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Abstract: This paper investigated the influence of the Ar/N2 working gas mixture composition on the 
morphological, structural, mechanical, and corrosion properties of single-layer CrN coatings obtained 
by reactive magnetron sputtering on E110 zirconium alloy substrates. It was shown that an increase in 
the N2 fraction in the working gas leads to a sequential compaction of the coating structure, an  
increase in the degree of nitride formation, and the formation of a more homogeneous cubic CrN  
phase (Fm-3m), which was confirmed by Grazing-Incidence X-Ray Diffraction data (GI-XRD). 
Scanning electron microscopy (SEM) analysis revealed a transition from a relatively loose morphology 
at 90/30 sccm to a denser and finer-grained structure at 80/40 sccm. It was established that an increase 
in the partial pressure of nitrogen contributes to a decrease in surface roughness (Ra from 0.152      
to 0.114 μm) and an increase in nanohardness from 4.1 to 6.7 GPa, as well as Young’s modulus   
from 97 to 110 GPa, associated with the formation of a denser and closer to stoichiometric CrN phase. 
Electrochemical tests in 3.5% NaCl showed a significant improvement in corrosion resistance; the 
corrosion current density decreased from 3.82 × 106 to 1.73 × 106 A/cm2, and the corrosion rate 
decreased from 0.054 to 0.0024 mm/year. 

Keywords: CrN; magnetron sputtering; zirconium alloys; hardness; phase composition; mechanical 
properties; coatings 
 



1216 

AIMS Materials Science  Volume 12, Issue 6, 1215–1240. 

1. Introduction 

Zirconium alloys (in particular, Zr-4) are widely used as materials for fuel element cladding in 
light water nuclear reactors (LWRs) due to their high thermal conductivity, low thermal neutron 
capture cross section, high mechanical strength, and excellent corrosion resistance [1–5]. However, in 
loss-of-coolant accidents (LOCA), they undergo an intense reaction with water vapor, accompanied 
by significant hydrogen and heat release, which can lead to serious consequences, as was recorded in 
the accident at the Fukushima nuclear power plant in 2011 [6,7]. In this regard, the concept of  
accident-tolerant fuel (ATF) was proposed, aimed at improving the operational reliability and stability 
of fuel cladding under extreme conditions. One of the most practical and effective approaches to 
implementing ATF is to apply a protective coating to the surface of Zr-4 alloys. This method avoids 
the need to modify existing production equipment and thus facilitates its industrial implementation in 
the short term [8–10]. 

Current research into candidate coatings for ATF focuses on ceramic (Ti2AlC, TiN, AlCrN,   
CrN) [11–13] and metal coatings (FeCrAl, Mo, Cr) [14,15]. All of them demonstrate the ability to 
significantly increase the oxidation and corrosion resistance of zirconium alloys. Chromium-based 
coatings are considered particularly promising due to their high resistance to oxidation [16–18]. 
However, Cr oxidation is accompanied by the formation of a Cr2O3 oxide film with a Peeling–Bedworth 
coefficient of 2.07 [19], which leads to the development of internal stresses and, as a result, to cracking 
and delamination of the coating [20]. In addition to the barrier functions of the coating, it is necessary 
to consider the compatibility of the mechanical properties and thermal expansion coefficients between 
the coating and the substrate. In this context, nitride coatings (TiN, ZrN, CrN) are of particular interest 
because they are characterized by high hardness, wear resistance, thermal stability, and corrosion 
resistance [21–25]. Among them, CrN stands out as one of the most promising candidates due to its 
balanced combination of physical, mechanical, and chemical characteristics [26–29].  

In a number of studies, such as the work by Adesinaet al. [30], comparative analysis of coatings 
obtained by cathodic arc physical vapor deposition (PVD) (including TiN, CrN, AlTiN, and AlCrN) 
showed that CrN has the lowest friction coefficient and the highest adhesion strength. In the work of 
Ali et al. [31], the corrosion and surface properties of TiN, ZrN, and CrN coatings applied to β-titanium 
alloys by PVD were investigated. It was found that CrN demonstrates high corrosion resistance and 
reliable adhesion. TiN-, CrN-, and TiB2-based materials have high melting points, high hardness, good 
mechanical properties, and thermal stability, which makes them promising for use in aggressive 
environments. According to the literature [32], CrN coatings show higher operational efficiency 
compared to TiN and ZrN, making them the preferred choice for functional coatings.  

