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ABSTRACT 

 

The influence of temperature and the effect of aggressive anions on the electrochemical 

behaviour of UNS N08031 stainless steel in a contaminated phosphoric acid solution 

were evaluated. Stabilisation of the passive film was studied by potentiodynamic 

polarisation curves, potentiostatic tests, Electrochemical Impedance Spectroscopy (EIS) 

measurements, Mott-Schottky analysis and X-ray Photoelectron Spectroscopy (XPS). 

The stability of the passive film was found to decrease as temperature increases. The 

film formed on the stainless steel surface was a n-type semiconductor and the XPS 

spectrum revealed the presence of fluoride ions. 
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1. INTRODUCTION 

 

Stainless steels have excellent corrosion resistance, resulting from a thin and protective 

passive film, which prevents the metal from reacting with corrosive environments. 

However, the action of some aggressive anions on passive metals can lead to a locally 

or generally increased dissolution rate [1]. More specifically, in the phosphoric acid 

production industry, corrosion problems are mainly caused by the presence of 

impurities such as fluoride (F
-
) or chloride (Cl

-
) ions [2], which act as aggressive ions 

increasing the risk of corrosion damage of processing equipment depending on the type 

of stainless steel used. In this respect, the use of highly alloyed materials in aggressive 

environments is common practice in industrial applications [3]. 

 

In order to prevent corrosion, it is important for stainless steels to maintain a stable 

passive film with, in the event of damage to the film, a rapid passivation rate even in 

severe corrosive environments [4]. Thus, it is important to quantify the kinetics of 

passive film formation on stainless steels. 

 

The behaviour of stainless steels in aqueous acid solutions has been widely investigated 

with numerous studies reporting on the passivity and corrosion behaviour of austenitic 

stainless steels in sulphuric acid solutions [5-9] and phosphoric acid solutions [10-13].  

Other studies [3, 14, 15] have been published on the electrochemical behaviour of 

stainless steels in mixtures of chloride and fluoride aqueous solutions. However, only 

very limited information appears available on the corrosion and passive behaviour of 

super-austenitic stainless steels in phosphoric acid solution, specifically solutions 

polluted with various aggressive ions. 
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The aim of this research was to investigate the corrosion behaviour of a highly alloyed 

austenitic stainless steel (UNS N08031) in phosphoric acid polluted with sulphate, 

chloride and fluoride ions, simulating typical industrial conditions [16]. The effects of 

the solution temperature on the electrochemical behaviour and the passivation kinetics 

were evaluated. Semiconducting properties were also investigated and XPS analysis 

allowed the study of the chemical composition on the surface of the stainless steel. 

 

2. EXPERIMENTAL 

 

2.1. Material and test solution 

 

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

31) provided by Thyssen Krupp VDM. The material composition of this alloy is shown 

in Table 1. Alloy 31 electrodes were cylindrically shaped (8 mm in diameter and 55 

mm long). The working surface of the specimens exposed to the test solution was 0.5 

cm
2
 and all other areas of the electrode were covered with a polytetrafluoroethylene 

(PTFE) coating. 

 

Prior to immersion, electrodes were abraded with wet emery paper of decreasing grit 

size (500 - 4000), followed by rinsing with distilled water and dried within a stream of 

air. 
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Samples were tested in a polluted 40 wt.% phosphoric acid solution with 2 wt% of 

H2SO4, 0.06 wt.% KCl and 0.6 wt.% HF, typical concentrations for the phosphoric acid 

industry [16]. 

 

2.2. Electrochemical measurements 

 

The electrochemical tests were performed in a PTFE vertical three-electrode cell held at 

a constant temperature, which consisted of a platinum (Pt) counter electrode, a 

silver/silver chloride (Ag/AgCl)/3 M potassium chloride (KCl) reference electrode and 

the specimen as the working electrode. The solution was deaerated by purging with N2 

for 20 min before the test. A nitrogen atmosphere was maintained over the liquid 

surface during the duration of the test. The experiments were conducted under 

controlled temperature conditions at 20, 40, 60 and 80 ºC in order to study the influence 

of temperature on the corrosion behaviour of Alloy 31. 

 

2.2.1. Open Circuit Potential measurements 

 

The open circuit potential was measured for 1 hour in the test solution. The average 

value of the potentials recorded during the last 300 seconds was recorded as the value of 

the OCP according to ASTM G-5 [17]. 

 

2.2.2. Potentiodynamic tests 

 

Potentiodynamic polarisation curves were determined by using a Solartron 1278 

potentiostat. Before each polarisation measurement, the working electrodes were 
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initially polarised in four steps from the OCP values to 0 VAg/AgCl. This potential was 

maintained for 1 hour in order to remove the air-formed oxide on the surface [18-20] 

and to create reproducible initial conditions. The sample was then polarised anodically 

at a scan rate of 0.1667 mV/s from 0 VAg/AgCl  in the anodic direction, according to 

ASTM G5 [17], the potential scan was reversed when the current density reached 10 

mA/cm
2
. 

