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This paper concentrates on the electrochemical behaviour of ion-nitrided coatings produced by 

cathodic arc plasma deposition. The corrosion of five different steel grades modified by ion-nitriding 

was investigated through electrochemical polarization and electrochemical impedance spectroscopy 

techniques in immersion tests performed in a 0.5 M NaCl solution. Ion-nitrided and bare steel 

substrates were employed. Enhanced corrosion resistance is found for the coated steels. A porous film 

is produced on the metallic substrates, which allows for electrochemical reactive areas to be developed 

inside the pores. Surface film breakdown results in the localised corrosion of the materials at potentials 

positive to the corresponding pitting potential values for each material in the testing solution. 
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1. INTRODUCTION 

The progress of process technology imposes severe requirements for structural materials with 

distinct and well-established physical and chemical properties, as they must withstand many different 

environments. In this context, surface treatment technologies attract much interest because they allow 

for the obtention of materials with different environmental characteristics. During operation, it is 

usually the surface of metal parts that are exposed to different loads, ranging from corrosion to wear. A 

powerful method to improve the surface properties of some metals, particularly for reduction of wear 

and enhanced corrosion resistance, is to coat the surface with thin inorganic coatings by physical 

vapour deposition (PVD) or chemical vapour deposition (CVD) processes. 

http://www.electrochemsci.org/
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In the field of surface-modification, the production of nitride coatings is a procedure specially 

developed to improve friction and wear properties of materials, most specially for improving the 

tribological characteristics of steels [1-5]. As a result of the chemical and physical modification of the 

materials surface introduced by the production of the coating, the corrosion behaviour of the system is 

also modified [3,4,6-13]. Therefore, investigations of the corrosion characteristics and resistance of 

nitride coatings have been undertaken. Studies covering several main aspects have been described, 

namely the influence of nitriding treatments [14-16], deposition conditions [17-20], coating thickness 

and micro-porosity [21-23], combination of deposition and chemical treatments [24-26], and 

underlying substrate [27,28]. There remains controversy in the literature whether nitrogen implantation 

improves or deteriorates the corrosion resistance of the surface [7,9,11]. 

With the objective to gain further knowledge on the corrosion behaviour of ion-nitrided steels, 

electrochemical tests in sodium chloride environment were conducted on five different grade steels. 

This paper reports the results of electrochemical tests performed on both non-treated and nitrided steels 

allowing the comparison of their corrosion characteristics.  

 

 

 

2. EXPERIMENTAL DETAILS 

2.1 Material selection and procedures 

Tool steels were used as the substrate material, the nominal chemical composition of which is 

listed in Table 1. 

 

Table 1.  Chemical composition of substrate materials (wt. %). Fe in balance. 

 

steel # C Cr Mn Mo P S Si V 

1 0.37 5.3 0.40 1.4   1.0 1.0 

2 0.38 13.6 0.50     0.30 

3 0.33 1.90 1.50 0.20  0.07   

4 1.55 12.0  0.80    0.80 

5 0.26  0.78  0.042 0.024 0.21  

 

The nitride coatings were deposited on the steels through a plasma-nitriding process using the 

Techno-Term AN50 generator at the University of Kocaeli in Izmit (Turkey). The vacuum chamber of 

the instrument was initially evacuated down to 0.01 mbar. NH3 was used as the N2 source, and the 

partial pressure of N2 gas was kept constant at 0.01 mbar during the nitriding process. The bias voltage 

applied varied in the 500-700 V range, and the positively charged nitrogen ions in the plasma state 

were accelerated towards the steel specimens. The continuous ion bombardment of the steel surfaces 

led to an increase in the temperature of the treated specimens, which ranged 400-600ºC during the 

treatment period (6 hours). Nitrogen diffusion was enhanced due to the high velocity of the 

bombardment process which introduces vacancies and vacancy clusters in the steel specimens in 
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addition to the increase of temperature experienced by the system. The coated layers were 

approximately 25 m thick. 

 

2.2. Corrosion testing 

The investigation of the corrosion characteristics of the materials was studied by 

potentiodynamic and electrochemical impedance (EIS) methods. Testing was carried out in 0.5 M 

NaCl aqueous solution open to air, not stirred, at room temperature. The electrolyte was prepared from 

reagent grade chemicals and Millipore water. 

The experimental set-up consisted of a three-electrode cell, in which test specimens were 

placed in a flat-cell configuration exposing a surface area of 1 cm
2
. A saturated calomel electrode (sce) 

was used as reference electrode and a platinum gauze served as counter electrode. The EIS analyses 

were performed at the open circuit potential of the specimens.  

