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INFLUENCE OF CHROMIUM NITRIDE CERAMIC LAYERS 

THICKNESSES DEVELOPED ONTO 310 H STAINLESS 

STEEL ON THE CORROSION RESISTANCE 

Aurelia Elena TUDOSE1,2, Florentina GOLGOVICI3, Ioana DEMETRESCU4,5, 

Manuela FULGER2, Alexandru ANGHEL6, Oana BRINCOVEANU7 

Chromium nitride (CrN) layers of different thicknesses applied on the surface 

of 310 H stainless steel using the thermionic vacuum arc (TVA) technique were 

characterized through surface analysis methods (SEM, EDX, GIXRD) and 

electrochemical tests (potentiodynamic polarization and electrochemical impedance 

spectroscopy). Higher polarization resistance value of 1.823×105 kΩ×cm2 obtained 

in the case of samples coated with a CrN thicker layer indicated that the thicker 

coatings are more protective and provide better corrosion resistance than thinner 

ones, a conclusion highlighted by the potentiodynamic polarization tests results. 
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1. Introduction 

The austenitic and ferritic stainless steel have been used in nuclear power 

plants for many years, and the austenitic 304L and 316L grades were frequently 

selected as the most effective in corrosive environments [1, 2]. Years ago, the 

corrosion tests were performed under simulated boiling water and primary 

pressurised water reactor and temperature range was from 70 to 320°C [1]. More 

recently austenitic stainless steel became interesting as corrosion resistant material 

for much larger temperature domain and more aggressive environment for the 

future IV reactor generation [2] and many investigations started for the 310H and 
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316L types coated and uncoated [3-6]. Researchers have developed several coated 

materials for the nuclear energy as a strategy to increase efficiency [7] and 

reducing costs [8, 9]. The 310 H stainless steel (SS) has been selected as potential 

structural material for construction of the internal components of a supercritical 

water - cooled reactor (SCWR) due to its high corrosion resistance. The corrosion 

resistance is mainly due to the relative high Cr content which forms, on the 

surface, a protective layer of chromium oxide (Cr2O3) [10]. Although this type of 

steel has high corrosion resistance, when exposed to high temperatures between 

450°C and 850°C, this is sensitized and becomes susceptible to intergranular 

corrosion, due to chromium carbide precipitation at the grain boundaries [11, 12] 

and chromium depletion near the grain boundaries [13]. Also, the high chromium 

content in 310 H makes this steel more susceptible to develop secondary phases 

(e.g sigma phase) under aggressive conditions like supercritical water (550°C, 250 

atm) [14].  

To improve the performances of this material, thin ceramic or metallic 

layer can be deposited on surface using various deposition techniques [15].  

Ceramic materials are known for their good resistance in corrosive 

environments and are suggested as suitable reactor materials for supercritical 

water applications [16]. Among the metal nitrides, chromium nitride (CrN) is the 

best coating used for high temperature and high-pressure work due to its good 

properties such as high hardness, high ductility, higher toughness, lower friction 

coefficient, wear resistance as well as oxidation resistance (begins to oxidize at 

700°C) [17-21]. CrN coatings were usually prepared by physical vapor deposition 

(PVD) techniques. Depending on the deposition techniques and parameters used, 

the mechanical properties, phase compositions and microstructure of CrN coatings 

may change. The variation of the nitrogen pressure led to obtain the films varying 

in composition from mixtures of Cr and Cr2N, pure Cr2N through Cr2N-CrN to 

pure CrN [22].  

The main objective of this paper and its novelty is to obtain by the TVA 

method and to characterize CrN layers with different thicknesses developed onto 

310 H SS. The surfaces of coated samples have been analyzed using techniques as 

scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDX) and Grazing Incidence X-ray Diffraction (GIXRD). The general corrosion 

susceptibility of coated samples, respectively the protective character of the CrN 

ceramic layers have been assessed using electrochemical methods (linear 

potentiodynamic polarization and electrochemical impedance spectroscopy). 

