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Abstract 
 
When duplex stainless steels are heated, they can become sensitised and intermetallic 
phases can appear. In this work, samples of duplex stainless steel, UNS 1.4462, have 
been heated (850 ºC for 1 and 2 hours) in a heating unit that can be accommodated to a 
confocal microscope in order to study the morphological changes in-situ. The 
electrochemical behaviour of the samples has been analysed by means of conventional 
and localised electrochemical techniques. According to the results, there is a general 
decrease in the steel resistance to localised corrosion; this decrease can be related to 
defects in the formed passive film. 
 
Keywords: A stainless steel; C  sensitisation; C  pitting; B SECM; B EIS. 

 
 
1. Introduction  
 
Duplex stainless steels, such as Alloy 900 (UNS 1.4462), are considered a very 

attractive structural material in the field of energy/environmental systems due to their 

good mechanical and corrosion resistance properties. Austenite adds toughness and 

ferrite, which is harder, improves the mechanical and welding characteristics of the 

alloy. Compared to austenitic stainless steels, duplex stainless steels exhibit higher 

mechanical strength, comparable corrosion resistance and lower cost due to their lower 

Ni content.  In the case of Alloy 900, it is a steel widely used in pressure vessels and 

piping in the chemical process industry, like digesters in the pulp and paper 

manufacturing and also in seawater desalination plants in marine environments.  
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The trend for duplex stainless steels is to increase the Cr and Mo content in order to 

improve their generalised and localised corrosion resistance. However, the higher Cr 

and Mo content in duplex stainless steels can promote the precipitation of secondary 

phases, such as sigma phase [1-6]. These phases, which are rich in alloying elements 

(Cr and Mo), appear when the steel is heated in a specific range of temperatures.  

 

When duplex stainless steels are exposed to a set of temperatures lower than the 

solution annealing temperature, they undergo morphological changes. The metastable 

thermodynamic equilibrium is broken and the system seeks a more stable 

thermodynamic state through precipitation of intermetallic phases (σ, χ, R), carbides 

precipitates (M23C6, M7C3) and a microstructural unbalance between ferrite and 

austenite [1-5, 7-9]. According to the literature, it is the ferrite phase which supplies the 

main forming elements of the sigma phase, that is, chromium and molybdenum due to 

faster diffusion processes in this phase [1, 2, 5].  The formation of the new intermetallic 

phases provides the thermodynamic condition to the nucleation of depleted areas in 

chromium and molybdenum. Some of these depleted phases are secondary ferrite 

formed during the first minutes of the heating at 850 ºC or secondary austenite, after 30 

minutes at 850 ºC. The depletion in alloying elements leads to the formation of more 

defective passive films. Therefore, these areas are depleted in chromium and 

molybdenum and they have relevant influence on the localised attack susceptibility [1-5, 

7-9]. Furthermore, not only the corrosion resistance is affected by the formation of the 

intermetallic phases, but also the mechanical properties of the material. The sigma phase 

is the mainly embrittlement factor when duplex stainless steels are exposed at the 

temperature range from 600 ºC to 1000 ºC. Factors such as yield stress or the Charpy 
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impact toughness may decrease as a consequence of the increase in the sigma phase 

volume [10-12]. 

 

Therefore, the study of solid-state phase transformations in steels is important to avoid 

inadequate heat treatments that may result in sensitised materials. It is possible to use 

in-situ observational techniques [13-15] to study the behaviour of migrating interfaces, 

one of these techniques being the hot stage confocal scanning laser microscopy 

(CSLM), which was utilised in the current research [16-18].  On the other hand, due to 

the relation between the formation of new phases and the drop in corrosion resistance, it 

is also important to determine the influence of the sensitisation processes on the 

electrochemical behaviour of duplex steels.  

 

Thus, the aim of this work is the study of the sensitisation process at 850 ºC during 1 

and 2 hours and its effect on the electrochemical behaviour of Alloy 900 using high 

temperature confocal microscopy and different electrochemical techniques 

(conventional and localised), such as scanning electrochemical microscopy, 

electrochemical impedance spectroscopy or localised electrochemical impedance 

spectroscopy.  

 

2. Experimental procedure 

 
2.1. Materials  
 
The material used in this work was a duplex stainless steel, Alloy 900 (UNS 1.4462), 

whose composition in weight is: 22.34 % Cr, 4.85 % Ni, 1.59 % Mn, 0.35 % Si, 2.69% 

Mo, 0.13 % Cu, 67.80 % Fe, 0.02 % P, 0.03 % C, 0.20 % N, and 0.01 % Ti. The 
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electrodes of Alloy 900 were machined and cylindrically shaped (5 mm in diameter and 

5 mm in height).   

 
2.2. In-situ Heat Treatments 
  
Before the heat treatments, the samples were wet abraded with silicon carbide paper up 

to #4000, and then polished with alumina of 1 µm, before being finally rinsed with 

water and ethanol and dried with hot air. Then, the samples were put in the crucible on 

the “Limkan” heating unit that was closed in order to maintain an inert atmosphere. 

Prior to heating, an argon flow was passed through the heating unit during 30 minutes in 

order to purge the oxygen; during the tests this argon atmosphere was maintained.  After 

that, a heating ramp was programmed from 25 ºC to 850 ºC and this temperature was 

held for 1 or 2 hours, with images of the surface evolution being simultaneously 

obtained. These images were acquired using an “Olympus LEXT 3100” laser confocal 

microscope where the heating unit can be accommodated. This microscope gives fast, 

accurate, non contact measurements of surface topography in three dimensions.  

 

Finally, the materials were examined after the heat treatments by scanning electron 

microscopy (SEM) and energy dispersive X-ray analysis (EDS) to estimate the 

morphological transformations resulting from the heating process. 

  

After the heat treatments and the microscopic characterisation, the samples were 

lengthway halved and an electrical connection was made to them in order to allow for 

electrochemical measurements. Pairs of individual unsensitised and sensitised samples 

were then mounted together in epoxy resin as shown in Figure 1, this system being 

used in all the electrochemical tests.  Before all the electrochemical tests, the samples 
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were wet abraded with silicon carbide paper up to #4000, before being finally rinsed 

with water and ethanol and dried with hot air. 

