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Article 
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Abstract: This study presents a combined electrochemical impedance spectroscopy (EIS) and atomic force 

microscopy (AFM) and Scanning Kelvin Probe Force Microscopy(SKPFM) investigation on the natural 

passivation process of stainless steels (AISI 316 and AISI 304) and nickel-based alloy (INCONEL 600) as a 

function of immersion time in an alkaline medium (pH = 13). EIS measurements show an increase in the 

resistance of the film with increasing immersion time in the electrolyte. After 3 days of immersion, for the three 

alloys, the films formed constitute an effective barrier to the dissolution of the alloys as shown by AFM and 

SKPFM. The oxide film growth on each substrates is only influenced by trenches formed during the polishing 

step and don’t depend on the chemical composition.   

Keywords: stainless steel; nickel-based alloy; cyclic voltammetry; electrochemical impedance 

spectroscopy; atomic force microscopy; SKPFM 

 

1. Introduction 

The discovery of reinforced concrete at the end of the 19th century, allowed the civil engineering 

field to make remarkable advances. Indeed, it made it possible to achieve more complex structures 

and increased their lifetime. This can be possible thanks to the fact that the steels embedded in the 

concrete are surfaced with a passive film which will protect it against the corrosive agents. The 

passive film is the result of the interaction between the steels and its direct environment, for example, 

the exposure of iron and steel to an alkaline environment promotes the formation of this protective 

passive film [1-7]. However, several factors such as humidity, temperature [3, 8], pH and halogens 

(chloride ions) may lead to the destruction of the protective passive films, reducing the lifetime of 

reinforced concrete structures. The physical and electrochemical properties of passive film depend 

mainly on both the environment (temperature, pressure, pH,) and the chemical composition of the 

steel used [9,10]. The replacement of standard steels by more resistant alloys became crucial. Among 

these alloys, stainless steels invented by Monnartz [11], have the ability to form passive films that 

will occur by very complex training processes. These processes are not fully understood and are 

subjected to many controversies but stainless steels remains a good solution for engineering purposes 

instead of traditional carbon steel[10]. Recently it has been shown that the industrial water polluant 

named Red Mud (RM) had positive effects on the corrosion resistance of steel in concrete, which was 

more pronounced in the presence of chlorides which is a promising new way for the cement industry 
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to reduce their environmental impact [12. Moreover, other alloys have been developed for various 

application fields such as nickel based alloys [13] that are used for equipping chemical and nuclear 

power plants especially steam generators in pressurized water reactors (PWR). However, the 

literature is less abundant on nickel-based alloys exposed to very alkaline media at room 

temperature, which is why we have studied it in a previous paper [14] and now in this paper we 

compare the behavior of INCONEL 600 with that of stainless steels. 

In an alkaline medium, the studies of the films formed on iron showed the presence of magnetite 

Fe3O4 which will oxidize into hematite Fe2O3 [15, 16]. Other investigations have also been conducted 

on Fe-Cr alloys, and revealed the presence of Cr (III) oxy-hydroxide in the inner layer of the film [17, 

18]. For stainless steels, it has been demonstrated that the oxide has a bilayers structure: an outer 

layer very enriched in iron oxide and hydroxide is in contact with the electrolyte, and an internal 

layer enriched with chromium oxide is in contact with the alloy [19-20]. Both layers forming the 

electrical equivalent of an n-p junction behaved like a diode stopping the future diffusion of 

corrosives chemical species and so forming an effective protection layer against corrosion [21]. Given 

these properties, the stainless steels are more reliable for the construction of complex structure in 

hostile environments. 

Electrochemical impedance spectroscopy (EIS) is one of the most widely used techniques in 

recent decades to identify the different processes occurring during the growth of passive films [10,22-

26]. It is a non-destructive technique that makes it possible to simulate the behavior of a given system 

(metal, film, solution) by an equivalent electrical circuit (EEC) without altering the composition and 

the structure of the studied films. The components of the EEC (resistances, capacitors ...) correspond 

to the different processes (double electric layer, adsorption, oxidation-reduction reactions ...) taking 

place at the electrode/electrolyte interface. According to Macdonald [27] the obtained circuit is not a 

model but an analogy because the same experimental data can be expressed in different equivalent 

circuits.  

Local near-field imaging techniques like Atomic Force Microscopy (AFM), Scanning Kelvin 

Probe Force Microscopy (SKPFM) allow the observation of the inhomogeneities of surfaces at the 

nanometric scale. For example, it can reveal the localization of porosity areas on the film or passivity 

breaks which would make the material subjected to corrosion. L. Veleva et al. [28] have studied 

passive films formed by cyclic voltammetry on AISI 316 in solutions of Ca(OH)2 and of cement extract 

by AFM. They observed by AFM a morphology difference between the two films obtained: the film 

formed in saturated Ca(OH)2 is rough, crystalline and non-homogeneous whereas the passive layer 

formed in the cement extract solution is homogeneous and covers the metal surface completely. More 

recently, in 2017, Y. Li et al [29] studied the growth of passive films on carbon steels by EIS and 

confirmed there EIS results by AFM measurements. Therefore, we decide to correlate the resistance 

of passive films formed on Ni-based alloys (Inconel) and stainless steel with its surface topography 

to better understand the passivation process. 

