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ABSTRACT 

The electrochemical behaviour of the highly-alloyed austenitic stainless steel UNS 

N08031 (Alloy 31) in a contaminated phosphoric acid solution is studied using 

potentiodynamic curves, EIS and Mott-Shottky. The relative stability of the films 

formed on Alloy 31 has been studied after a pre-passivated treatment at 0.3, 0.5, 0.8 and 

1 VAg/AgCl, potentials within the passive domain. The protection of Alloy 31 was 

provided by the inner oxide film, while the outer film was more defective. The 

electronic-semiconducting properties of the passive films have been correlated to 

corrosion resistance. Passivated Alloy 31 at 0.8 VAg/AgCl showed lower concentration of 

charge carriers, which beneficially affects the protecting and electronic properties of the 

passive oxide film. 

Keywords: Stainless steel, Acid solution, Passivity, EIS, Mott-Schotky  
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1. INTRODUCTION 

 

The protective capability of the passive film formed on stainless steel is related to the 

composition of the alloy and the aggressiveness of the environment to which it is 

exposed. The corrosion resistance of all types of austenitic stainless steel is based on the 

bilayer structure of the formed passive films spontaneously on their surface in aqueous 

solutions. These films act as a barrier layer, separating the metal’s surface from the 

corrosive ions in the environment. Thus the understanding of the corrosion resistance of 

stainless steel lies in comprehending the properties of the passive films formed on the 

steel. 

 

Based on a surface analysis, Olefjord and Elfström [1] proposed a model for passive 

films formed on austenitic stainless steels in acidic solutions. They observed that the 

outer part consists mainly of an hydroxide film on top of an oxide layer. This oxy-

hydroxide film grows on a nickel-enriched layer, the origin of which is the selective 

oxidation of Fe and Cr during anodic polarisation [2]. Recent investigations confirm the 

fact that the passive film can be described as having a bilayer structure [3-5]. In this 

sense, it has been widely accepted [6-10] that the outer layer is rich in Fe
3+

 species and 

the inner layer consists of an anhydrous mixed Fe-Cr-Ni oxide [3]. However, in 

phosphoric acid media (H3PO4), the composition of the outer layer seems to change; 

according to other studies [11-13], iron-phosphate species can precipitate at the 

interface and be incorporated to the passive layer, forming an outer porous film. 

 

The passivation behaviour and corrosion resistance of stainless steels in this medium 

have been mainly studied by potentiodynamic polarisation [14-18], although other 
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techniques have also been used, namely electrochemical impedance spectroscopy (EIS), 

to shed more light on the mechanisms of electropolishing in phosphoric acid [19-22]. 

More recently, this technique has been used to evaluate the corrosion behaviour of 

surgical grade austenitic stainless steel (316L SS) treated with various H3PO4 

concentrations [23]. 

 

As a consequence of the semiconducting nature, the electronic properties of passive 

films strongly affect corrosion resistance, as proposed elsewhere [24-27]. Depending on 

the predominant defects present in the passive oxide layer, either p-type or n-type 

behaviours are observed. Passive oxide films with a metallic ion deficiency or cation-

vacancy excess generally behave as p-type. Whereas passive films with cation excess in 

interstitial sites or anion vacancies behave as n-type. Mott-Schottky analysis has shown 

to be an important in-situ method for investigating the semiconducting properties of 

passive films [9, 28-30]. 

 

It has often been assumed that the semiconducting behaviour of austenitic stainless 

steels and Fe-Cr alloys reflects the duplex structure of the passive films. The majority of 

authors [6-10] consider that the inner barrier layer is consisting mainly of chromium(III) 

oxide, which behaves as a p-type semiconductor, whereas the outer region of the 

passive film is composed mainly of iron(III) oxide, which behaves as an n-type 

semiconductor [4, 27]. The Mott-Schottky analysis showed that the barrier layers on the 

stainless steels were n-type, probably due to the inhibition of cation-vacancy generation 

relative to oxygen-vacancy generation and metallic interstitials generation [31]. During 

the last years, the electrochemical behaviour of passive films formed on austenitic 

stainless steels has been widely studied [4, 28, 32-36]. Ferreira et al. [34] and Fattah-
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alhosseini [33] reported the influence of temperature on film formation, and other 

researchers [9, 28, 32] have shown the influence of the potential formation of passive 

films in acid solutions. Other studies have analysed the role of nitrogen [28] in acidic 

solutions or the influence of added alloying components (e.g. Ni and Mo) [37-39] on the 

anodic passive films of stainless steels and Cr-Fe alloys. 