 

2.3. Polarisation curves 
 
Polarisation curves were obtained using a PGSTAT302N potentiostat from AUTOLAB. 

Tests were carried out in a three-electrodes cell, using the resin-mounted alloy as 

working electrode, a Ag/AgCl (3M KCl) reference electrode and a platinum auxiliary 

electrode. Potentiodynamic polarisation curves were obtained for the unsensitised Alloy 

900 and for both samples of sensitised Alloy 900 in a naturally aerated 1 mM NaCl 

aqueous solution, from – 1000 mV vs Ag/AgCl to 1000 mV vs Ag/AgCl at 0.5 mV·s-1 

sweep rate.  

 

2.4. Electrochemical Impedance Spectroscopy (EIS) Measurements  
 
The EIS measurements were made at open circuit potential (OCP) after 1 hour of 

immersion in the naturally aerated 1 mM NaCl solution and at different potentials in the 

passive range from 0.2 V vs Ag/AgCl to 1 V vs Ag/AgCl in order to study the effect of 

the sensitisation on the metal/electrolyte interface.  The voltage perturbation amplitude 

was 10 mV, in the frequency range of 100 kHz to 1 mHz. The temperature of the 

solution was 25 ºC. Additionally, Mott–Schottky plots were obtained in the samples 

passivated at OCP by sweeping the potential from the OCP value in the negative 

direction with potential steps of 75 mV with an amplitude signal of 10 mV. A high 

scanning rate was used to avoid electroreduction of the film and changes in film 

thickness during the measurements. At a sufficiently high scanning rate, the defect 

structure within the film is “frozen-in”, which avoids the defect density from being 

affected by potential [19-21]. A value of 5 kHz has been used in this work to eliminate 
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capacitance dependence on frequency since tests performed on the system used 

demonstrated that the capacitance becomes almost independent of frequency at 

approximately 5 kHz. 

 
2.5. Scanning Electrochemical Microscopy (SECM) 
 
SECM tests were performed using a “Sensolytics” workstation. The SECM was 

operated in “feedback mode”. A platinum microelectrode tip 25 µm in diameter, a 

platinum rod as counter-electrode, and a silver-silver chloride with 3M KCl reference 

electrode were used. Samples were immersed in a 1 mM NaCl solution at 25 ºC. All the 

tests were carried out in naturally aerated solutions. Oxygen was used as the 

electrochemical mediator at the tip, the reduction of oxygen on the microelectrode being 

used to establish the height of the tip over the sample and also to record the reactivity of 

the surface during the test. A cyclic voltammogram was recorded at a scan rate of 0.05 

V·s-1 from 0 V vs Ag/AgCl to -1 V vs Ag/AgCl and the obtained data were then used in 

order to choose the polarisation potential of the tip. The establishment of the operating 

distance of the tip to the sample surface was performed in relation to both materials of 

the sample, notably (a) the unsensitised alloy and (b) the sensitised alloy. SECM line 

scans were obtained at open circuit potential after 1 hour of immersion by rastering the 

surface at steps of 25 µm in the X direction and the scan length 9000 µm.  

 

2.6. Localised Electrochemical Impedance Spectroscopy 
 
The LEIS measurements were performed through a PAR Model 370 Scanning 

Electrochemical Workstation coupled to a Solartron 1286 potentiostat and a Solartron 

1250 frequency response analyser. The LEIS unit makes use of a five-electrode 

configuration, consisting of a conventional three-electrode arrangement (i.e. a reference 

electrode, a counter electrode and the substrate as the working electrode) to achieve 
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potentiostatic control, and the LEIS probe (Pt bi-electrode) to measure the local 

potential gradient in the solution above the surface, which is then related to the currents 

flowing in the system. All the LEIS measurements were obtained in a diluted (1 mM 

NaCl) solution to ensure a good resolution in the current measurement. The measuring 

frequency was 2 Hz and an AC disturbance signal of 10 mV was applied at open circuit 

potential (OCP), after 1 hour of immersion in the 1 mM NaCl solution, and at different 

potentials in the passive range from 0.2 Vvs Ag/AgCl to 1 V vs Ag/AgCl. The 

microprobe was stepped over a line of 9000 µm to obtain the admittance profiles and 

over a designated area of the electrode surface (9000 µm x 1500 µm) to obtain the 

admittance maps. The distance between the probe and the samples was 1 mm and the 

used lateral resolution 150 microns. 

 
3. Results and discussion 

All the tests were repeated at least three times and the results presented in this section 

represent the mean value and the error bands represent the standard deviation of each 

parameter regarding this mean value. The curves presented in this work are a 

representative example of those obtained during the experiments.  

    

3.1. In-situ Heat Treatments 
 
CSLM images of the surface evolution of the samples during the heating process at 850 

ºC during 2 hours are shown in Figure 2. Initially, at 25 ºC, the surface is 

homogeneous, without visible differences between the phases. When the temperature 

reaches 500 ºC (Figure 2 a)), both phases are clearly differentiated; austenite (the 

lightest phase) has a higher thermal coefficient than ferrite (the darkest phase), thus 

austenite grains grow faster than ferrite grains. According to the literature, when a 

duplex stainless steel is heated, new phases (sigma and chi) appear and the percentage 
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of one of the initial phases (ferrite) decreases [1-5]. Therefore, when temperature is 

above 750 ºC migration fronts begin to appear in the interface between ferrite and 

austenite grains , and, the nucleation of the new phases begins in the boundaries 

between austenite and ferrite (Figures 2 b) and c)), the ferrite phase being the precursor 

phase [3, 22]. The height of these fronts increases with respect to the neighbouring 

areas; this is the reason why they are clearly visible during heating. Some authors [18] 

have suggested that the temperature at which the growth is first observed will be 

somewhat higher than the thermodynamic transformation temperature; however, this 

difference is normally not higher than 5 ºC; thus, the temperature at which the formation 

of new phases in Alloy 900 begins is over 750 ºC.  On the other hand, these fronts 

become much wider as the temperature and the duration of the heating process increase 

(Figure 2 d)). Furthermore, the roughness of the ferrite grains greatly increases, 

showing a jagged surface, due to the segregation  of the alloying elements within this 

phase (Figure 2 e)) Finally, during the constant temperature heating the surface 

smoothens and the migration fronts begin to be less noticeable, as shown in Figures 2 

g) and h).  

