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Abstract Electric charges at the surface of a passive stainless steel are generally considered as concentrated either in the passive ﬁlm itself, or at the metal/passive ﬁlm interface, or in the electrical double layer at the ﬁlm solution interface. Rest potential time dependence after immersion of a passive surface in aqueous electrolytes suggests however that slow processes occur in the onset of the surface charge. Speciﬁc experiments, such as streaming potential measurements and electrochemical impedance spectroscopy in a thin electrolyte cell, were carried out for understanding better this phenomenon. An AISI 304 type austenitic stainless steel with polished or bright annealed surface ﬁnishes was immersed in NaCl aqueous solutions with various pH and chloride concentrations. The streaming potential time evolution shows two steps: a ﬁrst rapid one (2 min) is attributed to the onset of the surface charge. The second step is much slower (approximately several hours) and possibly due to an interphase layer between the passive ﬁlm and the solution. Following this idea, the whole kinetics is controlled by cation migration across the interphase when the pH is larger than the isoelectric pH (pHiep ), while chloride ions are incorporated in the interphase when pH < pHiep . Impedance measurements allow determining both the kinetics of charge transport and the thin cell conductivity. When glass is used as reference material for the cell walls instead of stainless steel, the Nyquist plots show a high-frequency response. For stainless steel cell walls, a



*



Corresponding author. Tel.: +33-476-826500; fax: +33-476-826670. E-mail address: [email protected] (S. Maximovitch).



0010-938X/$ - see front matter  2003 Elsevier Ltd. All rights reserved. doi:10.1016/j.corsci.2003.10.012



1778



C. Exartier et al. / Corrosion Science 46 (2004) 1777–1800



low-frequency response is observed, attributed to a slow charge reorganisation inside the interphase layer. The charge distribution at metal/electrolyte interface is discussed in terms of a gel-like layer which possibly takes place at the passive ﬁlm/electrolyte interface.  2003 Elsevier Ltd. All rights reserved. Keywords: Passivity; Stainless steel; Interface; Streaming potential; Electrochemical impedance spectroscopy



1. Introduction The distribution of charges at a stainless steel/aqueous solution interface looks to be of a certain importance for understanding not only corrosion and passivation, but also adhesion phenomena which occur for instance in metal coverage with polymer ﬁlms [1] or adhesion of micro-organisms in food industry [2], etc. Streaming potential measurements are known to be an appropriate technique to determine the surface charge of solids. It is used in case of insulating materials such as bulk oxides [3], polymers [4] and glasses [5]. Some measurements have been made on stainless steel too, insofar this material may be regarded as a thin passive oxide ﬁlm covered metal. The few available data [6,7] suggest an isoelectric point (pHiep ) close to 3. The pHiep is the pH at which the net surface charge is zero (positive and negative surface charges are equal). Such a low pHiep shows that stainless steel surfaces immersed in aqueous media are more acidic than those of the corresponding iron and chromium bulk oxides [8] (pHiep  5–9). Then, at neutral pH, stainless steel surfaces wear a negative net charge. One should however keep in mind that stainless steel surface properties depend on the steel grade under consideration and on its ﬁnish surface condition (ﬁnish state and ﬁnal cleaning). 1.1. Potential distribution at the stainless steel/aqueous solution interface Fig. 1 may describes the stainless steel/solution interface in case of a negative net surface charge, i.e., for pH > pHiep . The net surface charge (rn ) is the sum of three contributions: • The charge at the metal/passive ﬁlm interface (rm ). • The charge in the passive ﬁlm (rf ) which is here disregarded. • The charge at the passive ﬁlm/solution interface (ra ). ra includes both electron transfer from the metal Fermi level and ionic adsorption from the solution (the charge resulting from potential determining ions is considered as adsorbed). It is referred to as the inner Helmholtz plane (IHP). In accordance with the electroneutrality principle rn is equal and opposed to the diﬀuse charge (rd ) which extends from the outer Helmholtz plane (OHP), the last solution plane close to the passive ﬁlm/solution interface, up to the bulk. Thus rn ¼ rm þ rf þ ra ¼ rd



ð1Þ
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Fig. 1. Scheme of the stainless steel/aqueous solution interface for pH > pHiep . rm ––metal charge, rf ––ﬁlm charge, ra ––adsorption charge, rd ––diﬀuse charge or counter-charge, IHP/OHP: inner/outer Helmholtz plane, Ur ––rest potential (potential diﬀerence between the metal and the solution), Wd ––potential diﬀerence between the OHP and the solution.



