Da-Hai Xia 
email: dahaixia@tju.edu.cn
  
Shizhe Song 
  
Yashar Behnamian 
  
Wenbin Hu 
  
Y Frank 
  
Frank Cheng 
  
Jing-Li Luo 
email: jingli.luo@ualberta.ca
  
François Huet 
  
Y Frank Cheng 
  
Review-Electrochemical Noise Applied in Corrosion Science: Theoretical and Mathematical Models towards Quantitative Analysis

des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Since Tyagai [START_REF] Tyagai | Faradaic noise of complex electrochemical reactions[END_REF][START_REF] Tyagai | Noise in electrochemical systems[END_REF][START_REF] Tyagai | Equilibrium fluctuations in electrochemical processes[END_REF] and Iverson [START_REF] Iverson | Transient voltage changes produced in corroding metals and alloys[END_REF] documented the noise generated in electrochemical systems in the 1960s to 1970s, the use of electrochemical noise (EN) to detect metal dissolution has become widespread in corrosion science. The development of electrochemical instrumentation, [START_REF] Song | Field corrosion detection of nuclear materials using electrochemical noise technique[END_REF][START_REF] Astafev | Software and instrumentational methods of enhancing the resolution in electrochemical noise measurements[END_REF][START_REF] Astafev | The instrument for electrochemical noise measurement of chemical power sources[END_REF][START_REF] Astafev | Peculiarities of hardware for electrochemical noise measurement in chemical power sources[END_REF] advanced signal processing methods, [START_REF] Xia | Detection of corrosion degradation using electrochemical noise (EN): review of signal processing methods for identifying corrosion forms[END_REF][START_REF] Bertocci | Frequency analysis of transients in electrochemical noise: mathematical relationships and computer simulations[END_REF][START_REF] Cottis | The relationship between spectral and wavelet techniques for noise analysis[END_REF][START_REF] Sanchez-Amaya | Shot noise and statistical parameters for the estimation of corrosion mechanisms[END_REF] and inspired experimental design [START_REF] Monrrabal | Electrochemical noise measurements on stainless steel using a gelled electrolyte[END_REF][START_REF] Silva | Hydrogen absorption estimation on Pd electrodes from electrochemical noise measurements in single-compartment cells[END_REF][START_REF] Xia | Identifying defect levels in organic coatings with electrochemical noise (EN) measured in Single Cell (SC) mode[END_REF][START_REF] Xia | Assessing atmospheric corrosion of metals by a novel electrochemical sensor combining with a thin insulating net using electrochemical noise technique[END_REF][START_REF] Xia | On-line monitoring atmospheric corrosion of metal materials by using a novel corrosion electrochemical sensor[END_REF][START_REF] Xia | Sensing corrosion within an artificial defect in organic coating using SECM[END_REF] in recent decades has promoted EN applications.