2. Experimental 

The 310 H SS alloy was provided by Outokumpu Stainless AB Company 

(Degerfors, Sweden) in the form of the sheet with a thickness of 2 mm. The 

chemical composition of this material is presented in Table 1. 
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Table 1  

Chemical composition of 310 H SS (provided by the supplier) [23] 

Alloy Element, [wt., %] 

C Si Mn P S Cr Ni N Fe 

310 H 0.063 0.71 1.61 0.016 0.001 24.13 19.03 0.04 54.34 

For all experiments, the samples were cut from the 310 H SS sheet in 

parallelepipedal shape with the dimensions 25 mm x 15 mm (length x width). 

They were provided with a hole of 3 mm diameter at one end for mounting of the 

samples on deposition holder. The samples were polished using SiC abrasive 

paper with increasing grain size up to 600. Then they were degreased in acetone, 

rinsed with distilled water, and dried with an air stream. Before deposition, the 

samples were ultrasonicated in an isopropyl alcohol bath for 15 minutes, followed 

by blowing nitrogen under high pressure. 

To obtain the films of CrN by the TVA method, the N2 gas was injected 

into Cr plasma. For coating, 1 - 3 mm Cr pellets of 99.99% purity purchased from 

NEYCO company (Vanves, France) and N2 gas of 99.9999% purity purchased 

from SIAD company (Bergamo, Italy) were used. The depositions have been 

made at the Low Temperature Plasma Laboratory from National Institute for 

Laser, Plasma and Radiation Physics (NILPRP, Magurele, Romania). The 

deposition parameters used for obtained CrN coatings of different thicknesses by 

TVA method are presented in Table 2. 

CrN-coated samples of two different thicknesses were used in this study. 

The thickness estimated based on gravimetric measurements using an analytical 

quartz balance, were estimated to be around 300 nm for the thinner CrN layer and 

around 600 nm for thicker CrN deposited layer. All experiments were performed 

in triplicate.  

The scanning electron microscopy (SEM) was used to investigate the 

surface morphology using a Fei Quanta scanning electron microscope (FEI, 

Olanda). To identify the elemental composition, an energy dispersive spectrum 

detector EDX was used.  

Table 2 

Deposition parameters used for obtained CrN coating by TVA method 

 CrN thinner layer/310 H SS CrN thicker layer/310 H SS 

Filament current, I
f
, (A) 55 41 

Discharge current, I
d
, (A) 3.4 3.6 

Discharge voltage, U
d
, (V) 100 136 

Deposition time, (min.) 80 505 

Anode-substrate distance, (cm) 27 30 

Flow N2, (sccm) 25 25 
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The composition and structure of the deposited layers was investigated by 

Grazing Incidence X-ray Diffraction (GIXRD) method using a X’Pert PRO MPD 

Diffractometer (PANalytical B. V., Netherlands, Almelo) in a θ–2θ geometry 

using CuKα radiation (l = 1.5406 Å). The GIXRD patterns were made at a grazing 

angle of 5º in the 20º-100º range. To set the experimental analysis conditions, the 

X’Pert Data Collector program was used. The identification of the phase was 

made by referring to the International Center for Diffraction Data—ICDD (PDF-

4+) database. 

Electrochemical methods 

The corrosion resistance of the 310 H SS samples coated with CrN layers 
of different thicknesses has been performed by two electrochemical methods: 
linear potentiodynamic polarization and electrochemical impedance spectroscopy 
(EIS), described extensively in other work [24]. The electrochemical tests were 
performed using an electrochemical system PARSTAT 2273 potentiostat/ 
galvanostat (Princeton Applied Research, AMETEK, OakRidge, USA). The 
determinations were made using a classical electrochemical cell with three 
electrodes: a saturated calomel reference electrode (SCE) as reference electrode 
(RE); a graphite rod counter - electrode (EC) and plate of uncoated and CrN 
coated 310 H SS sample as working electrode (WE). All the potentials are 
measured versus a saturated calomel electrode (SCE) (-241 mV). The 
electrochemical tests were carried out at room temperature (22 ± 2ºC) in borate 
buffer solution (0.05 M boric acid with 0.001 M borax solution) with a pH = 7.7 ÷ 
7.8. This solution is chemically inert and did not affect the coating layers features.  