rm , rf and ra are ﬁxed charges whereas rd is a mobile charge which may be carried by a solution stream. From the double layer theory [9]:   zqWd 1=2 rd ¼ ð8e0 er CNav kB T Þ sinh ð2Þ 2kB T with e0 the vacuum dielectric permittivity, er the dielectric constant of the solution, C the molar concentration, Nav the Avogadro number, kB the Boltzmann constant, T the temperature, z the ion valency, q the electron charge and Wd the potential difference between the OHP and the solution, the measurement of which gives the net surface charge rd . 1.2. Streaming potentials Measurements are based on the tangential motion of the electrolyte between two identical specimen plates when a pressure P is applied to the solution (Fig. 2). The ﬂow carries the mobile charges of the double layer [9–11], leading to a potential gradient, then to a potential diﬀerence, Ustr , between the two ends of the cell [12]. Streaming potential equation relating Ustr and the applied pressure is: Ustr ¼



2be0 er l RfP gL



ð3Þ



with b being the half-distance between the plates, l and L, the plates width and length, g the solution viscosity, R the cell resistance, f, known as the zeta potential is the potential diﬀerence between the shear plane (SP) and the bulk. The SP is the plane wherein the solution velocity is zero and is generally assumed to be the outer
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Ustr Fig. 2. Principle of the streaming potential measurements in case of plates. The net surface charge is supposed to be here negative. P ––applied pressure, Ustr ––streaming potential, a and b––measure electrodes.



Helmholtz plane (then, f ¼ Wd ). Its measurement allows determining both the counter-charge, rd (2) and the net surface charge, rn (1). 1.3. Rest potential The stainless steel rest potential Ur (see Fig. 1) is a mixed potential which depends on ionic exchanges between the passive ﬁlm and the solution (in the absence of corrosion or ﬁlm modiﬁcation these exchanges are simply due to adsorption). Ur depends both on solution composition and passive ﬁlm structure and thickness, and may then evolve in the course of time. Due for instance to passive ﬁlm growth [13,14]. This work aims to determine the surface charge of stainless steels immersed in diﬀerent aqueous solutions, it was ﬁrst necessary to investigate the equilibration kinetics of the interface, from immersion time to steady state achievement. At steady state, electrochemical impedance spectroscopy measurements were also performed for better understand the charge transport kinetics in the cell.



2. Experimental 2.1. Solutions All chemicals used were of analytical reagent grade (RP Normapur, Prolabo, France). Water was puriﬁed through a Milli-Q water puriﬁcation system (resistivity 18 MX cm). When otherwise mentioned experiments were carried out in freshly prepared 0.01 M NaCl aerated solution. HCl and NaOH were added to adjust the pH. For the study in deaerated solutions pure argon (99.995%) was used reducing the oxygen content from about 8 ppm in the aerated solution to approximately 50 ppb.
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2.2. Surfaces Studied stainless steel is an AISI 304 with bright annealed surface conditions (BA) provided by Ugine (Arcelor Stainless, France). It was obtained from cold rolling, then annealed in an inert hydrogen-containing atmosphere [15]. Its elementary chemical composition is reported in Table 1. When otherwise mentioned results were obtained with mechanically polished (P) samples. Polishing was made under ultra-pure water on SiC paper up to the 1200 grade, then rinsing in ultra-pure water, cleaning in a 50/50 ethanol–acetone solution and sample ageing for 24 h in the laboratory ambience to stabilize their reactivity [16]. Glass samples were silicate provided by Scientec (Prolabo, France). They were rinsed under ultra-pure water then in isopropanol, in ethanol, rinsed again in ultrapure water, and stocked for 24 h in a Petri box. 2.3. Experimental set-up The set-up and the cell are presented in Fig. 3, and in more details in Ref. [17]. Two parallel plates (75 · 25 · 1 mm) of the investigated material are disposed in a PMMA cell. A PTFE gasket (100 lm thick) placed on their edges allows the solution Table 1 Elementary chemical composition (wt%) of the studied AISI 304 stainless steel Fe



Cr



Ni



Mn



Si



Mo



Cu



71.013



18.09



8.695



0.910



0.525



0.341



0.331



C



N



Nb



Ti



Al



O (ppm)



S (ppm)



0.038



0.033



0.017



0.005



0). Assuming a constant value of f when the ﬂow is reversed, the streaming potential response 2DUstr to a pressure step 2DP (the pressure is reversed from P to P ) is a potential step 2DUstr : 2DUstr ¼