Early work used single measurements of electrochemical potential noise (EPN) [START_REF] Bertocci | Applications of a low-noise potentiostat in electrochemical measurements[END_REF][START_REF] Hladky | The measurement of corrosion using electrochemical 1/f noise[END_REF][START_REF] Uruchurtu | Noise analysis of pure aluminum under different pitting conditions[END_REF][START_REF] Monticelli | Evaluation of corrosion inhibitors by electrochemical noise analysis[END_REF][START_REF] Roberge | Analysis of spontaneous electrochemical noise for corrosion studies[END_REF] or electrochemical current noise (ECN) [START_REF] Oltra | Electrochemical investigation of locally depassivated iron. A comparison of various techniques[END_REF][START_REF] Flis | Impedance and electrochemical noise measurements on iron and iron carbon alloys in hot caustic soda[END_REF] to study the nature and rate of corrosion on a single working electrode (WE). The fact that the WE can be polarized at any potential under potentiostatic control or at any current under galvanostatic control allows the stochastic behavior of corroding electrodes to be investigated in various specific conditions, such as metastable and stable pitting corrosion, [START_REF] Cheng | Statistical analysis of metastable pitting events on carbon steel[END_REF][START_REF] Cheng | Metastable pitting of carbon steel under potentiostatic control[END_REF][START_REF] Klapper | Environmental factors affecting pitting corrosion of type 304 stainless steel investigated by electrochemical noise measurements under potentiostatic control[END_REF][START_REF] Guan | Effects of cyclic stress on the metastable pitting characteristic for 304 stainless steel under potentiostatic polarization[END_REF][START_REF] Kim | Wavelet analysis of potentiostatic electrochemical noise[END_REF] gas evolution on stressed electrodes, [START_REF] Benzaid | Electrochemical noise analysis of cathodically polarised AISI 4140 steel. I. Characterisation of hydrogen evolution on vertical unstressed electrodes[END_REF][START_REF] Benzaid | Electrochemical noise analysis of cathodically polarised AISI 4140 steel. II. Identification of potential fluctuation sources for unstressed electrodes[END_REF] or corrosion protection by organic coatings. [START_REF] Xia | Identifying defect levels in organic coatings with electrochemical noise (EN) measured in Single Cell (SC) mode[END_REF][START_REF] Jamali | A critical review of electrochemical noise measurement as a tool for evaluation of organic coatings[END_REF][START_REF] Mills | Developments in the electrochemical noise method (ENM) to make it more practical for assessment of anti-corrosive coatings[END_REF][START_REF] Jamali | Measuring electrochemical noise of a single working electrode for assessing corrosion resistance of polymer coated metals[END_REF][START_REF] Zheng | Identifying defect size in organic coatings by electrochemical noise, galvanostatic step and potentiostatic step techniques[END_REF] .

From the beginning of the nineties, most of the time EPN and ECN were measured synchronously on two WEs tested specifically at the corrosion potential, to get more information than single measurements of EPN or ECN, in particular to estimate the corrosion rate. Important information to be obtained prior to EN measurement includes (1) the electrode system, (2) the sensitivity limit of the measuring device, and (3) the magnitude of the solution resistance of the corrosion system.

Investigators employ mathematical methods and models for EN analysis to determine the mechanism, rate, nucleation, and propagation of corrosion over time. Mathematical methods and parameters used to identify corrosion forms and corrosion rates are summarized in Table I.

They are classified into three groups, namely the time domain, the frequency domain, and the time-frequency domain. The details of each method are well-documented in the literature and will not be addressed in this paper. [START_REF] Cottis | Interpretation of electrochemical noise data[END_REF][START_REF] Homborg | A critical appraisal of the interpretation of electrochemical noise for corrosion studies[END_REF][START_REF] Xia | Detection of corrosion degradation using electrochemical noise (EN): review of signal processing methods for identifying corrosion forms[END_REF] Several parameters in Table I (e.g. noise resistance, noise impedance) are strongly related to the corrosion rate (see below). The most attractive aspect of detecting metal corrosion by measuring the EN is the absence of external excitation signal as opposed to standard electrochemical techniques, such as polarization techniques or electrochemical impedance spectroscopy, which average the current and potential signals over time and surface area of the electrodes. This allows the investigation of the early stages of corrosion processes in real time with high sensitivity. However, quantitative analyses can be difficult, as EN data are closely linked to the type of electrode system, the area of the electrodes, and the measurement mode. The theoretical aspects of quantitative EN analysis of corrosion are discussed in the following sections, including the electrode systems used in EN measurements, the various sources of EN, and the advantages and disadvantages of theoretical models for EN analysis.

Electrode systems suitable for EN measurement

EN measurements require a zero-resistance ammeter (ZRA) that can measure EPN and ECN synchronously, or a potentiostat that can measure ECN at an applied potential, or a galvanostat that can measure EPN at an applied current. The electrode systems numbered #1 to #9 can be arranged as shown in Table II. The corroding WE, reference electrode (RE) and counter electrode (CE) are identified in each schematic diagram of the electrode systems.