In the present study, we started by investigating films formed by cyclic voltammetry (CV) on 

AISI 304 and AISI 316 stainless steels and INCONEL 600 nickel-based alloy. To do so, we used the 

EIS to determine the most protective films in an alkaline solution at pH = 13 simulating the 

environment of reinforced concrete. In the second part of this work, we studied the evolution of 

spontaneously formed films for the three alloys depending on the immersion time. We use EIS and 

AFM microscopy to provide additional information on the growth of passive films on two stainless 

steels (AISI 304 and AISI 316) and a nickel-based alloy (Inconel600) in an alkaline environment 

simulating reinforced concrete. For this last point, we focused on the spontaneous formation of films 

in order to better simulate actual conditions of use of these materials, since CV modifies the chemical 

composition of the outer layer and its thickness. We notice that all the materials could be simulated 

by the same equivalent electric circuit what indicate that may be the passivation process is 

approximately the same whatever the substrate is. 

2. Materials and Methods 

2.1. Materials 
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In this work, the stainless steels and the nickel-based alloy were provided by Goodfellow, their 

chemical composition is given in table 1.  

Table 1. Chemical composition of stainless steels (AISI 304, AISI 316) and INCONEL 600. 

Eléments  Cr Ni C N Si Mn Mo Cu S 

AISI 304 18 10 0.053 0.04 0.48 1.42 0.39 0.14 0.024 

AISI 316 18 10 0.053 0.025 0.75 1.24 3.0 0.2 0.027 

Eléments  Cr Fe C N Si Mn P Ti S 

Inconel 600 29 10 0.033 0.007 0.28 0.65 0.007 0.28 0.003 

The samples (size: 1 x 1 cm2) were embedded in an epoxy resin, then abraded with wet SiC paper 

of decreasing grit size (1000, 2400 and 4000) and polished with a diamond paste (particle size: 3 and 

1 µm). The used polisher is marketed by PERSI compagny, allowing the control of the rotation speed 

(ω in rad/s), the time (t in s) and the force (F in N) applied on the sample. The different polishing 

steps were controlled by an optical microscope. After polishing, the sample was extracted from the 

epoxy resin and then rinsed in ultrasound baths with acetone, ethanol and deionized water and dried 

by air. The final substrate surface was checked for the three alloys by AFM as shown in Figure 1. Low 

roughness surfaces (RMS: AISI 304 = 3.0 ±0.1 nm, AISI316=2.70 ±0.1 nm, INCONEL 600 = 2.8 ±0.2 nm) 

were obtained. Since the roughness values are very close together, we could not distinguish the 

surface topography from one sample compared to another. As can be seen on Figure 1, proper 

polishing grooves appear parallel at this micrometer scale. To obtain a physical parameter other that 

the RMS roughness to characterize each substrate, we calculate the self-correlation function G defined 

as: 
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From the geometrical point of view, this function probes the correlation between the original 

image and an image shifted by a distance k1 (k2) in the x (y) direction with respect to the center of the 

original image. This function reaches always its maximum at the center of its image and the shape of 

the central peak give access to the grains mean geometrical shape [14]. If there is a periodicity in the 

image, it will also appear in the self-correlation image.  In our case, trenches due to polishing are 

parallel and separated by a mean distance l that we can determine using the sections associated to 

each self correlation image. The sections show maximums corresponding to the periodicity due to 

parallel trenches. By measuring the distance between two maxima, we obtain the characteristic 

parameter l corresponding to the mean distance separating two trenches (see section of imageA1on 

figure 1 for example). To obtain a more precise value of l, we measure the distance between 10 

maximums and divided the measured value by 10 to obtain l for each substrate. We obtain l =110±10 

nm for the Inconel 600 substrate and l =193±20 nm for AISI304 and l =83±15 nm for AISI316 substrates. 

To conclude, the several lengths l obtained are different for each substrate and l is a parameter that 

allow to characterize the differences between the surface topographies due to our polishing technique 

before the passivation process starts. 
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Figure 1. Atomic Force Microscopy image (2 µm x 2 µm) of the substrate after polishing: (A) AISI 304. 

(B) AISI 316. (C) INCONEL 600. (A1), (B1) and (C1) are self-correlation images calculated using 

respectively images A, B and C as input with typical cross-sections allowing to determine the average 

distance named l between two trenches resulting from the polishing steps. 

2.2. Electrochemical measurements. 

All measurements were conducted in a 0.1M NaOH solution at pH = 13, to simulate the 

interstitial electrolyte of concrete pores. The electrochemical experiments were performed at room 

temperature in a classical electrochemical cell with three electrodes. We used as a reference a 

saturated calomel electrode (SCE, E0 = +0.24V versus the Saturated Hydrogen Electrode (SHE)), as a 

counter electrode we used a platinum electrode. The working electrodes have been developed with 

the materials studied, i.e. AISI 304, AISI 316 and INCONEL 600. All the electrochemical 

measurements were carried out using a potenstiotat from Princeton Applied Research (versaStat 4). 

We used Cyclic Voltammetry (CV) to determine the redox processes on the passive films 

generated by the application of the potential sweep. The range of potential selected extends from the 

evolution of hydrogen (-1.4 V vs SCE) to the evolution of oxygen (+0.6 V vs SCE). In order to obtain 

thick passive films, we performed 12 cycles with a scanning rate of 25 mV/s. These experimental 

conditions allowed the identification of the redox processes which tended to decrease and those 

which tended to increase with the numbers of the scanning cycles in potential [30]. 