2be0 er l Rf2DP gL



ð6Þ
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2.5. Rest potential measurements The rest potential Ur was simultaneously recorded using a high-impedance millivoltmeter, between a platinum contact placed outside of the solution, at the back centre of the upper plate (see Fig. 3) and a saturated calomel reference electrode (ESCE ¼ 0:245 V/SHE). The so-measured potential diﬀerence is not exactly the rest potential as above deﬁned, and also includes the solution potential at the interface with respect to the reference electrode. Nevertheless, its variations versus time are strictly those of Ur . That is why it is assimilated to Ur . 2.6. Electrochemical impedance spectroscopy Impedances were measured between the two platinum electrodes at constant pressure (P ¼ 20 mbar) using a 1260 Solartron frequency response analyser model and a home-made software. Frequency varied from 10 MHz to 0.4 mHz, and the applied potential amplitude was 10 mV.



3. Results 3.1. Streaming potential and rest potential measurements 3.1.1. Evolution of streaming potential and rest potential Fig. 4 shows the streaming potential evolution versus time for a mechanically polished stainless steel in 0.01 M NaCl at pH 6 when the ﬂow is periodically reversed. The initial Ustr value is not strictly zero due to the electrode dissymmetry (UPt ) and to the charge transport while ﬁlling up the ﬂasks with the solution. After the pressure onset, Ustr is found to increase very quickly up to a maximum o Ustr þ DUstr (part a, in Fig. 4), for about 2 min. Considering the ﬂow direction and o the way the potential diﬀerence (Vb  Va ) is measured, DUstr sign indicates that an increasing excess of positive charges is carried by the ﬂow and that the net surface charge becomes more negative. After this ﬁrst step, Ustr falls down for several minutes (part b, where the net surface charge becomes less negative). The ﬁrst ﬂow reversal (noted 1 ) results in a sharp step referred as to 2DUstr . Then Ustr progressively increases (part c) but without reaching any steady state before the next reversal ( 2 ). Following ﬂow reversals behave in the same way but the 2DUstr magnitude decreases with time. The excess of positive charge transported by the ﬂow seems then to decrease progressively, then the net surface charge becomes less negative in the course of time. Fig. 5 represents the corresponding rest potential time evolution. The potential perturbation observed for each ﬂow reversal corresponds likely to the eﬀect of the streaming potential on the rest potential measurement (due to the ohmic drop). This eﬀect initially important with respect to Ur , becomes negligible at longer times (t > 15 h). Disregarding these potential variations, the Ur versus time evolution is the following one: pressure application provokes a sharp Ur increase for about 3 min,
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Fig. 4. Evolution with time of the streaming potential, Ustr , during successive ﬂow reversals, for AISI 304 polished stainless steel in 0.01 M (pH 6) NaCl and P ¼ 20 mbar. According to Eq. (4) and UPt being a constant that evolution reﬂects that of Ustr . The ﬁrst ﬂow reversals are noted 1 , 2 , 3 , 4 and 5 . They results in sharp Ustr variations, 2DUstr . The enlargement for short times in the right lower corner reﬂects Ustr evolution (a) due to the pressure application (here from B to A, see Fig. 3). The corresponding o variation is Ustr . b, c and d show periods where Ustr evolves between two succeeding ﬂow reversals. States I, II and III represent Ustr extremal values reached after diﬀerent reversals.
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Fig. 5. Evolution with time of the rest potential, Ur , for polished AISI 304 stainless steel in 0.01 M (pH 6) NaCl and P ¼ 20 mbar.



then Ur falls down to a minimum reached after about 90 min and ﬁnally increases slowly towards an asymptotical value (steady state). This typical evolution was also observed with other cell design without any solution ﬂow [14]. For longer equilibration times, a third step is sometimes observed: the excess of positive transported charge in found to increase (the surface becomes again more negative) and the steady state rest potential limit slowly decreases.
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3.1.2. Comparison of stainless steel and glass The 2DUstr time evolution is plotted in Fig. 6 both for glass and stainless steel with diﬀerent surface ﬁnishes and pressure conditions. • The equilibration looks to be much slower in the case of stainless steel and the net surface charge evolves a lot, and for longer times: the 2DUstr decrease from its initial value is about 90%, instead of only 45% for glass and the time necessary to reach a steady state is about 15 h for P steel whereas 2 h for glass. • The streaming potential response to a ﬂow reversal is instantaneous for glass and takes about 5 min for reaching the new steady state value in the case of stainless steel (Fig. 4). • For stainless steel, the pressure has no signiﬁcant eﬀect on the time evolution of 2DUstr and on the steady state limit value, in contradiction with Eq. (6) where 2DUstr is proportional to P. 3.1.3. Surface ﬁnish eﬀect Fig. 6 shows that the interface equilibration also depends on the stainless steel surface ﬁnish: the 2DUstr decrease from its initial value is smaller and the stabilization time is shorter for the BA than for the P conditions (decrease of about 85% and 5 h equilibration time for BA, instead of 90% and 15 h for P). 3.1.4. Oxygen eﬀect Oxygen clearly plays an important role at the outer interface (Fig. 7). At the same given time, the transported excess of positive charges is smaller in the presence of oxygen, showing that the surface is less negative in aerated solutions. However, the 2DUstr asymptotic value seems to be the same in aerated and deaerated solutions but
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Fig. 6. Evolution with time of the streaming potential response to a pressure step, 2DUstr stainless steel and for glass in diﬀerent surface ﬁnish and pressure conditions, in 0.01 M (pH 6) NaCl.
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Fig. 7. Inﬂuence of oxygen on the evolution with time of the streaming potential response to a pressure step, 2DUstr , for polished AISI 304 stainless steel in 0.01 M (pH 6) NaCl and P ¼ 80 mbar.



