations were 
clearly observed on the CrN top-layer surface. The HIT and Er results are 
presented in Figs. 11e and 11f, respectively. At the exposed surface after 
24 hours in 3.5 % NaCl solution, the surface exhibited softening, with 

Fig. 8. (a) Nyquist and (b) Bode phase/amplitude monitoring plots for the Cr/CrN coating during 24 h of exposure in 3.5 wt% NaCl solution. (c) Rcoating and (d) Rct 
values extracted from the fitting process of EIS curves in a and b.
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HIT values ranging from 6–13 GPa and Er from 130–180 GPa at pene
tration depths of 40–200 nm. In contrast, the fresh surface displayed 
higher hardness, with HIT values between 11–15 GPa and Er from 
185–215 GPa at penetrations of 30–200 nm. These results align well 
with the XPS data, which indicate the formation of a more complex 
chromium oxide film with reduced hardness compared to CrN. More
over, the physicochemical degradation, encompassing alterations in 
surface morphology and the failure process within the Cr/CrN multi
layer, notably diminished the hardness, elastic modulus, and electro
chemical resistivity of the Cr/CrN coating.

4. Physicochemical surface evolution effects on 
nanomechanical and corrosion protective properties

The Cr/CrN multilayer coating performance in corrosive environ
ments is governed by the complex physicochemical interactions be
tween its structural integrity, electrochemical stability, and nano- 
mechanical properties. Based on the XPS and EIS results, after 24 h of 
exposure to a 3.5 % NaCl solution, significant changes were observed, 
beginning with the surface oxidation of the CrN top layer. high resolu
tion XPS and corresponding surface elemental distribution analysis 

Fig. 9. Multiple partial loading/unloading nanoindentations methodologies were used in the present experiments for maximum loads of (a) 10 mN and (b) 2 N. 
Representative load-displacement curves for Cr/CrN multilayer coatings were obtained for maximum loads of (c) 10 mN and (d) 2 N.

Fig. 10. Mechanical properties of the Cr/CrN multilayer coating vs penetration depth measured by the LPU method displayed in Fig. 9b: (a) hardness and (b) reduced 
elastic modulus. Each color corresponds to a different measurement. The dashed lines correspond to the steel substrate values taken from the reference [58].
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(Figs. 5c and 5e) revealed an increase in oxygen content, along with 
changes in the distribution of oxygen species (HO- and O2-), while 
chromium and nitrogen levels decreased, indicating the formation of a 
chromium oxide (Cr2O3) and hydroxide (Cr(OH)3) film. XPS data 
(Fig. 5a) confirmed this transformation, with increased Cr oxide peaks 
and a reduction in CrN, which initially enhances corrosion resistance by 
reducing the penetration of aggressive ions.

However, surface defects such as micro-cracks, identified in the BSE- 
SEM fracture images (Fig. 3c), serve as pathways for chloride ions to 
penetrate the Cr/CrN multilayer coating. This localized corrosion is 
evident in the electrochemical results from EIS (Fig. 8), where a decrease 
in both the Rcoating and Rct values indicates enhanced corrosion at these 
defect sites. The progressive corrosion weakens the protective chromium 
oxide layer, leading to a decline in the coating ability to resist further 
degradation. In parallel, nanoindentation tests (Fig. 11) reveal a 

reduction in hardness (HIT) and elasticity (Er) after 24 h of exposure to a 
3.5 % NaCl solution, correlating with the formation of a mechanically 
weaker chromium oxide layer. The combined mechanical degradation 
and corrosion at defect sites lead to a substantial reduction in both the 
electrochemical stability and mechanical integrity of the coating.

Thus, while the chromium oxide film initially provides protection, 
surface imperfections, such as micro-cracks, accelerate localized corro
sion and compromise the coating durability. This highlights the critical 
importance of minimizing surface defects to enhance the long-term 
performance of Cr/CrN coatings in aggressive environments. A sche
matic representation (Fig. 12) further illustrates how the Cr/CrN coat
ing’s compact microstructure, characterized by fine grains, a 
fragmented columnar crystalline structure, and a low number of micro- 
cracks, undergoes concurrent physicochemical modifications, ulti
mately driving its gradual corrosion protection degradation. The 

Fig. 11. (a,c) SPM topography and (b,d) gradient images of the CrN surface layer after two sets of experiments done on individual regions including a fresh coating 
surface and a coating surface exposed to 3.5 % NaCl for 24 h. The resulting HIT and Er from these measurements are shown in (e) and (f), respectively.

Fig. 12. Schematic illustration of the progressive corrosion process in an optimized Cr/CrN multilayer coating.
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significant decline in impedance value observed in the Cr/CrN multi
layer coating when exposed to a 3.5 % NaCl solution (EIS in Fig. 8) is 
primarily attributed to localized corrosion triggered by the aggressive 
penetration of Cl⁻ ions into surface defects such as micro-cracks, pin
holes, and other structural irregularities. These imperfections act as 
channels, allowing Cl⁻ ions to infiltrate deeper layers, initiating and 
propagating corrosion degradation. As corrosion advances, it un
dermines the protective properties of the multilayer coating, particu
larly the passivation provided by the Cr thin-layer (~50 nm). Over time, 
this continuous attack compromises the coating’s structural integrity 
and durability, leaving it increasingly vulnerable to failure in harsh 
environments.