 

The contrast changes observed by the CSLM system during solid phase transformations 

are the result of topographical modifications caused by surface deformation due to the 

displacive and dilatometric nature of phase transformations or the formation of 

intermetallic phases [23-25]. The relationship between these processes generally means 

that the faster the migration rate of the interface, the less likely it is to be smoothed 

before the migrations fronts can be observed [18]. This reveals a close relation between  

relief fronts and the migration of interface boundaries [24, 25]. Roughness was 

measured at different steps of the heat treatment (Figure 3). When temperature rises 
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from 600 ºC to 750 ºC roughness greatly increases due to the formation of the migration 

fronts observed in Figure 2. Between 750 and 850 ºC the roughness values go on 

increasing. On the other hand, during the isothermal step the roughness slightly 

decreases along the 2 hours of the heat treatment, probably due to the smoothing effect 

of the surface diffusion [23-25].   

 

After the heat treatment, the samples were characterised using SEM (backscattered 

electrons mode), Figure 4 shows the SEM micrographs of the Alloy 900 samples in the 

unsensitised and sensitised state at 850 ºC during 1 and 2 hours. The heat treatment 

causes the formation of two clear new phases (the brightest phases) and the drop in the 

ferrite percentage value, as shown in Figure 4. According to the literature, between 700 

ºC and 1000 ºC, the percentage of ferrite decreases due to its decomposition into 

secondary phases, such as the sigma phase or secondary austenite [1, 2, 5, 7, 26]. 

Therefore, the new phases can be identified as sigma and chi phases [1, 26-30]. The area 

percentage of these phases was obtained by image analysis and is presented in Figure 5. 

It is important to highlight that the percentage of ferrite decreases whereas austenite 

increases and the formation of new phases occurs. Therefore, the ferrite phase, which is 

rich in alloying elements, such as chromium and molybdenum, is the precursor for the 

formation of new phases, confirming the observations made during the heat treatments 

[1, 2, 5]. Furthermore, when the duration of the heating step increases to 2 hours the 

percentage of the chi phase drops whereas the percentage of the sigma phase increases. 

Several studies have concluded that, although the chi phase forms earlier than the sigma 

phase, it transforms to the second one upon prolonged heating [31-33].    
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The chemical compositions of ferrite, austenite, sigma and chi phases in the alloy heated 

for 1 and 2 hours at 850 ºC, analysed by SEM-EDS are presented in Table 1. The 

chromium and molybdenum contents in the sigma and chi phases are higher compared 

with those in the neighbouring ferrite and austenite phases. Due to their higher Cr and 

Mo contents, it is expected that the formation of these intermetallic phases depletes the 

surrounding areas from alloying elements, leading to a decrease in the corrosion 

resistance of Alloy 900 [2, 27, 34].  

 
3.2. Polarisation Curves 
 

Figure 6 shows the polarisation curves of Alloy 900 in the unsensitised state and in 

both sensitised states, in 1 mM NaCl solution; this is the same solution used in the 

localised techniques where the sensitivity is better with diluted solutions. Some 

differences as a consequence of the sensitisation process, can be observed between the 

curves. The cathodic current density is higher in both sensitised samples than in the 

unsensitised sample. On the other hand, the pitting potential, established as the potential 

when the current density reached 100 µA·cm-2 [35], is only reached in the heated 

samples while in the case of the unsensitised Alloy 900 no breakdown potential is 

observed. There is not any current density raise after the transpassive region and the 

current increase only takes place after the oxygen evolution potential. When the samples 

were examined with SEM after the polarisation curve, no pits were observed in the 

unsensitised sample while pits could be observed close to the new intermetallic phases 

(sigma and chi), as shown in Figure 7. This is an indication that the depleted areas 

become more susceptible to the localised attack [1-5, 7-9, 27, 34].    
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From the polarisation curves, different electrochemical parameters (corrosion potential 

(Ecorr), pitting potential (Ep), passivation current density (ip) and cathodic limiting 

current density (between -0,7 and -0.9 V vs Ag/AgCl) (icl)) were obtained for the 

different materials (Table 2). 

 

According to the results of Table 2, the heated samples present lower pitting potential 

than the unsensitised sample, which is only presenting the raise in the current after 

reaching the oxygen evolution potential. Additionally, the sample heated at 850 ºC for 2 

hours presents the lowest pitting potential value, indicating the lowest resistance to 

localised corrosion of the tested specimens. Therefore, the formation of the sigma phase 

causes a decrease in the corrosion resistance of the alloy. These results are in agreement 

with several authors who propose that the sensitisation process increases the 

susceptibility of stainless steels to the formation of pits [2, 36-41]. A clear increment in 

the passive current density is not observed, probably consequence of the use of a diluted 

solution. On the other hand in the case of the cathodic limit current density an slight 

increase is observed.  

 

3.3. EIS measurements 

The superior corrosion resistance of stainless steels, such as Alloy 900, is closely related 

to the passive film formed on their surface. It is generally accepted that the passive film 

formed on the surface of stainless steels is composed of two interpenetrating layers [42-

49]. The compact inner layer, known as barrier layer, is mainly composed of chromium 

oxides which are the major contributors. The porous outer layer is mainly composed of 

iron oxides and hydroxides. On the other hand, the effectiveness of this passive film 

may decrease as a consequence of the depleted regions formed during the sensitisation 



12 
 

process of steels. In the case of duplex stainless steels, the depletion in alloying 

elements may appear in the areas adjacent to the new intermetallic phases 

(concentration points of Cr and Mo). These depleted areas (i.e. secondary austenite or 

secondary ferrite) may favour the formation of defects on the passive film that increase 

diffusion throughout the passive film [50-52]. Moreover, if the Cr content decreases to 

values below the threshold corresponding to autopassivation, these low Cr content 

zones may no longer correspond to a stainless steel and their local corrosion will be 

expected.  