 

The polarisation curves were used to obtain information about general electrochemical 

behaviour and to determine the following electrochemical parameters; corrosion current 

density (icorr), corrosion potential (Ecorr) and transpassive potential (Etr), defined as the 

potential at which the current density reaches the value of 100 A/cm
2
. The current 

density before Etr is almost constant during a range of potentials where the passive 

current density (ipas) can be estimated as an average of this range. 

 

2.2.3. Potentiostatic tests 

 

Potentiostatic passivation tests were performed using an Autolab PGSTAT302N 

potentiostat in order to obtain the current transient at a constant applied potential. The 

imposed potential 0.8 VAg/AgCl was selected according to the potentiodynamic curves, 

since this potential lies within the passive range. Prior to each measurement, the 

working electrodes were polarised to 0 VAg/AgCl for 1 hour to remove the passive film 

formed in air [18-20]. The chosen potential (0.8 VAg/AgCl) was then applied for 1 hour 

and the potentiostatic current density transients were recorded. 
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2.2.4. Impedance and capacitance tests 

 

Once the passive film was formed and just after the potentiostatic tests, the 

electrochemical impedance spectroscopy (EIS) and capacitance measurements were 

performed. EIS tests were taken at the chosen potential (0.8 VAg/AgCl) in the range 

between 10
5
 and 10

-3
 Hz with voltage amplitude ±5 mV. Fitting was performed with Z-

view software. Capacitance measurements were also taken on the anodic films formed 

at 0.8 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. 

 

2.2.5. XPS analysis 

 

The chemical composition of the surface films formed on Alloy 31 were investigated 

using a Kratos Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical Ltd, 

Manchester, UK) with a monochromatic Al K radiation source of 12 keV, 10 mA. 

Wide scans were acquired at 80 eV pass energy from 1100 eV to 0 eV binding energy, 

and high-energy resolution scans were acquired through photoelectron regions of 

interest at 20 eV pass energy. Sample charging was minimised using a flood of low 

energy electrons from a linear filament operated with 0.18 A current, 3 V bias and 2.9 V 

charge balance, and charge correction made by reference to the hydrocarbon peak at 

285.0 eV binding energy. The area analysed was 700 m x 300 m. The data was 

quantified by measuring photoelectron peak areas, using theoretical relative sensitivity 

factors following correction for the intensity/energy response of the instrument [21]. All 

data processing was carried out using CasaXPS (Casa Software Ltd, Teignmouth, UK). 
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3. RESULTS AND DISCUSSION 

 

3.1. Open Circuit Potential 

 

Figure 1 presents the open circuit potential measurements for Alloy 31 in the solution 

studied at 20, 40, 60 and 80 ºC. At all temperatures the potential shifted towards more 

positive values immediately after immersion in solution. The ennoblement of the 

potential observed in Figure 1 is attributable to changes in the pre-immersion air-

formed oxide film and further thickening of the oxide film as a result of the interaction 

between the electrolyte and the metal surface [22]. The growth of the oxide film 

continues until the film acquires a thickness that is stable in the electrolyte. Alloy 31 

contains 26.75% chromium, which is responsible for the passive properties of the alloy. 

Thus, during the OCP test the Cr2O3-containing passive film grew on the electrode 

surface, shifting the OCP value to higher potentials [23]. 

 

The OCP values of Alloy 31 in the phosphoric acid solution are summarised in Table 2. 

It can be seen that OCP values shift towards more positive values as temperature 

increases, which is justified by the passive nature of Alloy 31. It is well known that 

temperature increases the kinetics of corrosion reactions [24-28]; however it also 

promotes rapid growth of passive films on metallic surfaces [29-31], resulting in the 

ennoblement of the metal. 
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3.2. Potentiodynamic polarisation behaviour 

 

Potentiodynamic polarisation curves for Alloy 31 in contaminated phosphoric acid 

solution were obtained at 20, 40, 60 and 80 ºC to evaluate the effect of temperature on 

the general corrosion resistance of the metal (Figure 2). 

 

Alloy 31 displays similar polarisation curves at all temperatures showing a passive 

range in which the current density remains almost stable. However, as temperature 

increases above 40 ºC, the current density values in this region exhibit an increasing 

trend. This fact indicates that the increase of temperature induces a restriction of 

passivity range of the material [32]. As a consequence, the transpassive potential Etr, at 

which the breakdown of the passive film occurs, is observed to decrease as temperature 

increases. Polarisation curves show that Alloy 31 is passive at all temperatures since a 

passivation range is observed. 

 

Temperature affects the cathodic reaction as observed on the potentiodynamic curves, 

since the cathodic current densities increased with temperature (Figure 2). This shows 

that increasing temperature favours the cathodic reaction [24, 32, 33] and more 

specifically, it favours the hydrogen evolution reaction (HER); consequently increasing 

temperature also favours the kinetics of anodic dissolution of the metal. 

