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The influence of temperature (between 20 and 80 °C) on the electrochemical behaviour of UNS N08031
(Alloy 31) was evaluated in a contaminated phosphoric acid solution, which simulates the typical
concentrations used in the industrial wet process (40 wt.% H3POy,, 2 wt.% H,SO4 and 0.42 wt.% KCI). Alloy
31 electrochemical behaviour was studied by means of polarisation curves and electrochemical
impedance spectroscopy. Results demonstrated that temperature decreases the corrosion resistance of
Alloy 31.

1. Introduction

The phosphoric industry has been always in centre of the attention because of severe environmental
concerns (Seferlis et al., 2006; KlemeS, 2010; Bessarabov, 2012), however the aggressiveness of this
environment can also cause severe corrosion problems in the industrial facilities. More than ninety-five per
cent of phosphoric acid (H3PQO,) is obtained by the wet process, in which the main stages involve the
attack of phosphate ores by concentrated sulphuric acid (H.SO4 98%), filtration and concentration of
phosphoric acid. This technique generates severe corrosion problems due to the presence of impurities
such as chlorides, fluorides and sulphides. Although, depending on the nature of the phosphates and the
type of phosphoric acid manufacturing process, the components of the equipment (reactors, agitators,
pumps, drain, etc.) are subjected to slower or faster deterioration. The choice of materials used in this
industrial process plays an important role since they must have both good chemical and mechanical
resistance. These two characteristics are not always easy to obtain and a trade-off between these
properties must be reached. In this sense, austenitic stainless steels are a good choice for phosphoric
media. In this study, a highly alloyed austenitic stainless steel UNS N08031 (Alloy 31) was used.

The favourable effect of the alloying elements on the corrosion resistance is attributed to the formation of a
protective passive surface film (Lee, 2006). This film is stable, invisible, thin, durable and extremely
adherent and self-repairing and its stability depends on the nature of the corroding metal and ion present
in the solution (Ibrahim et al., 2009).

The corrosion resistance of all types of austenitic stainless steel is based on the bilayer structure of the
passive films formed spontaneously on their surface in aqueous solutions. These films act as a barrier
layer, separating the metal’s surface from the corrosive ions in the environment. Thus the understanding of
the corrosion resistance of stainless steel lies in comprehending the properties of the passive films formed
on the steel.

The aim of this work is to evaluate the influence of temperature on the electrochemical behaviour of Alloy
31 and the relative stability of the films formed on it.
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2. Experimental

2.1 Material, specimen preparation and solution

The material tested was the highly-alloyed austenitic stainless steel UNS N08031 (Alloy 31) provided by
Thyssen Krupp VDM. The composition of this alloy (wt. %) is: 26.75 % Cr, 31.85 % Ni, 31.43 % Fe, 6.6 %
Mo, 1.50 % Mn, 1.21 % Cu, 0.193 % N, 0.1 % Si, 0.005 % C, 0.002 % S, 0.017 % P. Alloy 31 electrodes
were cylindrically shaped (8 mm in diameter and 55 mm long) and covered with a polytetrafluoroethylene
(PTFE) coating. The area exposed to the solution was 0.5 cm?.

The electrodes were abraded with wet emery paper of decreasing grit size (500 - 4000). After polishing,
the samples were rinsed with distilled water and dried within a stream of air just before immersion.

The samples were tested in a polluted 40 wt.% phosphoric acid solution with 2 wt.% H,SO,4 and 0.42 wt.%
KClI, typical concentrations in the phosphoric acid industry (Becker, 1989).

2.2 Electrochemical tests

The electrochemical tests were performed in a conventional three-electrode cell, held at a constant
temperature. A silver/silver chloride (Ag/AgCIl) 3 M potassium chloride (KCI) electrode was used as a
reference electrode and a platinum (Pt) wire as a counter electrode. The solution was deaerated by
bubbling N into the solution for 20 minutes before the test, and then the 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 °C in order to study the influence of temperature on
the corrosion behaviour of Alloy 31.

The anodic polarisation curves were measured by using a Solartron 1278 potentiostat. Before each
polarisation measurement, the working electrodes were initially polarised in four steps from the OCP
values to -0.4 Vagagcr. This potential was maintained for 1 hour in order to remove the passive film formed
previously and to create reproducible initial conditions. Then the sample was polarised anodically from -0.4
Vagiagel to the anodic direction at a scan rate of 0.1667 mV/s.

The electrochemical parameters estimated from these curves were: corrosion current density (icorr) and
corrosion potential (Ecorr). In addition, transpassive potential (Ey) was defined as the potential at which
current density abruptly increases. The current density registered within the region before Ey is almost
constant which belongs to the passive current density (ip). Therefore, all these parameters give information
about general electrochemical behaviour of Alloy 31 in the contaminated H3PO, solution.