CrN can be obtained by various methods of PVD, including magnetron sputtering, arc evaporation, 
ion-plasma spraying, and electron beam evaporation [33–36]. In recent decades, magnetron sputtering 
has been rapidly developing as one of the most versatile and widely used PVD methods [37–40]. This 
method allows obtaining dense, homogeneous, and precisely controlled coatings in terms of thickness, 
which in some cases demonstrate functionality comparable to thicker coatings obtained by alternative 
methods [41–44]. In addition, this method makes it possible to vary the technological parameters of 
deposition (e.g., substrate temperature, pressure, power, gas flow rate and composition, and    
process duration), which allows for flexible control of the structure and properties of the coatings 
obtained [45–48]. 
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Variation of the technological parameters of the reactive magnetron sputtering method     
allows obtaining CrN coatings of different phase composition and morphology, which causes 
significant differences in their properties. Thus, Kong et al. [49] investigated the effect of nitrogen 
content (20%–60%) in the Ar/N2 gas mixture during film deposition on 1Cr18Mn8Ni5N steel 
substrates. It was found that the atomic concentration of nitrogen in the coating increases with an 
increase in the N2 fraction, with a pure CrN phase forming at 50%. All coatings had a typical columnar 
morphology (T zone according to Thornton’s model). The mixed phases Cr2N and Cr(N) were 
characterized by low hardness and high friction coefficient, while Cr2N exhibited higher hardness and 
CrN exhibited a lower friction coefficient. Zhang et al. [50] showed that the deposition rate of CrN 
coatings decreases with increasing nitrogen content in the Ar/N2 mixture. The phase composition 
included Cr, Cr2N, and CrN, and the crystallographic texture varied significantly depending on the 
conditions. Dense coatings were formed at low N2 flow rates. Hardness and plasticity did not show a 
direct dependence on gas composition. Ahmad et al. [51] used pulsed magnetron sputtering in an   
Ar–N2 atmosphere on AISI-304 substrates to study the effect of discharge power (100–200 W) and N2 
concentration (5%–20%). X-ray structural analysis showed the formation of CrN phases with varying 
degrees of crystallinity. Maximum hardness and coating thickness (~755 nm) were achieved at a power 
of 150 W and a nitrogen content of 5%. Zhang et al. [52] found that an increase in the N2 content leads 
to a decrease in the deposition rate and a change in the surface morphology, from loose pyramidal to 
dense spherical. At low nitrogen content, Cr2N and Cr phases prevailed, while at high concentrations, 
single-phase CrN was formed. The orientation of the crystallites shifted to (111). Maximum adhesion 
was observed at N2/Ar = 30:40, although the bond strength tended to decrease. Zhang et al. [53] showed 
that when the N2 concentration was varied from 0% to 60%, the phase composition of the coatings 
changed from bcc-Cr to Cr2N + Cr, then to an amorphous structure, and with further nitrogen growth, 
to stable CrN. The morphology was columnar (Thornton’s T/I transition zone). Subramanian et al. [54] 
deposited CrN films by DC sputtering on glass and silicon substrates. Analysis showed the presence 
of Cr2N and CrN phases. The average grain size increased with increasing nitrogen supply, and the 
morphology had a dense columnar structure. Electrophysical measurements revealed semiconductor 
behavior at a flow rate of N2 = 15 sccm. Shah et al. [55] demonstrated the influence of gas atmosphere 
composition (Ar or He) and substrate temperature on the properties of CrN coatings obtained on   
SA-304 steel. It was found that with an increase in N2 content, the average grain size decreases and 
the structure becomes denser. In the He + N2 atmosphere, films were thinner and had smaller grains 
than in Ar + N2. At a nitrogen content of up to 30%, a CrN + Cr2N phase was formed, which had higher 
microhardness (16.95 GPa) than single-phase CrN (10.5 GPa). He et al. [56] showed that an increase 
in the N2 content in the Ar/N2 mixture reduces the film thickness (1.5 to 1.3 μm), causes a shift in the 
preferred orientation from (200) to (111), and also changes the nature of the residual stresses (from 
compressive to tensile). CrN films with x < 1 had increased hardness due to grain refinement and 
anionic vacancies. During thermal testing (500–650 °C), the coatings retained high hardness, but    
at 800 °C, degradation occurred due to oxidation and oxygen diffusion. 

Based on the results of the literature review, a correlation table (Table 1) was created, which is 
presented below. 
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Table 1. Effect of N2 content on the phase composition and properties of CrN coatings. 