Potentiodynamic and EIS measurements were performed with a potentiostat-galvanostat model 

283A (Princeton Applied Research, Princeton, NJ, USA) controlled from a computer. Prior to the 

beginning of the polarization or EIS procedures, the samples were kept in the solution for 55 minutes 

in order to establish the free corrosion potential (Ecor). Polarization resistance (Rp) values were 

determined from Tafel plots obtained by linear polarization in the range Ecor  0.01 V. 

Potentiodynamic polarization curves were measured with a scan rate of 0.001 V s
-1

 from -1.00 Vsce. 

The measurement of the EIS spectra was performed at the open circuit potential with a new sample. 

The spectra were recorded in the 10 mHz - 40 kHz frequency range, by introducing a two-phase lock-

in analyzer PAR 5210 (Princeton Applied Research, Princeton, NJ, USA). The sinusoidal alternating 

potential signal had an amplitude of ± 0.01 V. A data density of six frequency points per decade was 

used. The software used to acquire the data allowed the representation of the data in both Bode 

(amplitude and phase angle diagrams) and Nyquist (complex impedance) plots. Data analyses were 

performed using a non-linear least squares fit method to obtain the equivalent electrical model for the 

different substrate-electrolyte interfaces considered [29]. 

For the sake of comparison, electrochemical measurements were also performed on the 

uncoated substrates. In this case, samples were mechanically ground to 2000 grit emery paper before 

the test. 

 

 

3. RESULTS AND DISCUSSION 

3.1 D.C. electrochemical studies 

Upon immersion of the coated steels in the corrosive medium, evolution of the free corrosion 

potential Ecor with time was observed in all the cases. Typically they exhibited a decrease towards 

more cathodic values with time. This behaviour is contrary to that exhibited by the bare alloys, typical 

of iron and steels, in which the corrosion potential shifts continuously and very slowly towards nobler 

potentials. As a result of these opposite trends observed for the ion-nitrided and for the uncoated 

materials, despite coated specimens starting with noticeable nobler Ecor values with respect to the bare 
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substrates, upon immersion in the testing solution, similar values and similar trends to those of the 

uncoated steels are observed after some time, namely 1 hour or longer periods of time. After 

immersion for 1 h in 0.5 M NaCl aqueous solution, Ecor reached the values given in Table 2. For the 

sake of comparison, the open circuit values measured in the uncoated alloys are also presented. 

 

Table 2. Free corrosion potential values determined after immersion in 0.5 M NaCl aqueous solution 

for 1 hour. 

 

Ecor / Vsce steel #1 steel #2 steel #3 steel #4 steel #5 

uncoated  -0.290  -0.311  -0.639  -0.507  -0.573 

Ion-nitrided -0.377  -0.684 -0.858  -0.813  -0.705  

 

 

The free potential shift always exhibited by steels in aqueous environments, at open circuit, is 

the result of the spontaneous growth of an oxide layer on the metal. But the Ecor trend shown by the 

ion-nitrided specimens might be related to the presence on the specimen surface of an unstable oxide 

layer [30] developed during the deposition process or subsequent storage, which tends to dissolve 

slightly during the free immersion. An alternate explanation can be that coatings are not very dense 

and present defects, thus the electrolyte can advance towards the substrate, and the system becomes 

less noble upon immersion in the aqueous solution [31,32]. At this stage of our current data analysis, 

no unambiguous assignment can be done regarding which one might apply to our system yet, though it 

will be reconsidered later. 

Table 3 presents the polarization resistance values Rp measured for the various steels around 

Ecor. The different tendency to passivation of the bare substrates can be clearly deduced from the 

tabulated values, which are found to be significantly in accordance with those of Ecor in Table 2. That 

is, most effective protection is achieved by those steels displaying both more positive (i.e. nobler) Ecor 

and higher Rp values. The following trend can be derived for increased corrosion resistance: steel #3 < 

steel #5 < steel #1 < steel #4 < steel #2, with a 20-fold increase in the Rp values when moving from the 

left to the right side ends. On the other hand, coated specimens generally exhibit higher polarization 

resistance values, showing the enhanced corrosion resistance of the coated materials in this aggressive 

medium. This effect is observed with all the alloys under consideration but one, namely steel #1, for 

which no significant improvement could be deduced from the comparison of Rp values. Conversely, an 

almost ten-fold increase was found for steels #2 and #3, and two orders of magnitude in the case of 

steel #5. Therefore, the extent of this enhancing protectiveness greatly depends on the nature of the 

substrate. 