 

Therefore, to investigate the properties of the passive films formed on the Alloy 900 in 

its different states, impedance spectra were recorded at different passive potentials, 

including open circuit potential conditions. In this way it was possible to determine the 

evolution of passive films in the 1mM NaCl solution and how the sensitisation process 

affected these films. Figures 8 and 9 show the Nyquist and Bode-phase diagrams for 

the EIS measurements carried out at the different potential conditions under study. In 

general, the EIS diagrams exhibit a typical passive state shape characterised by high 

impedance values with non-ideal capacitive behaviour, suggesting that a stable film is 

formed on the entire electrode surface [53-57]. It can be observed that the capacitive 

semicircle of the unsensitised sample was much larger than those of the heated samples. 

Additionally, with the increase in heating time, the size of the semicircle decreased. 

This behaviour is in agreement with the results obtained by other authors working with 

different stainless steels [50-52].  

 

On the other hand, in the case of the sensitised samples, there is a noticeable decrease in 

the size of the semicircle when the sensitised samples are polarised within the 
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transpassive potentials (0.8 and 1 V vs Ag/AgCl), this decrease being related to the 

breakdown of the passive film. Also the Bode phase shows a decrease from the ideal 

capacitor behaviour with the increase in the applied potential, indicating a less 

protective film. This decrease is less noticeable in the case of the unsensitised sample, 

which remains closer to the ideal capacitor behaviour than the sensitised samples at all 

the studied potentials.  

 

The stability of the system is crucial for the validity of EIS measurements. An 

independent check of the validity of impedance data (that is, compliance of the system 

with the constraints of the Linear Systems Theory (LST)) is possible through the use of 

Kramers–Kronig (K–K) transforms. The Kramers–Kronig 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. In all the cases it could be observed that the K-K 

transforms were almost exact, following the same tendency as the experimental values, 

indicating the system remained stable during the measurement time. 

 

Figure 10 shows the equivalent circuit (EC) that has been widely used to interpret EIS 

spectra of passive films having a two-layer structure [42, 54, 58-60], so this circuit was 

used to simulate the electrochemical behaviour of Alloy 900/NaCl solution. In this 

model, RS corresponds to the resistance of the electrolyte; CPE1 is related to the double 

layer capacitance, R1 is the additional solution resistance inside the pores of the outer 

layer and R2 and CPE2 corresponds to the resistance and capacitance of the inner barrier 

layer, respectively. A constant-phase element (CPE) representing a shift from the ideal 

capacitor was used instead of the capacitance itself. The CPE of each subcircuit (inner 
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and outer) was converted into a pure capacitance (C) by means of the following 

equation: 

 

ܥ ൌ
ሺொ൉ோሻభ/೙

ோ
                                                           (1) 

 

The sum of Rs, R1 and R2 was defined as the polarisation resistance, RP, and is related to 

the corrosion resistance of the metal. Table 3 shows the values of every parameter for 

the three tested samples of Alloy 900.  

 

The value of R1 (the additional solution resistance inside the pores of the outer layer) 

depends strongly on the existence of pores, channels or cracks, into which the 

electrolyte can penetrate and thus provides a sensitive indication of the appearance of 

such defects in the passive film. If the outer layer is very porous, the value of R1 is close 

to the value of the solution resistance [44], as it happens in this work. Moreover, this 

value decreases as a consequence of the heat treatment. On the other hand, the values of 

R2 (inner layer resistance) are far higher than the R1 values, indicating a more compact 

film with less defects, which is the typical case on a barrier layer.  However, it is 

noticeable the effect of the heat treatment, because the values of R2 are clearly lower for 

the samples heated at 850 ºC for 1 and 2 hours than for the unsensitised steel. 

Additionally, this effect is greater with the time of the heat treatment. Furthermore, the 

capacitance values, which may be inversely related with the thickness of the film, 

increase in a general way as a consequence of the heat treatment, indicating a possible 

decrease in the thickness of the formed passive film or an increase of the interfacial 

surface consequence of a more defective film.    
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Regarding the trend of the polarisation resistance with the applied potential, it can be 

observed that this parameter increases with the imposed potential until the potential 

reaches 0.6 V vs Ag/AgCl. When the samples are polarised in this range of potentials, 

the growth of the passive film is favoured, increasing its polarisation resistance and 

thickness. However, when the samples are polarised at higher potentials (within the 

transpassive region for the sensitised samples), the insulating properties of the passive 

film decrease compared to those polarised at lower potentials (less polarisation 

resistance and higher capacitances).  

 

Therefore, the sensitisation process leads to a more conductive passive film that 

presents lower polarisation resistance. This more conductive layer could be related to 

defects that are a consequence of the areas depleted in alloying elements (secondary 

ferrite and secondary austenite) after the formation of intermetallic phases [50-52]. 

Moreover, the effect of the sensitisation is greater on the R2 values that present a strong 

decrease as a consequence of the heat treatment, because the compounds of the inner 

layer are mainly chromium oxides, one of the depleted alloying elements. Thus, the 

increase in the conductivity of the passive film after the heat treatment may explain the 

greater susceptibility to pitting corrosion of the sensitised samples in the 

potentiodynamic curves [50-52]. In order to analyse the semiconductive properties of 

the passive films of the unsensitised and sensitised Alloy 900 a Mott-Schottky analysis 

was conducted with the samples passivated at open circuit potential.  