Literature Gas 

composition/mode 

Substrate/method Phases Morphology/density Key properties 

Kong et al., 2011 

[49] 

Ar/N2 = 20%–

60%; at 50% 

N2→pure CrN 

1Cr18Mn8Ni5N; 

medium-

frequency 

magnetron 

sputtering 

Cr, Cr2N, CrN; 

at 50% N2, 

CrN phase; T 

zone 

(Thornton) 

Columnar At 50% N2, CrN is 

formed; 

Cr2N→↑hardness, 

CrN→↓friction 

coefficient 

Zhang et al., 2014 

[50] 

Ar/N2: N2 (99.9%): 

9, 12, 15, 18, 21 

SCCM  

Ar (99.9%): 21, 18, 

15, 12, 9 SCCM 

Stainless steel 

1Cr18Ni9Ti; 

magnetron 

sputtering 

Cr, Cr2N, CrN; 

texture 

depends on N2 

Dense at low N2 Deposition rate ↓ with 

increasing N2; hardness 

and adhesion: no direct 

dependence on N2 

Ahmad et al., 

2013 [51] 

Ar 95% + N2 5%–

20%; power 100–

200 W; maximum 

at 150 W, 5% N2 

AISI-304; pulsed 

DC magnetron 

sputtering 

CrN Grainy surface Thickness ≈ 755 nm and 

max. hardness at 150 W 

and 5% N2 

Zhang et al., 2016 

[52] 

N2 variation; N2/Ar 

= 30:40→max. 

adhesion 

304 stainless steel; 

single-target 

magnetron 

sputtering 

At low N2: 

Cr2N + Cr; at 

high N2: 

predominantly 

CrN 

Pyramidal (low 

N2)→spherical 

(high N2) 

With increasing N2: 

Precipitation rate ↓, 

density ↑, hardness ↑ 

Zhang et al., 2007 

[53] 

0% N2 Silicon Si; 

medium-

frequency 

magnetron 

sputtering 

bcc-Cr Columnar (T/I zone) Lower COF (сoefficient 

of friction) with steel 

counterbody 

(comparative trend) 

20% N2 Mixed phase 

Cr2N + Cr 

Columnar (T/I zone) COF decreases; 

minimum in the range of 

20%–40% N2 

40% N2 Amorphous 

structure 

Transitional 

columnar 

Minimum COF is 

maintained (20%–40% 

N2) 

≥60% N2 Stable CrN Columnar (T/I zone) COF stabilizes (~0.7, as 

a general trend) 

Subramanian et 

al., 2012 [54] 

N2 flow varies; N2 

= 15 sccm → 

semiconductor 

behavior 

Glass, Si; 

medium-

frequency 

magnetron 

sputtering 

Cr2N + CrN Dense columnar; 

grain size ↑ with 

increasing N2 

EDS: uniform 

composition; 

semiconductor at 15 

sccm 

Continued on next page 
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Literature Gas 

composition/mode 

Substrate/method Phases Morphology/density Key properties 

Shah et al., 2010 

[55] 

Ar + N2 or He + 

N2; increase in 

substrate 

temperature and N2 

SA-304 steel; DC 

reactive 

magnetron 

sputtering 

CrN + Cr2N up 

to 30% N2; 

CrN appears at 

high nitrogen 

content 

Denser at ↑ 

temperature and ↑ 

N2; He + N2→thin, 

fine grained 

Coatings with CrN + 

Cr2N phase demonstrate 

high hardness of 16.95 

GPa; CrN: 10.50 GPa 

He et al., 2021 

[56] 

Increase in N2 

content  

Silicon Si; 

magnetron 

sputtering  

CrNx Dense Film thickness decreased 

from 1.5 to 1.3 μm with 

an increase in N2 flow 

rate; hardness ↑; thermal 

stability up to 500–

650 °C; degradation 

≥800 °C 

As shown by a review of the literature, the structure and properties of CrN coatings obtained by 
PVD methods depend on many factors, such as substrate temperature, pressure, power, gas flow rate 
and composition, and process duration. In addition to these factors, the design of the installation itself 
also has a significant impact. Furthermore, experiments often contradict each other due to differences 
in the conditions under which they are conducted, making it necessary to accumulate a large database 
in order to identify true patterns and establish reliable scientific conclusions for the practical use of 
CrN-based coatings in reactor construction.  

In view of the above, the aim of this study is to investigate the characteristics of CrN coating 
formation on an E110 alloy substrate by magnetron sputtering and to analyze the influence of the 
working gas ratio (Ar/N2) on the morphological, structural, physical, and mechanical characteristics 
of the coating. 