 

The presence of aggressive ions, such as chloride, sulphate and fluoride in solution, 

accelerates the anodic process; therefore, the harmful effect of temperature is greater in 

this solution because these ions should make the oxide dissolution easier [10, 34-36]. 
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From the potentiodynamic polarisation curves, corrosion potential (Ecorr), corrosion 

current density (icorr), passive current density (ip) and the transpassive potential (Etr) 

were obtained and are summarised in Table 3. It can be observed that Ecorr and icorr 

increase with temperature, as well as ip also showed an increase with increasing 

temperature. 

 

The increase of Ecorr and icorr seems to be related to the enhancement of the cathodic 

reaction with temperature [24, 37, 38]. The corrosion potentials followed the same 

tendency as the OCP values, although Ecorr values are slightly lower, indicating that the 

OCP values of Alloy 31 in this solution are close to the cathodic-anodic transition. This 

phenomenon suggests that Alloy 31 under these conditions will be close to the 

equilibrium potential. This behaviour was also reported for steels in fluoride containing 

solutions [2]. Although the icorr values are observed to increase with temperature; this 

parameter abruptly increases from 40 ºC, suggesting an accelerating effect of aggressive 

ions at elevated temperatures. 

 

The trend of increasing passive current density, ip with increasing temperature, is 

explained by the fact that the increase of temperature favours the growth of the passive 

film [24]. The passive film on Alloy 31 consists of an inner layer, which is mainly 

composed of Cr2O3 [34, 39, 40], since Alloy 31 contains high Cr content. The outer 

layer of the passive film is probably enriched in iron phosphates. In this context, several 

studies have reported that phosphate species are incorporated into the outer part of the 

passive film during the passivation process [41-44]. This statement is confirmed in the 

XPS analysis (section 3.6), in which the binding energy of the P 2p photoelectron peak 

at 133.8 eV for all samples indicates that it is present as phosphate. 
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The transpassive potential Etr, which is defined as the potential at which the current 

density reaches the value of 100 A/cm
2
, is observed to decrease as temperature 

increases. Consequently, Alloy 31 is less corrosion resistant as temperature increases in 

the phosphoric acid solution polluted with 2% H2SO4, 0.06% KCl and 0.6% HF. These 

results reveal that the passive films formed at lower temperatures are significantly less 

defective and more resistant to film breakdown than those formed at higher 

temperatures, as reported by several authors [13, 22, 24, 30, 37, 38, 45]. 

 

3.3. Potentiostatic tests 

 

The current-time transients of Alloy 31 obtained at 0.8 VAg/AgCl in the contaminated 

phosphoric acid solution at different temperatures are shown in Figure 3. The values of 

current density recorded during the potentiostatic tests give the total current resulting 

from the film formation and the dissolution of Alloy 31 in the solution studied [46]. 

 

In Figure 3(a), it is initially observed that the current density decreases rapidly with 

time at all temperatures. This is attributed to the nucleation and growth of the passive 

film at a rate higher than that of metal dissolution. All current-time transients show that 

further increase in time resulted in a relatively steady state current density (iss), as 

shown in the enlargement of Figure 3(a), indicating the formation of a passive film on 

the surface of Alloy 31. This iss is observed to increase with increasing temperature 

(Table 4), indicating a reduction in the protective nature of the passive film. However, 

it is noteworthy that at higher temperatures, increasing immersion times resulted in 

some current density fluctuations. Some authors have associated these fluctuations, 
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which are clearly observed at 80 ºC, to either nucleation or metastable pitting events 

[18, 47]. 

 

Figure 3(b) presents the log i-log t plots for Alloy 31 in the solution studied at different 

temperatures, in which the anodic current transients have been divided into three stages, 

as reported by other authors for aluminium and its alloys [48, 49] and for stainless steels 

[13, 50, 51] and. In all cases, the anodic current of the first stage was constant, 

indicating that the rate of oxide formation equalled the rate of oxide dissolution so that 

the oxide film hardly grew. The period at which the current density (i) starts to decrease 

with time can be seen in stage 2 and this belongs to a transition period. In stage 3, the 

anodic current density decreased linearly with time in the logarithmic scale, which is 

clearly observed in the transient obtained at 20 ºC. The current density drop was due to 

the rate of the passivating oxide film dominating over the dissolution rate on the bare 

surface [48-51]. However, as the temperature increased from 20 ºC to 80 ºC, the log-log 

plots exhibit an ascending range from the moment just after the induction time (tm), 

which some authors have attributed to film breakdown caused by the growth of pits 

below Etr [4, 48, 49, 51]. From representations in Figure 3(b), it is clearly observed that 

these induction times decrease with temperature (arrowed in Figure 3b) indicating that 

temperature affects negatively to the protective properties of passive films formed on 

Alloy 31. 

 

The time-current density relationship can be expressed by the following empirical 

equation [18, 46, 48-52] 

 

                                                             ntAi                                                              (1) 
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where i denotes the anodic current density consumed in the building of the passive film, 

A is a constant, t is the time, and n is the passivation index, which is a constant value for 

a given environment-metal system. This parameter can be obtained from the linear 

region slope of the log i vs log t plot (Figure 3(b)) and it has been considered as an 

indirect measure of the rate of formation of the passive film upon the fresh metal 

surface, being primarily dependent upon the applied anodic potential [4, 18, 48, 50]. 

