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Abstract 

Oxidation of 304L stainless steel was studied in 4 mol/L nitric acid solution at 100°C 

over a wide potential domain. For different potentials, long-term chronoamperometry 

experiments coupled with mass loss measurements were performed until steady-state was 

reached to characterize the corrosion kinetics of the passive and transpassive domains. 

With EIS and XPS measurements, the passive domain was characterized by the formation 

of a thin film, the thickness of which was potential dependent. 
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1. Introduction 
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In France, reprocessing of spent nuclear fuel is based on the PUREX chemical process 

(Plutonium and Uranium Refining by EXtraction) [1]. The preliminary steps consist in 

the shearing of fuel clads, the dissolution of spent fuel in nitric acid, and the recovery of 

insoluble solids by clarification. Then the PUREX process uses an organic solvent 

(tributylphosphate) to extract uranium and plutonium, to recover fission products in nitric 

acid phase, to extract plutonium from the uranium/plutonium solution by reduction of 

plutonium, and to purify, concentrate and chemically transform uranium and plutonium. 

The products are plutonium which can be used with depleted uranium for MOX fuel 

manufacturing, and uranium enriched at the level of the spent fuel. As a consequence of 

the use of nitric acid to dissolve oxide spent fuel, various nitric media are met throughout 

the process. Nitric acid is at concentrations almost up to the azeotropic level (14.4 mol/L) 

and at temperatures up to its boiling temperature (120°C for 14.4 mol/L HNO3). These 

nitric media, processed at pressures not higher than atmospheric, may be more or less 

renewed, depending on the equipment (e.g. fuel dissolver, fission product concentrators, 

acid recovery evaporators, fission-product storage tanks). In order to properly contain 

these very acidic and very oxidizing media, metallic materials have been chosen 

according to their corrosion limits, optimized and qualified before the building of the 

plants [2]. They are mainly very low carbon austenitic stainless steels (AISI 304L, 316L 

and 310Nb) for the major part of the equipment; a special stainless steel with 4% silicon, 

for the fission product evaporators; zirconium, chosen for the construction of the most 

critical equipment in term of corrosion, such as fuel dissolvers and nitric acid recovery 

concentrators. It is therefore of great importance to have a precise knowledge of the 

corrosion mechanisms of these materials in nitric acid media.  

Concerning SS (more specifically 304L), the corrosion potential is in the passive domain 

where SS oxidation corresponds to the formation of Fe(III), Cr(III) and Ni(II) [3]. The 



 3 

oxidation rate is low due to the existence of a metastable [4] chromium-rich-oxide layer 

at the surface [5-7]. In addition, any increase of nitric acid temperature or concentration 

can lead to an increase of the SS corrosion potential, which could thus be shifted into the 

transpassive domain, where corrosion is severe [5, 6, 8]. In this potential range, Cr is 

possibly oxidized to Cr(VI) that rapidly dissolves [3] and intergranular corrosion (IGC) is 

also observed [5, 6, 9]. IGC results from a preferential corrosion at grain boundaries, 

which generates triangular grooves at grain boundaries. The progression of these grooves 

inside the steel can induces grain dropping. Some authors proposed that this IGC 

morphology results from the existence of two different dissolution rates: a dissolution 

rate at the surface of the grains Vs and a dissolution rate at the grain boundaries Vgb [10-

14]. Based on this phenomenology, a model shows that the total mass loss of the steel is 

thus ascribable to two contributions: steel oxidation / dissolution and grain dropping [13]. 

In addition to metal oxidation, nitric acid reduction occurs in a large potential range that 

partially superimposes the anodic domain of SS [2, 14]. The complex reduction 

phenomena of nitric acid have been widely studied and the reduction mechanisms on the 

surface of an inert electrode are now well established [15-23]. These mechanisms appear 

to depend mainly on the potential and on the concentration of the nitric acid. For a small 

over-potential a first autocatalytic process was shown firstly by Vetter [24-26]. The 

mechanism is based on the adsorption and reduction of NO2 (valence IV of nitrogen) to 

NO+ or HNO2 (valence III of nitrogen). Then NO+/HNO2 can be oxidized by HNO3 

(valence V of nitrogen) to form again NO2. For higher over-potential a second 

autocatalytic process occurs as proposed by Schmid [27-31]. This mechanism is based on 

the adsorption and reduction of NO+/HNO2 to form NO (valence II of nitrogen), which in 

turn reacts with HNO3 to form again NO+/HNO2. Both mechanisms correspond to an 

autocatalytic kinetics and it should be mentioned that the potential dependency of these 
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processes was demonstrated by Razygraev [32, 33], who also showed that other 

mechanisms occur for larger cathodic over-potential. Moreover for both mechanisms, it is 

not HNO3 that directly exchanges the electrons with the steel, but a lower valence product 

(NO2 or NO+/HNO2). 