2. Materials and methods 

Samples of zirconium alloy E110 were used as substrates for coating. The surface of the substrates 
was pre-treated by mechanical grinding using abrasive paper with gradually decreasing grain      
size (from P400 to P2500). The chemical composition of the alloy is given in Table 2. 

Table 2. Chemical composition of alloy E110 (mass%) according to GOST (State 
Standard), TS (Technical Specifications): 25278.10-82. 

Zr Be Nb Hf Ni Cr Ti Al O Pb 

99.5 0.003 0.9–1.1 0.01 0.02 0.02 0.007 0.008 0.1 0.005 

CrN coatings were applied by magnetron sputtering in a reactive atmosphere using a DC 
magnetron sputtering system. A metal plate made of pure chromium (99.95%) was used as the target. 
Deposition was carried out in an argon-nitrogen atmosphere with different Ar/N2 gas ratios maintained 
by mass flow meters. 
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Before the sputtering process began, the substrate was heated to a temperature of 300 °C, after 
which a preliminary vacuum with a residual pressure of at least 5 × 103 Pa was created in the chamber. 
The working pressure during the sputtering process was 0.4–0.6 Pa. The distance between the target 
and the substrate was 40 mm. The substrate temperature was maintained at 300 °C. The negative 
potential voltage varied from –40 to –100 V to study its effect on coating formation. 

Figure 1 shows a diagram of the installation, which includes the following main stages: after sealing 
the chamber, primary pumping is carried out using a fore-vacuum pump (3), then a turbomolecular 
pump (2) is switched on, ensuring that a residual pressure of about 103 to 106 Pa is achieved. 

 

Figure 1. Schematic device of the installation for magnetron sputtering of CrN coating. 

Gases are fed into the working chamber: Ar, which is necessary for plasma formation, and N2, 
which participates in the formation of the nitride phase of the coating (CrN). The magnetron (1) is the 
main element of the installation and performs the spraying function. It creates a local magnetic field 
that helps to keep electrons near the target surface and increase the plasma density, which improves 
the efficiency of chromium atom sputtering. These atoms are deposited on a rotating substrate heated 
to a specified temperature, forming a coating. The bias unit (5) supplies a negative voltage (in a range 
from –40 to –100 V) to the substrate, which allows positively charged ions from the plasma to be 
attracted to its surface. This promotes ion cleaning and improves coating adhesion. The turbomolecular 
pump control unit (7) controls its activation, operation, and pressure stability in the chamber. The 
cooling system and control units (4 and 8) ensure the thermal stability of the magnetron and substrate 
and control the power supply, gases, deflection potential voltage, and other process parameters. 
Vacuum level and working pressure are monitored using appropriate sensors and a vacuum gauge (6). 
After spraying is complete, the gas supply is turned off, and the substrate cools down. 

CrN coatings were applied under varying gas supply and power modes. The main technological 
parameters are presented in Table 3. 
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Table 3. CrN coating deposition modes using magnetron sputtering. 

Samples/code example Ar (sccm) N2 (sccm) Power (W) Deposition time (min) 

Sample A1 90 30 200 60 

Sample A2 85 35 200 120 

Sample A3 80 40 200 180 

The surface morphology and microstructure of the cross sections of the coatings were studied 
using a CIQTEK SEM3200 scanning electron microscope (SEM) (Hefei, Anhui, China) equipped with 
an XFlash Detector 730M-300 (Bruker) energy-dispersive X-ray microanalysis (EDS) system, which 
allowed additional determination of the elemental composition of the studied areas. An XRD-6000  
X-ray diffractometer (Shimadzu, Japan) operating with Cu-Kα copper radiation (λ = 1.5406 Å) was 
used to analyze the phase composition of the coatings. X-ray structural analysis of the coatings was 
performed using the grazing incidence method (GI-XRD). Diffraction images were taken at an anode 
voltage of 40 kV and a current of 30 mA in the grazing incidence mode with an incidence angle of 1°. 
Diffractograms were recorded in the range of 2θ = 20–90°, with a scanning speed of 2°/min and a step 
of 0.05°. The coatings obtained with mechanical properties (Young’s modulus, hardness) were studied 
using a NanoScan-4D Compact nanohardness tester (Federal State Budgetary Institution “TISNSM”, 
Russia). Nanoindentation of coatings was performed using Oliver-Farr’s method with a Berkovich 
indenter at a load of 100 mN (ASTM E2546-07). Surface roughness (Ra) was evaluated using an 
SSR300+ profilometer (Zhejiang, China). A CSEMMicroScratchTester (Neuchâtel, Switzerland) was 
used to study the adhesion characteristics of coatings using the “scratch” method. Scratch testing was 
performed at a maximum load of 5 N, with a normal loading rate of 4.99 N/min, an indenter travel 
speed of 9.63 mm/min, a scratch length of 10 mm, and a tip radius of curvature of 100 μm. Corrosion 
resistance was studied on a CS300M potentiostat–galvanostat. Coatings were tested with an open area 
of 1 cm2 at room temperature (25 °C) in a 3.5 wt.% NaCl solution. The experiment used a       
three-electrode cell system, where a silver chloride electrode served as the reference electrode and a 
platinum electrode served as the auxiliary electrode. Before each polarization experiment, the sample 
was exposed to the electrolyte for 60 min of immersion until a stable open-circuit potential (OCP) was 
established. The corrosion potential and current density were obtained from the polarization curves 
using the Tafel extrapolation method for four samples. The potential was scanned in a range from 0.1 
to 0.1 V relative to OCP at a scan rate of 0.5 mV/s. The tests were repeated three times, and the results 
were analyzed using CS Studio6 software (version 6.3). The chemical composition and distribution of 
elements across the depth of the coating were investigated using a GD Profiler 2 optical emission 
spectrometer (Horiba Scientific, France). 