Electrochemical impedance spectroscopy tests were performed at open 
circuit potential by application of 10 mV amplitude ac voltage in the frequency 
range between 100 kHz and 100 mHz. The impedance data were analyzed using 
Nyquist and Bode plots. To obtain quantitative data, the experimental EIS results 
were simulated with equivalent electrical circuits as appropriate models using 
ZView 2.90 software. 

Potentiodynamic plots were recorded by polarizing of all samples at 0.5 

mV s-1 scan rate in a potential range between –0.250 V vs. OCP and +1.0 V. 

3. Results and discussion 

3.1. SEM characterization 

The coating morphology evolution depending on the thickness is presented 

in the SEM images from Fig. 1. The SEM images show the morphology of the 

surfaces of the uncoated and the coated samples analyzed at different 

magnifications. The deposited layer being very thin, it could not be visualized at 

lower magnification. 
 



Influence of CrN ceramic layers thicknesses developed onto 310 H stainless steel on the (…) 195 

 
Fig. 1. SEM image of uncoated 310 H SS sample (a-c), 310 H SS sample coated with a thinner 

CrN layer (d-f) and 310 H SS sample coated with a thicker CrN layer (g-i) at different 

magnifications 

The surface SEM image revealed a granular deposition layer with smaller 
grains in the case of samples coated with a thinner layer and larger grains in the 
case of samples coated with a thicker layer. In all cases, the coating layer is 
uniform, compact and dense, without pores and cracks (Figs.1e and f, Figs. 1h and 
i). Also, on the surface of the samples, the sanding traces can be observed (this is 
due to the fact that the samples were polished on abrasive paper up to 600 
granulation).  

In Table 3 is presented the elemental composition obtained by surface 

EDX analysis for all three samples. The surface EDX analysis for the uncoated 

sample shows that the elements corresponding to the substrate (Cr, Fe and Ni) are 

present. An increase in the chromium and nitrogen contents (up to 38.91%, 

respectively 16.01%) and a decrease in iron and nickel contents (up to 36.31%, 

respectively 12.38%) can be observed on the coated samples. The increase of the 

Cr and N amount proves the formation of a CrN layer on the 310 H stainless steel 

surface.  
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Table 3 

Elemental composition of uncoated and 310 H SS samples coated with CrN layers of 

different thicknesses obtained by EDX analysis 

Sample type 
Elemental composition, (%) 

C N O Si Cr Mn Fe Ni S 

uncoated 310 H SS 0.15 - - 2.52 24.38 - 53.95 18.9 0.09 

CrN thinner layer/310 H SS 0.33 6.99 1.64 1.40 30.46 1.41 37.00 14.49 0.06 

CrN thicker layer/310 H SS - 16.01 1.24 0.28 38.91 1.08 36.31 12.38 - 

The fact that a CrN layer has been deposited on the surface of the 310 H 

SS samples is also evident from the in-line EDX analysis presented in Fig. 2.  

 
Fig. 2. In-line EDX analysis of uncoated 310 H SS sample (a), sample coated with a thinner CrN 

layer (b) and sample coated with a thicker CrN layer (c) 

This in-line composition determination starts from the coated area and 

passes through the substrate. An increase in the chromium and nitrogen content 

(dark green and phosphorescent green lines) and a decrease in the iron and nickel 

contents (red and brown lines) can be observed in the coated area. In the area of 

the 310 H substrate can be seen the presence of a large amount of iron (red line). 