 

The electrochemical capacitance of the passive film/electrolyte interface was measured 

as a function of the applied potential to assess the semiconducting properties of the 

films formed on Alloy 900. Since the space charge region developed in the passive film 
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Figure 11 shows the plot of C−2 vs potential, E, (Mott–Schottky plots) for the films 

formed on Alloy 900 at OCP. Mott–Schottky plots clearly reveal the existence of three 

regions in the films formed after the heat treatments, where a linear relationship 

between C−2 and E can be observed The region comprised between - 1.5 and - 0.9 V vs 

Ag/AgCl (Region I) possesses a slope close to 0º and can be associated to the flat band 

region. On the other hand, the regions II (from - 0.8 to - 0.3 V vs Ag/AgCl)  and III 

(after -0.3 V vs Ag/AgCl) present positive and negative slopes respectively. The 

positive slope of the Mott–Schottky plot at lower potentials in the passive region, 

indicates that the oxide layer behave like n-type semiconductors [67, 68]; this is 

associated with an outer oxide film mainly composed of iron oxides and hydroxides. 

Region III is characterised by a decrease in the Mott-Schottky plots. In this region, a 

modification in the electronic properties of the passive film from n-type to p-type 

semiconductivity is related to an increase in the conductivity of the film due to the solid 

state oxidation of Cr (III) to Cr (VI) and the change in semiconductivity behaviour can 

be explained by the generation of cation vacancies (electronic acceptors and p-type 

dopants) at the film/solution interface [68-70].  

 

From the slopes of the linear zones in Figure 11, ND and NA can be calculated for n-

type and p-type semiconductors using Equations 3 and 4 respectively. Table 4 shows 

the values of ND and NA for Alloy 900 with the different heat treatments. It can be 

observed in Table 4 that ND is greater for the sensitised samples than for the 

unsensitised sample, this difference being more noticeable in the case of the Alloy 900 

heated at 850 ºC during 2 hours. According to the point defect model [71, 72], 

aggressive anions can absorb in surface oxygen vacancies, which leads to the generation 

of a cation vacancy/oxygen vacancy via a Schottky pair type of reaction. The oxygen 
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vacancies in turn react with additional anions at the film/electrolyte interface to generate 

more cation vacancies, this autocatalytic process eventually may lead to the breakdown 

of the passive film. Thus, the ND value characterises the affinity of aggressive anions for 

the passive film. It is observed that with the increase in the percentage of intermetallic 

phases (they lead to the formation of areas depleted in alloying elements) ND increases. 

Therefore, the sensitised samples present a larger sensitivity to pit nucleation related 

with an easier incorporation of aggressive anions to the passive film. This result is 

coincident with the lower breakdown potential observed in the potentiodynamic curves 

for the sensitised specimens and also explains the lower polarization resistance observed 

in the EIS data.    

 

3.4. SECM measurements 

 
SECM measurements were carried out in order to study the different electrochemical 

activity of the surface of the samples as a consequence of the heat treatment. One of the 

most important cathodic reactions occurring during corrosion in aerated solutions is the 

reduction of dissolved oxygen and this reaction can be used in the platinum 

microelectrode tip to monitor the electrochemical activity of the studied samples  [73-

75]:  

 

O2 + 2H2O + 4e-  4 OH-                                                     (2) 

 

The progress of this reaction can be followed by setting the tip at – 0.7 V vs Ag/AgCl. 

Under these conditions the amperometric detection in the tip of oxygen is under the 

limiting current of reduction of oxygen, as confirmed by the cyclic voltammogram 

shown in Figure 12. Therefore, with the tip polarised at – 0.7 V vs Ag/AgCl it is 
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possible to monitor, in solution, the consumption of oxygen with time at the surface of 

the alloy in both its sensitised and unsensitised conditions (this consumption being a 

consequence of the electrochemical processes which are taking place on the metal 

surface). 

Once the polarisation potential of the tip was selected, approach curves were carried out 

in order to choose the operating distance at which the tip would raster above the sample. 

The zero position of the tip, that is, where the approach curves begin, was an arbitrary 

position such that the influence of the sample on the probe’s response was not 

significant. From this zero position the tip was moved down towards the sample; 

therefore, the approach curves record how the proximity of the tip to the sample affects 

the diffusion of oxygen to the tip and hence the magnitude of the current. Figure 13 

shows the approach curves obtained over the different tested materials. According to the 

results presented in a previous work, there is a competitive reaction in the consumption 

of oxygen, notably between the tip and the metal surface [75]. Thus, lower reduction 

currents at the probe tip indicate higher consumption of oxygen at the sample. Then, 

based on the approach curves, the oxygen reduction is higher over the surface of Alloy 

900 in its sensitised state than in its unsensitised state. Furthermore, the differences are 

greater when samples are heated for 2 hours. Therefore, the selected operating distance 

of the microelectrode above the sample was the distance where the differences in 

current between the registered approach curves were greatest (see Figure 13). 

 

Once the operating distance of the tip was selected, line scans of the sample were 

conducted, as shown in Figure 14. In order to normalise the data, values of the current 

registered in the tip over the sensitised and unsensitised sample were divided by the 

current registered over the resin, eg, Itip (metal)/Itip (resin). 



20 
 

The magnitude of oxygen reduction occurring at the tip, when it was above the steel 

surface, is comparatively low compared to that above the epoxy resin. Furthermore, the 

amount of oxygen reduction on the tip decreases when it passes from the unsensitised 

sample to the sensitised sample. Therefore, the consumption of oxygen is greater over 

the sensitised samples, the increased consumption being associated with a higher 

cathodic activity and, according to the mixed potential theory, to higher anodic (i.e. 

corrosion) activity. The higher cathodic activity also indicates a greater electronic 

conductivity of the passive film formed on the sensitised sample. Several authors [76-

79], proposed that the reduction pathway is influenced by the surface composition of the 

electrode and oxides have an important role to play in the oxygen reduction kinetics 

[80]. Therefore, any chromium depleted areas formed in the sensitised alloy can lead to 

the formation of a more conductive passive film that promotes higher oxygen reduction 

on the electrode surface. This observation confirms the results obtained from the 

polarisation curves (Figure 6), where the cathodic current density was higher in the 

sensitised samples than in the unsensitised sample. Furthermore, this more conductive 

passive film leads to a decrease in the localised corrosion resistance (lower pitting 

potential in the sensitised samples). Additionally, these results are in agreement with the 

polarisation resistance obtained from the EIS data. The polarisation resistance was 

lower and the donor density was greater in the sensitised specimens than in the 

unsensitised one. This relation between the donor density and the cathodic current 

density was previously reported in the literature [81].       