Despite these very complex processes, it is often considered that in first approximation, 

the reduction current is mainly due to the reduction of acid nitric into nitrous acid [15-19] 

according to: 

 

 𝑁𝑂#$ + 3𝐻( + 2𝑒$ ⇌ 𝐻𝑁𝑂, + 𝐻,𝑂     Eq. 1 

 

Conversely to the corrosion behavior of 304L SS in sulfuric acid solution which is well 

documented [34-49], the oxidation behavior of SS in hot and concentrated nitric acid has 

been poorly discussed in the literature [5, 6, 50-55], and it has mostly been studied 

through electrochemical methods only [5, 6, 51-55]. In this case, the use of usual 

electrochemical techniques may not be sufficient since only a global current is measured, 

which results from the addition of both anodic (oxidation of the SS) and cathodic 

(reduction of nitric acid) currents. It is thus intricate to separate these two contributions 

especially in the cathodic domain for which the anodic contribution is masked by a large 

cathodic current. It should be mentioned that such a behavior has already been shown for 

other materials, e.g. by Haupt and Strehblow for the corrosion of chromium in diluted 

sulfuric acid [56]. In this case, they were able to separate the anodic and cathodic 

contributions by measuring both the global current and the chromium release in solution 

with a rotating-ring disk electrode (RRDE) technique.  

Even though electrochemical techniques are techniques of choice for the investigation of 

corrosion kinetics, a crude limitation is that only redox phenomena can be detected. For 
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instance, in the case for SS in nitric acid in the transpassive domain, the corrosion process 

involves metal dissolution (detectable by electrochemistry) but also grain losses that 

cannot be detected by electrochemistry and which requires the concomitant use of other 

analysis techniques. Moreover for most of the authors [5, 51-55] the oxidation behavior 

of SS in such an aggressive solution was studied with dynamic electrochemical methods 

(cyclic voltammetry) [5, 51-55] and the stabilization time before measurement (when it is 

mentioned) was restricted to the range 10 minutes to 5 hours [5, 50, 52-55]. For these 

experiments, the extrapolation of the results to longer time is questionable, as it will be 

shown in the following. 

Therefore, this work aims at studying the oxidation behavior of a 304L SS in nitric acid 

4 mol/L and at 100°C. These conditions were chosen in order to be representative of the 

operation of some devices in a reprocessing plant for spent nuclear fuel. The variation of 

the corrosion kinetics of 304L SS and its surface properties (aspect, composition, 

thickness of passive film…) were studied as a function of the potential from the passive 

to the transpassive domain. A particular attention has been paid to characterize the 

steady-state of the system. For that purpose, chronoamperometry experiments were 

carried out at different potentials and for durations as long as 150 hours and different 

surface analysis techniques were used. 

 

2. Experimental  

2.1 Materials 

The samples were obtained from a solution-annealed and quenched 304L stainless steel, 

in the form of a hot-rolled sheet provided by Tonnetot (65% deformation ratio). This SS 

is an austenitic steel with a low ferrite content (the ferrite to austenite ratio is 1.8%), and, 
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from SEM image analysis as shown in Figure 1, its average grain size is of about 45 µm 

was obtained. Its nominal composition is given in Table 1. 

 
Table 1 - 304L stainless steel composition (in weight %) 

Cr Ni Fe Mn Si Al P C S 

17.95 8.45 Bal. 1.45 0.61 0.005 0.036 0.015 0.025 

 

 
Figure 1 – 304L SS surface after a 5 s immersion in a solution composed of 𝟏 𝟑 H2O –  𝟏 𝟑 H2O2 –  𝟏 𝟑 HCl 

 

A cuboid sample (6 × 20 × 30 mm3) was used for weight loss measurements. It was cut 

from the steel sheet by spark machining and machined to be mounted on a steel axis that 

was connected to the electrochemical workstation. 

Before any experiment, the surface of the sample was prepared with an automated 

polisher (Struers Abramin), using silicon carbide papers with successive grades from 800 

to 4000 for 2 minutes and then with a 3-micron diamond paste for 1 minute. The sample 

was rinsed with demineralized water and ethanol and dry with compressed air. As 

expected, complementary surface chemical analysis (X-Ray Photoelectron (XPS) analysis 

– see below for a description of the technique) showed that the steel surface is partially 

100 µm 

Rolling direction 
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oxidized during the surface preparation process, resulting from polishing, rinsing and/or 

contact with ambient air. This initial oxide film is some nanometers thick and it is 

composed of Fe (in majority) and Cr. 