is reached after a longer time for the deaerated solution. Thus, oxygen seems to accelerate the outer interface equilibration. 3.1.5. pH eﬀect The 2DUstr versus time evolution is plotted in Fig. 8 for diﬀerent pH values. The net surface charge is negative at pH 6.2 and 5.4 and positive at pH 3.2. At pH 4.1 the net surface charge sign is negative for the ﬁrst 9 h immersion then becomes positive for longer times, suggesting that pHiep of stainless steel is close to 4, in accordance with previous works [7,8]. Furthermore this work shows that pHiep increases with immersion (between 3.2 and 4.1 for the ﬁrst immersion times and between 4.1 and 5.4 after 9 h): stainless steel surface becomes less acidic with time. Diﬀerences in 2DUstr versus time behaviours are observed when modifying the solution pH. For pH 6.2 and 3.2 the 2DUstr magnitude decreases continuously with time whereas at pH 4.1 and 5.4 a maximum is observed for short times. The decrease is more important for pH 6.2 and steady state longer to be reached. Equilibration seems more rapid at acidic pH. At pH 5.4, a maximum is quickly reached, followed by a minimum, then a slight increase until another maximum is observed again for longer times, which indicates that the net surface charge becomes more negative, then again less negative, suggesting a competition between two opposite phenomena involving positive and negative charges. This point will be discussed later. 3.1.6. Long time ageing eﬀect P type specimen have been aged for a given time (ta ) in 0.01 M NaCl (pH 6) before streaming potential measurement. Figs. 9 and 10 show the time evolution of Ustr and Ur for unidirectional experiments, i.e., without ﬂow reversal. Here again the ordinate
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Fig. 8. Inﬂuence of pH on the evolution with time of the streaming potential response to a pressure step, 2DUstr , for polished AISI 304 stainless steel in 0.01 M (pH 6) NaCl and P ¼ 80 mbar.
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Fig. 9. Inﬂuence of long time ageing on the evolution with time of the streaming potential, Ustr , and the rest potential, Ur (b), for an unidirectional experiment (ﬂow from A to B, see Fig. 3) in 0.01 M (pH 6) NaCl and P ¼ 20 mbar. The polished AISI 304 stainless steel is previously aged for ta days, in a 0.01 M (pH 6) NaCl solution. meas of Fig. 9 is in fact Ustr ¼ Ustr þ UPt , but for the sake of simplicity, and since UPt keeps constant in a given solution, this term is disregarded. For ta ¼ 0 (not aged specimen) the Ustr time evolution is the same as in the ﬂow reversal experiment (Fig. 4 parts a and b); a minimum of Ustr is observed after 90 min before a slow increase revealing that the net surface charge becomes more negative. This tendency is in accordance with the evolution observed at pH 5.4 (minimum) for ﬂow reversal experiments. At pH 6.2, a third step sometimes is observed in ﬂow reversal experiments for long equilibration times: the net surface charge becomes
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Fig. 10. Inﬂuence of long time ageing on the evolution with time of the rest potential, Ur , for an unidirectional experiment (ﬂow from A to B, see Fig. 3) in 0.01 M (pH 6) NaCl and P ¼ 20 mbar. The polished AISI 304 stainless steel is previously aged for ta days, in a 0.01 M (pH 6) NaCl solution.