According to the literature [53, 54] n = 1 indicates the formation of a compact, highly 

protective passive film, while n = 0.5 indicates the presence of a porous film growing as 

a result of a dissolution and precipitation process. 

 

Based upon equation (1), the passivation rate parameter n is determined as a function of 

temperature after 1 hour of stabilisation of the passive films at 0.8 VAg/AgCl. Table 4 

summarizes the values of n for Alloy 31. The slight decrease of this parameter with 

temperature is an indication that the protective properties of the passive films decrease 

with increase in temperature and that the passive film grows more slowly as temperature 

increases. 

 

Figure 4 presents LEICA microscope images of Alloy 31 surfaces observed after the 

potentiostatic tests at different temperatures. The defects observed on the surfaces are 

considered to be corrosion pits. 

 

The formation of pit-like defects is more probable as temperature increases, especially 

in the presence of chloride ions, as has been reported previously [28, 35, 55]. Moreover, 
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according to other publications [2, 9], the presence of F
-
 enhances the local corrosion 

susceptibility of stainless steels.  

 

3.4. Electrochemical impedance analysis 

 

Electrochemical impedance spectroscopy was employed to investigate the relative 

stability of the passive films formed on Alloy 31 in the contaminated phosphoric acid 

solution. EIS measurements were recorded under potentiostatic conditions after 1 hour 

of passive film formation at the applied potential of 0.8 VAg/AgCl at the different 

temperatures studied. 

 

The stability of the system is crucial for the validity of EIS measurements and, in this 

sense the electrochemical system should comply with three requirements formulated for 

the constraints of the linear system theory (LST), i.e. causality, linearity and stability 

[56-58]; otherwise the EIS results will be invalid. Validatation of the EIS results is by 

way of the Kramers-Kronig (K-K) transformation [57]. The K-K transforms have been 

applied to the experimental impedance data by transforming the real axis into the 

imaginary axis and the imaginary axis into the real axis and then comparing the 

transformed quantities with the respective experimental data. As an example, Figure 5 

presents a comparison between experimental data obtained at 20 ºC and the 

corresponding K-K transforms. Good agreement between the experimental and 

calculated results confirms the compliance of the system with the linear system theory. 

 

Figure 6 shows the impedance spectra obtained at different solution temperatures, 

presented in both Bode and Nyquist formats. Two time constants can be distinguished 
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in the 20 ºC impedance spectra shown in Figure 6(a), while at the higher temperatures 

the lower frequency time constant is not distinguishable. The modulus phase is always 

lower than 90º indicating that this behaviour can be interpreted as a deviation from ideal 

capacitor behaviour. On this basis, a constant phase element (CPE) was applied to 

account for the non-ideal behaviour of the capacitive elements. Deviation from ideal 

behaviour was considered to be due to various factors including; surface heterogeneity 

and roughness, impurities, dislocations, grain boundaries, adsorption of species and the 

formation of porous layers [59, 60]. The impedance of this element is defined [56] as: 

 

                                                        
 jQ

ZCPE



1

                                                    (2) 

 

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 

( RZ  0,0 ), capacitance ( CZ  0,1 ) or Warburg impedance 

( WZ  0,5.0 ). 

 

At high frequencies (between 10
4
 and 10

5
 Hz) the absolute impedance curve in the Bode 

plot, is almost independent of the frequency with a phase angle of 0º, representing the 

electrolyte resistance (Rs).  

 

From the Nyquist diagrams (Figure 6(b)) it is clearly distinguishable that two types of 

electrochemical equivalent circuits would be necessary in order to model the data. In 

this sense, the diagram at 20 ºC (Figure 6(b)) depicts a somewhat unfinished capacitive 

arc whereas at higher temperatures the diagrams present a lower frequency inductive-
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loop. The latter case may be attributed to the relaxation process obtained by adsorption 

species such as halide ions F
-
ads, Cl

-
ads and H

+
ads, on the stainless steel surface [61], and 

the former case has been explained as the response of an inhomogeneous film composed 

of a compact inner layer and a less compact (porous) outer layer [62-66]. 

 

Based on this behaviour, two different equivalent electrical circuits have been 

constructed, see Figure 7(a) relating to the response at 20 ºC. This equivalent circuit 

has been previously reported [18, 61-69]. 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 [66]. 

 

The theoretical simulated impedance parameters for the Alloy 31 tested under these 

conditions were computed using Z-view software and the results are summarised in 

Table 5. The quality of data fitting to the equivalent circuits proposed was evaluated 

with the chi-squared (χ
2
) values, which in all cases were lower than 10

-3
, and the error 

percentages of the individual components of the equivalent circuits fitted. This fact is 

also justified by the similarity between the experimental and the theoretical data, both 

shown in Figure 6. 