 

2.2 Methods 

All experiments were performed in a 250 mL cell in a 3-electrode configuration. The 

working and the counter electrodes were the SS sample and a platinum basket, 

respectively. The reference electrode was a mercury sulfate electrode (Hg-Hg2SO4 - 

MSE, E = 0.658 V(SHE) protected from the electrolyte by a salt bridge. All the potentials 

in the paper are given vs. the Standard Hydrogen Electrode (SHE). The potentiostat used 

for all the experiments was a Biologic VMP. The electrolytic solution was a 4 mol/L 

HNO3 solution prepared by diluting R.P. NORMAPUR PROLABO 52.5% solutions with 

demineralized water.  

a. Pseudo steady-state anodic measurements 

After 65-hour immersion at the corrosion potential, both anodic and cathodic dynamic 

polarization curves were recorded independently at 1 mV/min; first from the corrosion 

potential (0.85 ± 0.05 V(SHE)) towards lower higher potentials, and then (with another 

sample) from the corrosion potential towards higher potentials. By polarizing from the 

corrosion potential to cathodic or anodic over-potential, it was expected that the curves 

obtained are little influenced by the history of the polarization since it has already been 

shown that the aspect of the polarization curves in nitric acid solution was potential 

dependent [17]. This is mainly due to the autocatalytic reduction processes as discussed 

in the introduction section. 
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b. Steady-state anodic measurements 

The steady-state anodic behavior was studied with chronoamperometry experiments. The 

sample was firstly immersed at the open potential in solution for one hour prior to 

polarization. Then it was polarized at different potentials (from 0.3 to 1.3 V(SHE)) on the 

passive and the transpassive domain (a different sample was used at each potential 

measurement). During all the experiments, the total current was measured in the cell as a 

function of time, and it corresponds to the sum of the cathodic and anodic currents. Thus, 

by the electrochemical measurement alone, it is not possible to measure independently 

both cathodic and anodic currents (especially near the corrosion potential, where both 

cathodic and anodic currents are in the same order of magnitude). 

This is the reason why we measured mass loss (by weighting) simultaneously with total 

current. We assumed that the mass loss corresponds to steel oxidation/dissolution (this 

assumption will be discussed in details further in the paper). Using Faraday’s law, the 

anodic current can be estimated from mass loss rate. Then by coupling current and mass 

loss measurements, we obtained both the cathodic and the anodic kinetics. To estimate 

the mass loss kinetics for each potential, the sample was periodically removed from the 

electrolyte to be weighted. Firstly, it was rinsed for 30 min with demineralized water and 

dried compressed air. Then it was stored in a desiccator at 22 ± 1.5 °C for at least 45 min. 

Finally it was weighted with a balance XP205 from Mettler Toledo. The corrosion rate 

was estimated from the slope of mass loss as a function of time. 

After weighting and before reintroducing the sample in the electrolyte, the corrosion 

morphology was observed with an inversed optical microscope (Olympus GX51) or a 

scanning electron microscope SEM (Leo 1450 VP Zeiss or Ultra 55 Zeiss).  

For six potentials (0.55 – 0.8 – 0.9 – 1.05 – 1.15 – 1.25 V(SHE)) on the passive and the 

transpassive domains, the chemical composition of the surface was also analyzed using 
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X-Ray Photoelectron Spectroscopy (XPS). XPS analyses were carried out with a 

Thermofisher Escalab 250 XI spectrometer using a monochromatic X-ray Al Kα source. 

The instrument was calibrated in energy with the silver Fermi-level (0 eV) and the 3d5/2 

core level of metallic silver (368.3 eV). The C-1s signal was used to correct a possible 

charge effect: the C-C/C-H contribution of C-1s spectra was fixed at 285.0 eV. The 

analysis zone consisted in a 900 µm in diameter spot. Data processing was performed 

using the commercially available Avantage software. The surface pollution of the 

samples was found to be sufficiently low that no etching was necessary to remove the 

pollution of the surface before the XPS analysis. 

In the same time, for three potentials (0.90, 1.15 and 1.25 V(SHE)), the concentration of 

Fe, Cr and Ni in the solution was determined using Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES – Optima 2000 model from Perkin-Elmer). 