 

The aim of the present work is to evaluate the electrochemical and semiconducting 

behaviour of the highly alloyed austenitic stainless steel UNS N08031 (Alloy 31) in a 

40 wt.% phosphoric acid solution contaminated with 2 wt.% H2SO4 and 0.06 wt.% KCl. 

The concentration of these impurities in the solution has been chosen according to the 

industrial conditions [14, 16, 40, 41]. However, it is important to point out that fluorides 

are likely to be present in an industrial solution. 

 

2. EXPERIMENTAL 

 

2.1. Material and test solution 

 

The material tested was the highly-alloyed austenitic stainless steel UNS N08031 (Alloy 

31) provided by Thyssen Krupp VDM. The material composition is shown in Table 1. 

Alloy 31 electrodes were cylindrically shaped (8 mm in diameter and 55 mm long) and 

covered with a polytetrafluoroethylene (PTFE) coating. The area exposed to the solution 

was 0.5 cm
2
. 
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The cross-section of the electrodes was ground down with wet emery paper of 

decreasing grit size (500 - 4000). After polishing, the samples were rinsed with distilled 

water and dried with a stream of air just before the immersion. 

 

Material was tested in a 40 wt.% phosphoric acid (5.5 M) solution contaminated with 2 

wt% H2SO4 (0.25 M) and 0.06 wt.% KCl, typical concentrations in the phosphoric acid 

industry [41]. The solution was prepared with distilled water and the pH of the solution 

was 0.42. 

 

2.2. Experimental methods 

 

A conventional three-electrode cell, held at a constant temperature, was used for the 

electrochemical analysis of Alloy 31. A platinum counter-electrode and a silver/silver 

chloride (Ag/AgCl) 3 M potassium chloride reference electrode were used in the cell. 

All the electrode potentials were referred to the Ag/AgCl scale. The experiments were 

conducted under thermostated conditions at 20, 40, 60 and 80 ºC in order to study the 

influence of temperature on the electrochemical behaviour and semiconducting 

properties of Alloy 31. 

 

The electrochemical tests were conducted in deaerated solution by bubbling N2 into the 

solution for 20 min before the test, and then the nitrogen atmosphere was maintained 

over the liquid surface during the whole test. 

 

Anodic polarisation curves were measured potentiodynamically with a Solartron 1287 

potentiostat at a scan rate of 0.1667 mV/s from – 0.4 VAg/AgCl to the anodic direction, 
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according to ASTM G5 [42]. The polarisation curves were used to determine the 

passive potential ranges of Alloy 31 in the solution studied. Before each polarisation 

measurement, the working electrodes were initially polarised in four steps from the 

OCP values (approximately 0.2 VAg/AgCl) to 0, – 0.2 and – 0.4 VAg/AgCl. The potential of 

– 0.4 VAg/AgCl was maintained for 1 hour in order to remove the air-formed oxide on the 

surface [9, 35, 43] and to create reproducible initial conditions. It has been found that 

during this pre-treatment, the air-formed oxide on the surface is removed [35]. 

Moreover, at this potential Hydrogen has no obvious effect on the semiconducting 

properties of the subsequent passive film. 

 

Besides the polarisation curves, potentiostatic current-time transients were recorded. 

The samples were reduced potentiostatically at –0.4 VAg/AgCl for 1 hour and the working 

electrode was anodically polarised to the selected film formation potentials of 0.3, 0.5, 

0.8 and 1 VAg/AgCl, which were in the passive region of the potentiodynamic polarisation 

curves. A stationary stage of layer growth was considered, applying each potential for 1 

hour before the impedance and capacitance measurements. 

 

Once the passive film was formed, the electrochemical impedance spectroscopy (EIS) 

measurements were taken in the range between 10
5
 and 10

-3
 Hz with voltage amplitude 

± 5 mV. Capacitance measurements were also taken on the anodic films formed at 0.3, 

0.5, 0.8 and 1 VAg/AgCl, at a frequency of 3 kHz using a 10 mV rms ac signal and a step 

rate of 25 mV, in the cathodic direction. All EIS and capacitance measurements were 

recorded from the potential at which the passive film was formed, using an Autolab 

PGSTAT302N potentiostat. 
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3. RESULTS AND DISCUSSION 

3.1. Potentiodynamic polarisation behaviour 

 

Figure 1 shows the potentiodynamic polarisation plots of Alloy 31 in the contaminated 

phosphoric acid solution at different temperatures. Alloy 31 displays similar 

polarisation curves at all temperatures, showing a very wide potential domain of 

passivity, generally in the potential range between 0.3 and 1 VAg/AgCl. Thus, this has 

been the selected potential range to study the properties of the passive film formed on 

Alloy 31. From the 1 VAg/AgCl potential, the sharp increase in current density indicates 

the breakdown of the passive film, showing the transpassive region of Alloy 31 in the 

phosphoric acid solution. 