 

On the other hand, the spectra at 40, 60 and 80 ºC depicted the same high-frequency 

capacitive loops as the ones commented at 20 ºC. However, a characteristic feature of 
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the first spectra was the appearance of an inductive loop at low frequencies. This loop 

has been reported by other researchers [70-73] and it is mainly due to the relaxation of 

the corrosion product on the electrode surface [70, 74], which has been observed to 

become more dominant as the temperature increases (Figure 6(b)). The equivalent 

electrical circuit proposed for solution temperatures above 20
o
C is shown in Figure 

7(b) and consists of the following elements: C1 represents the capacity of the 

metal/film/electrolyte interface, R1 is the outer porous layer resistance, C2 and R2 are the 

capacitance and the resistance of the inner oxide layer and RL element (resistance and 

inductance) is attributed to the corrosion products’ relaxation [70, 74]. A summary of 

the electrochemical properties derived from the EIS data is is presented in Table 5. 

 

The CPE used in the equivalent electric circuits of Figure 6 has been converted into a 

pure capacitance (C) by means of the following equation [66, 75]: 

 

                                                          
 

R

RQ
C

/1


                                                        (3) 

 

According to the electrical parameters shown in Table 5, the resistance of the inner 

oxide layer (R2) is larger than the value associated with the outer porous layer (R1), 

which is consistent with the chosen physical model for the representation of these 

impedance spectra. In this sense, the results indicate that the protection provided by the 

passive film was predominantly due to the barrier layer, as reported in other studies [63, 

66, 76]. The resistance of the solution, Rs remains almost constant in all tests. In fact, 

the frequency independence of the absolute impedance curve (Figure 6(a)) with phase 

angle of 0º represents this feature. 
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With respect to the parameters associated with the outer porous layer, the values of R1 

suggest that this layer was thinner and porous, as reported previously [63, 66] and C1 

represents the double layer capacitance, the value of which hardly changes with change 

in temperature [56, 66]. This is in contrast to the trend of the parameters associated with 

the inner oxide layer R2 and C2, which are more affected by temperature. R2 clearly 

decreases when temperature increases, indicating that the films’ electrical conductivity 

increases and the barrier layer capacitance C2, in general, increases considerably with 

temperature. This behaviour has been previously explained by the fact that the inner 

oxide film becomes thinner [66] and the abrupt increase from the temperature of 40 ºC 

clearly indicates that the transpassive region is near to 0.8 VAg/AgCl [66] and therefore 

transpassive dissolution of the passive film is happening under these conditions, which 

is also in accordance with the data presented in Figure 4. Finally, the parameters 

associated with the inductive loop shows that RL decreases with increase in temperature 

(Table 5) indicating that absorption of intermediate species through the passive film is 

more probable at higher temperatures [77]. 

 

The EIS results demonstrate that increasing solution temperature negatively affects the 

protective properties of the passive films formed on Alloy 31. Moreover, as temperature 

increases, the halide species of the corrosion product layer formed on the specimens’ 

surface are more likely to be transported through to the Alloy 31. As a consequence, the 

aggressive ions, F
-
, Cl

-
 and SO4

2-
, are able to reduce the protective properties of the 

passive film of Alloy 31, which is consistent with the results obtained from the 

polarisation and potentiostatic tests, and the images shown in Figure 4. 

 

 



18 

3.5. Mott-Schottky analysis 

 

Passive films formed on most metals and alloys have been demonstrated to exhibit 

semi-conductive behaviour [78-81], which can be described by Mott-Schottky (M-S) 

analysis. In order to explore the changes in the electronic properties of the passive film 

on Alloy 31 in contaminated phosphoric acid solution, M-S analysis was carried out 

after the specimens had been passivated for 1 h under the same conditions described 

above. The imaginary part of the impedance (Z’’) was measured at a frequency of 3 kHz 

as a function of the potential, as the potential was swept in the negative direction at a 

sweep rate of 25 mV/s. This high sweep rate was used to avoid electro-reduction of the 

oxide layer and the change in the film thickness during the measurements [67]. From 

the measured values of Z’’ in these tests, and the previously determined CPE  

exponents, it was possible to calculate the CPE parameter, Q, and then the electrode 

capacitance using expression (3). 

 

Based on Mott-Schottky theory [82], 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 CSC 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 potential perturbations are applied 

with a sufficiently high frequency [18]. According to this theory, DeGryse et al. [83] 

and Gerischer et al. [84] obtained the following relationships between the total 
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capacitance and the potential difference for passive films on iron and stainless steels. 

Thus, the space charge capacitance of p- and n-type semiconductors is given by Eq. (4) 

and (5), respectively: 

 

                                    









q

Tk
EE

NqCC
FB

AH 0

22

211


                                      (4) 

                                    









q

Tk
EE

NqCC
FB

DH 0

22

211


                                     (5) 

 

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), 0 is 

the vacuum permittivity (8.85 · 10
-14

 F cm
-1

) and  denotes the relative dielectric 

constant of the layer. 

 

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 

[85] and the data points on the 21 SCC versus E plot can describe the semiconductive 

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

experimental data. 