Passive films formed by CV and spontaneously formed films were studied and compared using 

electrochemical impedance spectroscopy (EIS). These measurements were performed after the OCP 

(Open Circuit potential) was stable. The amplitude of the tension applied was 10 mV and the 

scanning frequency was ranged between 100 kHz and 5 mHz. The working electrodes were not 

cathodically polarized to remove the native oxides (formed in air) in order to stay in conditions close 

to those where the alloys evolve in reinforced concrete. 
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2.3. Atomic force microscopy (AFM). 

The AFM images were realized with an AFM provided by Brucker ((multimode design, 

Nanoscope V electronic). The AFM in tapping mode was used to monitor the evolution of the 

topography during the different immersion times. The principle and the different modes of 

acquisition of the AFM images are widely explained and detailed in the litterature [31-33]. For SKFM 

images, we use PtIr coated tapping mode Si tips provided by Brucker with a resonant frequency 

around 75 kHz and a stiffness constant around 3 Nm-1. Our experimental procedure to obtain a 

SKPFM image has been described in a previous paper [21]. 

3. Results and discussion 

3.1. Films formed by cyclic voltammetry. 

In this section we have formed and characterized the passive films on AISI 304 and AISI 316 

stainless steels as well as on INCONEL 600. The voltammograms obtained (Fig. 2A) for AISI 304 and 

AISI 316 are comparable and are in agreement with the literature results [28, 34-37]. For the two 

materials, there are clearly three zones: 

a) The zone I: extended from -1.4 to -0.56 V vs SCE called pre-passivity zone is the typical region of 

iron activity. 

b) The zone II: extended from -0.56 to 0 V vs SCE is the region where a stable passive film covering 

the surface of the alloys is formed (passivation). 

c) Zone III: extended from 0 to 0.6 V vs SCE, called zone of transpassivity is the region where the 

oxidation reduction processes of alloying elements occur (Cr, Ni, ...). It is in this zone where the 

water decomposes causing an evolution of oxygen which conduct on the voltammograms to a 

strong increase in the anodic current density. 
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Figure 2. Cyclic voltammograms (1 st and 12 th cycles) obtained in 0.1 M NaOH solution.  Potential 

range: -1.4 to 0.5 V vs SCE. Scanning rate:dE/dt = 25 mV/s. (A) AISI 316 and AISI 304 samples.  (B) 

INCONEL 600. 

The zone I corresponds to the zone of iron activity, the presence of an oxidation peak is observed 

at about -0.8 V vs SCE, which is essentially due to the formation of the magnetite Fe3O4 [34, 37-39] as 

shown in the following equations. 

( ) −−
++↔+ eOHOFeOHOHFe 2423 2432  

(2)

−−
++↔+ eOHOFeOHFeO 223 243  

(3)

Magnetite is a mixed oxide which results mainly from the oxidation of Fe2+ to Fe3O4 composed 

by Fe2+ and Fe3+ [36-37]. As can be seen in Fig. 2A., for both steels, an increase of the peak intensity is 

observed with the increase in the number of cycles. The density of the anode current corresponding 

to the magnetite formation is greater for the AISI 304 than for the AISI 316 (975 µA/cm²; 713µA/cm² 

respectively). The presence of a less intense oxidation peak for AISI 316 is due to the presence of in 

the chemical composition of the AISI 316 alloy. The molybdenum promotes the inner layer 

enrichment by the chromium oxide film Cr2O3 [37, 39-40] with an insulating behavior that blocks the 

movement of iron ions through the film. As indicated in their work, C. M. Abreu et al. [37] showed 

that a higher intensity of the oxidation peak leads to a thicker film. Therefore, the films formed on 

AISI 304 are thicker than those formed on AISI 316. Beyond the peak of magnetite formation there is 

a sudden drop in anodic current density which is characteristic of a transition from an active state of 

stainless steels dissolution to a state of passivation. The intensity of the reduction peaks at -0.97 and 

-1.12 V vs SCE increases with increasing numbers of cycles. The processes that occurs at these peaks 

is not well understood. Thus, some authors agree that these peaks correspond to the reduction of Fe3+ 

to Fe2+. Other authors indicate that this would be the reduction of Ni3O4 to NiO and NiO to Ni metal. 

In their studies on stainless steels (AISI 304 and AISI 316) L. Freire et al [34] suggest that there is an 

overlap between the reduction of nickel oxides (Ni3O4 to NiO and NiO to Ni metal) and the reduction 

of iron oxides (Fe3O4 to Fe2+). 

In zone II, the anode current density is constant and low (residual current density). The existence 

of this potential domain (domain of passivation) where the current density is very small provide the 

idea that in an alkaline medium the films on the surface of the alloys acts as a barrier separating the 

stainless steel from the electrolyte [38].  

In the zone III also called the transpassivity region, important changes are observed. Figure 2A 

shows an oxidation peak in the region of chromium activity at about 0.23 V vs SCE which corresponds 

to the chromium oxidation process: Cr3+ / Cr6+ [34-36, 38, 41]. It should also be noted that the intensity 

of the chromium oxidation peak decreases with the increase of the number of cycles suggesting the 

progressive formation of an isolating oxide layer like Cr2O3, which decrease the reactivity of the 

passive layer. At more positive potentials than the peak oxidation of chromium, we observe an 

intense increase in the current density due to water decomposition generating an evolution of oxygen 

[38]. The reduction peak at 0.29 V vs SCE whose intensity increases with cycles corresponds to the 

reduction process Ni2+ / Ni3+ [35-36]. 