The ZRA is the most frequently adopted instrument in corrosion detection and monitoring, because EPN and ECN can be recorded synchronously. The electrodes usually used in this mode comprise one RE and two WEs, or one WE and one CE. EPN is measured between the WE and the RE, and ECN (coupling current) is recorded with an ammeter between the two WEs, or between the WE and the CE. In a "symmetrical" electrode system, WE1 and WE2 are made of nominally identical materials with the same surface area (electrode systems #1 and #2). In "asymmetrical" electrode systems, WEs have different surface areas (electrode systems #3 and #4), or a WE and a CE are used, each made of different materials (electrode system #5). Another mode of asymmetric electrode is similar to #1 but a bias potential is applied between the WEs to have a single corroding WE and a cathode (electrode system #6). [START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF] In the ZRA mode, an operational amplifier (Opamp) is often used to measure the coupling current. The WE is directly connected to ground and the other WE or CE is linked to the inverting input of the Opamp while the non-inverting input is connected to ground. The current-measuring resistor between the output and the inverting input of the Opamp provides a voltage proportional to the coupling current at the output of the Opamp. Circuit components other than the operational amplifier can be used to de-noise and to increase the stability of the instrument. The current-measuring resistance of the ZRA plays a key role in the measurement of ECN. [START_REF] Huet | Electrochemical noise-Guidance for improving measurements and data analysis[END_REF] Typical current-measuring resistances in most commercial electrochemical instruments have values ranging from ohms to gigaohms, giving a current range from picoamps to amps. Instead of using a ZRA, sometimes a resistor is intentionally added between WE1 and WE2, partially decoupling the two WEs. This configuration was found to decrease the instrumentation noise, [START_REF] Curioni | An alternative to the use of a zero resistance ammeter for electrochemical noise measurement: Theoretical analysis, experimental validation and evaluation of electrode asymmetry[END_REF] as simplifying the current-measuring circuit ensured that no instrumental noise due to active electronic components within the ZRA were fed back to the corroding electrodes. This may be important in some systems, but it is only one component of the instrumentation noise appearing in the final measurement, and the instrument noise associated with alternative measurement methods will depend strongly on the instrument design and cell properties as well as the measurement configuration.

Three other measurement modes are used less frequently nowadays.

The open circuit potential (OCP) mode (electrode system #7) was the first mode used to measure the fluctuations of the corrosion potential of an electrode versus an RE over time, which can be regarded as EPN. [START_REF] Iverson | Transient voltage changes produced in corroding metals and alloys[END_REF] Such measurement enables an assessment of the transient dissolution of the metallic surface with a simple voltmeter, but the information obtained is purely qualitative. The last two modes concern the measurement of ECN under potentiostatic control (electrode system #8) and the measurement of EPN under galvanostatic control (electrode system #9). These modes were widely used prior the introduction of the EN measurements in ZRA mode in which the WEs are studied only at the corrosion potential (apart from electrode system #6). Therefore, the potentiostatic/galvanostatic modes can be used in conditions where the WEs are not at corrosion potential, such as when studying (1) pitting corrosion of passive metals and alloys, [START_REF] Klapper | Using electrochemical noise to elucidate the mechanisms involved in localized corrosion-A review[END_REF][START_REF] Tachibana | Changes in the power spectral density of noise current on type 304 stainless steels during the long time passivation in sulfuric acid solutions[END_REF][START_REF] Shibata | Stochastic studies of passivity breakdown[END_REF][START_REF] Monrrabal | Electrochemical noise measurements on stainless steel using a gelled electrolyte[END_REF][START_REF] Bertocci | Applications of a low-noise potentiostat in electrochemical measurements[END_REF][START_REF] Uruchurtu | Noise analysis of pure aluminum under different pitting conditions[END_REF][START_REF] Oltra | Electrochemical investigation of locally depassivated iron. A comparison of various techniques[END_REF][START_REF] Cheng | Statistical analysis of metastable pitting events on carbon steel[END_REF][START_REF] Cheng | Metastable pitting of carbon steel under potentiostatic control[END_REF][START_REF] Klapper | Environmental factors affecting pitting corrosion of type 304 stainless steel investigated by electrochemical noise measurements under potentiostatic control[END_REF] (2) gas evolution on WEs, [START_REF] Benzaid | Electrochemical noise analysis of cathodically polarised AISI 4140 steel. I. Characterisation of hydrogen evolution on vertical unstressed electrodes[END_REF][START_REF] Chen | Wavelet analysis of chlorine bubble evolution on electrodes with different surface morphologies[END_REF] (3) electroplating, [START_REF] Huang | Study of tin electroplating process using electrochemical impedance and noise techniques[END_REF] etc. Symmetrical electrodes.-Symmetrical electrodes incorporate two nominally identical WEs with the same surface area plus one true, or standard, RE, where "true" refers to its property of thermodynamic equilibrium (electrode system #1), or three identical electrodes with the same surface area (electrode system #2). In the latter case, the third electrode acts as a pseudo-RE and its noise must be considered when the EN results are analyzed.