more negative after many hours equilibration, and this eﬀect is more marked when increasing the ageing time. At the opposite the minimum is not observed on aged specimen, and Ur simply increases, which suggests a stabilization of passive layer due to long time ageing. 3.2. Impedance spectroscopy Impedance spectroscopy measurements were performed in order to understand the unusual behaviour of stainless steel (pressure eﬀect, slow response and equilibration times). Measurements were carried out on P and BA stainless steel and glass as a reference material. 3.2.1. Impedance on glass Fig. 11 shows typical Nyquist plots obtained in 0.01 M NaCl at several pH higher or lower than pHiep (pHiep ¼ 3.7 was measured for the investigated glass [17]; values ranging from 1.5 to 4 were found in literature [19,20]). The Nyquist plot shows a high-frequency semicircle corresponding roughly to a RC parallel circuit. Resistance behaviour is reached at f 10 kHz, i.e., at a relative high frequency, in agreement with the experimental streaming potential observations where the system response to a ﬂow reversal is quasi-instantaneous, indicating a fast charge transport in this case. R and C are the solution resistance and the capacitance between the two platinum electrodes. At pH 6, R 610 kX and C 3:7 pF. These orders of magnitude are quite in accordance with the calculated values of the solution resistance and capacitance between the two measurement electrodes a and b: Rcal ¼ l=KS ¼ 240 kX; where K is the conductance of the solution measured in a conductivity cell (K ¼ 1:24 mS cm1 ) and Ccal ¼ eo eA=l ¼ 1:3 pF, where eo e is the dielectric constant of water
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Fig. 11. Impedance Nyquist plot for glass in 0.01 NaCl under several pH conditions.



Table 2 Calculated and measured capacitance and resistance for glass (0.01 M NaCl at several pH) pH



K



Rcal



R2



DR



C2



6 4.7 3.7 2.4



1.24 1.27 1.35 3.56



2.41 2.36 2.22 0.8



5.2 3.0 2.5 1.0



2.8 1.1 0.3 0.2



3.0 3.5 4.0 4.0



Values of resistances are expressed in 105 X, C is expressed in 1012 F.



(e ¼ 80), A the area of platinum electrodes and l their distance. It is worth noting that the measured resistance values are always higher than Rcal (Table 2). The real conductivity is less than that measured in a conductivity cell. This is interpreted by surface blocking processes appearing at low-frequency and steady state, as for conduction in solids [21]. 3.2.2. Impedance of stainless steel Nyquist and Bode plots for P specimens (Figs. 12a,b and 13) show that kinetics of charge transport are very diﬀerent from those observed on glass. Nyquist plot involves two semicircles: a high-frequency loop, ranging from 10 MHz to about 100 Hz and a low-frequency arc beginning close to 100 Hz, the limit of which is evaluated to Rlf  350 kX but is not yet reached at 0.4 mHz. Compared to glass, the frequency range is shifted towards low frequencies and steady state is only reached at very low frequency. This is in agreement with the slow response time of the streaming potential after a ﬂow reversal (measured for t > 15 h)––a new steady state is only reached after 5 min (see Fig. 4). This time constant is equivalent to that measured at the top of the low-frequency loop (s ¼ 1=fmax 400 s). In case of glass s ¼ 105 s
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Fig. 12. Impedance Nyquist plot for polished AISI 304 stainless steel, in 0.01 M (pH 6) NaCl: (a) lowfrequency part, (b) high-frequency part.



corresponding to a quasi-instantaneous steady state establishment as experimentally observed. The low-frequency resistance Rlf varies with concentration (Fig. 13). Its order of magnitude is that of the calculated solution resistance Rcal for the studied concentration. As for glass, its value is higher than the calculated one. Rlf also depends on surface properties: values are diﬀerent for glass (610 kX), for P (350 kX) and BA specimens (440 kX).
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Fig. 13. Comparison of module and phase Bode plots for stainless steel in (pH 6) NaCl, at several concentrations and surface states.



The low-frequency capacitance (Clf 0:2 mF at the top of the loop) is several orders of magnitude higher than that measured on glass (C 3:7 pF), which explains the slowness of the charge transport kinetics in case of stainless steel. The capacitance frequency dependence, calculated from C ¼ 1=x ImðZÞ, is plotted in Fig. 14, showing two plateau associated to constant phase elements (C ¼ Co xð1nÞ ). In the low-frequency range, Clf , depends on the stainless steel surface ﬁnishing: the phase angle (tga ¼ 1  n) is higher for the P than for the BA condition (a 30 and 22 respectively).
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Fig. 14. Variation of capacitance (C ¼ 1=x ImðZÞ) with frequency in logarithmic scale for stainless steel in 0.01 M NaCl (pH 6), for polished and bright annealed AISI 304 stainless steel.