The voltammograms (Fig. 2B) obtained on the INCONEL 600 are similar to those found in the 

litterature [39-43]. However, they are different from those obtained on the AISI 304 and AISI 316 (Fig. 

2A).  Figure 2B shows an intensity increase of the oxidation peak at 0.39 V vs SCE and of the 

reduction peak at 0.30 V vs SCE with increasing number of cycles. These two peaks are attributed to 

the transition process from Ni(OH)2 to NiO(OH) and conversely [42, 43]. The intensity of the 

oxidation peak of Fe2+ to Fe3O4 at -0.86 V vs SCE tends to decrease [37]. On our voltammograms, we 

do not find any chromium oxidation peak. Nevertheless, XPS measurements performed by C.M. 

Abreu et al. [37] on films formed by cyclic voltammetry on the surface of nickel base alloys in an 

alkaline medium revealed the presence of chromium Cr3+ in the film.Zone 1 of the voltammograms 

showed that the films formed on AISI 304 are thicker than those formed on AISI 316. However, the 
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fact that they are thicker does not necessarily mean that they are more protective. The values of the 

average residual current measured for AISI 316 and AISI 304 stainless steels are reported in Table 2. 

In the first cycle it can be seen that the average residual current for AISI 316 (11.57 µA/cm²) is lower 

than that of AISI 304 (14.55 µA/cm²), suggesting that the passive film formed on AISI 316 is more 

protective than the one formed on AISI 304. This trend is confirmed during the cycles. For example, 

in the twelfth cycle, there is a decrease in the average residual current for the two alloys (3.95 µA/cm² 

for AISI 316 and 6.88 µA/cm² for AISI 304). The barrier properties of the films are improved with the 

increase in the number of cycles. These results are consistent with those found in the literature [38]. 

The mean residual current measured for the INCONEL 600 after twelve cycles (4.86 µA / cm²) was 

found between the one measured on AISI 304 and on AISI 316. This suggests that the film formed on 

INCONEL 600 in a simulated concrete environment at ambient temperature is more resistant than 

those formed on AISI 304 but less than those formed on the AISI 316. 

Table 2. The residual current of the passivity domain of both stainless steels (AISI 304 and AISI 316) 

and INCONEL 600 determined form the cyclic voltammograms. 

 AISI 304 AISI 316 INCONEL 600 

Courant résiduel (µA.cm-2) 

cycle 1 
14.55 11.57 15.60 

Courant résiduel (µA.cm-2) 

cycle 12 
6.88 3.95 4.86 

To confirm these results, we used electrochemical impedance measurements to determine the 

overall system impedance for the three alloys after CV in an alkaline solution of NaOH at pH = 13. 

Measurements were made from 100 KHz to 2.5 MHz. The analysis of the Bode diagram (see Fig. 3) 

shows the same trend for the three alloys. At low frequencies, the impedance measured for AISI 316 

was higher than the one measured on INCONEL 600 which displayed an higher impedance than AISI 

304. These data’s confirm the previous results obtained with the average residual current 

measurements. Taken together, these elements seem to suggest that the INCONEL 600 which is an 

alloy generally used in critical environments, is less efficient than AISI 316 at room temperature in an 

environment simulating reinforced concrete. 

 

Figure 3. Bode plots (log|Z|) of AISI 304, AISI 316 and INCONEL 600 in NaOH solution after cyclic 

voltammograms. 

3.2. Spontaneous growth of passive films on stainless steels and INCONEL 600. 

3.2.1. Electrochemical impedance spectroscopy. 
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Evolution of the Nyquist diagrams as a function of the immersion time in the solution simulating 

reinforced concrete for the three alloys are shown in Figure 4. For the three alloys, the capacitive loop 

reported has a diameter that increases with the exposure time, meaning that the resistance of the 

passive films formed increases with the immersion time, which is in agreement with the literature [9, 

26, 44]. The authors suggest that the steady state of the steels exposed to alkaline media is well 

established after 3 days of immersion. This is the reason why we chose to collect EIS data’s during 

this time laps [9, 26]. For both AISI 304 and AISI 316, the impedance measurements performed show 

that the capacitive loop has a linear behavior at low frequencies range after 72 hours of immersion. 

Suggesting that the film formed is stable and protective. This tendency is less clear for the INCONEL 

600, meaning that the amplitude of the capacitive loops is less than that of the stainless steels AISI 

304 and AISI 316. This indicates the films formed on INCONEL 600 in an alkaline medium at pH = 

13 are less effective than those formed on stainless steels. 

  

 

 

Figure 4. Experimental and simulated Nyquist plots as a function of immersion time obtained for (A) 

AISI 316. (B) AISI 304. (C) INCONEL 600 in a NaOH (pH=13) solution at OCP (from100 kHz down to 

5 mHz). 