 

Temperature also affects the cathodic branch, increasing the cathodic current densities, 

i.e. temperature favours the cathodic reaction [44, 45] as well as the Hydrogen 

Evolution Reaction (HER), which results in a greater generation of H2 due to a decrease 

in the overpotential needed for this reaction when temperature increases [46]. The 

kinetics of the oxidation reactions is also favoured with temperature [44, 47-50], as can 

be observed on the anodic branch of the polarisation curves, although the higher current 

density values registered within the passive region are attributed to the growth of oxide 

films on metallic surface [2, 51, 52]. In general, Alloy 31 registered a stable current 

density in the passive domain, although at the highest temperatures (60 and 80 ºC) these 

values slightly and progressively increase. Therefore, the results of the polarisation 

curves reveal that higher temperatures favour the thickening of the passive films. 
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The displacement of the corrosion potentials with temperature is in agreement with the 

results reported by other authors [44, 52, 53], who studied the effects of the solution 

temperature on different stainless steels and seems to be also related to the increase in 

cathodic current densities [44]. Recently, a complete study on the effect of temperature 

on the electrochemical parameters of Alloy 31 in contaminated phosphoric acid has 

been published [46]. 

 

3.2. Electrochemical impedance analysis 

 

To investigate the relative stability of the passive films formed on Alloy 31, EIS 

measurements were recorded at applied potentials after passive film generation. Based 

on the shape of the polarisation curves, the different potentials chosen (0.3, 0.5, 0.8 and 

1 VAg/AgCl) lie within the passive region.  

 

For the EIS results to be valid, the electrochemical system should comply with three 

requirements formulated for the constraints of the linear system theory (LST) i.e. 

causality, linearity and stability [54-56]; otherwise the EIS results will be invalid [54-

56]. Thus, the way to validate the EIS results is the Kramers-Kronig (K-K) 

transformation [55]. The K-K transforms have been applied to the EIS measurements by 

transforming the real axis into the imaginary axis and the imaginary axis into the real 

axis. Figure 2 shows the similar results between the experimental points and the 

corresponding K-K transforms, confirming the compliance of the system with the linear 

systems theory. 
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The impedance responses are presented in Nyquist and Bode formats in Figure 3 for the 

different temperatures studied (20, 40, 60 and 80 ºC). All impedance spectra present a 

somewhat unfinished capacitive arc which is temperature dependent, as evidenced by 

the overall decrease of impedance values with temperature. Bode plots in Figure 3 

depict two time constants, at high- and low-frequencies. This feature is often considered 

as the response of an inhomogeneous film composed of a compact inner layer and a less 

compact (porous) outer layer [57-60]. According to this behaviour, a hierarchically 

distributed equivalent circuit, reproduced in Figure 4, has been previously reported [9, 

28, 57-63]. 

 

The modulus of the phase angle maxima is lower than 90º in all EIS spectra (Figure 3); 

such behaviour can be interpreted as a deviation from ideal capacitor behaviour. 

Therefore, the use of a constant phase element (CPE) was necessary to account for the 

non-ideal behaviour of the capacitive elements, due to the distribution of relaxation 

times as a consequence of heterogeneities on the electrode surface [64]. The impedance 

of this element is defined as [54]: 

 

                                                           
)(

1

jQ
ZCPE


                                                  (1) 

 

where Q is the CPE constant,  is the angular frequency (rad/s), j
2
=-1 is the imaginary 

number and  is the CPE exponent. Depending on , CPE can represent resistance 

(=0, Z0=R), capacitance (=1, Z0=C), or Warburg impedance (=0.5, Z0=W). 
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The CPE elements, Q, have been converted into a pure capacitance (C) by means of the 

following equation [64]: 

 

                                                           
 

R

RQ
C

/1


                                                       (2) 

 

The circuit represented in Figure 4 has been used to explain the passivity behaviour of 

Alloy 31 in the contaminated phosphoric acid solution at 20, 40, 60 and 80 ºC. The 

quality of data fitting to the equivalent circuit proposed was evaluated with the chi-

squared (χ
2
) values, which were lower than 10

-3
, and the error percentages of the 

individual components of the equivalent circuit fitted. This is also shown in Figure 3, 

where the simulated data are shown as solid lines. Other equivalent circuits were tested, 

with a series association of two R-CPE elements [65, 66] and with other functions [67, 