On the other hand, electrochemical impedance spectroscopy (EIS) was used to study the passive films
formed on Alloy 31. Prior to each EIS measurement, a passive potential of 0.5 Vagagcl wWas applied to the
sample for 1 h to allow for the growth of the passive film. EIS measurements were recorded in the range
between 10° and 10 Hz with voltage amplitude of £ 5 mV, using an Autolab PGSTAT302N potentiostat.

3. Results and discussion

3.1 Potentiodynamic polarisation behaviour

Figure 1 shows the potentiodynamic polarisation curves for Alloy 31 in the contaminated phosphoric acid
solution, which were obtained at 20, 40, 60 and 80 °C to evaluate the effect of temperature on the general
corrosion resistance of the stainless steel.
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Figure 1: Potentiodynamic polarisation curves of Alloy 31 in 40 wt.% H3PO,4 contaminated with 2 wt.%
H,S0, and 0.42 wt.% KCI at different temperatures.

The polarisation curves of Alloy 31 are similar at all temperatures, showing a very wide potential domain of
passivity, generally in the potential range between 0.3 and 1 Vagaagcl. Within this potential range, Alloy 31
registered a stable current density which increases with temperature. The transpassive potential Ey, at
which the breakdown of the passive film happened, shifted towards more active values as temperature
increased.

Temperature clearly affects the cathodic reaction (Blasco-Tamarit et al., 2008) as it can be observed in the
potentiodynamic curves, since the cathodic current densities increased with temperature (Figure 1).
Temperature also favours the kinetics of the corrosion reactions, and especially the anodic dissolution of
the metal, since the anodic current densities are higher as temperature increases.

The corrosion potentials (Ecor), corrosion current densities (icorr), passive current density (i) and
transpassive potential (Ey) were obtained from the potentiodynamic polarisation curves and the numerical
values are summarized in Table 1.

Table 1: Electrochemical parameters of Alloy 31 in the contaminated 40 wt.% HsPO, solution at different
temperatures after passive film formation at 0.5 Vag/agci-

T (°C) Ecorr icorr (WA/CM?) i (LA/CM?) Etr (MVagage)
(MVagiager)

20 -234 16.40 4.7 1029

40 -196 21.03 5.1 1017

60 143 2.82 8.7 1017

80 228 2.58 13.0 1006

Ecorr and ip increased with temperature, while icorr did not present any clear trend with temperature. The
increase of Ecor Seems to be related to the higher cathodic current densities with temperature. The
increase of i, can be associated with the growth of the passive film which is enhanced with temperature.
However, the transpassive potential, Ey, decreased slightly due to the anodic dissolution of the metal
which leads to a loss of passivity. In general, the effect of temperature in the contaminated solution is more
significant due to the presence of aggressive ions which affect the anodic branch (lken et al, 2007).

3.2 Electrochemical impedance behaviour

To investigate the influence of temperature on the relative stability of the passive films formed at 0.5
Vagiage, EIS measurements were recorded after passive film generation at different temperatures. The
impedance responses are presented in Nyquist and Bode formats in Figure 2.
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Figure 2: Nyquist diagrams (left) and Bode plots (right) of Alloy 31 after 1 h of immersion at 0.5 Vagiagci in
the contaminated H3PO, solution with 2 wt.% H,SO,4 and 0.42 wt.% KCI at different temperatures.

Impedance spectra present a somewhat unfinished capacitive arc which is temperature dependant, as
evidenced by the overall decrease of the impedance values with temperature in the Nyquist diagrams. The
smaller capacitive arcs as temperature increases indicate that the protective properties of passive films
decrease. Moreover, Bode plots in Figure 2 depict two time constants, at high- and low-frequencies. This
feature is often considered as the response of an inhomogeneous film composed of a compact inner layer
and a less compact (porous) outer layer (Juttner, 1990). According to this behaviour, a hierarchically
distributed equivalent circuit (Figure 3) was used to simulate these results, as reported previously by Qiao
et al., 2009.

Outer Inner oxide
Porous film layer

Figure 3: Equivalent electric circuit used to model the experimental EIS data with two hierarchically
distributed time constants.

The modulus of the phase angle maxima is lower than 90° in all EIS spectra (Figure 2); this behaviour can
be interpreted as a deviation from ideal capacitor behaviour due to the distribution of relaxation times as a
consequence of heterogeneities on the electrode surface (Brug et al., 1984). Therefore, the use of a
constant phase element (CPE) was necessary. The impedance of this element is defined by equation 1:

1
= - )

Q- (jw)”

where Q is the CPE constant, @ is the angular frequency (rad/s), j2:-1 is the imaginary number and o is
the CPE exponent. Depending on o, CPE can represent resistance (a=0, Zo=R), capacitance (o=1, Zo=C),
or Warburg impedance (0=0.5, Zo=W).