The high-frequency resistance and capacitance values are respectively Rhf 1:5 kX and Chf 10 pF, which is the order of magnitude of the solution capacitance. Rhf depends on solution concentration but not on surface ﬁnish (Fig. 15a). It evolves in the course of time, in the same way that rest potential Ur (Fig. 15b), suggesting a possible relation to passive ﬁlm growth [14]. 3.2.3. Equivalent circuit for stainless steel The equivalent circuit shown in Fig. 16 is proposed to model the behaviour of stainless steel. As for glass, the charge transport in the solution is represented by a R0 C parallel circuit where R0 is the cell resistance. A parallel circuit represented by series resistance Rs and capacitance Cs (indeed a CPE) is added to take into account transient surface phenomena. More, we consider the solution resistance (re ) between the cell edges and the measurement electrodes in series with the total impedance of the cell. This equivalent circuit fairly accounts for the two loops of the stainless steel Nyquist plots. At low frequency (x < xs ¼ 1=Rs Cs ) the series circuit Rs Cs is blocking and the circuit is equivalent to Rlf ¼ R0 þ 2re in parallel with capacitance Clf ¼ Cs þ C Cs since Cs  C. As Clf depends on the stainless steel surface conditions, the slow equilibration observed after a ﬂow reversal could be related to surface properties of stainless steel. At high frequency, the cell is equivalent to resistance Rhf Rs þ 2re (since 1=Rs þ 1=R0 1=Rs ) in parallel with a capacitance, Chf ¼ C (the solution capacitance between the platinum electrodes). Since 2re is constant, the observed Rhf variations with time are those of Rs . Fig. 17a shows the time dependence of the product Rhf c, where c is the chloride concentration of the electrolyte c. The order of magnitude of Rhf c does not depend on c, and the
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Fig. 15. Variation of the high-frequency resistance (a) and rest potential (b) with time for AISI 304 stainless steel in (pH 6) NaCl for several concentrations and surface states.



conductivity 1=Rhf is roughly proportional to the concentration c, which is believed to correspond to the resistance of a highly hydrated interphase in equilibrium with the electrolyte. To go further, the interfacial resistance and capacitance were measured on polished state, in a thin symmetrical cell. This cell geometry allows to minimise the solution resistance and therefore to observe the evolution versus time of the interfacial resistance Rs during equilibration [17,22]. The product ðRs ¼ Rhf  re Þ c plotted in Fig. 17b for a unit surface is very similar to those of Fig. 17a, conﬁrming our hypothesis.
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C Fig. 16. Equivalent circuit for stainless steel.



Calculated interfacial resistance and capacitance are respectively 250 X cm2 and 20 nF cm2 . The respective areas relative to Rs and Cs in the equivalent circuit may be then estimated to about 20 mm2 for Rs and to about 50 cm2 for Cs . These areas may respectively represent the plate edges for Rs (25 mm2 ) (see Fig. 3) and the two plates surfaces for Cs (total area ¼ 2 · 75 · 25 ¼ 3750 mm2 ). In the equivalent circuit Rs can then be associated to the interfacial resistance of the plate extremities and Cs to the interfacial capacitance of the plates. The system is very slow to equilibrate due to the high interfacial capacitance value, Cs , contrary to glass where the electrolyte resistance R, in parallel with the electrolyte capacitance C, is rapidly at steady state. The transient current modeled by the series Rs Cs may represent some exchanges throughout the interface. Unlike glass, for stainless steel some exchanges between the metal and the electrolyte may appear due to a potential variation in solution DU , (pressure reversal or a sinusoidal potential variation versus time) which induces a rest potential variation DUr , and consequently a zeta potential variation, Df. The rest potential variation DUr is important at the begining of equilibration at each ﬂow reversal (see Fig. 5). Then, it decreases in amplitude and cannot be measured on Ur , but inﬂuences Ustr which has a lower magnitude order. Reorganisation probably occurs by adsorption–desorption reactions due to the adsorption isotherm which involves ﬁxed charged species, different from that participating to the streaming current. This may explain why the streaming potential is not proportional to the pressure.



4. Discussion 4.1. The kinetics of surface charging The surface charge of oxides is generally modeled [12,23,24] using the following reactions: MOH þ Hþ () MOHþ 2



ð7Þ



MOH þ OH () MO þ H2 O



ð8Þ
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Fig. 17. Variation with time of: (a) product (Rhf  c) in the streaming potential cell and (b) product (Rs  c  S) in a thin symmetrical cell. Rs ¼ Rhf  re . c ¼ 0:01 M for polished AISI 304 stainless steel at several concentrations in (pH 6) NaCl.