68], namely Young impedance instead of a CPE, but the fitting errors were high. Thus, 

the physical description of the model adopted in this work is that R1, C1 and R2, C2 

correspond to the resistance and capacitance of the outer porous layer and inner oxide 

layer, respectively. In this sense, the high frequency time constant is represented by the 

resistance of the solution in the defects of the porous film (R1) and the double layer 

capacitance in the defects (C1). The second time constant at low frequencies is assigned 

to the areas covered with the passive oxide film (protective oxide) and it is represented 

by the R2/C2 parallel combination. Both parameters, R2 and C2, represent the electrical 

resistance and the capacitance of the passive oxide film formed as an inner layer on 

Alloy 31. The resistance at very high frequencies corresponds to the uncompensated 

resistance of the solution (Rs), which remains almost constant in all tests. In fact, at high 

frequencies (10
4
 – 10

5
 Hz), the absolute impedance curve is almost independent of 
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frequency with a phase angle of 0º, representing that the Rs is almost constant (Rs  1.2 

 cm
2
). 

 

The compact inner layer, known as barrier layer, is composed principally of chromium 

oxides and is the major contributor. The outer porous film in phosphoric acid media is 

composed of iron phosphates [13]. Phosphate species can precipitate with dissolved iron 

species to form iron phosphates since these compounds are characterised by a low 

solubility. Therefore, precipitation of iron phosphate (Fe3(PO4)2) occurs at the interface, 

according to the following reactions [11]: 

 

                                       6 H3PO4 + 3 Fe  3 Fe(H2PO4)2 + 3 H2                                  (3) 

                                      3 Fe(H2PO4)2  Fe3(PO4)2   + 4 H3PO4                                 (4) 

 

In stainless steels, as a result of the low oxidative capacity of the surface, a predominant 

formation of soluble phosphate Fe(H2PO4)2 occurs, which is responsible for porous film 

formation [12], as shown schematically in Figure 4. 

 

The resistance, capacitance and  values of the outer and inner layers obtained by 

adjusting the experimental data show in Figure 3 are summarised in Table 2 as a 

function of the temperatures at different applied potentials. In all cases, the CPE1 

exponents, 1, have values close to 0.9, which indicates that the interpretation of the 

CPE1 element as a capacitance should be acceptable, whereas the values of 2 were 

between 0.6 and 0.8. According to the electrical parameters obtained, the resistance of 

the inner oxide layer (R2) is significantly larger than the values associated with the outer 

porous layer (R1), which is consistent with the chosen physical model. These results 
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indicate that the protection provided by the passive film was predominantly due to the 

barrier layer. Similar results were obtained by other authors [58, 69]. The resistance of 

the outer porous layer R1 depends strongly on the existence of pores or defects, into 

which the electrolyte can penetrate and thus, R1 provides a sensitive indication of the 

appearance of defects in the passive film. As a result, if the outer porous layer is very 

porous, the parameter R1 may correspond approximately to the resistance of the 

electrolyte inside the pores [58]. In the present study, the values of R1 are higher than 

those of Rs for all the conditions studied, although the outer layer exhibits a resistance of 

the order of 10
2
  cm

2
 and therefore, it can be considered as a thin and defective or 

porous film, as reported by other authors [58]. 

 

It can be seen in Table 2 that R1 slightly decreases as temperature increases, which 

suggests that temperature favours the formation of a more porous film. This behaviour 

is probably related to the fact that at lower temperatures the outer porous layer is more 

stable as a result of the predominance of more stable phosphate iron compounds, 

resulting in higher resistances. Also the values of R1 are observed to decrease as the 

formation potential is increased from 0.3 to 0.8 VAg/AgCl, while at the formation potential 

of 1 VAg/AgCl, R1 has the highest values, indicating that the outer film is less defective. 

This behaviour might be due to the proximity to the transpassive region, which could 

lead to a distortion of the outer porous layer due to the partially blocked pores [70]. 