Finally we estimated the oxide film thickness thanks to potentiostatic electrochemical 

impedance spectroscopy (EIS). The applied potential amplitude was chosen sufficiently 

small (10 mV) to assure that the J vs. E response was linear in this domain (this was 

checked by performing EIS experiments with different potential amplitudes). 

3. Results and discussion 

3.1. Pseudo-steady state anodic curve 

Linear sweep voltammetry was performed as a reference experiment for comparison with 

literature data [5, 51-55] and to discuss the interest to perform steady-state experiments. 

The total current density, Jtot, measured in the cell during dynamic polarization is shown 

in Figure 2. In this example, the corrosion potential (Ecorr) is at 0.82 V(SHE). For lower 

potential values than Ecorr, Jtot is negative indicating that the contribution of the reduction 

current is larger than the oxidation one. As a consequence, the total current measurement 
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gives no information in this domain of potential on the presence of a possible anodic 

contribution, as further discussed in the paper. 

At corrosion potential, an exchange current density of about 1 µA/cm2 was extrapolated 

from Tafel plot. This corresponds to a corrosion rate of about 10 µm/y (calculated from 

Faraday’s law). The latter value is in good agreement with those estimated from mass 

loss measurements in the passive domain in Figure 4 (vide infra). 

Above the corrosion potential, Jtot is positive and therefore the anodic domain is obtained. 

From Ecorr to about 1.10 V(SHE), 𝐽010 is about few µA/cm2, and corresponds to the 

passive behavior of the SS. In this domain, the current increases slowly with the potential, 

as previously shown [5, 53, 55]. However, in the passive domain, one can expect that Jtot 

shows a constant value as a function of the potential. A possible explanation can be a 

non-negligible cathodic contribution to the current in the anodic domain. This cathodic 

contribution was obtained by extrapolating the cathodic current to higher potentials than 

the corrosion potential (Tafel’s equation) (Figure 2). It was then subtracted to the total 

current Jtot to estimate the anodic current (Figure 2). Despite this correction, it appears 

that the anodic current is not constant as a function of the potential, which should result 

from the dynamic character of the linear sweep voltammetry. 

Above 1.10 V(SHE), the curve shows the transpassive behavior of the SS. The current 

was characterized by a drastic increase and intergranular corrosion was observed at the 

sample surface as well as grains at the bottom of the electrochemical cell. As 

electrochemical measurement is only sensitive to redox processes, grain dropping is not 

measured by linear sweep voltammetry and thus the real degradation in transpassive 

domain is probably underestimated. 
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Figure 2 – Dynamic polarization curve obtained with 304L SS in HNO3 4 mol/L at 100°C – dE/dt =1 mV/min, 

stabilization time before polarization: 65 h. The extrapolated cathodic current density and the calculated anodic 
current density are also shown on the graph. 

 

3.2. Steady state anodic behavior 

In order to determine the experimental conditions required for reaching the steady-state 

behavior of the corroding system, chronoamperometry experiments were carried out at 

different potentials between 0.30 and 1.30 V(SHE). After a period of Δt hours of 

polarization, the mass loss, Δm, was used to define an equivalent thickness loss, Δem, 

assuming a homogeneous dissolution of the material according to the following 

relationship: 

∆𝑒3 = 	
∆𝑚
𝜌88 ∙ 𝑆

	 (1) 

where S is the geometrical surface area of the sample, and ρss is the density of the SS ρss 

= 7.8 kg/dm3.  

Figure 3 illustrates the evolution of Δem as a function of time in the cases of four 

representative potentials (0.90, 1.05, 1.15, and 1.25 V(SHE)). 
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Figure 3 – Equivalent thickness loss as a function of time for 304L SS polarized at 0.90 and 1.05 V(SHE) (left 

axis), and at 1.15 and 1.25 V(SHE) (right axis) in HNO3 4 mol/L at 100 °C. The lines correspond to the corrosion 
rate at steady-state. 

The results obtained for potentials in the range 0.30 – 1.05 V(SHE) are similar to the 

example presented in Figure 3 at 0.90 and 1.05 V(SHE). The evolution of Δem as a 

function of time is linear only after an immersion of about 50 h, indicating that several 

hours may not be sufficient to reach the steady-state behavior for this corroding system 

[5, 50, 52-55]. After 50 h, the slope of the line allows a corrosion rate of about 

10 µm/year to be determined. This value is almost independent of the potential in the 

range 0.30 – 1.05 V(SHE) (Figure 3). 