 

Figure 8 presents M-S curves for the passive films formed on Alloy 31 at 0.8 VAg/AgCl 

in the phosphoric acid solution at different temperatures. Firstly, it should be noted that 

capacitance clearly increases with temperature, which is consistent with the results of 

the polarisation curves and EIS measurements. In the potential range of around 0.2-0.7 
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VAg/AgCl, a linear relationship can be observed between C
-2

 and E at the four 

temperatures. Within this potential range, the positive slopes suggest all the passive 

films formed on Alloy 31 are of an n-type semiconductor nature. Below 0.2 VAg/AgCl the 

slope of the M-S curves is close to zero. 

 

According to equation (5), ND can be determined from the slope of the experimental M-

S plots, and EFB from the extrapolation of the linear portion to 02 C . 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 [79], which implies that high donor densities lead to 

high current density values in the passive region. This observation is consistent with the 

results obtained from the polarisation curves and the current density-time transients. 

Table 6 summarises the calculated donor densities for the films formed on Alloy 31 and 

they are all of the order of 10
21

 cm
-3

, which agree well with those reported for austenitic 

stainless steels [8, 67, 82, 86]. The 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. All these statements confirm that the 

protective ability of the passive films formed on Alloy 31 decreases with increase in 

temperature. The aggressive ions, Cl
-
 and F

-
 have a great influence on the stability of the 

passive films. 

 

3.6. XPS results 

 

XPS analysis was undertaken to provide additional information on the chemical 

composition of the passive films. The XPS spectra were obtained for the samples 
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passivated at 0.8 VAg/AgCl in phosphoric acid solutions at different temperatures. Figure 

9 shows a typical wide scan spectrum from the surface of a treated alloy, belonging to 

the sample treated at 80 ºC. Table 7 summarises the surface elemental concentration (% 

atomic concentration) of each sample analysed. There is clearly a decrease in carbon 

concentration with increasing temperature which may be evidence that the surface is 

dissolving more rapidly. Moreover, these results indicate that there is increasing 

fluorine incorporation into the surface with temperature, which is an indication that 

fluoride ions are incorporated into the passive film and, as a consequence, the passive 

film is more susceptible to damage. 

 

The surface concentrations of the principal alloying elements have been renormalized to 

illustrate any trend and are shown in Table 8. There is an indication of increasing Ni 

and decreasing Cr within the film with increasing temperature while molybdenum 

content hardly changes. The decrease in chromium atomic concentration may be 

attributed to the fact temperature favours the dissolution of these species. On the other 

hand, as the role of Ni and Mo in stainless steels at anodic potentials in acid solutions is 

to stabilise the passive film and to eliminate the active surface sites [87], the increase in 

temperature hardly changes its atomic concentration on the passive film. 

 

The XPS spectra were interpreted following background subtraction using the CasaXPS 

software and spectra deconvolution of the primary compounds of Alloy 31 passive film 

were prepared with the corresponding peaks of each element based on their binding 

energies (Eb). Peak fitting was carried out on the high energy resolved data where 

overlapping photoelectron peaks occur, to determine the chemical state of the species 
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present in the passive film. Next figures present all of the metallic and oxidised states of 

Ni 2p, Mo 3d, Fe 2p and Cr 2p. 

 

The Ni 2p high resolution data were compared, and apart from differences in 

background and intensity appeared to have similar shapes. Peak fitting was carried out 

to the 2p3/2 region of the most intense spectrum, from the 80 ºC treatment, and it is 

shown in Figure 10. The envelope labelled Ni1 is composed of three peaks, fited to 

reference data [88], and constitutes elemental Ni. The envelope labelled Ni2 is again 

composed of three peaks and is most likely NiOOH [89]. Note that the principal Ni 2p3/2 

peak for Ni2O3 apears at 860.9 eV binding energy [90], and the principal peak for NiO 

occurs at 855.4 eV and shows significant satellite structure [88]. 

 

This peak fit was applied to the Ni 2p3/2 data for all temperatures whilst constraining the 

relative intensities of the peaks within each component, and the relative intensities of Ni 

and NiOOH are shown in Table 9. No significant trend can be seen on changing the 

treatment temperature. 

 

Inspection of the Mo 3d high resolution data in Figure 11 also showed similar peak 

envelopes once backgrounds and intensity had been taken into consideration. Peak 

fitting was carried out across the entire 3d region and the spin orbit components were 

constrained with a separation of 3.1 eV and a 3/2:1/2 peak area intensity of 3:2. A 

spectrum was acquired from a clean molybdenum surface and used for the elemental 

molybdenum component, labelled Mo 0. A pair of peaks for each spin orbit split 

component was fitted for MoO2, Mo 1 and Mo 2. The low binding energy, narrow 

FWHM, for the screened peak, Mo 1-1, results in the conductive nature of this oxide 
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[91]. A pair of peaks labelled Mo 2 was fitted to and assigned as MoO3. It was then 

necessary to add a spin orbit split pair with the 3d5/2 peak at 231.2 eV binding energy, 

which may be a fluoride, MoF4, although malybdate, (MoO4)
2-

, is more likely. 

 

Due to the strong acidic conditions in this electrolyte (pH < 1), the presence of MoO3 

was expected, since these conditions lead to the formation of this insoluble oxide [92], 

which is responsible for the n-type semiconducting behaviour [93, 94] observed in the 

previous M-S section. 