 

C1 values are in the order of those expected to the double layer capacitance [54] and 

hardly change with temperature at applied potentials of 0.3, 0.5 and 0.8 VAg/AgCl, with a 

slight decrease in C1 values at higher potentials. 
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The capacitance data obtained from EIS can be correlated with the thickness of the 

passive film layer [54, 71] using Eq. (5), which is valid for the parallel plate capacitor 

model: 

 

                                                             
 

d
C 0 

                                                          (5) 

 

where  denotes the relative dielectric constant of the layer, 0 is vacuum permittivity 

(8.85 · 10
-14

 F cm
-1

) and d is the layer thickness. However, it is difficult to obtain an 

accurate thickness value of the passive film when the dielectric constant is not well 

established, although a value of 15.6 has been reported in the literature for austenitic 

stainless steels [10, 27]. Moreover, due to the open porous structure, it is difficult to 

calculate the thickness of the outer layer from the C1 values [72]. Nevertheless, since 

capacitance is inversely proportional to layer thickness, the capacitive response of the 

alloys can give an indication of how the thickness of the passive film changes when 

changing the applied potentials. 

 

The C1 values suggest the thickening of the outer layer when the applied potential 

increases. In spite of film thickening, the evolution observed in R1 suggests that the film 

becomes more defective as potential increases in the range of 0.3 - 0.8 VAg/AgCl. In fact, 

some authors have correlated this trend with the formation of a more porous film 

(higher effective area) [58]. 

 

On the other hand, the parameters associated with the inner oxide film, R2 and C2, are 

more sharply affected by temperature and formation potential. R2 clearly decreases 

when temperature increases, which suggests that the films’ electrical conductivity 
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increases, as expected in a semiconductor. This is in contrast to the trend with the 

applied potential, which is observed to increase, except for the applied potential of 1 

VAg/AgCl. The capacitance of the barrier layer, C2, hardly changes with the applied 

potential from 0.3 to 0.8 VAg/AgCl, taking values in the range of 10
2
 – 10

3
 F · cm

-2
. 

However, the barrier layer capacitance (C2) increases considerably at 1 VAg/AgCl. 

According to expression (5), the relatively high capacitance values may indicate that the 

inner oxide film becomes thinner and this is specially observed at the potential near the 

traspassive region (1 VAg/AgCl). 

 

The parameters obtained for the inner layer indicate that this layer is thin and compact 

[58, 69], which is indicated by the high capacitance and resistance values, of the order 

of 10
5
  cm

2
. This is clearly observed after passive film formation at 0.8 VAg/AgCl, since 

the resistance of the oxide film is higher at 20 ºC. However, R2 exhibited high values 

even at 1 VAg/AgCl, indicating that the passive film formed on Alloy 31 still provides 

significant protection. 

 

3.3. Mott-Schottky analysis 

 

The Mott-Schottky (M-S) analysis has been employed to determine the electronic 

properties of the passive films formed on Alloy 31 in the 40 wt.% H3PO4 contaminated 

solution. In the M-S experiments, the specimens were passivated for 1 h at different 

formation potentials and the imaginary part of the impedance (Z’’), measured at a 

frequency of 3 kHz, was recorded as a function of the potential, as the potential was 

swept in the negative direction at a sweep rate of 25 mV/s. The high sweep rate was 

used to avoid the electroreduction of the oxide layer and the change in the film 
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thickness during the measurements [28]. From the measured values of Z’’ and the 

previously determined CPE  exponents, it was possible to calculate the CPE 

parameter, Q, and then the electrode capacitance by using Expression (2). 

 

Capacitance results are usually frequency-dependent and thus, it is necessary to 

determine the frequency dependence of Alloy 31 in this medium. Figure 5 shows Mott-

Schottky measurements performed at different frequencies, i.e. from 1 to 5 kHz. The 

parameters obtained from such plots were found to be almost independent of frequency 

when this was higher than 2 kHz. Therefore, according to these previous measurements 

and other authors’ results [9, 73] in this work a frequency of 3 kHz was applied for 

Mott-Schottky measurements. 

 

Based on Mott-Schottky theory [25], the semiconducting characteristics of passive films 

can be explored by measuring the capacitance of the interface layer developed in the 

passive film and the Helmholtz layer, as a function of the applied electrode potential. 

The measured capacitance can be described by this theory as: 
HSC CCC

111   

where CSH and CH represent the space charge and the Helmholtz capacitance, 

respectively. However, since the capacitance of the space charge layer is very small 

compared with that of the Helmholtz layer, the measured interfacial capacitance can be 

regarded as that of the space charge layer when the potentials are applied with a 

sufficiently high frequency [9]. According to this theory, the space charge capacitance 

of p- and n-type semiconductors is given by Eq. (6) and (7), respectively: 

 

                                       












q

Tk
EE

NqC
FB

A0

2

21


                                          (6) 
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                                       









q

Tk
EE

NqC
FB

D0

2

21


                                          (7) 

 

where NA and ND are the acceptor and donor density in the passive film, respectively, E 

is the applied potential, EFB is the flat band potential, k is the Boltzman constant (1.38 · 

10
-23

 J/K), T is the absolute temperature and q is the electron charge (1.6 · 10
-19

 C), 

while the meaning of 0 and  has been already defined in equation (5). 