For potential larger than 1.10 V(SHE) (see for examples the curves obtained at 1.15 and 

1.25 V(SHE) in Figure 3), the behavior is rather different and depends on the potential: 

the corrosion rate strongly increases and the time required for reaching steady-state 

decreases notably when the potential increases. 

  

3.3. Steady state mass loss rate and surface aspect evolution as a function of the potential  
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For each electrode potential, at steady state, the mass loss rate Vm was calculated from the 

equivalent thickness loss Δem after a duration Δt according to the following relationship: 

𝑉3 =
∆𝑒3
∆𝑡  (2) 

The evolution of Vm as a function of the potential is plotted in Figure 4. It shows an 

increase of the corrosion rate of about 3 orders of magnitude in the transpassive domain 

(i.e. in the potential range 1.1 – 1.3 V(SHE)), whereas it is almost constant over the 

whole passive domain. 

 

Figure 4 – Evolution of the corrosion rate Vm determined from mass loss measurements at steady-state as a 
function of the potential for an electrode of 304L SS in HNO3 4 mol/L at 100°C. 

Figure 5 shows the evolution of the surface aspect observed by optical microscopy as a 

function of potential at the end of the linear sweep voltammetry experiments. As 

previously discussed the aspect is characteristic of a steady-state evolution of the 

interface. Interestingly, the transition between the passive and the transpassive domain 

can be clearly seen with the apparition of intergranular corrosion for potential larger than 

1.05 V(SHE). The corresponding cross sections are presented in Figure 6. 
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Figure 5 – Surface observations (with optical microscope (a) – (d); with scanning electron microscope (e) – (f)) of 
304L SS electrodes after polarization at different potentials in HNO3 4 mol/L at 100°C. (a) 0.55 V(SHE), (b) 0.80 

V(SHE), (c) 0.90 V(SHE), (d) 1.05 V(SHE), (e) 1.15 V(SHE), (f) 1.25 V(SHE) 

 

Rolling direction

0.55 V(SHE)

(a)

0.80 V(SHE)

(b)

0.90 V(SHE)

(c)

1.05 V(SHE)

(d)

1.15 V(SHE)

(e)

1.25 V(SHE)
100 µm

(f)
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Figure 6 – Cross section observations with optical microscope of 304L SS electrodes after polarization at 

different potentials in HNO3 4 mol/L at 100°C. (a) 0.55 V(SHE), (b) 0.80 V(SHE), (c) 0.90 V(SHE), (d) 1.05 
V(SHE), (e) 1.15 V(SHE) 

These optical observations combined to corrosion rate measurements allowed three 

potential domains to be evidenced. 

For an applied potential of 0.30 V(SHE), the mass loss rate is at about 60 µm/year, which 

corresponds to a relatively high corrosion rate compared to the results obtained at higher 

potentials. This potential corresponds to the end of the active area and the beginning of 

the passive domain. In the active regime, it is known that the dissolution is important and 

uniform corrosion is often mentioned [37]. 

0.55 V(SHE)

(a)

0.80 V(SHE)

(b)

0.90 V(SHE)

(c)

1.05 V(SHE)

(d)

1 µm

1.15 V(SHE)
2 µm

(e)
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In the potential range from 0.40 to 1.05 V(SHE), the corrosion rate is almost constant and 

lower than 10 µm/year, which corresponds to the passive domain of the SS in HNO3 4 

mol/L at 100°C. This result has to be compared with dynamic polarization results for 

which an increasing oxidation current was recorded, which leads to an overestimation of 

the kinetics, and in turn to an overestimation of the corrosion rate. Interestingly, the 

surface appearance and morphology are also similar from one potential to another in this 

potential range. However, the surface defects and in particular the grain boundaries are 

preferential sites for dissolution as observed Padhy et al. [6]. Cross-sections of the 

surface samples after long-term polarization show a low surface roughness that does not 

vary significantly with the potential (Figure 6). A detailed analysis of the results obtained 

in the passive domain shows some variability for the corrosion rate as well as the surface 

that becomes darker as the potential increases. This evolving behavior in the passive 

domain was already observed for the corrosion of SS in sulfuric acid, which shows the 

presence of a minimum of the corrosion rate in the passive domain [39, 57, 58]. 