 

Figure 5. Equivalent circuits with two characteristic times constant used to represent the impedance 

behavior of the film/electrolyte interface as a function of immersion time. 
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In this study, the results of the EIS measurements were exploited using an equivalent electrical 

circuit EEC. Several equivalent circuits have been tested and the circuit depicted in Figure 5 with two 

times constant was selected to fit the experimental data because it gave the more reliable results and 

allowed to simulate EIS data’s with the same circuit for all 3 samples what allow to compare them 

easily. This circuit was applied in other studies to describe passivation for AISI304 [44], AISI316 [26] 

and Inconels [45], which is why it seems for us adapted to our electrochemical system. The EEC fitting 

parameters are described in Table 3, 4 and 5. The use of EEC suggests that the passive film contains 

porosities in which the electrolyte penetrates [39, 46]. The expression of the total impedance of the 

EEC is given by Equation 4. The half circles observed on the Nyquist diagrams are more or less 

flattened, which is explained by the non-ideality (roughness) of the electrodes surface. So, it would 

be better as shown on Equation 4 to replace the pure capacities of the circuit by constant phase 

elements CPE: CPE1 with a capacitance C1 and an exponent α1 and CPE2 with a capacitance C2 and an 

exponent α2. The properties of the CPE depend on the values of α. When α is equal to 1 the CPE 

behaves as a pure capacity and when α is equal to 0.5 the CPE behaves like an impedance of Warburg 

(diffusional control of the formation of the film). 

( )( )
( ) 1

11
12

1
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1)(

α
ω

ω

ω
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+
+

=

 

( ) 2
22

2
2 1

)(
α

ω
ω

CRj

R
Z

+
=

 

(4)

In our case, the literature suggests that the first time constant is associated with the charge 

transfer process where R1 is the charge transfer resistance and CPE1 is the capacitance of the double 

layer at high frequencies. At low frequencies, the second time constant is associated to the oxidation-

reduction process which takes place in the passive film. C2 is associated to the capacitive behavior of 

the film and R2 is linked to the resistance of the oxidation-reduction process [1, 26].  

Tables 3 and 4 group together the values of the equivalent circuit parameters in the case of 

stainless steels. For AISI 316, the values of α1 vary between 0.94 and 0.92 while those of α2 vary 

between 0.84 and 0.82. For AISI 304, α1 varies between 0.95 and 0.94 and α2, between 0.87 and 0.86. 

The values obtained for α are very close to 1 for both types of stainless steels, in agreement with the 

literature [22] CPE can be assimilated to pure capacitors (CPE≈C). Like stainless steels, in the case of 

Inconel 600, CPE can also be assimilated to pure capacitors ( α1 and α2 are close to 1 Cf. table 5).  

Table 3. Best fit parameters for the impedance spectra obtained on AISI 316 in NaOH solutions after 

OCP stabilization. 
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Table 4. Best fit parameters for the impedance spectra obtained on AISI 304 in NaOH solutions after 

OCP stabilization. 

 

Table 5. Best fit parameters for the impedance spectra obtained on INCONEL 600 in NaOH solutions 

after OCP stabilization. 

 
For all three alloys, the values obtained by fitting CPE1 (between 34.0 and 7.910-6 Ω-1cm-2 s-n) 

indicate that it can be assimilated to the capacity of the double layer. The increase for both stainless 

steels of the charge transfer resistance R1 from 20.4 to 69.7 kΩ/cm² for AISI 316, and from 28.6 to 81.1 

kΩ/cm² for AISI 304 with the increase of the immersion time, shows the increasing difficulty that the 

charge transfer process can encounter to be achieved. Thus, this hypothesis seems to be relatively 

well in line with the increase in resistance R2 from 459.1 to 993.9 kΩ/cm² for AISI 316 and from 251.2 

to 749.9 kΩ/cm² for AISI 304 (fig 6). The CPE2 and R2 parameters associated with the redox process 

that can take place within the film are affected by the immersion time. One of the possible reactions, 

which contributes to this process is represented by the following equation [26]: 

Fe3O4 + OH- + H2O ↔ 3FeOOH + e- (5)

As expected, the barrier properties of passive films increase with immersion time [9, 26]. For 

stainless steels, it is recognized in the literature that the increase in film resistance is due to the 

enrichment of chromium oxide. The inner layer of the film adhering to the substrate is composed by 

Cr2O3 oxide which has the properties of an insulator. The outer layer is essentially composed by iron 

oxide. It has been shown by Addari et al [9] that the aging of the films in alkaline environments gives 

rise to a predominance of the oxide Fe2O3.  

Compared to AISI 304, for example, INCONEL 600 does not show much difference between the 

spectra acquired at t=1h and t=72h. The linear character of the capacitive loop at low frequencies at t= 

24h and t= 72h is less clear than for the other two alloys, suggesting that the films formed naturally 

on INCONEL 600 in alkaline media would be less effective. This is because the value of the 

polarisation resistance Rp (which is obtained by extrapolation of the Nyquist curve) at t=72h for 

INCONEL 600 is lower than for stainless steels. As for the stainless steels, the film formed on the 
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INCONEL 600 also has a bilayer structure with the Cr2O3 [14] enriched inner layer and the outer layer 

formed essentially by Fe2O3 oxide and NiO [37]. Other studies suggest that nickel oxide would be 

present in that structure as Ni(OH)2 [37, 47]. With the increase of the immersion time, the diameter 

of the capacitive arc of the Nyquist diagrams (Figures 4A and 4B) is increased for both stainless steels. 

However, the values of the resistors R2 greater for AISI 316 represented in tables 3 and 4 show that 

the films formed on AISI 316 are more protective than those formed on AISI 304 in alkaline media. 

This difference between the two stainless steels is due to the presence of molybdenum in the chemical 

composition of AISI 316 stainless steel, which promotes a more stable and protective chromium oxide 

enrichment [38]. 

 

Figure 6. Evolution of the resistance of the film R2 as a function of immersion time. 

In figure 6, it can be seen that the resistance R2 attributed to the film increases continuously up 

to 72 hours of immersion for both stainless steels. The INCONEL 600 displays a strong increase in R2 

during the first hours of immersion and beyond 3h30 this increase becomes smoother. It appears 

therefore that the formation of a stable passive film is faster on INCONEL 600 than on stainless steels. 