 

Table 3. Polarization resistance values determined after immersion in 0.5 M NaCl aqueous solution for 

1 hour. 

 

Rp / k cm
2
 steel #1 steel #2 steel #3 steel #4 steel #5 

uncoated  3.6  23.2   0.5   5.3   0.9 

Ion-nitrided 2.4   9.1   6.5  11.9  58.9 
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Figure 1. Potentiodynamic polarization curves for (solid) bare and (dotted) ion-nitrided steel 

specimens after immersion in 0.5 M NaCl. (a) Steel #1, (b) steel #2, (c) steel #3, (d) steel #4, 

and (e) steel #5. 

 

Figure 1 compares the corrosion behaviour of the bare and ion-nitrided steels using 

potentiodynamic techniques in the above solution. This provides basic information on corrosion for 

subsequent comparison. The decrease of the anodic current of the coated samples with respect to the 

bare materials in the E-logj plots, which range from one to three orders of magnitude depending on the 
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substrate, indicates that coated specimens always exhibit higher corrosion resistance than the bare 

steels, over a wide potential range. At potentials more positive than +0.70 Vsce, we observe an increase 

in the anodic current for the coated steels towards the values typical for the bare steels. This is due to 

the onset of the oxygen evolution reaction. The polarization response for all five substrates initially 

shows the cathodic evolution of hydrogen at potentials negative to the corrosion potential. From the 

corrosion potential upwards, the current densities increase continuously with the applied potentials for 

steels #2 to #5. These materials suffer severe general corrosion attack. On the other hand, steel #1, 

owing to the formation of the oxide film, exhibits a low current density up to ca. -0.15 Vsce, when it 

starts to increase abruptly. The occurrence of localized corrosion is observed. 

The polarisation response of ion-nitrided steels, from -1.00 to ca. +0.70 Vsce, features several 

sequential reactions, including a cathodic evolution of hydrogen, a corrosion resistance enhanced 

region due to the coating, and a mild dissolution of the surface film. No clear anodic dissolution of the 

coating immediately following the evolution of hydrogen is observed, and the dissolution of the 

nitrogen-containing film in the protected range is smaller than that of the uncoated steels. 

Nevertheless, dissolution cannot be neglected for any of the specimens, as values above 60 µA cm
-2

 

are measured in all cases.  

A marked difference exists in the corrosion behaviour of the coated specimens deposited on the 

substrates as compared with that of the bare materials. The presence of the nitride coating generally 

causes a shift of the corrosion potential to more negative values and a decrease in the anodic current 

density by several orders of magnitude, this effect being less pronounced for coated steels #3 and #5. 

At a certain potential the current density starts increasing quite rapidly due to localized corrosion. In 

the case of steel #1 (see Figure 1a), both uncoated and ion-nitrided specimens are susceptible to 

localized breakdown. The presence of the coating, however, drastically shifts the onset of pitting to 

more positive potentials. 

 

3.2. A.C. electrochemical studies 

Electrochemical impedance tests were also conducted on the bare and ion-nitrided steels 

immersed in the 0.5 M NaCl solution. Typical spectra are shown in Figure 2 as a Bode plot of the 

logarithm of the impedance modulus as a function of frequency, and of the phase angle as a function of 

the logarithm of the frequency. In all cases only one peak in the phase angle data was found, 

apparently indicating one time constant for the corrosion process at the substrate-electrolyte interface. 

But careful inspection of the data at the lower frequency limit indicates the existence of a more 

involved system both for the coated and the bare specimens, though of a different nature in each case. 

Bare specimens displayed negative phase angles, thus presenting an inductive behaviour typical of 

metal dissolution. Conversely, coated samples generally displayed a new increase of the phase angle 

values with decreasing frequencies, evidence of a second time constant in the process. The existence of 

such different behaviours is clearly deduced when comparing the complex plane plots for the bare and 

the coated specimens in Figure 2. 
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Figure 2. Bode (magnitude Z, phase angle , frequency) plots for EIS spectra of (hollow) bare and 

(solid) ion-nitrided steel specimens after immersion in 0.5 M NaCl. (a) Steel #1, (b) steel #2, 

(c) steel #3, (d) steel #4, and (e) steel #5. 