Above 1.05 V(SHE), the corrosion rate increases sharply with the potential corresponding 

to the transpassive domain. This behavior is consistent with results observed for steels in 

different acidic solutions [57]. It is commonly accepted that this transpassive behavior 

results from the oxidation of chromium at valence VI, which is less protective than 

chromium III (Cr2O3). Moreover, the particular morphology of intergranular corrosion 

(IGC) is observed. IGC results from the specific reactivity of grain boundary, comparing 

to reactivity of the grain itself. The grain boundary reactivity can be attributed to 

chemical reasons (associated with the presence of segregations at grain boundaries) [11, 

59-61]. It is shown that both phosphorus [62-73] and silicon [5, 7, 62, 67-72, 74-91] have 

an impact on the occurrence and kinetics of IGC. It can also be due to the specific 

reactivity of grain boundaries as proposed in [11, 60, 62, 74, 92, 93], in which the grain 
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boundary structure, especially the relative misorientation of adjacent grains, impacts the 

kinetics of grain boundary attack. This leads to the formation of grooves at grain 

boundaries. The progression of these grooves inside the steel can induce grain dropping. 

Some authors proposed that this IGC morphology results from the existence of two 

different dissolution rates: a dissolution rate of grain surface and a dissolution rate of 

grain boundary. Based on this phenomenology, it was theoretically shown that the weight 

loss of the steel is ascribable to two contributions: steel oxidation / dissolution and grains 

dislodgment [13]. 

 

3.4. Current densities in the steady state 

Figure 7 shows two different current density curves as a function of the applied potential 

corresponding to the steady state total current density Jtot (obtained by measuring the 

current with the potentiostat) and the steady state current density calculated from the 

mass loss measurements, Jm. It was estimated using the Faraday’s law: 

𝐽3 =
𝑛. 𝐹. ∆𝑚
𝑆	𝑀	∆𝑡  (3) 

where F is the Faraday’s constant, M the molar mass of the SS, and n the number of 

exchanged electrons. The latter depends on the SS potential and is calculated with 

thermodynamic data: 

𝑛 = 	 𝑥B𝛼B
BDEF,HI,JB

 (4) 

with 𝑥B the mole ratio of the specie i (Fe, Cr or Ni) and 𝛼B the mean degree of oxidation 

of the redox couple estimated by its standard potential and the Nernst equation.  

In the passive domain, n was calculated considering oxidation of metallic species to 

Ni(II), Fe(III), and Cr(III). This two last species are the oxidation states of species that 
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constitutes the oxide layer, which will be discussed further (vide infra). For potentials 

below 0.7 V(SHE) oxidation to Fe(II) was also introduced. 

In the transpassive domain, thermodynamic data show the oxidation of Fe to Fe(III) and 

Ni to Ni(II). For the oxidation state of Cr, an independent study of the material at 1.15 

and 1.25 V(SHE) was performed (data not shown) involving mass loss, thickness loss 

due to grain dislodgment, thickness loss due to metal dissolution (by ICP-AES) and 

thickness loss due to electrochemical dissolution. It was shown that Cr was oxidized to 

Cr(VI) on this potential domain. 

 
Figure 7 – Steady state total current density exchanged in the cell Jtotal(red and grey symbols), steady state 

weight loss current density Jm (black dots) as a function of the potential for 304L SS in HNO3 4 mol/L at 100°C 

Below the corrosion potential (i.e. for potentials lower than 0.8 V(SHE)) the total current 

density is ascribed to HNO3 reduction. The value of the steady state total current density 

Jtot is larger than the value of the total current density measured with dynamic 



 19 

polarization (Figure 2). Such a behavior is to be ascribed to the autocatalytic mechanism 

that takes place for concentrated nitric acid reduction [16-19].  

In addition, the comparison of the mass loss current density Jm with Jtot shows that both 

oxidation and reduction occurs simultaneously, even in the range of the reduction of 

nitric acid. However, for potentials below 0.80 V(SHE), Jm is about three orders of 

magnitude lower than Jtot and slightly depends on the potential.  

Above the corrosion potential, Jtot is always smaller than Jm in the passive domain, 

whereas no grain dislodgment was observed. This result indicates that reduction of HNO3 

cannot be neglected in this potential domain. Conversely, in the transpassive domain, Jm 

is also larger than Jtotal, but this difference can be, at least partially, attributed to grain 

loss.  

 

3.5. XPS analysis as a function of the electrode potential 

For different polarization potentials reported in Figure 7, an XPS survey spectrum was 

recorded. It was shown that the major components present at the surface of the SS were 

iron, chromium, nickel, and oxygen, whereas some other elements were also detected 

(e.g. C, Ca) corresponding to pollution of the sample surface during its preparation and/or 

storage. In the following, these elements were not considered in the quantification 

procedure. 