3. Results 

Figure 2 presents the SEM analysis and EDS mapping results of the surface of the CrN coating 
deposited at an Ar/N2 gas ratio of 90/30 sccm. 
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Figure 2. Surface morphology and elemental analysis (EDS mapping) results for the CrN 
coating deposited at an Ar/N2 gas ratio of 90/30 sccm. 

The surface morphology of the CrN coating formed at an Ar/N2 ratio of 90/30 sccm is 
characterized by a longitudinally oriented structure. According to the EDS data, the normalized mass 
concentration of nitrogen is 0.95%, while chromium predominates, reaching 96.36%. 

Figure 3 shows the surface morphology of the CrN coating obtained at an Ar/N2 gas ratio   
of 85/35 sccm. 
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Figure 3. Surface morphology and elemental analysis (EDS mapping) results for the CrN 
coating deposited at an Ar/N2 gas ratio of 85/35 sccm. 

Under this deposition regime, the structure becomes finer-grained: the normalized mass 
concentration of nitrogen increases to 1.19%, while the chromium fraction decreases to 95.30%, 
indicating a more intensive formation of the nitride phase. 

Figure 4 presents the surface morphology of the CrN coating formed at an Ar/N2 gas ratio      
of 80/40 sccm. 
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Figure 4. Surface morphology and elemental analysis (EDS mapping) results for the CrN 
coating deposited at an Ar/N2 gas ratio of 80/40 sccm. 

Under this regime, the maximum degree of nitridation is achieved: the normalized mass 
concentration of nitrogen increases to 10.73%, while the chromium content decreases to 85.41%, 
corresponding to the most homogeneous and dense surface structure. 

This trend indicates more intensive formation of nitride phases with increasing nitrogen partial 
pressure and is consistent with literature data on CrNx coatings produced by reactive magnetron 
sputtering, where higher N2 flow rates promote enhanced nitrogen incorporation and the transition to 
CrN-rich phases [57–60]. The Cr and N distribution maps for all samples show their uniform 
distribution across the surface, while the detected Zr signal (2.7%–3.9% normalized mass%) is 
attributed to the partial contribution of the substrate within the analyzed region. 
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Thus, the surface morphology of the CrN coatings (Figures 2–4), formed at different Ar/N2 ratios, 
demonstrates a gradual densification of the structure and an increase in the degree of nitridation as the 
nitrogen fraction in the working gas mixture increases. 

To clarify the distribution of elements across the coating thickness, an analysis was performed 
using optical emission glow discharge spectrometry. Figure 5 shows the profiles of element 
distribution across different depths. 

 

Figure 5. Profiles of the relative intensity of elements with depth, measured by optical 
emission glow discharge spectrometry for CrN coatings obtained at different Ar/N2 gas 
ratios: (a) 90/30; (b) 85/35; (c) 80/40 sccm. 