3.2. GIXRD analysis 

 Grazing Incidence X-ray Diffraction (GIXRD) was used to examine the 

phase composition and structure of coated and uncoated studied samples. The 

GIXRD patterns of the uncoated 310 H SS sample and coated with CrN layers of 

different thicknesses are shown in Fig. 3. As can be seen, the XRD patterns of 
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310H stainless steel are represented by a black line and is similar with the 

literature [25], the peaks correspond with XRD pattern of austenite. The presence 

of CrN as layer deposited on alloy surface, with a (200) preferred orientation is 

revealed in the case of two thicknesses CrN coated steel [6].  

 
Fig. 3. GIXRD patterns of the CrN coated 310 H SS sample 

3.3. Potentiodynamic Polarization Tests 

The potentiodynamic polarization plots (shown in Fig. 4) of the sample 

before and after coating in order to observe the CrN coated 310 H alloy behavior. 

 
Fig. 4. Potentiodynamic polarization plots for uncoated 310 H SS sample and coated with CrN 

layers of different thicknesses 

From polarization plots (Fig. 4), the electrochemical parameters were 

calculated using two methods: the Tafel slopes and polarization resistance. The 

values obtained for the corrosion potential (Ecorr), the corrosion rate (vcorr), the 

corrosion current density (icorr) and polarization resistance (Rp) are shown in Table 

4. Based on the electrochemical parameters obtained, the protective efficiency Pi 

(%) and the porosity P (%) of the CrN coating have been evaluated quantitatively 

using Equations (1) and (2), respectively [26]. The polarization resistance method 

is one of the methods that can be used for assessing the porosity [27, 28]. Porosity 
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is an important parameter for defect densities evaluation [6, 29], a low porosity 

value indicating a high protective efficiency. 

Table 4 

Electrochemical parameters for 310 H SS with and without CrN coating 

Sample type Tafel slopes method Polarization resistance Rp method 

E
corr

, 

mV 

i
corr

, 

nA/ cm
2
 

R
p,
 

kΩ×cm
2
 

i
corr

, 

nA/ cm
2
 

Pi, 

[%] 

P, 

[%] 

uncoated 310 H SS -256 1030 26 1191 - - 

CrN thinner layer/310 H SS -140 70.3 372 68.1 93.2 0.4 

CrN thicker layer/310 H SS 69 55.4 421 54.7 94.7 0.3 

As can be seen from Table 4, the two methods yield a similar value of the 

electrochemical parameters. The increase of the coating thickness leads to the 

decrease of the corrosion rate. Therefore, the sample coated with a CrNx thicker 

layer are more protective and can provide better corrosion resistance compared to 

sample coated with a thinner layer or uncoated sample. Also, for this sample the 

highest protective efficiency (94.7 %) and the lowest porosity (0.3%) values were 

obtained. Literature data [30-32] showed that the samples with lower corrosion 

current densities and lower corrosion rates, as well as higher polarization 

potentials and higher polarization resistances, showed the best coating protective 

efficiencies, which means a higher ability to prevent corrosion. 

3.4. EIS tests 

Electrochemical Impedance Spectroscopy (EIS) tests for uncoated and 310 

H SS samples coated with CrN layers of different thicknesses have led to the 

recording of the spectra presented as Nyquist and Bode diagrams (Fig. 5). 

The qualitative interpretation of Nyquist (Fig. 5a) and Bode (Fig. 5b) 

diagrams leads to the conclusion that the samples coated with a CrN thicker layer 

are more protective and provide better corrosion resistance. This is indicated by 

slightly higher value of the impedance and the higher maximum phase angle value 

(-65º). The Bode diagram (Fig. 5b) reveals the presence of a single time constant 

corresponding to a single semicircle on the Nyquist diagrams (Fig. 5a). As can be 

seen from the Nyquist diagram (Fig. 5a) for all samples, an open capacitive 

semicircle was obtained. The diameters of semicircles increase with thickness 

coating layer increasing, indicating an increase in polarization resistance, which 

leads to a decrease of the corrosion rate.  
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Fig. 5. Nyquist (a) and Bode (b) diagrams for uncoated 310 H SS sample and coated with 

CrN layers of different thicknesses 

The experimental impedance data have been fitted using an equivalent 

circuit selected with the ZView software. The model for the equivalent electrical 

circuit proposed to fit the experimental impedance spectra is presented in Fig. 6. 