A typical Ni-2p spectrum presented in Figure 8(a) shows one peak at 852.8 ± 0.3 eV (and 

the presence of a lower intensity peak at a higher energy at 860 eV) associated to metallic 

nickel [14]. The Fe-2p spectrum shows Figure 8 (b) is composed of an asymmetrical peak 

(707.1 ± 0.3 eV) and a symmetrical peak (710.1 ± 0.3 eV) respectively associated to 

metallic iron Fe(0) and oxidized iron Fe(III) [94]. Based on Marchetti et al. [95] and 

Gupta et al. [96, 97], we decomposed the Cr spectrum shows in Figure 8 (c) into 4 
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different contributions. The peak at 574.0 ± 0.3 eV is ascribed to metallic Cr, whereas the 

three other peaks at 575.7, 576.9, and 578.3 ± 0.3 eV are associated to Cr(III). Note that 

for at 1.15 V(SHE) (not shown), an additional peak is observed, which is due to the 

presence of Cr(VI) simultaneously with Cr(III) [98]. The presence of Cr(VI) in the oxide 

corroborates its role in the transpassive behavior of the steel. Interestingly, Cr(VI) is no 

longer detected at 1.25 V(SHE). 



 21 

(a)  

(b)  

(c)    
Figure 8 – (a) Ni-2p3/2, (b) Fe-2p, (c) Cr--XPS spectra obtained on a 304L SS at Ecorr in HNO3 4 mol/L at 100 °C 
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Figure 9 – Chemical composition of the oxide film as a function of the potential (XPS analysis) - 304L SS - HNO3 

4 mol/L - 100°C. Each point corresponds to a mean value corresponding to at least 4 XPS analyses on the 
surface 

The relative composition of elements was estimated from the area under the peaks 

assuming that oxidized elements are part of the top oxide layer whereas the detected 

metallic elements are located under the oxide layer. Fe, Ni and Cr are all observed under 

their oxidized form. Nevertheless the contribution of oxidized nickel to the total oxides is 

negligible. Therefore, the oxide layer is mainly composed of Fe and Cr. The evolution of 

the oxide layer composition as a function of the potential is shown in Figure 9. The 

relative concentrations of Fe and Cr in the oxide layer were calculated from: 

𝑀 KL =
𝑀KL

𝐶𝑟KL +	𝐹𝑒KL
 (5) 

where 𝑀 KL corresponds to the relative concentration (in atomic %) of the element M 

(Fe or Cr) in the oxide and Mox corresponds to the concentration (in atomic %) of the 

element with respect to all elements considered in the quantification. Concerning the 

metallic elements, Fe, Ni, and Cr are all observed under their metallic form. Nevertheless 
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the contribution of metallic chromium to total chromium is very low and cannot be 

precisely quantified. Only the metallic contribution of iron and nickel could have been 

precisely quantified. 

On the whole potential domain spreading up to 1.05 V(SHE), an enriched chromium 

oxide layer is present on the top surface with a relative ratio of 90 % Cr to 10 % Fe. Such 

high chromium content makes the thin layer resistive against corrosion and it is 

noteworthy to note that its composition is constant throughout the potential range. These 

observations allow explaining that the oxidation current measured in the passive range is 

low and independent of the potential. This high chromium enrichment is in agreement 

with the work of Robin et al. who observed such a passive oxide formed on a 304L SS 

surface in nitric acid [5]. It results probably from the selective dissolution of iron against 

chromium during the oxide layer formation, as shown in sulfuric acid [99]. 

On the other hand, the Ni/Fe ratio of metallic contributions is equal to about 0.9, 

independently of the potential up to 1.05 V(SHE). This ratio is largely higher than in the 

steel (around 0.1), which shows a relative enrichment of nickel found in the underlying 

metallic layer. To the best of our knowledge, this nickel enrichment in the underlying 

metallic layer was reported once in dilute sulfuric acid [34]. The enrichment in nickel at 

the metal/oxide interface remains unclear on the corrosion processes of stainless steels in 

nitric acid. 

Above 1.15 V(SHE), the oxide layer remains relatively enriched in chromium compared 

to iron, but the relative chromium enrichment decreases as the potential increases. This 

has to be correlated with the sharp increase of the oxidation current observed in the 

transpassive domain (Figure 7). Interestingly, the presence of an underlying metallic layer 

enriched in nickel is also observed at 1.25 V(SHE) but with a lower Ni/Fe ratio (0.7). 