Reaction (7) prevails for pH < pHiep and reaction (8) is for pH > pHiep . In this work, the interface equilibration was found to be controlled by a 2-steps process (see Fig. 4): o The ﬁrst step is fast (few minutes), and evidenced by a quick increase (DUstr ) of the streaming potential, which likely corresponds to the onset of the surface charge. The o sign of DUstr at pH 6, 5.4 and 4.1 shows that the surface is negatively charged for o these pH and that the higher the pH, the larger the surface charge (see DUstr magnitude versus pH evolution in Table 3), which is quite consistent with Eq. (8). At the
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Table 3 Magnitude of the initial streaming potential shift for diﬀerent pH and for an AISI 304 polished stainless steel in a 0.01 M NaCl solution with an applied pressure of 80 mbar pH



0 DUstr (mV)



rn sign



3.2 4.1 5.4 6.2



3.2 5.2 14 23.2



+ ) ) )



o opposite DUstr is found positive at pH 3.2 which is consistent with Eq. (7). This shows that the initial pHiep of the surface ranges between 3.2 and 4.1. The second step is slow (some hours) and evidenced by the streaming potential response to a ﬂow reversal and the DUstr time evolution after several ﬂow reversals. It is found that the surface becomes less and less negative with time. At pH 6, proton adsorption cannot be responsible for this evolution, since MOH sites are more likely protons donors than acceptors for pH > pHiep . The possible eﬀect of a direct binding of some counter-ions to the charged surface sites (sodium cations binding in our case) can be considered [25,26]. Another idea is that the passive ﬁlm is progressively covers with a positively charged hydrated interphase layer, the formation kinetics of which controls the onset of the surface charge.



4.2. The hydration-growth process One applies to this interphase layer the hydration-growth model proposed by Okamoto for passive ﬁlm growth [27]: þ