This may be due to the fact that the films formed on the nickel base alloys are thinner than those 

formed on the stainless steels [37, 48]. However, the values of R2 (table 3, 4, 5) and the Nyquist figures 

indicate that the films formed on INCONEL 600 in alkaline environments and at ambient temperature 

do not appear to be more protective than those formed on stainless steels. On the contrary, it seems 

that the films formed on AISI 316 are more protective in this alkaline environment. 

3.2.2. Atomic Force Microscopy. 
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Figure 7. AFM images (500 nm µmx 500 nm) of passive films grown on AISI 304 substrates after 

polishing as a function of immersion time. (A) ½ h, (B) 3 h ½, (C) 72 h. (A1), (B1) and (C1) are self-

correlation images calculated using respectively images A, B and C as input with typical cross-

sections allowing to determine a periodicity named l1 and the mean oxide grain diameter d. 
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Figure 8. AFM images (500 nm x 500 nm) of passive films grown on AISI 316 substrates after polishing 

as a function of immersion time. (D) ½ h, (E) 3 h ½, (F) 72 h. (D1), (E1) and (F1) are self-correlation 

images calculated using respectively images E, D and F as input with typical cross-sections allowing 

to determine a periodicity named l1 and the mean oxide grain diameter d. 

 

Figure 9. AFM images (0.5 µm x 0.5 µm) of the passive film grown on INCONEL 600 substrates after 

polishing (Figure 1C) as a function of immersion time: (A) ½ h, (B) 3 h ½, (C) 72 h. (A1), (B1) and (C1) 

are self-correlation images calculated using respectively images A, B and C as input with typical cross-

sections allowing to determine a periodicity named l1 and the mean oxide grain diameter d. 

Some AFM images (500nm × 500 nm) of the passive films formed on the polished substrates (see 

fig 1for memory of the bare substrate) as a function of the immersion time in an alkaline solution 

simulating reinforced concrete (NaOH at pH = 13) are given on figure7, figure8 and figure 9 for 

stainless steels AISI 304 and AISI 316 and INCONEL 600 samples respectively. On Figures 7A and 

8D, representing the surfaces of the stainless steels after 30 minutes immersion, polishing grooves 

can be observed and the first stage of passivation which consists in the formation of small circular 

oxide grains distributed over the entire active surface and growing along trenches due to the 

polishing steps. The size of these grains increases with the immersion time until coalescence at t= 

3h1/2 which can be seen on the AFM images (figures 7B and 8E). Coalescence generates the covering 

of the whole surface and the growth became less and less visible. On the surface of INCONEL 600 we 

do not observe the same behavior as for stainless steels. Indeed, on the figure 9A which represents 

the surface INCONEL 600 after t = 1/2 h immersion, polishing grooves are less visible than for 

stainless steels because the oxide film is may be thicker. We noticed that the small oxide structures 

do not have a well-defined shape on the entire surface. As for AISI 304 and 316 at an immersion time 

of t = 3h1/2, INCONEL 600 shows the formation of oxide grains that covers its entire surface (Fig 9 

B). To quantify these observations, we determine the Root Mean Square (RMS) surface roughness 

parameter for the different immersion times using the following expression [49]. 
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𝑅𝑀𝑆ඨ൬∑ ∑ ௛²೔ೕఱభమೕసభఱభమ೔సభହଵଶ² − 〈𝜂〉²൰  (6)

Where 〈𝜂〉 is the mean height of the height distribution hij(i,j). 

Figure 10 shows the variation of the RMS roughness as a function of the square root of the 

immersion time. The square root of time was used only out of better data presentation matter. For all 

three alloys, the RMS value increases at t = 1/2 h consistent with the value of the bare substrate and 

decreases until reaching a minimum at t = 1h for the AISI 316 and INCONEL 600 and at t = 3h1/2 for 

the AISI 304. At longer immersion times, the roughness increases again for the three alloys, for the 

AISI 316 a maximum is reached at t = 24h then will decrease until t = 72h. The decrease of the RMS 

for INCONEL 600 is between t = 3h1 / 2 and t = 24h after, the RMS seems to be constant. For the three 

alloys, when the immersion time is low, it is reasonable to say that the RMS is may be controlled by 

the surface roughness of the baresubstrate. On the surface of stainless steels (Fig 7 A and 8D) we 

observe the formation of small oxide grains isolated on the entire surface that will promote the 

increase of RMS at t = 1/2 h. We noticed that the size of these grains is much smaller than the ones 

observed in Y. Li et al’s work [26] on carbon steels. With the expansion of immersion time in the 

alkaline solution, the grain size will tend to increase until coalescence (Fig 7 B and 8E), this will cause 

the RMS decline. This decrease results from the fact that the size of the grains increases progressively 

with the time of immersion, causing a covering of the trenches. So, the oxide film has thickened. The 

influence of the substrate is then lost and the RMS parameter is essentially controlled by the future 

growth of the passive film.  