 

Therefore, the validity of the M-S analysis is based on the assumption that the 

capacitance of the space-charge layer is much lower than that of the Helmholtz layer [8] 

and the data points on the 21 SCC versus E plot can describe the semiconducting 

behaviour of the depletion region. NA and ND can be determined from the slope of this 

experimental data. 

 

Figure 6 presents M-S plots for the passive films formed on Alloy 31 in the 

contaminated phosphoric acid solution at 20, 40, 60 and 80 ºC and different film 

formation potentials. Firstly, it should be noted that at all film formation potentials, 

capacitances clearly increase with temperature. This trend is consistent with the results 

of the polarisation curves and EIS measurements. The diagrams obtained for film 

formation at 0.3, 0.5 and 0.8 VAg/AgCl (Figure 6a, b and c) show two regions in which a 

linear relationship between C
-2

 and E can be observed. In region I, the slope of the Mott-

Schottky diagrams is close to zero, whereas region II in all plots reveals positive slopes, 

indicating the n-type semiconducting behaviour of the passive films. 
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Alloy 31 has high chromium content and as other studies have reported [31, 74, 75], an 

inner Cr enriched oxide film should be formed, which behaves as a p-type 

semiconductor. Moreover, its high Mo content and the strong acidic conditions of the 

solution (pH < 1) lead to the formation of an insoluble MoO3 oxide [76], which acts as 

an n-type semiconductor [77, 78]; although, the n-type semiconductor properties can 

also be attributed to the presence of other compounds, such as Fe2O3 [36, 77, 78]. 

Regarding the role of Mo, Montemor et al. [38], based on Auger analysis, reported that 

this element has no significant effect on the oxide thickness; however, the presence of 

Mo as an alloying element in stainless steel leads to a higher amount of Cr in the inner 

oxide layer. These results have also been observed in other works [79, 80] and, 

therefore, this suggests a chromium-enriched inner layer that behaves as an n-type 

semiconductor. However, Tsuchiya et al. [81] concluded that the passive film on Cr and 

Fe-Cr alloys can display both an n-type and a p-type behaviour in acidic media, due to 

the double layer structure in the film and therefore, the n-type semiconducting 

behaviour of Alloy 31 can be mainly attributed to the chromium-enriched inner layer. 

 

On the other hand, the Mott-Schottky diagram in Figure 6d represents the properties of 

passive films formed at 1 VAg/AgCl and different temperatures, in which three regions are 

distinguished. The negative slopes in region I are attributed to a p-type behaviour, 

probably due to the presence of Cr2O3, FeO and NiO on the passive films [36], and this 

behaviour is observed at all temperatures, in contrast to those obtained at 0.3, 0.5 and 

0.8 VAg/AgCl. Region II presents positive slopes, which depicts an n-type semiconducting 

behaviour (Figures 6a, b and c). However, the difference in these diagrams is the 

appearance of a third region, with a peak at around 0.5 VAg/AgCl. This feature has been 

usually explained in terms of a strong dependence of the Faradaic current on potential in 
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the transpassive region. In this sense, the behaviour of capacitance at high potentials 

near the transpassive region has been attributed to the development of an inversion layer 

as a result of an increasing concentration in the valence band; under these conditions, 

the passive film becomes conductive or thinner due to transpassivation [25, 82-84]. This 

is consistent with the results obtained from the EIS measurements and agrees well with 

the polarisation curve results, in which the transpassive region at all temperatures was 

found to be close to 1 VAg/AgCl.  

 

According to Eq. (7) donor densities, ND, can be determined from the slope of the 

experimental C
-2

 versus E plots. Because the slope is inversely proportional to the donor 

density, the decrease in the slope when temperature increases indicates that the 

concentration of donor species in the passive film increases with temperature [4], which 

implies that high donor densities lead to high passive current density values in the 

passive region, according to the polarisation curves. The values of donor densities 

corresponding to Alloy 31 are summarised in Table 3 and they are all of the order of 

10
20

 cm
-3

, which agree well with those reported for austenitic stainless steels [4, 28, 34, 

39]. Higher donor density values at elevated temperatures means that the passive film 

on Alloy 31 has higher electron density and lower impedance, as observed in the EIS 

measurements. 