The glow discharge profiles (Figure 5) show a characteristic distribution of elements along the 
depth for all CrN coatings. In the near-surface zone (0–0.2 μm), the maximum relative intensity of the 
Cr line is recorded at about 10%–12%, while the contribution of the substrate elements (Zr, Nb) is 
practically zero. As the depth increases, the Cr intensity remains stable at ≈8%–10% until the coating 
boundary is reached. For the 90/30 sccm sample, the decrease in Cr intensity begins at a depth of ~1.6 μm, 
where a sharp increase in Zr intensity is simultaneously recorded, reflecting the transition to the 
substrate. For the 85/35 sccm mode, the length of the section with high Cr intensity increases slightly 
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and is ~1.7 μm, while the transition zone remains narrow (~0.2–0.3 μm). The maximum thickness of 
the nitride layer is observed at 80/40 sccm, where high Cr intensity values are maintained to a depth 
of ~2.0 μm, after which the Zr intensity increases, indicating the coating/substrate boundary. Ni, Ti, 
and Al signals remain at ≤1% throughout the depth. There is no noticeable oxygen intensity in any of 
the samples, confirming the absence of oxide phases in the coating structure. 

Figure 6 shows cross sections of CrN coatings obtained at different working gas flows. 

 

Figure 6. Cross sections of CrN coatings obtained by reactive magnetron sputtering at 
different Ar/N2 gas ratios: (a) 90/30 sccm; (b) 85/35 sccm; (c) 80/40 sccm. 

In all three modes, a typical columnar structure, oriented perpendicular to the substrate surface, 
was formed. The average film thickness values for each deposition mode are 1.62 ± 0.02 μm at a gas 
flow rate of Ar/N2 = 90/30, 1.68 ± 0.08 μm at 85/35, and 1.96 ± 0.30 μm at 80/40. The slight increase 
in thickness with increasing N2 flow rate reflects an increase in the rate of CrN nitride phase formation 
due to a higher degree of nitrogen saturation of the plasma and a decrease in the backsputtering of the 
already formed layer. 

Figure 7 presents the elemental distribution results in the cross-section of the CrN coating 
obtained at an Ar/N2 gas ratio of 90/30 sccm. 
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Figure 7. Elemental distribution maps in the cross-section of the CrN coating deposited at 
an Ar/N2 ratio of 90/30 sccm. 

EDS mapping shows that the CrN layer exhibits a stable and uniform distribution of Cr and N 
throughout the entire coating thickness. No signs of substrate element diffusion into the coating region 
were detected, indicating the formation of a dense and homogeneous nitride layer. 

Further cross-sectional analysis was performed for the CrN coating obtained at an Ar/N2 gas ratio 
of 85/35 sccm, as presented in Figure 8. 
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Figure 8. Elemental distribution maps in the cross-section of the CrN coating deposited at 
an Ar/N2 ratio of 85/35 sccm. 

EDS mapping reveals a pronounced enrichment of the surface layer with chromium and nitrogen, 
which is characteristic of nitride coating formation. At the same time, the Zr signal is detected exclusively 
in the substrate region, indicating a well-defined interface and the absence of diffusion mixing. 

With an increase in the N2 flow rate, an increase in the intensities of the Cr and N signals is 
observed, indicating a more complete nitridation of the film. This trend is clearly demonstrated in the 
results presented in Figure 9. 
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Figure 9. Elemental distribution maps in the cross-section of the CrN coating deposited at 
an Ar/N2 ratio of 80/40 sccm. 

The appearance of oxygen in the EDS spectra (Figures 7–9) is associated with the surface 
adsorption of oxygen-containing compounds and the limited analysis depth, in which the electron 
beam partially interacts with regions outside the coating. This is a typical feature of thin nitride films 
and does not indicate the presence of an oxide phase within the CrN layer [61,62]. 

Figure 10 shows the linear profiles of Cr, N, Zr, and O distribution through the thickness of CrN 
coatings obtained at Ar/N2 ratios of 90/30, 85/35, and 80/40 sccm. 
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Figure 10. Results of linear EDS analysis of cross sections of coatings obtained by 
magnetron sputtering at different Ar/N2 working gas ratios: (a) 90/30 sccm; (b) 85/35 sccm; 
(c) 80/40 sccm. 

In all samples, the coating area is characterized by stable Cr-Kα and N-K signals, indicating a 
uniform composition of the CrN layer throughout its thickness. The Zr-Lα signal is absent inside the 
coating and increases sharply only at the boundary with the substrate, simultaneously with the drop of 
Cr and N to zero values, which confirms the presence of a clear interface boundary without signs of 
mutual diffusion. As the N2 content increases, the length of the coating section on the profile increases, 
and the Cr and N levels become more even, which corresponds to an increase in film thickness and 
uniformity. The weak O-K signal does not show a structural distribution across the thickness and is 
not related to the coating composition. The profiles confirm the formation of a continuous CrN layer 
with a sharp substrate-coating boundary and improved uniformity with an increase in the nitrogen 
content in the working gas. 
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Furthermore, to obtain data specifically on the phase composition of the coatings, X-ray structural 
analysis was performed using the grazing incidence method (GI-XRD). The use of grazing beam 
geometry minimized the contribution of the substrate and allowed the registration of diffraction 
maxima formed by the CrN layer.  