 

The electrochemical response to impedance tests for the coated materials was fitted with the 

equivalent circuit detailed in Figure 3a. This widely accepted scheme has been deduced to represent 

the electrochemical behaviour of a metal covered with an unsealed porous film [32,34-36].  
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Figure 3.  Equivalent circuits for: (a) the ion-nitrided steels, and (b) the uncoated steels. 

 

The equivalent circuit consists of the following elements: a solution resistance Re of the test 

electrolyte, electrical leads, etc., the capacitance Qp of the intact (non-defective) coating layer, the 

charge transfer resistance associated with the penetration of the electrolyte through the pores or 

pinholes existing in the coating Rp, and the polarization resistance of the substrate Rb as well as the 

electrical double-layer capacitance at the substrate/electrolyte interface Qb.  

The capacitances were represented by a constant phase element Q, which accounts for 

deviations from ideal dielectric behaviour related to surface inhomogeneities [37] or current leakage in 

the interface. This element is written in its admittance form as 

 

Y
*
() = Y0 (j)

n
 

 

where Y0 is the adjustable parameter used in the non-linear least squares fitting, and n is defined 

as the phenomenological coefficient which can be obtained from the slope of Z on the Bode plot [38]. 

Pure capacitance behaviour is represented by n = 1.0. 
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Figure 4. Measured (discrete points) and fitted (solid line) impedance spectra for ion-nitrided steel 

specimens immersed in 0.5 M NaCl. (a) Steel #1, (b) steel #2, (c) steel #3, (d) steel #4, and (e) 

steel #5. 

 

The circuit produced the fits to the EIS spectra shown in Figure 4 and enabled the parameter 

values for the individual elements to be determined with a least squares analysis. In the figures, the 

experimental data are shown as individual points, while the fits from parameters obtained using the 

equivalent circuit are shown as a solid line. The optimized values for the various parameters are given 

in Table 4. 
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Table 4. Electrochemical parameters obtained with equivalent circuit fitting for ion-nitrided steels in 

0.5 M NaCl. 

 

steel # Re /   cm
2
 Qp / F cm

-2
 np Rp /  cm

2
 Rb /  cm

2
 Qb / F cm

-2
 nb 

1 3.68x10
1
 2.25x10

-4
 0.814 2.98x10

2
 2.28x10

3
 9.17x10

-4
 0.526 

2 3.26x10
1
 2.64x10

-4
 0.824 1.07x10

4
 1.40x10

4
 2.21x10

-3
 0.953 

3 3.27x10
1
 2.14x10

-3
 0.859 1.19x10

1
 3.92x10

3
 1.93x10

-3
 0.833 

4 3.69x10
1
 5.60x10

-4
 0.835 5.53x10

3
 2.50x10

4
 1.07x10

-2
 0.981 

5 3.23x10
1
 4.97x10

-4
 0.779 3.44x10

3
 3.43x10

3
 1.68x10

-2
 1.000 

 

 

The important factor from a corrosion perspective is the charge transfer resistance which 

controls the rate of oxidation at the different anodic interfaces. Therefore, for the sake of comparison 

with the results achieved for the coated specimens, impedance analysis was also performed on the 

spectra measured for the bare specimens. In this case, another physical model has to be considered. 

The Nyquist plots (not shown in the figures) are almost semicircular, indicating that the bare 

specimens display an activation-controlled behaviour in this electrochemical system. A second arc 

which is always inductive is also observed at the lowest frequencies, and is related to metal dissolution 

[39]. In this case, the metallic materials spontaneously undergo active dissolution in the test 

electrolyte, that is, the iron component in each material is corroding. As the points at the lowest points 

obviously deviate from the high frequency semicircle representing the activation-control of the system, 

they were not considered in the analysis. As only one maximum of time constant is observed, the 

simple equivalent circuit depicted in Figure 3b could be employed, which is frequently used to explain 

the corrosion behaviour of metallic materials that suffer general corrosion.  

In this case, a parallel combination of a charge transfer resistance Rf and a double layer 

capacitance Qf is considered in addition to the electrolyte resistance Re. The fits are shown in Figure 5, 

and the values of the estimated parameters are given in Table 5. For uncoated steels, the charge 

transfer resistance Rp was approximately 10
3
  cm

2
 or lower, a result expected from the active 

corrosion behaviour of all samples. A value in the order of 10
4
  cm

2 
was only found for steel #2, 

which further confirms this alloy as being the one bearing the highest corrosion resistance in the test 

environment, whereas steel #3 suffered very severe corrosion. These values confirm the trends already 

obtained from DC electrochemical experiments. 