 

For all the four temperatures studied, the donor density decreases with increasing 

formation potential, except above 0.8 V. These results are consistent with other reports 

[32, 33, 85, 86]. At potentials higher than 0.8 V, donor densities show a small increase 

due to the loss of passivity in Alloy 31. This tendency of the donor density to decrease 

with increasing potential has been reported by Sikora and Macdonald [29], who 
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reported that the relationship between ND and the formation potential was correctly 

predicted on the basis of the Point Defect Model (PDM), assuming that the oxygen 

vacancies are the electron donors. Other studies have also developed this relationship by 

using the PDM [85, 86]. 

 

Finally, acceptor density, NA, has been determined from the negative slopes in region I 

of Figure 6d, according to Eq. (6). Acceptor density values are summarised in Table 3 

and they are observed to increase with temperature. Based on the values of Table 3, it 

can be concluded that the passive film on Alloy 31 is disordered and becomes more 

visible at higher temperatures, as expected. The donors or acceptors in semiconducting 

passive layers are defects, including cation vacancies, anion vacancies, and cation 

interstitials. These vacancies act as dopants, i.e. oxygen vacancies and cation 

interstitials imparting n-type properties and cation vacancies yielding p-type character. 

The presence of such dopants prevents migration of cations from substrate metal and 

alloys and penetration of harmful anions, such as Cl
-
 and SO4

2-
, from the electrolyte, 

thereby improving corrosion resistance [9, 27, 87]. 

 

These results are consistent with both polarisation curves and EIS measurements, 

revealing that an increase in temperature results in a more disordered passive film. 

However, Alloy 31 in the phosphoric acidic solution still provides high corrosion 

resistance at elevated temperatures. 

 

4. CONCLUSIONS 
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The electrochemical behaviour of a highly-alloyed austenitic stainless steel (Alloy 31) 

was investigated in a contaminated phosphoric acid solution at different temperatures. 

Polarisation curves revealed that Alloy 31 exhibits a wide domain of passivity, ranging 

between 0.3 and 1 VAg/AgCl. The high current densities registered in the passive region as 

temperature increases indicated the thickening of the passive film on Alloy 31. 

 

EIS measurements showed that the protection provided by the passive film was 

predominantly due to the inner oxide film, while R1 values demonstrated that the outer 

film can be considered as thin and porous. The influence of temperature and formation 

potential was observed to affect more markedly the parameters associated with the inner 

oxide film. An increase in temperature indicates higher electrical conductivity, whereas 

an increase in capacitance may indicate a thinner film. However, the high values of 

capacitances and resistances suggested that the film on Alloy 31 still provides 

significant protection. 

 

The Mott-Schottky plots obtained when Alloy 31 was pre-passivated at 0.3, 0.5 and 0.8 

VAg/AgCl, only showed an n-type-electronic behaviour, while those at 1 VAg/AgCl showed 

both a p-type and an n-type behaviour. This fact confirmed the growth of an inversion 

layer as a consequence of the proximity to the transpassivation region. Calculated 

acceptor/donor densities of Alloy 31 in the contaminated phosphoric acid, revealed an 

increase of the acceptor/donor density with temperature and they are all of the order of 

10
20

 cm
-3

. 
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Table 1. Chemical composition of the UNS N08031 (Alloy 31) (wt.%). 

 %Cr %Fe %Ni %Mo %Mn %Cu %N %Si %C %S %P 

Alloy 31 26.75 31.43 31.85 6.6 1.5 1.21 0.193 0.1 0.005 0.002 0.017 
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Table 2. Electrical parameters obtained by fitting the experimental results of EIS for Alloy 31 in the contaminated 40 wt.% H3PO4 solution at 

different temperatures after passive film formation at different potentials. 

E vs 

(Ag/Agl) / V 
t / ºC 

10
6
 Q1 / 


-1

 cm
-2

 s
n
 

1 R1 / K cm
2
 

C1dl / 

F·cm
-2

 

10
6
 Q2 / 


-1

 cm
-2

 s
n
 

2 R2 / K cm
2
 

C2 / 

F·cm
-2

 

0.3 20 43.33 0.920 1.23 34.07 51.31 0.734 61.53 77.82 

 40 42.61 0.915 0.76 29.66 65.85 0.698 25.64 82.64 

 60 40.08 0.934 0.58 28.74 80.75 0.596 10.86 73.87 

 80 53.45 0.902 0.67 40.39 112.30 0.810 4.06 93.39 

          

0.5 20 33.61 0.926 0.92 25.28 48.00 0.682 64.85 81.51 

 40 25.31 0.948 0.63 19.93 54.61 0.654 62.34 104.32 

 60 30.69 0.926 0.50 21.95 69.07 0.745 46.87 103.31 

 80 35.66 0.935 0.30 25.99 79.84 0.681 20.33 100.20 

          