 

The peak fit was applied to the Mo 3d data for all temperatures, and the relative 

intensities of the different chemical states do not show any trend with increasing 

temperature (values in Table 9). 

 

Figure 12 shows the high energy resolution Fe 2p data, which was fitted using multiplet 

split components to determine the elemental, Fe
2+

 and Fe
3+

 components [95]. Analysis 

of these data is summarised in Table 9, giving the relative intensities of each 

component. The data does not show any discernable trend with changing temperature. 

 

Finally, peak fitting to the Cr 2p3/2 region is presented in Figure 13, using the peak 

parameters of Biesinger [96] for Cr 0, Cr 1 and Cr 3 peaks. 

 

Cr 0 represents chromium metal, Cr 1 is Cr(OH)3, and Cr 3 is CrO3. Cr2O3 would have 

principal peaks at 575.7 eV and 576.7 eV [96]. Peak Cr 1 has been designed to 

incorporate the multiplet splitting exhibited by the Cr(III) state. Peak Cr 2 is possibly a 
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chromate species, (CrO4)
2
. The relative intensities of these peaks applied to the data at 

different temperatures are shown in Table 9. 

 

4. CONCLUSIONS 

 

The electrochemical behaviour of passive film formed on Alloy 31 stainless steel in a 

contaminated phosphoric acid solution has been investigated using potentiodynamic 

polarisation curves, current-time transients, EIS, M-S analysis and XPS. 

 

The polarisation curves revealed that the corrosion potential (Ecorr) shifted towards more 

positive values and corrosion current density (icorr) values increased with increasing 

temperature, due to the enhancement of the cathodic reaction when temperature 

increases. Passive current density (ip) increased with increasing temperature, since 

temperature also favours the anodic process and the presence of the aggressive ions 

accelerates the anodic dissolution, leading to the loss of passivity of Alloy 31. This fact 

was reflected in the transpassive potential (Etr) values, which decreased as solution 

temperature increased. 

 

The passive film formed on Alloy 31 at lower temperatures has a superior protective 

ability than that formed at higher temperatures. It was demonstrated that the passivation 

index, n slightly decreased as temperature increases. 

 

EIS measurements showed that impedance is dependent on the temperature. But in all 

cases, the protection provided by the passive film was predominantly due to the inner 

oxide film. The increase in temperature indicated higher electrical conductivity on the 
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passive film formed on Alloy 31 and thinner films as a result of higher capacitance 

values. 

 

Mott-Schottky analysis revealed the films formed exhibited an n-type semiconducting 

behaviour. Donor density values were of the order of 10
21

 cm
-3

, and tended to increase 

with temperature, indicating higher electron density. 

 

XPS analysis revealed that fluoride ions were incorporated into the passive film, 

increasing its atomic concentration as temperature increases. This, along with the 

reduction of chromium species reflects a reduction in passive film stability. 
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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. OCP values for Alloy 31 in the studied H3PO4 solution at different 

temperatures. 

Temperature / ºC 20 40 60 80 

OCP / mVAg/AgCl 220.4 277.3 302.2 320.1 
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Table 3. Electrochemical parameters for Alloy 31 in the studied H3PO4 solution at 

different temperatures. 

t / ºC 
Ecorr vs (Ag/AgCl) 

/ mV 
icorr / A·cm

-2
 ip / A·cm

-2
 

Etr vs (Ag/AgCl) 

/ mV 

20 235 1.306 7.35 1142 

40 289 1.192 12.6 1124 

60 326 2.073 26.0 969 

80 375 6.705 46.0 771 
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Table 4. Stable state current density iss and passivation parameter n for Alloy 31 in the 

studied H3PO4 solution at different temperatures after 1 hour of stabilisation of passive 

films at 0.8 VAg/AgCl. 

t / ºC (iss · 10
3
) / mA·cm

-2
 n 

20 5.04 0.78 

40 21.7 0.78 

60 63.1 0.76 

80 143 0.61 
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Table 5. Electrical parameters obtained by fitting the experimental results of EIS for 

Alloy 31 in the contaminated phosphoric acid solution at different temperatures after 

passive film formation at 0.8 VAg/AgCl. 

t / ºC RS /  cm
2
 1 R1 / K cm

2
 C1 / F·cm

-2
 2 R2 / K cm

2
 C2 / F·cm

-2
  

20 1.20 0.920 3.16 15.9 0.857 14.8 32.4  

         

t / ºC 


1 R1 / K cm
2
 C1 / F·cm

-2
 2 R2 / K cm

2
 C2 / F·cm

-2
 RL / K cm

2
 

40 1.01 0.917 0.89 15.0 0.600 3.12 36.89 0.84 

60 1.37 0.891 1.55 19.3 1.000 2.84 27374 0.14 

80 1.28 0.906 0.99 16.5 0.949 2.62 18590 0.10 
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Table 6. Donor density, ND and flat band potentials, EFB of the oxide films formed on 

Alloy 31 at 0.8 VAg/AgCl and at different temperatures. 