The CPE elements, Q, have been converted into a pure capacitance (C) by means of the following
equation:

1o
R

ZCPE

The circuit represented in Figure 3 was used to explain the structure of the passive film formed on Alloy 31
in the contaminated phosphoric acid solution at 20, 40, 60 and 80 °C. The quality of data fitting to the
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equivalent circuit proposed was evaluated with the chi-squared values, which were lower than 1073, and
the error percentages of the individual components of the equivalent circuit fitted. This is also shown in the
diagrams of Figure 2, where the simulated data are shown as solid lines. The physical description of the
model adopted in this work is that R1, C1 and R, C; refer to the resistance and capacitance of the outer
porous layer and inner oxide layer.

The compact inner layer, known as barrier layer, is mainly composed of chromium oxides and is the major
contributor. According to Reffass et al. 2009, the outer porous film is composed of iron phosphates, since
in phosphoric acid media, phosphate species can precipitate with dissolved iron to form iron phosphates,
which are characterized by a low solubility. In this situation, the outer layer is mainly a porous film of
phosphates (Moraes et al., 2003).

The electrical parameters obtained by adjusting the experimental data show in Figure 2 are summarized in
Table 2 as a function of temperature at the potential of 0.5 Vagagci-

Table 2: Electrical parameters obtained by fitting the experimental results of EIS for Alloy 31 in the
contaminated 40 wt.% HzPO, solution at different temperatures after passive film formation at 0.5 Vag/agcl-

T (°C) Rs Ry C: R; C. Re
Qcm?)  (kQcm®)  (uF-cm?) (kQ cm?) (uF-cm?) (kQ cm?)
20 1.18 1.48 21.36 83.21 47.19 84.69
40 0.89 1.03 25.02 59.79 148.82 60.83
60 0.86 0.76 26.78 23.89 65.22 24.65
80 0.86 0.37 23.93 16.84 66.43 17.21

According to the electrical parameters obtained, the resistance at very high frequencies corresponds to the
resistance of the solution, Rs, which remains almost constant between 1.2 and 0.9 Q cm? in all tests. The
resistance of the inner oxide layer (Ry) is significantly larger than the values associated with the outer
porous layer (R1), which is consistent with the chosen physical model. These results indicate that the
protection provided by the passive film was predominantly due to the barrier layer.

The values of R; indicate that the outer film can be considered as a thin and defective or porous film, as
reported by Pan et al., 1998. It can be seen in Table 2 that R; decreases as temperature increases, which
suggests that temperature favours the formation of a more porous film. This behaviour has been
associated with the fact that at lower temperatures the outer porous layer is more stable as a result of the
predominance of more stable phosphate iron compounds, resulting in a higher resistance (Escriva-Cerdan
et al., 2012). C; values are in the order of those expected to the double layer capacitance (Evgenij and
Ros Macdonald, 2005) and hardly changes with temperature.

On the other hand, the parameters associated with the inner oxide film, R, and C, are more strongly
affected by temperature. R, clearly decreases when temperature increases, which suggests that the films’
electrical conductivity increases. The capacitance of the barrier layer, C,, generally increases with
temperature and this increase may indicate that the inner oxide film becomes thinner.

Finally, the sum of R; + R, is defined as polarisation resistance, Rp, and is related to the corrosion
resistance of the metal. According to the results summarised in Table 2, Rp clearly decreases with
temperature, indicating the worsening of the corrosion resistance of Alloy 31 in the contaminated
phosphoric acid solution. In other words, temperature affects negatively the protective properties of the
passive films formed on Alloy 31 at 0.5 Vagagcl.

4. Conclusions

The effect of temperature on the electrochemical behaviour of Alloy 31 was evaluated in a contaminated
phosphoric acid solution, simulating typical concentrations in the wet process. The polarisation curves
revealed that Alloy 31 exhibits a wide domain of passivity values indicating good protection efficiency.

The passive current density increased and the transpassive potential decreased as temperature
increased, indicating a decrease in corrosion resistance with temperature.

EIS measurements showed that the protection provided by the passive film was predominantly due to the
inner oxide film, while R; values demonstrated that the outer film can be considered as thin and porous.
The influence of temperature was observed to affect more strongly the parameters associated with the
inner oxide layer. The increase of temperature results in a higher electrical conductivity throughout the
passive film, i.e. lower R, values. The higher capacitance values, C,, may indicate a thinner oxide film.
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The electrochemical results show that temperature negatively affects the protective properties of the
passive films formed on Alloy 31 and, as a result, the corrosion resistance decreases with the increase of
temperature.
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