Unlike stainless steels, the INCONEL 600 at t = 1/2 h (Fig 9A) shows a porous film which covers 

entirely the substrate. This film is constituted of oxide grains of larger size and round or elongated 

shapes. When the immersion time reaches t = 3h 1/2, the same characteristics are found as for the 

stainless steels, the presence of round oxide grains that develop until they reach coalescence. The film 

obtained covers the polishing grooves and the effect of the substrate on the RMS becomes less 

important. At immersion times of t = 24h and t = 72h, the RMS is almost identical and polishing 

scratches are less and less visible (Fig 9C). According to the literature [9], this can be due to the 

thickening of the oxide film with increasing immersion time. Thanks to figure 10 and the above 

discussion, we can determine a coalescence time of the oxide grains, noted tcoal, corresponding to the 

immersion time where the RMS reaches a minimum before increasing again and corresponds to a 

substrate completely covered by an oxide layer that can act as an efficient barrier against corrosion. 

This affirmation will be confirmed by the SKPFM measurements (section 3.2.3). For Inconel 600 and 

AISI316 substrates, we obtain the same value of tcoal = 60min.For AISI304, tcoal=210 min  is a little more 

longer than for the two other substrates. Moreover, the roughness of the oxide formed on INCONEL 

600 evolves slowly after 24 hours of immersion. The results of the AFM measurements seem to 

confirm those obtained by EIS and the analysis of Fig 3. C that shows that the Nyquist diagrams 

obtained at t = 24h and t = 72h are almost identical. The value of the resistance R2 of the film was found 

to be almost identical to the one measured at t=24h and t=72h. There is therefore a correlation between 

electrochemical impedance measurements and the morphology modification of the oxide surface. To 

get a better inside on the growth mode of the oxide islands on the trenches of the several substrates, 

we calculate again the self-correlation function images of each topographic image on figures 7,8 and 

9. We can extract from these images two characteristic lengths. Since we observe a periodicity in the 

cross-sections (see Fig 7A1, B1, C1, fig 8D1, E1, F1 and fig9A1, B1, C1), we determine a periodicity l1. The 

width of the central peak at half-maximum taken in the direction of the periodicity give us access to 

the mean diameter d of the oxide grains. In fact, since clearly the islands grow and coalesce first in 

the direction perpendicular to the periodicity which corresponds to parallel trenches due to the 

polishing steps, we can determine only a mean diameter in the direction of the periodicity. In the 

perpendicular direction the oxide islands are contiguous since the density of nucleation centers for 

oxide islands is so important on the trenches so that for an immersion time shorter or equal to 30 min 

(see image A of figure 7), the diameter of an island is great enough to allow the overlapping of 

neighbors islands along each trenches. The results for l1 and d as a function of immersion time for the 
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three substrates using self-correlation images like that of fig 7 and 8 (not all images showed) are given 

on Table 6. 

Table 6. Periodicity l1 and mean oxide grain diameter d as a function of immersion time for the three 

substrates, as deduced from self-correlation function images calculations (for examples see Figures 7, 

8 and 9 and related cross-sections). The time t=0 corresponds to the bare substrate after the polishing 

steps and l to the mean distance between two trenches as determined on Figure 1. 

 

As can be deduced from the evolution of d and l1 with the immersion time, the growth 

mechanism is always the same whatever the substrates is : first oxide islands grow on trenches acting 

as source for nucleation centers. In this case, the mean diameter d is smaller than the average distance 

l between trenches and so we observe a periodicity l1 that corresponds to l. So, the bare substrate 

remains visible in the topography image. At immersion times lower than 30 min, the oxide islands 

are separated and coalescence along the trenches occurs at t = 30 min(see image A fig7 and fig9 for 

example).At this time the mean diameter d is large enough and the density of nucleation great enough 

to allow the  neighboring islands  to touch each other conducting to lines of islands separated by a 

periodicity l1 equal to l. Afterwards the mean diameter d increases and remains lower than  l/2.At 

an immersion time corresponding to tcoal as determined previously, the oxide islands coalescence also 

in the direction of the periodicity because d became near to l/2.At this time, we notice experimentally 

that l1 became 2xl, showing that the growth remains under the influence of the substrate polishing 

steps. It is only after an immersion time longer and equal to 3h that the periodicity l1 disappear and 

the growth is not more under the control of the trenches that means under the control of the bare 

substrate topography. Afterwards, d increases slowly. The only difference between samples is that 

coalescence in the direction perpendicular to the trenches occurs at a longer immersion time for 

AISI316 than for AIS304 and Inconel600 samples, as observed on the RMS roughness variations as a 

function of immersion time (Figure10). 

 

Figure 10. Evolution of the RMS roughness as a function of immersion time for the AISI304, AISI316 

and Inconel600 samples. 

3.2.3. SKPFM measurements. 
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. 

Figure 11. (Large scale (10 µm x 10 µm) topographic AFM and corresponding SKPFM images for 

three different immersion times measured for the AISI316sample. 

t = 30 min (A) surface topography; (B) potential image(SKPFM) associated to image (A);(C) 

Cross-section along the line showed on image B showing the potential variation across the potential 

image.t= 1h 30. (D) surface topography; (E)) AFM error image associated to image D; (F) potential 

image(SKPFM) associated to image (D);(G) Cross-section along the line showed on image F showing 

the potential variation across a mean value for the potential image. t= 72h (H) surface topography; 

(I)) AFM error image associated to image H; (J) potential image(SKPFM) associated to image (H);(K) 

Cross-section along the line showed on image J showing the potential variation across a mean value 

for the potential image. 