5. Conclusions

This research presents a thorough and systematic investigation into 
the microstructure, corrosion mechanisms, and nanomechanical prop
erties of an optimized Cr/CrN multilayer coating in a 3.5 % NaCl solu
tion. By employing a variety of advanced techniques, including SEM- 
EDXS, AFM, SKPFM, XPS, and AC/DC multielectrochemical analyses, 
we uncovered detailed insights into the coating’s microstructure, crys
tallographic orientations, morphology, local surface electronic proper
ties, and electrochemical behavior. The key findings are summarized 
below: 

1. The coating exhibits a uniform submicron cauliflower-like structure, 
with localized defects such as nodular or granular features (1–3 µm) 
and steel’s polishing trace lines. These defects result from geomet
rical shadowing effects inherent to PVD techniques, influenced by 
foreign particles and surface roughness of the substrate during 
deposition.

2. The CrN coating displays subtle surface roughness variations (Rq =
25 ± 11 nm) with distinct morphologies, including smaller 
cauliflower-like features (~140 nm) and larger nodules (~212 nm). 
Localized charges at boundaries create defect states and a predomi
nantly negative surface potential (-100–20 mV), suggesting low 
electrochemical activity and limited charge transfer.

3. The surface potential analysis shows a 5–10 mV difference between 
CrN and Cr layers, and a 60 mV difference at the Cr/CrN adhesion 
interface. These potential variations, due to differences in work 
function (ΦCrN = 5.1 eV, ΦCr = 4.5 eV), promote micro-galvanic 
coupling, accelerating corrosion, especially at the interface of the 
CrN and Cr adhesion layer where charge accumulation occurs.

4. The protective complex oxide film formation upon exposure to a 
3.5 % NaCl solution is supported by increasing Bode phase angle 
values and rising Rcoating and Rct values up to 5 hours, with Rct 
peaking at 515 Ω.cm2. After 5 h, both values decrease, as seen in 
Nyquist and Bode curve changes. XPS analysis shows increased 
chromium oxide formation (Cr2O3, Cr(OH)3) and reduced metallic Cr 
and CrN.

5. Overall, the significant decrease in the total impedance of the Cr/CrN 
multilayer in 3.5 % NaCl solution is attributed to localized corrosion 
caused by aggressive Cl⁻ ions penetrating surface defects, such as 
micro-cracks, which facilitate corrosion propagation and accelerate 
the degradation process.

6. The significant reductions in hardness (HIT) and elastic modulus (Er) 
close to the surface confirm that the CrN top layer undergoes notable 
physicochemical degradation after prolonged exposure (24 h) to a 
3.5 % NaCl solution. The formation of a chromium oxide film with 
lower mechanical properties further emphasizes the impact of 
corrosion-induced softening and reduced protective mechanical 
performance.
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O. Sbaizero, M. Čekada, A comparative study of nanolaminate CrN/Mo2N and 
CrN/W2N as hard and corrosion resistant coatings, Surface and Coatings 
Technology 455 (2023) 129209.

[21] Y.X. Ou, J. Lin, H.L. Che, W.D. Sproul, J.J. Moore, M.K. Lei, Mechanical and 
tribological properties of CrN/TiN multilayer coatings deposited by pulsed dc 
magnetron sputtering, Surf. Coat. Technol. 276 (2015) 152–159.

[22] L. Liao, Q. Wan, H. Wang, B. Yang, Q. Mei, Irradiation enhanced corrosion 
resistance of CrN/TiSiN multilayers synthesized by cathodic arc ion plating, Mater. 
Today Commun. 35 (2023) 106155.

[23] S. Kaciulis, A. Mezzi, G. Montesperelli, F. Lamastra, M. Rapone, F. Casadei, 
T. Valente, G. Gusmano, Multi-technique study of corrosion resistant CrN/Cr/CrN 
and CrN: C coatings, Surf. Coat. Technol. 201 (2006) 313–319.

[24] Y. Chipatecua, J. Olaya, D.F. Arias, Corrosion behaviour of CrN/Cr multilayers on 
stainless steel deposited by unbalanced magnetron sputtering, Vacuum 86 (2012) 
1393–1401.

[25] Y. Wang, J. Zhang, Y. Wang, C. Wang, W. Guo, X. Lu, Y. Sui, J. Lan, Inhibiting 
tribocorrosion damage of Cr/CrxN coatings by multi-layer design, Ceram. Int. 47 
(2021) 842–850.

[26] J. He, X. Lan, Z. Liu, D. Jiao, X. Zhong, Y. Cheng, C. Tang, W. Qiu, Modification of 
Cr/CrN composite structure by Fe addition and its effect on decorative 
performance and corrosion resistance, Ceram. Int. 47 (2021) 23888–23894.

[27] R. Bayón, A. Igartua, X. Fernández, R. Martínez, R. Rodríguez, J.A. García, A. De 
Frutos, M. Arenas, J. De Damborenea, Corrosion-wear behaviour of PVD Cr/CrN 
multilayer coatings for gear applications, Tribology Int. 42 (2009) 591–599.

[28] SKF Coatings, in: S. Group (Ed.), 2020. https://cdn.skfmediahub.skf.com/api/ 
public/0901d19680a4e17f/pdf_preview_medium/0901d19680a4e17f_pdf_ 
preview_medium.pdf.

[29] E. Broitman, Indentation hardness measurements at macro-, micro-, and nanoscale: 
a critical overview, Tribology Lett. 65 (2017) 23.

[30] J.A. Thornton, High rate thick film growth, Annu. Rev. Mater. Sci. 7 (1977) 
239–260.

[31] P. Panjan, P. Gselman, M. Panjan, T. Bončina, A. Drnovšek, M. Albu, M. Čekada, 
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