 

3.6. LEIS measurements 

Localised impedances have been used previously to measure localised processes in 

metals, studying pit growth, surface dissolution or coatings degradation [82-85]. 
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Therefore, LEIS measurements  may be used in order to evaluate the galvanic coupling 

between the unsensitised Alloy 900 and Alloy 900 with different degrees of 

sensitisation. In the previous sections, the effect of the sensitisation was studied with the 

different samples uncoupled. Conversely, in this point, LEIS measurements at different 

potentials were carried out with coupled pairs (unsensitised Alloy 900/sensitised Alloy 

900).  Profiles of admittance of the tested samples were obtained at a frequency of 2 Hz. 

Figures 15 and 16 present these profiles of the pairs unsensitised Alloy 900/Alloy 900 

heated at 850 ºC for 1 hour and unsensitised Alloy 900/Alloy 900 heated at 850 ºC for 2 

hours, respectively.  

 

In the case of the pair with the sample heated at 850 ºC for 1 hour, it can be observed 

that the admittance is greater over the sensitised sample in all the cases; therefore, the 

passive film is more conductive in the sensitised sample On the other hand, when 

potentials of 0.4 V vs Ag/AgCl or 0.6 V vs Ag/AgCl are imposed to the pair, there is a 

decrease in the admittance values in both members of the pair. However, when 0.8 V vs 

Ag/AgCl are applied, the admittance of Alloy 900 in the as-received and sensitised state 

increases due to the partial dissolution of the passive film. This behaviour is coincident 

with the evolution of the polarisation resistance observed in the EIS measurements. 

Finally, when the pair is polarised at 1 V vs Ag/AgCl, the admittance drops in the as-

received Alloy 900 and strongly increases in the heated sample, this increase being 

motivated by the breakdown of the passive film and the formation of pits. On the other 

hand, the decrease in the admittance values over the as-received sample may be due to 

the high activity over the sensitised member of the pair that leads to a less active 

unsensitised area. In order to reinforce this observation, Figure 15 d) shows the great 

increase in the admittance over the entire surface of the sensitised sample.     
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A similar behaviour can be observed in the pair with the sample sensitised at 850 ºC for 

2 hours. Admittance is greater on the sensitised member of the pair at all the tested 

potentials, indicating a higher conductive passive film than the unsensitised Alloy 900. 

With the increase of the polarisation potential there is a general decrease in both 

members of the pair as a consequence of the formation of a thicker passive film until the 

potential of 0.8 V vs Ag/AgCl is applied. At this potential, the admittance decreases in 

the as-received Alloy 900 and increases in the sensitised member of the pair. Figure 16 

d) shows a map of the admittance over the surface of the pair polarised at 1 V vs 

Ag/AgCl where the great increase in the admittance on the surface of the sensitised 

sample is noticeable due to the breakdown of the passive film. Furthermore, the 

admittance of the as-received sample decreases when the coupled pair is polarised at 

potentials of 0.8 and 1 V vs Ag/AgCl. Thus, the anodic activity in the sensitised 

member of the pair clearly turns the unsensitised sample in the cathodic member of the 

electrically coupled pair, leading to its protection against corrosion (less conductive 

passive film).  

 

The maximum admittance values were calculated for every sample at the different 

experimental conditions ( Figure 17). As it was observed in the admittance profile, the 

maximum admittance values are lower in the case of the unsensitised member of the 

pair. The unsensitised Alloy 900 coupled with the sample heated during two hours 

presents lower admittance values than when it is coupled with the sample heated for one 

hour.  The samples heated at 850 ºC during 1 and 2 hours present similar admittance 

values at all potentials, except when the pair is polarised at 0.8 and 1 V vs Ag/AgCl, 

where the sample heated for 2 hours presents admittance values slightly higher than the 
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sample heated during 1 hours, indicating a more active surface. This fact is in agreement 

with the lower polarisation resistance observed in the EIS measurements and with the 

higher ND obtained in the Mott-Schottky analysis. 

 

Regarding the dependence of the admittances on the applied potential, it can be 

observed that the admittance values decrease in all the samples with the increase in the 

applied potential, until the potential of 0.6 V vs Ag/AgCl is reached; after that, the 

values begin to increase with the imposed potential. Only in the case of the as-received 

sample coupled to the sample heated at 850 ºC during 2 hours, the admittance decreases 

with the potential in all the polarisation range as a consequence of the electrical 

coupling effect.  

 

In a previous work carried out with LEIS measurements by other authors [86], a 

decrease in the impedance modulus was observed over the sensitised area of a welded 

AISI 304 stainless  steel, being indicative of an area with higher electrochemical 

activity. Thus, the differences in the oxide film formation over the sensitised stainless 

steels lead to a different electrochemical behaviour against corrosion, this effect 

together with the galvanic coupling with an unsensitised stainless steel may increase the 

corrosion processes undergone on the sensitised one.  

 

Therefore, when unsensitised Alloy 900 is electrically coupled with sensitised samples, 

a concentration of anodic activity can be observed in the sensitised sample when the 

pairs are polarised at high potentials. Additionally, in all the cases the anodic member of 

the pair, i.e. the member with a more conductive passive film, is the sensitised Alloy 

900 and this effect is greater for the steel heated at 850 ºC for 2 hours. Furthermore, the 
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sensitised area /unsensitised area ratio can enhance the formation of pits in the 

sensitised zones as a consequence of the galvanic effect if it is taken into consideration 

that the area of the sensitised zones in industrial facilities is smaller than the area of the 

unsensitised zones.  

 
4. Conclusions 
 
The main conclusions of this work can be summarised as follows:  

1. Phase transformations in Alloy 900 can be observed in a confocal microscope as 

moving fronts of surface relief due to dilatometric changes and roughening as a 

result of the segregation of alloying elements. These fronts are generally observed 

inside the ferrite phase. Sigma and Chi phases along with areas depleted in alloying 

elements (Cr, Mo) appear when Alloy 900 is heated at 850 ºC.  