0.8 20 32.25 0.906 0.86 22.23 52.00 0.781 95.72 81.77 

 40 26.38 0.930 0.52 19.10 52.13 0.670 81.39 107.23 

 60 23.355 0.934 0.41 16.80 52.60 0.652 67.16 102.74 

 80 38.206 0.916 0.28 25.20 85.25 0.690 21.51 111.56 

          

1 20 86.99 0.8605 1.14 59.80 93.29 0.7122 61.81 189.38 

 40 105.94 0.8518 1.26 74.62 125.73 0.7381 39.57 222.17 

 60 123.56 0.8417 0.79 79.73 168.40 0.7462 16.99 240.77 

 80 110.80 0.9574 0.58 98.06 235.51 0.6210 5.06 262.18 
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Table 3. Donor and acceptor density (ND / NA) of the oxide films formed on Alloy 31 at 

different formation potential and temperatures between 20 and 80 ºC. 

 Parameters 

E vs (Ag/Agl) / 

V 

t / ºC ND / 10
20

 cm
-3

 NA / 10
20

 cm
-3

 

0,3 20 4.22  

 40 4.50  

 60 4.58  

 80 5.96  

    
0,5 20 2.77  

 40 3.00  

 60 3.02  

 80 3.07  

    
0,8 20 2.65  

 40 2.72  

 60 2.94  

 80 3.37  

    
1 20 8.58 22.76 

 40 10.66 32.72 

 60 11.34 45.98 

 80 12.14 79.62 



 29 

 

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

E vs (Ag/AgCl) / V

Ic
u

rr
e

n
t 

d
e

n
s

it
y

I 
/ 

A
 c

m
-2

20 ºC

40 ºC

60 ºC

80 ºC

10
-1

10
-2

10
-3

10
-4

10
-5

10
-6

10
-7

10
-8

Passive range

 

Figure 1. Potentiodynamic polarisation curves of Alloy 31 in 40 wt.% H3PO4 polluted 

with 2 wt.% H2SO4 and 0.06 wt.% KCl at different temperatures. 
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Figure 2. Kramers-Kronig transformation of the impedance diagram obtained after 1h 

of stabilisation at 0.3 VAg/AgCl and 20 ºC in 40 wt.% H3PO4 polluted with 2 wt.% H2SO4 

and 0.06 wt.% KCl. 
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Figure 3. Nyquist diagrams (left) and Bode plots (right) of Alloy 31 after 1h of 

immersion at (a) 0.3, (b) 0.5, (c) 0.8 and (d) 1 VAg/AgCl in the polluted H3PO4 solution 

with 2 wt.% H2SO4 and 0.06 wt.% KCl at different temperatures. 
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Figure 4. Equivalent electric circuit tested to model the experimental EIS data with two 

hierarchically distributed time constants. Schematic representation of Alloy 31 oxide 

film and porous layer of phosphates and physical interpretation of the circuit. 
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Rs Free(+) 1.8 N/A N/A

CPE1-T Free(+) 2E-05 N/A N/A

CPE1-P Free(+) 0.9 N/A N/A

R1 Free(+) 900 N/A N/A

CPE2-T Free(+) 3E-05 N/A N/A

CPE2-P Free(+) 0.7 N/A N/A

R2 Free(+) 600 N/A N/A

Data File:
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Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs CPE1

R1 CPE2

R2

Element Freedom Value Error Error %

Rs Free(+) 1.8 N/A N/A

CPE1-T Free(+) 2E-05 N/A N/A

CPE1-P Free(+) 0.9 N/A N/A

R1 Free(+) 900 N/A N/A

CPE2-T Free(+) 3E-05 N/A N/A

CPE2-P Free(+) 0.7 N/A N/A

R2 Free(+) 600 N/A N/A

Data File:

Circuit Model File: C:\Users\Administrador\Documents\Pasiv+Impedancias\Modelo 1.2.mdl

Mode: Run Fitting / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Fe3(PO4)2
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Figure 5. Capacitance vs. potential curves obtained for Alloy 31 in the contaminated 

H3PO4 solution at different frequencies. 
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Figure 6. Mott-Schottky plots of passive films formed on Alloy 31 at different 

temperatures and after the anodisation process for 1 h at (a) 0.3, (b) 0.5, (c) 0.8 and (d) 1 

V vs. Ag/AgCl, in the 40 wt.% H3PO4 polluted solution with 2 wt.% H2SO4 and 0.06 

wt.% KCl. 

 