MðOH2 Þads ! MðOH2 Þ þ e



ð9Þ



where M is a metallic site of the passive ﬁlm, on which a water molecule is adsorbed. For the interphase layer to grow, the hydrated cations have to migrate from the passive surface to the electrolyte, which is a slow process and results in a gradual enrichment of the interphase layer with positive species and therefore in a less negative net surface charge observed experimentally. For the reaction (9) to go on, electrons have to be consumed by a cathodic process, which is assumed to be the oxygen reduction in the conditions of this work. This hydration-growth model is supported by several experimental observations: • The evolution of the rest potential in the course of time (see Fig. 6). The rest potential is deﬁned as the potential where oxidation and reduction currents are equal. In aerated medium, the oxygen reduction current is constant. The initial rest potential decrease corresponds to an increasing oxidation current which reﬂects a signiﬁcant surface hydration after immersion. The following rest potential increase towards a quasi-steady value reveals a decrease of this oxidation current. This is felt to be the consequence of the interphase thickening which slows down the cation migration. For previously hydrated samples (see Fig. 10), only this second step is observed. In conclusion, before the Ur minimum the limiting step is
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likely the hydration reaction, whereas after this minimum, the metallic cation migration through the interphase layer controls the whole kinetics. • The rest potential was found higher on bright annealed specimen (BA), than on polished ones, which indicates a slower cation migration rate. Moreover, the surface charge evolution is smaller, and the rest potential minimum is less marked, which reveals a less pronounced hydration and ﬁlm growth for BA than for polished samples and fairly agrees with the well accepted idea that passive ﬁlm on BA specimen are more stable than on freshly polished ones. • In absence of oxygen, the surface charge and the rest potential versus time evolutions are slowered. • Reversals slow down the surface charge evolution. The surface charge associated with 2DUstr becomes less negative in the course of time and many hours are required to reach the steady state. In experiments without ﬂow reversal, Ustr evolution presents three steps (see Fig. 9 for ta ¼ 0). After the rapid onset of the surface charge (step I), Ustr decreases and the surface becomes less negative (step II). The time needed to reach the minimum is shorter than in reversal experiments (about 2 h at pH 6). After the minimum, Ustr increases (step III) indicating that the surface becomes more negative again. It seems that the reversals partly destroy the hydrated ﬁlm formed between two successive ﬂows. This mechanical eﬀect can be suﬃcient to be detected in Ur evolution for high enough pressures: a decrease is met after several hours immersion indicating that the interphase layer stops to grow. In literature similar two-steps processes were ascribed respectively to initial rapid surface process followed by a slow diﬀusion-controlled exchange with the bulk [28– 30] particularly for proton adsorption at ferric oxide surface [31], in agreement with the above discussion. Last, it is worth noticing that the interphase layer may be compared to the physisorbed water layers found on oxide surfaces [21]. 4.3. Interphase enrichment with chloride ions Reaction (9) well explains the net surface charge evolution for pH > pHiep but not for pH 3.2 < pHiep . According to the above model, the net surface charge should increase with time, while the contrary is evidenced (see Fig. 8). Negative chloride ions are assumed to adsorb on the surface, counter-acting the cation charging eﬀect due to the interphase development. This idea also meets the site-dissociation/site-binding model [25,26] and agrees with anion exchange evidenced between OH and other univalent inorganic anions in [32].Chloride adsorption possibly also takes place at pH 6, but its eﬀects are not observed, likely due to the few number of MOHþ 2 sites available for the adsorption. However, it can explain the observed ageing eﬀect for this pH: the surface enrichment with positive species may favour the chloride adsorption whist may become the limiting step after a certain time. When the pH becomes more acidic the competition between interphase development and chloride adsorption is more pronounced, which explains the maxima of 2DUstr versus time in Fig. 9 for pH 5.4 and 4.1.
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In conclusion, the outer interface evolution may reﬂect the competition between two antagonist phenomena: the interphase development leading to a less negative net surface charge and the interphase enrichment with chloride leading to a more negative net surface charge. Experimentally the interphase development is observed for pH > pHiep at short immersion times while chloride enrichment of the interphase prevails for pH < pHiep and for pH > pHiep at long immersion times. 4.4. Charges and potential distributions at interface The charge distribution displayed on Fig. 1 for pH > pHiep should now be revisited. The interphase growth, together with the charging eﬀects presented above, leads to consider an additional charge at the interface (Eq. (1)): ðrm þ rf Þ being always positive at rest potential, whatever the pH [33], and the net surface charge rn being negative, the charge ðra þ ri Þ is then negative and greater than ðrm þ rf Þ in absolute value. This is in agreement with Sato’s bipolar model where the passive ﬁlm is made of two parts [34,35]. The inner part on the metal side consists of excess metal ions or oxygen ion vacancies and is therefore positively charged. On the contrary the outer part on the bulk solution side consists of excess oxygen ions or metal ion vacancies and is negatively charged. Thus ðrm þ rf Þ on the metal side corresponds to the inner layer of the passive ﬁlm and ðra þ ri Þ on the solution side to the outer layer. According to Sato, this bipolar structure of the passive ﬁlm is responsible for its corrosion resistance. The inner part being positively charged is anion-selective, which slows down the dissolution of metallic cations. In the same way the negative charge of the outer part induces a cation-selective character that prevents aggressive anions to incorporate into the ﬁlm. For pH > pHiep , rn is negative and passivity prevails. Nevertheless passivity breakdown can occur on samples immersed a long time in chloride solutions, since the interphase growth results in a positive outer interphase layer which favours chloride adsorption, the corrosion induction time being the time needed for chloride ions to adsorb. At the opposite rn is positive for pH < pHiep , which does not favour the onset of stable passivity.



5. Conclusions (1) The main result of this study is the slowness of the stainless steel/aqueous solution interface equilibration, leading to unusually slow streaming potential response to a step of pressure, mainly for freshly polished surfaces. Impedance spectroscopy suggests that, in addition to the usual charge transport in the electrolyte, an additional non steady-state current is observed, likely corresponding to a slow reorganisation of the metal/electrolyte interface. (2) Following the rather quick onset of the surface charge after immersion, a positively charged interphase builds up between the oxide passive layer and the electrolyte, following a mixed hydration + growth mechanism, ﬁrst suggested by Okamoto. In the ﬁrst stage, hydration is rate determining. In the second one (the ﬁlm
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growth), cation migration across the interphase becomes the slower step and then controls the whole kinetics. (3) The interphase should have a gel-like structure, and wears a positive net charge for pH > pHiep , which gradually screens the initial negative surface charge of the steel. For pH < pHiep chloride ions are believed to enter progressively the interphase layer. An interface charge distribution scheme is proposed consistent with the bipolar passive ﬁlm model proposed by Sato. It is worthy to note that for polished specimen the pHiep initially ranges between 3 and 4, which is smaller than the commonly accepted values for Cr and Fe oxides, and slightly increases in the course of time, indicating that the surface becomes progressively less acidic. (4) For future works, is intended to investigate the eﬀect of this chloride containing hydrated interphase on the time evolution of pitting corrosion resistance of stainless steels, after in service ageing in chloride containing environments. Coupling streaming potential and electrochemical impedance measurements looks to be an attractive way for this purpose.
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