 

2. The nucleation of the depleted areas leads to the formation of a more defective 

passive film with lower polarisation resistance and higher ND value, which 

increases the susceptibility to pit nucleation. These values are in agreement with the 

lower breakdown potential observed in the sensitised samples. Alloy 900 heated at 

850 ºC during 2 hours presents the highest ND and the lowest breakdown potential, 

being the most susceptible to the localised corrosion.  

 
3. The effect of a more defective film (higher number of oxygen vacancies and lower 

polarisation resistance) is also observed in the SECM tests, where the oxygen 

consumption is greater on the sensitised samples than on the unsensitised Alloy 

900. 

 
4. The worse properties of the passive films due to the sensitisation are reflected too 

when samples of unsensitised and sensitised Alloy 900 are electrically coupled 

(LEIS measurements). The anodic member of the pair (higher admittance) is always 

the sensitised sample. This behaviour is more noticeable when higher potentials are 

applied. There is a point where the admittance of the unsensitised sample drops 

because of the breakdown of the passive film on the coupled sensitised specimen.  
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5. Therefore, the sensitisation processes have a negative effect on the corrosion 

resistance of Alloy 900, degrading the protective properties of its passive film and 

increasing the susceptibility to pit formation. This effect can be enhanced as a 

consequence of the galvanic coupling between the unsensitised and sensitised 

samples and the unfavourable sensitised area/unsensitised area ratio.  
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Table captions 
 
Table 1. Composition (% weight) of the main alloying elements in the different phases 
observed in the tested specimens of Alloy 900. 
 
Table 2. Electrochemical parameters obtained from the potentiodynamic curves carried 
out on Alloy 900 in its different sensitisation states in 1 mM NaCl solution at 25 ºC.  
 
Table 3. EIS parameters of Alloy 900 in its different sensitised states obtained after the 
fitting of the equivalent circuit to the data. 
 
Table 4. Donor and acceptor densities for Alloy 900 in the 1 mM NaCl solution with 
different sensitisation degrees. 
 
 
Figure captions 
 
Figure 1. Schematic diagram of the working electrode tested in the different 
electrochemical techniques. Unsensitised sample on the rigth side. 
 
Figure 2. CSLM images of the Alloy 900 surface during a heat treatment in inert 
atmosphere at 850 ºC during 2 hours. 
 
Figure 3. Roughness profiles of the Alloy 900 surface at different points of the heat 
treatment. 
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Figure 4. SEM micrographs of the different Alloy 900 samples: unsensitised Alloy 900, 
sensitised Alloy 900 at 850 ºC during 1 hour, and sensitised Alloy 900 at 850 ºC during 
2 hours. Images were obtained with backscattered electrons. 
 
Figure 5. Percentage of phases on the studied specimens of Alloy 900. Unsensitised 
state, heated at 850 ºC during 1 hour and heated at 850 ºC during 2 hours. 
 
Figure 6. Polarisation curves of Alloy 900 in the unsensitised state and in both studied 
sensitised states in a solution of 1 mM NaCl at 25 ºC. 
 
Figure 7. SEM micrograph of one sample of sensitised Alloy 900 (850ºC, 2 h) after the 
potentiodynamic curves. Some of the pits are indicated with red arrows.  
 
Figure 8. Nyquist diagrams of the EIS measurements carried out with the samples at 
different potentials in the 1 mM NaCl solution at 25 ºC. 
 
Figure 9. Bode diagrams of the EIS measurements carried out with the samples at 
different potentials in the 1 mM NaCl solution at 25 ºC. 
 
Figure 10. Representation of the equivalent circuit used for a two-layer model of 
passive films and proposed for the interpretation of the EIS spectra. 
 
Figure 11. Mott–Schottky plots for Alloy 900 in the 1mM NaCl solution obtained at 5 
kHz with different sensitisation degrees.  
 
Figure 12. Cyclic voltammogram measured at the SECM tip immersed in the 1 mM 
NaCl solution at 25 ºC. 
 
Figure 13. Approach curves carried out over the tested specimens in the 1 mM NaCl 
solution at 25 ºC.  
Figure 14. Line scans carried out over the tested specimens in the 1 mM NaCl solution at 
25 ºC. The sensitised sample is on the right.  
 
Figure 15. Admittance profiles at 2Hz, obtained at different potentials, for the pair 
unsensitised Alloy 900/Alloy 900 sensitised at 850°C for 1h (sensitised sample on the 
right side)   
 
Figure 16. Admittance profiles at 2Hz, obtained at different potentials, for the pair 
unsensitised Alloy 900/Alloy 900 sensitised at 850°C for 2h (sensitised sample on the right 
side) 
 
Figure 17. Maximum admittances obtained on the different samples of Alloy 900 
during the LEIS measurements in 1 mM NaCl solution at 25 ºC. 
 



 
 

Phase Element Unsensitised 
state 

Heated at 850 ºC, 
1h 

Heated at 850 ºC 
2h 

 
Ferrite 

Cr (%) 26.0 25.2 25.2 
Ni (%) 3.8 3.0 2.9 
Mo (%) 3.3 3.9 3.8 

 
Austenite 

Cr (%) 23.6 22.2 22.0 
Ni (%) 5.5 5.9 5.8 
Mo (%) 2.5 2.6 2.6 

 
Sigma 

Cr (%) -- 29.1 28.5 
Ni (%) -- 2.6 3.4 
Mo (%) -- 7.4 6.4 

 
Chi 

Cr (%) -- 25.0 25.0 
Ni (%) -- 2.5 2.5 
Mo (%) -- 10.3 10.3 



 

 

Material Ecorr (mV vs 
Ag/AgCl) 

Ep (mV vs 
Ag/AgCl) 

ip 
(µA·cm-2) 

icl  
(µA·cm-2) 

Unsensitised Alloy 900 -126 ± 17 -- 1.62 ± 0.1 29.5 ± 4.6 
Sensitised Alloy 900 (850 ºC 1 h) -58 ± 14 1170 ± 12 1.68 ± 0.1 50.5 ± 4.1  
Sensitised Alloy 900 (850 ºC 2 h) - 83 ± 20 866 ± 19 1.73 ± 0.2 51.9 ± 5.1 