t / ºC (ND/10
21

) / cm
-3

 EFB vs (Ag/AgCl) / V 

20 2.77 -0.465 

40 3.16 -0.491 

60 3.68 -0.441 

80 5.46 -0.751 
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Table 7. Surface elemental compositions (% atomic concentration) of the passive films 

formed on Alloy 31 after 1 hour of stabilisation under 0.8 VAg/AgCl and different 

temperatures. 

t / ºC 
Fe 

(%ac) 

Cr 

(%ac) 

Ni 

(%ac) 

O 

(%ac) 

F 

(%ac) 

C 

(%ac) 

Mo 

(%ac) 

S 

(%ac) 

Si 

(%ac) 

P 

(%ac) 

20 1.5 3.5 1.3 28.1 2.6 56.2 0.7 2.1 3.6 0.6 

40 2.3 6.5 3.0 32.4 4.5 41.1 1.0 2.9 5.4 0.8 

60 3.2 5.1 3.5 32.1 4.6 45.0 1.1 1.6 2.8 1.0 

80 35 6.3 3.2 34.3 6.5 39.0 1.4 1.7 2.8 1.5 
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Table 8. Renormalized surface compositions of the principal alloying elements (% 

atomic concentrations). 

t / ºC 
Fe 

(%ac) 

Cr 

(%ac) 

Ni 

(%ac) 

Mo 

(%ac) 

20 21.4 50.0 18.6 10.0 

40 18.0 50.8 23.4 7.8 

60 24.8 39.5 27.1 8.5 

80 24.3 43.8 22.2 9.7 
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Table 9. Relative intensities of the peaks within each component detected on Alloy 31 

surface after 1 h of polarisation at 0.8 VAg/AgCl and at different temperatures. 

Species 20 ºC 40 ºC 60 ºC 80 ºC 

Ni 72.0 74.2 77.1 71.1 

NiOOH 28.0 25.8 23.0 29.0 

Mo 16.4 17.7 16.8 16.4 

MoO2 20.8 17.8 19.5 21.8 

(MoO4)
2-

 17.5 14.3 19.9 19.2 

MoO3 45.3 50.3 43.8 42.6 

Fe
0
 34.2 35.0 34.8 36.3 

Fe
2+

 39.8 36.0 31.7 37.6 

Fe
3+

 26.0 29.0 33.6 26.1 

Cr 19.2 18.3 26.9 28.3 

Cr(OH)3 50.1 48.0 37.7 21.5 

(CrO4)
2-

 25.2 27.9 30.8 41.2 

CrO3 5.5 5.8 4.6 9.0 
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Figure 1. Evolution of the open circuit potential with time for the Alloy 31 registered 

during 1 hour at 20, 40, 60 and 80 ºC in 40 wt.% polluted phosphoric acid solution. 
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Figure 2. Potentiodynamic curves of Alloy 31 in polluted 40 wt.% H3PO4 with 2 wt.% 

H2SO4, 0.06 wt.% KCl and 0.6 wt.% HF at different temperatures. 
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Figure 3. (a) Current-time transients and (b) log i-log t plots of current time for Alloy 

31 in the contaminated phosphoric acid solution at the different temperatures studied. 
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Figure 4. Images of Alloy 31 surface taken at the end of the potentiostatic tests at (a) 

20, (b) 40, (c) 60 and (d) 80 ºC (100X). 
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Figure 5. Kramers-Kronig transformation of the impedance diagram obtained after 1 h 

of stabilisation at 0.8 V vs. Ag/AgCl and 20 ºC in the contaminated phosphoric acid 

solution. 
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Figure 6. Nyquist diagrams (a) and Bode plots (b) of the Alloy 31 after 1 hour of 

passive film formation at 0.8 VAg/AgCl and different temperatures. 
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Figure 7. Equivalent electrical circuits for the analysis of the impedance spectra. Rs is 

the solution resistance; R1 and CPE1 are the resistance and CPE of the outer porous 

layer, respectively; R2 and CPE2 are the resistance and CPE of the inner oxide layer, 

respectively, RL and L are the inductor elements. 
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Figure 8. Mott-Schottky plot of the capacitance behaviour measured in the 

contaminated 40 wt.% H3PO4 solution at different temperatures after the electrode was 

passivated for 1 h at 0.8 V vs. Ag/AgCl. 
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Figure 9. XPS wide scan spectrum of passive film on Alloy 31 formed at 0.8 VAg/AgCl 

and 80 ºC in the tested solution. 
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Figure 10. XPS spectra of Ni 2p of the passive films formed on Alloy 31 after 

passivation at 0.8 VAg/AgCl and 80 ºC. 
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Figure 11. XPS spectra of Mo 3d of the passive films formed on Alloy 31 after 

passivation at 0.8 VAg/AgCl and 80 ºC. 
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Figure 12. XPS spectra of Fe 2p of the passive films formed on Alloy 31 after 

passivation at 0.8 VAg/AgCl and 80 ºC. 
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Figure 13. XPS spectra of Cr 2p of the passive films formed on Alloy 31 after 

passivation at 0.8 VAg/AgCl and 80 ºC. 

 