The obtained values of equivalent electrical circuit elements are presented in 

Table 5. Fig. 6 shows, in all cases, that the correlation between experimental data 

and simulated data is very strong.  

 

Fig. 6. Model for the equivalent electrical circuit proposed for fitting the experimental impedance 

spectra  

Table 5 

The values of equivalent electrical circuit elements for uncoated and CrNx coated 310 H SS 

samples* 

Sample type R
s
, 

[Ω×cm
2
] 

Rcoat., 

[Ω×cm
2
] 

CPEcoat -T, 

[F/ cm
2
] 

CPEcoat -

P 

Chi-square 

(χ
2
) 

uncoated 310 H SS 331.4 8810 2.61×10
-4

 0.86 1.7×10
-3

 

CrN thinner layer/310 H SS 112.3 111.6 1.15×10
-4

 0.73 1.4×10
-4

 

CrN thicker layer/310 H SS 195.4 85648 9.07×10
-5

 0.75 2.1×10
-4

 

* where: Rs is ohmic resistance of the solution; CPEcoat is constant phase element for the 

coating, Rcoat is resistance of the coating layer. 

Applying the Kramers-Kronig transforms, the polarization resistances 

from the extrapolation of the Nyquist diagrams were determined for all samples 

(the diameter in Nyquist diagrams is a measure of polarization resistance, Rp). 

Using the Rp values, the corrosion current density was also calculated, according 

to the Buttler-Volmer equation. The Rp values obtained from the Nyquist diagram 
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extrapolation and the corrosion density current calculated from Buttler-Volmer 

equation are presented in Table 6. 

Table 6 

Rp values obtained by Nyquist diagram extrapolation and the corrosion density current 

calculated from Buttler-Volmer equation 

Sample type 

Polarization resistance from the 

extrapolation of Nyquist diagrams, 

(Ω×cm2) 

i0 calculated from Rp, 

(µA /cm2) 

uncoated 310 H SS 3.381×104 3.74×10-1 

CrN thinner layer/310 H SS 1.131×105 1.12×10-1 

CrN thicker layer/310 H SS 1.823×105 6.95×10-2 

The extrapolation of the Nyquist diagrams (Fig. 5a) shows that the sample 
coated with a thicker CrN layer has the highest values of polarization resistance 
(1.823×105 kΩ×cm2) and the lowest values of corrosion currents (6.95×10-2 µA 
/cm2) (Table 6). According to the Buttler-Volmer equation, polarization resistance 
is inversely proportional to the corrosion current density, so that a higher value of 
polarization resistance indicates a lower value of the corrosion rate. 

6. Conclusions 

The corrosion behaviour of 310 H SS samples coated with a CrN layer of 

different thicknesses by TVA method was described. The surface analysis was 

investigated morphological and structural by SEM, EDX and GIXRD. The 

general corrosion susceptibility of coated samples and the protective character of 

the CrN layers have been assessed by linear potentiodynamic polarization and 

electrochemical impedance spectroscopy tests. According to the corrosion 

parameters from the potentiodynamic polarization tests, the 310 H SS sample 

coated with a thicker CrN layer showed smaller corrosion susceptibility than the 

sample coated with a thinner CrN layer or the uncoated sample. The EIS analysis 

with Bode and Nyquist plots have confirmed that the 310 H SS samples coated 

with a CrN thicker layer are more protective, being in concordance with the 

polarization tests results. 

The current study is assisting the trend towards safer and more secure 

energy production by concluding the electrochemical and morphological 

characterisation for the materials of generation IV nuclear reactors. 
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