 
 

 

 Rs 
(kΩ·cm2) 

R1 
(kΩ·cm2) 

n1 C1 
(µF·cm-2) 

R2 
(kΩ·cm2) 

n2 C2 
(µF·cm-2) 

RP 
(kΩ·cm2) 

Unsensitised Alloy 900 
OCP 0.79 ± 0.01 1.07 ± 0.02 0.81 11.2 ± 0.3 291.42 ± 1.25 0.80 15.00 ± 0.4 293.28 ± 1.27 

0.2 V vs Ag/AgCl 0.83 ± 0.01 3.79 ± 0.01 0.85 6.05 ± 0.2 1881.00  ± 11.17 0.85 6.68 ± 0.1 1885.61 ± 11.61

0.4 V vs Ag/AgCl 0.85 ± 0.01 3.18 ± 0.02 0.89 5.37 ± 0.1 3940.00 ± 6.23 0.86 5.78 ± 0.3 3944.00 ± 6.26 

0.6 V vs Ag/AgCl 0.78 ± 0.01 1.33 ± 0.02 0.87 3.86 ± 0.1 3170.15  ± 8.31 0.85 6.01 ± 0.2 3172.25 ± 8.46 

0.8 V vs Ag/AgCl 0.79 ± 0.01 1.17 ± 0.01 0.87 4.05 ± 0.3 2043.60 ± 12.44 0.80 7.06 ± 0.5 3172.25 ± 12.76

1 V vs Ag/AgCl 0.77 ± 0.01 0.81 ± 0.01 0.87 4.31 ± 0.3 479.19  ± 7.24 0.82 8.34 ± 0.3 2045.56 ± 7.61 

Alloy 900 heated at 850º C 1 hour 
OCP 0.76 ± 0.01 1.04 ± 0.13 0.79 9.3 ± 0.1 159.04 ± 7.15 0.81 15.70 ± 0.1 160.84 ± 7.35 

0.2 V vs Ag/AgCl 0.71 ± 0.01 1.41 ± 0.09 0.85 6.23 ± 0.4 953.29 ± 12.26 0.82 11.16 ± 0.4 945.40 ± 12.98 

0.4 V vs Ag/AgCl 0.79 ± 0.02 1.34 ± 0.03 0.87 6.22 ± 0.1 1097.00 ± 20.14 0.81 8.34 ± 0.5 1099.13 ± 20.25

0.6 V vs Ag/AgCl 0.83 ± 0.01 1.30 ± 0.04 0.90 5.46 ± 0.3 744.56 ± 14.25 0.78 8.51 ± 0.2 746.11 ± 14.29 

0.8 V vs Ag/AgCl 0.83 ± 0.01 1.36 ± 0.02 0.87 5.98 ± 0.1 178.07 ± 8.25 0.81 10.65 ± 0.2 180.26 ± 8.35 

1 V vs Ag/AgCl 0.83 ± 0.01 1.11 ± 0.05 0.87 6.94 ± 0.2 119.10 ± 16.35 0.70 12.35 ± 1.1 120.94 ± 16.41 

Alloy 900 heated at 850º C 2 hours 
OCP 0.77 ± 0.02 1.02 ± 0.16 0.64 2.45 ± 0.2 139.9 ± 12.13 0.85 15.20 ± 0.1 141.69 ± 12.33 

0.2 V vs Ag/AgCl 0.89 ± 0.01 0.99 ± 0.14 0.90 13.08 ± 0.1 254.5 ± 7.98 0.79 9.64 ± 0.1 256.38 ± 8.13 

0.4 V vs Ag/AgCl 0.79 ± 0.01 0.99 ± 0.08 0.89 8.25 ± 0.2 349.2 ± 7.38 0.78 10.46 ± 0.3 350.98 ± 7.52 

0.6 V vs Ag/AgCl 0.79 ± 0.01 0.80 ± 0.06 0.92 10.95 ± 0.3 341.2 ± 8.15 0.80 10.54 ± 0.1 342.79 ± 8.22 

0.8 V vs Ag/AgCl 0.78 ± 0.02 0.82 ± 0.23 0.89 11.00 ± 0.4 7.8 ± 1.15 0.78 14.50 ± 0.5 9.40 ± 1.40 

1 V vs Ag/AgCl 0.71 ± 0.05 0.91 ± 0.33 0.89 11.71 ± 0.7 7.3 ± 2.15 0.7 16.08 ± 1.3 7.30 ± 2.53 



 
ND x 1021 (cm-3) NA x 1021 (cm-3) 

Unsensitised Alloy 900 
0.885 ±0.09 7.578 ±0.11 

Sensitised Alloy 900 (850 ºC 1 h) 
1.205 ±0.10 4.700 ±0.09 

Sensitised Alloy 900 (850 ºC 2 h) 
4.639 ±0.12 4.186 ±0.13 
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a) Unsensitised Alloy 900 b) Alloy 900 heated at 850 ºC  

during 1 hour 
 

c) Alloy 900 heated at 850 ºC during 2 hours 
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a) OCP b) 0.2 V vs Ag/AgCl 

c) 0.4 V vs Ag/AgCl d) 0.6 V vs Ag/AgCl 

e) 0.8 V vs Ag/AgCl f) 1 V vs Ag/AgCl 
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a) Alloy 900 heated at 850 ºC during 1 hour 
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b) Alloy 900 heated at 850 ºC during 2 hours 
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b) Alloy 900 heated at 850 ºC during 2 hours 
 
 



  

a) Admittance profiles at Open Circuit Potential  b) Admittance profiles at different imposed potentials 
 

c) Admittance profiles at different imposed potentials.  
(Magnification) 

d) Admittance map of the sample when is polarised at 1 
V vs Ag/AgCl 
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a) Admittance profiles at Open Circuit Potential  b) Admittance profiles at different imposed potentials 
 

c) Admittance profiles at different imposed potentials.  
(Magnification) 

d) Admittance map of the sample when is polarised at 1 
V vs Ag/AgCl 
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