Figure 11 shows GI-XRD diffractograms of CrN coatings deposited at Ar/N2 ratios of 90/30, 85/35, 
and 80/40 sccm. 

 

Figure 11. GI-XRD X-ray diffraction patterns of CrN coatings obtained by magnetron 
sputtering at different Ar/N2 working gas ratios: (a) 90/30 sccm; (b) 85/35 sccm;        
(c) 80/40 sccm. 

In all three cases, the diffraction patterns clearly show the peaks of the Zr substrate together with 
the reflections of the cubic phase of CrN. With an increase in nitrogen content, there is an increase in 
the intensity of the main CrN peaks: (111), (200), (220), (311), and (222). At the same time, the 
intensity of the Zr diffraction maxima decreases, which is associated with an increase in the 
contribution of the coating to the total X-ray signal. In the studied range of 2θ = 20–90°, there are no 
peaks corresponding to the oxide phases Cr2O3 and ZrO2, and no such reflections were detected within 
the sensitivity of the method. Reference data from the ICDD PDF-2 database was used to identify the 
phases. Table 4 contains the CrN and Zr cards used to decipher the diffractograms. 
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Table 4. Data from the ICDD PDF-2 database. 

Phase Crystal lattice Card index Space group 

CrN Cubic 01-076-2494 Fm-3m 

Zr Hexagonal 00-001-1147 P63/mmc 

As the partial pressure of nitrogen in the working gas increases (Ar/N2: 90/30→85/35→80/40 sccm), 
the arithmetic mean roughness of the coating surface decreases monotonically: Ra = 0.152 ± 0.007, 
0.150 ± 0.006, and 0.114 ± 0.006 μm, respectively. The decrease in Ra is associated with an increase 
in the degree of nitridation and ion-assisted compaction of the layer, which leads to the closure of 
intercolumnar voids, enlargement of crystallites, and a decrease in microdeformations, all of which 
reflect the relaxation of internal stresses and smoothing of the surface micro-relief. 

In contrast, the nanohardness of CrN coatings increases monotonically. Figure 12 shows the 
nanohardness and Young’s modulus values for these coatings as a function of gas flow rate, reflecting 
the influence of partial nitrogen pressure on their elastic-plastic characteristics. 

 

Figure 12. Nanohardness and Young’s modulus of single-layer CrN coatings obtained at 
different Ar/N2 gas flow ratios. 

As can be seen from the data presented, increasing the nitrogen content in the gas mixture    
from 90/30 to 80/40 sccm leads to a sequential increase in both the nanohardness and Young’s modulus 
of single-layer CrN coatings. At a flow rate of 90/30 sccm, the hardness and modulus values are 
approximately 4.1 ± 0.18 and 97 ± 2 GPa, respectively, which corresponds to a less dense and partially 
non-stoichiometric coating structure. The transition to the 85/35 sccm mode is accompanied by an 



1233 

AIMS Materials Science  Volume 12, Issue 6, 1215–1240. 

increase in hardness to ≈5.09 ± 0.19 GPa with a Young’s modulus of about 98 ± 3 GPa, which reflects 
an improvement in the degree of nitridation. The maximum values (≈6.71 ± 0.12 and ≈110 ± 4 GPa) 
are observed at the 80/40 sccm mode, which is associated with the formation of a denser, stoichiometric 
CrN phase and a decrease in the defectiveness of the columnar structure. 

Nevertheless, according to nanoindentation data, coatings exhibit relatively low hardness, which 
is due to a combination of structural and technological factors. First, coatings deposited at low nitrogen 
content form a columnar and partially loose morphology with pronounced intercolumnar defects, 
which reduces their resistance to indentation. Second, reduced N2 consumption leads to the formation 
of non-stoichiometric CrNx, which is characterized by lower hardness compared to the stoichiometric 
cubic CrN phase. Third, the relatively small thickness of the films (~1.6–2.0 μm) enhances the effect 
of the soft E110 substrate, which also leads to a decrease in the measured nanohardness values [63,64]. 
With an increase in nitrogen flow rate, the coating structure becomes denser and more homogeneous, 
the number of intercolumnar defects decreases, and the degree of nitride formation increases, which is 
consistent with a monotonic increase in nanohardness from 4.1 to 6.7 GPa. 