3.6. Electrochemical impedance spectroscopy characterization of the passive layer 
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Figure 10 shows an example of EIS spectrum performed after 50 hours polarization at 

0.90 V(SHE). The analysis of EIS spectrum reveals two time constants on the frequency 

domain investigated (Figure 11). In the case of Martensitic SS in neutral chloride solution 

[100], the high frequency (HF) response of the spectrum has been attributed to the 

oxidation processes. In this study, the HF response was also assumed to correspond to the 

anodic behavior of the sample while the low-frequency time constant has been ascribed to 

the reduction of nitric acid. Thus, HF response was used to analyze the oxide layer 

properties. In this frequency domain, the shape of the spectrum is characterized by a non-

ideal behavior and a constant phase element (CPE) was then introduced to account for the 

capacitive behavior of the oxide film [47]:  

𝑍PQR =
1

𝑄(j	𝜔)Y
 (6) 

where α and Q are the CPE parameters, and were determined graphically (0.85 < α < 0.9 

and Q ≈ 4x10-5 F.cm2.s α-1) (Figure 10). 

This CPE behavior was associated to a normal distribution of time constants in the film 

corresponding to a distribution of resistivity according to the power law model [47]. 

Using the power law distribution of resistivity at the metal/oxide/electrolyte interface, the 

passive layer thickness, d, was estimated with the following relationship: 

 

𝑑 =
(𝜀𝜀\)]

𝑄𝑔𝜌_(`$])
 (7) 

where ε =12 is the mean dielectric constant of Cr2O3 and Fe2O3 [101] and ε0 is the 

permittivity of the vacuum. For the determination of d, the value of the resistivity at the 

metal/oxide interface, ρδ was assumed to be 450 Ω.cm [47] and g was numerically 

evaluated and is a function of α. The interface effective capacitance was calculated, a 

posteriori, with a formula that is defined with the power law model [47]: 
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𝐶abb = 𝑔𝑄(𝜌_ƐƐ\)(`$]) (8) 

For the impedance diagram presented in Figure 10, a 3 nm thick oxide layer was found. 

This value corresponds to a capacitance of about 4 µF/cm2, in agreement with usual value 

encountered for an oxide layer capacitance and lower than a double layer capacitance in a 

concentrated electrolytic solution [102]. 
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(a) 

  
(b) 

 
Figure 10 – Experimental impedance data obtained after 50 hours of polarization at 0.90 V(SHE) of 304L SS 

electrode in HNO3 4 mol/L at 100°C (a) Nyquist plot; and (b) imaginary part of the impedance as a function of 
frequency (the slope of the HF range corresponds to α) 
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Figure 11 – Impedance modulus and phase as a function of the frequency (log-log scale) of 304L SS electrodes 

polarized at 0.70, 0.90 and 1.05 V(SHE) in HNO3 4 mol/L at 100°C 

From impedance data obtained at different potentials, the thickness evolution was 

determined for 4 different potentials in the passive domain. The evolution of d is shown 

as a function of potential in Figure 12. The thickness of the oxide film d is a few 

nanometers and increases with the potential. Similarly to the results obtained by Haupt 

[37] and Hara [38] in dilute sulfuric acid solution, the oxide layer growths as a function 

of the potential in the passive domain. This evolution has to be linked to the change in 

mass loss rate and the evolution of the surface aspect in the passive domain previously 

mentioned. These values are in agreement with the fact that XPS analyses showed that 

the thickness of the oxide layer is less than 10 nm. Indeed a metallic contribution is 

always observed on XPS spectra, which means that the oxide layer is thinner than the 

XPS analysis depth (about 10 nm). 
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Figure 12 – Evolution of the thickness of the oxide film d estimated from EIS measurements as a function of the 

potential – 304L SS – HNO3 4 mol/L – 100°C - steady state 

 

4. Conclusion 

The oxidation behavior of AISI 304L SS has been investigated as a function of the 

potential in representative conditions of spent nuclear fuel dissolution in nitric acid 

(HNO3 4 mol/L at 100°C). In order to quantify the oxidation kinetics independently of 

the reduction kinetics, chronoamperometry experiments have been combined with mass 

loss measurements. A specific attention has been paid to characterize the system at 

steady-state by performing long term experiments. 

The passive domain of the SS was evidenced, characterized by a slow and non-selective 

dissolution of the SS. This slow dissolution was explained by the presence of an oxide 

layer, relatively rich in chromium (valence III) and the thickness of which increases with 

potential. Interestingly accumulation of metallic nickel was observed under the oxide 

layer. 
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At higher potential, the transpassive behavior was evidenced, characterized by a high 

mass loss rate and a specific intergranular corrosion morphology. It was shown that the 

total mass loss was due both to SS dissolution and grain dropping. 
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