 

Table 5. Electrochemical parameters obtained with equivalent circuit fitting for bare steels in 0.5 M 

NaCl. 

 
steel # Re /   cm

2
 Qf / F cm

-2
 nf Rf /  cm

2
 

1 3.28x10
1
 7.53x10

-5
 0.847 2.16x10

3
 

2 1.54x10
1
 6.38x10

-5
 0.841 2.45x10

4
 

3 2.12x10
3
 3.10x10

-4
 0.755 3.67x10

3
 

4 1.64x10
1
 2.63x10

-4
 0.786 2.27x10

3
 

5 2.48x10
1
 4.12x10

-4
 0.809 6.20x10

2
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Figure 5. Measured (discrete points) and fitted (solid line) impedance spectra for uncoated steel 

specimens immersed in 0.5 M NaCl. (a) Steel #1, (b) steel #2, (c) steel #3, (d) steel #4, and (e) 

steel #5. 

 

 

The ion-nitrided coating did generally increase the charge transfer resistance Rpo, though three 

main trends can be considered for the different alloys. Whereas no significant effect can be attributed 

to coating in the case of alloy #1, slight increase in the resistance values is only observed for alloys #3 

and #5, but not large enough as to avoid corrosion. As these are the alloys having the most MnS 
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inclusions, the benefit of the ion-nitriding process might arise from homogeneizing or passivating 

harmful inclusions in the alloy, though such observation should be the object of a more detailed 

investigation. Thirdly, the highest values are obtained for steels #2 and #4, which have the highest 

chromium contents. In this way, a strong effect of the substrate nature on the effectiveness of ion-

nitride coatings towards the enhancement of corrosion resistance is found in our study. Localized 

corrosion is the mechanism of corrosion for all coated samples.  

It is also interesting to consider the values of the values obtained for Rb, the charge transfer at 

the substrate/electrolyte interface. In all cases the values obtained for the coated steels closely match 

the values observed for a bare surface, strongly supporting that corrosion at pinholes occurs as the 

result of the metal being directly exposed to the aggressive attack of the electrolyte. In this way we can 

see that no enhancement of passivity has been achieved through the coating process. Enhanced 

corrosion resistance is only achieved by the coating acting as a barrier for the diffusion of the 

aggressive species to the substrate surface. Pores and pinholes in the coating act as paths for the 

electrolyte attack to the metal beneath, and coating procedures should be further optimized in order to 

minimize the existence of micro-defects in the coatings. 

Finally, these results may be regarded as to get some hints about the origin of the observed shift 

of Ecor towards less noble values for the coated specimens upon immersion in the test electrolyte. EIS 

results give the experimental evidence that coatings are not very dense and present defects, thus the 

electrolyte advancing towards the substrate should result in the system becoming less noble upon 

immersion in the aqueous solution. 

 

 

 

4. CONCLUSIONS 

1.  The electrochemical experiments proved to be a good test for studying the resistance and 

compactness of the coatings. As the coatings are nobler than the underlying substrate, if they are 

porous, local defects can provide a direct path between the corrosive environment and the substrate. In 

this way, even at the free corrosion potential Ecor, oxidative dissolution of the substrate in the pores 

will result in very high anodic current densities in the pores that match the cathodic reduction of 

oxygen over the whole surface. Electrochemical techniques can be employed to detect the presence of 

pores and pinholes in the coating. 

2.  In general, the ion-nitrided coatings deposited on five different tool steels show corrosion 

behaviour consistent with enhanced resistance.  

3.  For uncoated #2 - #5 substrates, a change in the corrosion behaviour from uniform to 

localized corrosion in the presence of the nitrided coating occurs in 0.5 M NaCl. This localized 

corrosion is a consequence of the micro-defects present in the coating, as its onset is a function of the 

underlying substrate. 

4.  Though no change in mechanism is observed for steel #1 when comparing the 

electrochemical behaviour of the bare and the coated substrates, the beneficial effect of the coating can 

be deduced from the drastic shift of the onset of pitting to more positive potentials. 
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5.  Over the frequency range employed, the equivalent circuit employed for the description of 

the coated samples provides the best fitting of the experimental data. Charge transfer values obtained 

from this provide a quantitative basis for corrosion of substrates covered by a ceramic film. Corrosion 

was observed in all cases, though coated steels #2 and #4 showed the highest corrosion resistance in 

0.5 M NaCl. 
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