Figure 11 show topographic AFM and SKPFM potential images of native films grown on AISI316 

at three selected immersion times: at t = ½ h (before coalescence), at t = 3½ h (oxide islands 

coalescence) at t = 72 h (the native film is complet). Notice that AFM and SKPFM images are tacken 

taken simultaneously at the same place. As can be seen on the potential images (F, J) and contrarily 

to thermally grown oxide layers [21], we observe that the surface potential is very homogeneous over 

the entire analyzed surface (size: 10 µm x 10 µm) since only a very weak spatial variation around a 

mean value of the surface potential (less than 10 mV) was observed for native films grown on AISI316 

and for all immersion times. This result is clearly highlighted on by the different sections (figures 

11G, 11K, respectively) along the lines of potential images 11F and 11J respectively. The same results 

(a very weak spatial variation around a mean value of the surface potential) are obtained for Inconel 

600 as for AISI 404 304 samples. And so we can plot the mean value of the surface potential as a 

function of immersion time as shown on figure 12E,D,F for the three substrates. As explained in the 

literature, SKPFM techniques give a direct access to the work function difference between the sample 

surface and the tip. By taking some care, this technique allows therefore a chemical analysis of the 

surface composition at the micrometric scale. The results of surface potential measurements as a 

function of the square of immersion time (t½) are shown on figure 12 for all substrates. In every case, 

clearly the bare substrate has the much higher potential (410 mV for AISI304 and AISI316, 920 mV 

for Inconel 600) and the formation of the first small oxide grains at t = ½ h conduct to an important 

decrease of this value until coalescence is reached. Afterwards, the potential increases again reaching 

a maximum of 360 mV (320 mV for AISI316) at t = 24 h and decreasing slowly to 250 mV at t = 72 h 

for AISI304.For AISI316, the maximum is reached later at t =4h and the potential decrease and 
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stabilize around 200 mV. The potential evolution is different for Inconel 600 since after coalescence, 

the potential stabilizes more faster than for AISI304 and AISI316 to a mean value around 250 mV. 

  

 

Figure 12. Evolution of the mean surface potential as a function of the square of immersion time (t½) 

for the AISI304(E), AISI316(D) and Inconel600(F) samples. 

Our interpretation is based on the results published in references [50, 51] and the actual 

knowledge concerning the passive layer growth, namely that the highest observed Volta potential in 

our images corresponds to a chromium enriched phase on the surface. Chromium and iron rich phase 

are present simultaneously in the layer with an inner chromium oxide layer in contact with the 

metallic substrate and an outer iron oxide layer in contact with the electrolyte. Let us also remember 

that the surface potential images probe only the first nanometer of the sample surface in the case of 

stainless steel and Inconels. So, at t = ½ h, it is probably iron oxide that grow on the surface conducting 

to the observed important decrease of potential towards the substrate potential. Afterwards, 

chromium oxide forms at the metallic surface and the potential increase reaching a maximum. At 

coalescence (t = 3 h ½for AISI304 and Inconel600), the film became continuous and chromium oxide 

is progressively covered by iron oxide that grows at the electrolyte/film interface conducting to a 

decrease of the potential until t = 72 h.  

Therefore SKPFM measurements are coherent with the AFM observation and EIS results. In fact, 

AFM data show that the film became continuous after t = 3h ½ which correspond to the time where 

the shape of the Nyquist diagram is changing. Obviously a very thin passive layer (here not more 

than few nanometers as estimated by AFM) is enough thick to be an efficient barrier against corrosion 

since SKPFM images and potential measurements show that the p-n heterojunction [21, 52] consisted 

by the outer n-type iron oxide and the inner p-type chromium oxide is formed at t = 72 h. The spatially 

very homogeneous potential at every immersion time show that the chemical composition of the 

passive layer is very homogenous contrary to the behavior of thermally grown oxide layers where 

chromium oxide phase continues to be present in contact with the electrolyte until layer thicknesses 

like 30 nm [21], acting therefore as corrosion centers. In fact, a localized disappearance of one of the 
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two p-n layers and thus of the junction make corrosion possible which is not the case here after 72 h 

of immersion. 

5. Conclusions 

This work focused on the passivation of stainless steels (AISI 304 and AISI 316) and INCONEL 

600 in an alkaline solution that simulates reinforced concrete at room temperature. The films are 

formed by cyclic voltammetry and under natural conditions (OCP). The results obtained show: 

1) The films formed by CV are thicker for AISI 304 than for AISI 316 and INCONEL 600. The 

determination of the residual current density in the passivation zone showed that the films 

formed on the three alloys are protective. However, the presence of molybdenum in the chemical 

composition of AISI 316 enables the formation a film that is more stable and more resistant to ion 

transport. Impedance measurements confirm these results.  

2) EIS measurements have shown that the resistance of spontaneously formed films increases with 

immersion time for all three alloys. As with CV-formed films, AISI 316 also seems to be the alloy 

that forms the most resistant film. The film formed on INCONEL 600 becomes stable faster than 

those formed on stainless steels. However, the electrochemical measurements did not show a 

better protection for the film formed on INCONEL 600 under these experimental conditions. 

3) The AFM measurements shows that the growth of the oxide film is under the control of the bare 

substrate topography and roughness until an immersion time is reached where coalescence 

occurs. The coalescence time is different as a function of the substrates. After coalescence, the 

small oxide grains develop on the entire surface of the three substrates a stable homogeneous 

film that becomes more and more protective with increasing immersion time. This layer is also 

chemically very homogeneous as shown by SKPFM images. The passive layer is therefore an 

efficient barrier against corrosion. We have clearly highlighted the correlation between EIS 

measurements and topographic modifications.  
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