Next, the corrosion resistance of CrN coatings was evaluated by the potentiodynamic polarization 
method with an open electrode area of 1 cm2 in a NaCl solution with a concentration of 3.5 wt.%     
at 25 °C. The samples under study were obtained by reactive magnetron sputtering at working gas ratios 
of Ar/N2 = 90/30, 85/35, and 80/40 sccm. The potentiodynamic polarization curves of CrN coatings 
are shown in Figure 13. 

  

Figure 13. Potentiodynamic polarization curves of CrN coatings obtained by magnetron 
sputtering at different Ar/N2 working gas ratios: (a) 90/30 sccm; (b) 85/35 sccm; and     
(c) 80/40 sccm. 
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As can be seen from the potentiodynamic curves (Figure 13), an increase in the nitrogen content 
in the gas mixture during CrN deposition leads to a sequential decrease in the corrosion current density 
and a shift in the corrosion potential to the negative side, which indicates an improvement in the 
corrosion resistance of the coating. The obtained electrochemical parameters (Table 5) demonstrate a 
decrease in Icorr from 3.82 × 106 A/cm2 for the 90/30 mode to 1.73 × 106 A/cm2 for the 80/40 mode 
and an almost 20-fold decrease in the corrosion rate, from 0.054 to 0.0024 mm/year. 

Table 5. Corrosion test results. 

Ar/N2 90/30 sccm 85/35 sccm 80/40 sccm 

Ecorr (mV) 283 285 230 

Icorr (A/cm2) 3.82 × 106 2.23 × 106 1.73 × 106 

βc (mV) 27 111 50 

βa (mV) 616 533 403 

vcorr (mm/year) 0.054 0.031 0.0024 

This trend is directly related to the evolution of the CrN structure as the partial pressure of 
nitrogen increases. A higher N2 content promotes the formation of a dense, closer to stoichiometric 
CrN phase, characterized by a reduced number of defects and increased uniformity. Morphologically, 
this manifests itself in an increase in packing density and a decrease in the diameter of the columns 
forming the coating. A finer columnar structure reduces the number of intergranular channels  
through which electrolyte penetration usually occurs and reduces the likelihood of local galvanic 
microcouples [65–67]. 

An additional factor is the reduction in surface roughness at high nitrogen content. A smoother 
surface reduces the number of active anodic areas and slows down the rate of local Cr dissolution, which 
is confirmed by a decrease in the anodic slope βa (from 616 to 403 mV). On denser coatings, electrolyte 
access to defects is also impeded, leading to an increase in βc and a slowdown in cathodic reactions. 

Thus, an increase in the nitrogen content in the plasma leads to an improvement in the density, 
morphology, and uniformity of CrN coatings, the formation of a higher-quality passive film and, as a 
result, a significant increase in their corrosion resistance. 

4. Conclusions 

1. It has been established that all CrN coatings obtained by reactive magnetron sputtering form a 
columnar structure with a clear boundary and uniform distribution of Cr and N throughout the 
thickness; there is no diffusion mixing with the substrate. 

2. With an increase in N2 content (from 90/30 to 80/40 sccm), a denser, more homogeneous, and 
closer to stoichiometric cubic phase of CrN is formed, which is confirmed by an increase in the 
intensity of the main diffraction reflections (111), (200), (220), (311), (222) and a decrease in the 
contribution of the Zr substrate. 

3. The thickness of the coatings increases from 1.62 to 1.96 μm with an increase in N2 in the gas 
mixture, which is associated with an increase in the degree of nitride formation and a decrease in the 
reverse spraying effect. 
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4. An increase in the nitrogen content leads to a decrease in surface roughness (Ra: 0.152   
to 0.114 μm) and a simultaneous increase in nanohardness (4.1 to 6.7 GPa) and Young’s modulus (97 
to 110 GPa), which is explained by a decrease in defects and an increase in the density of the CrN layer. 

5. Corrosion resistance increases significantly with increasing N2 content: Icorr decreases by more 
than two times, and the corrosion rate decreases by almost 20 times (0.054 to 0.0024 mm/year), which 
is associated with a denser structure, lower porosity, and improved passive film formation. 

Future work will focus on the development and investigation of multilayer Cr/CrN   
coatings (including 2-, 4-, and 6-layer structures) with the aim of increasing resistance to 
thermomechanical loads, improving barrier properties, and increasing operational reliability in 
conditions close to a nuclear environment. 
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