Type of electrodes used in

Electrochemical noise can also be measured using two noisy REs instead of one. [START_REF] Bertocci | Use of multiple reference electrodes in electrochemical noise measurements[END_REF] Such configuration allows measuring the cross-spectrum of both signals issued from the REs to eliminate the noise generated by the REs in the calculation of the noise impedance (this is efficient in some cases, as shown in Fig. 8 of Ref. 75, in which the noise impedance is ten times lower when using two REs instead of one). However, the measurement scheme is obviously more complicated and seldom used, except in some special situations.

Electrode system #1 is used for WEs undergoing either uniform corrosion or localized corrosion. Since both WEs have similar corrosion reactivity, the requirement of symmetry, that is, identical electrochemical impedance for both WEs, can be easily met. After long-term exposure to the environment, the appearance of corrosion products may or may not affect significantly the impedance of each WE. Usually, a net current flowing between the WEs appears with time without changing drastically the impedance of each WE. In that case, the system is still symmetric despite the existence of the net current. Most EN measurements have been performed on symmetric systems, even when in some cases the asymmetry between the WEs should have been considered in the quantitative analysis [START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF] .

Asymmetrical electrodes.-Asymmetrical systems include WEs of the same material but different surface areas (electrode systems #3 and #4), and systems with different materials in each of the WE, the CE, and the RE (electrode system #5). In electrode systems #3 and #4, WE1 and WE2 have different impedance values. The RE can either be a standard (true) reference electrode or a pseudo-reference electrode (a corroding electrode), but in the latter case, as for electrode system #2, the noise related to the corrosion phenomena occurring on the pseudo RE cannot be ignored when performing a quantitative analysis. In electrode system #5, the three electrodes are constructed with different materials and might have different surface areas and different impedance values. The CE is often made of an inert material to diminish its noise level while the WE is a corroding electrode studied at its corrosion potential. Moreover, the area of the CE should be small enough, compared to the area of the WE, to lower the galvanic current between the WE and the CE so that the WE remains at its corrosion potential. [START_REF] Chen | Electrochemical emission spectroscopy for monitoring uniform and localized corrosion[END_REF][START_REF] Wu | On-line corrosion and corrosion-wear monitoring using a modified electrochemical noise technique[END_REF] However, a CE of small area has a higher impedance, which increases the asymmetry between the two electrodes. [START_REF] Cottis | The significance of electrochemical noise measurements on asymmetric electrodes[END_REF] A Pt electrode with a small area is often used as the CE. It draws the current provided by the corrosion of the WE through a reduction reaction (for example, oxygen reduction in neutral solution, or hydrogen evolution in acidic medium) at the corrosion potential of the WE.

It is important to note that the type of electrodes employed when measuring EN can affect the quantitative analysis of the EN signals.

Attempts to provide a symmetrical electrode system where the two coupled WEs have the same surface area, the same material composition, and the same corrosion potential and corrosion activity are quite never completely perfect, as these properties cannot be matched to perfection in different electrodes, and properties change with the passage of current. Therefore, the symmetry in the electrode systems listed in Table II is theoretical, even if often observed in practice.

The impact of electrode area on EN measurement.-Corrosion

transients are assumed to be independent events; thus, the effects of electrode area on ECN and EPN data can be described using a single transient analysis.

Analysis of EPN and ECN transients.-Two important aspects are considered here, the shape of ECN and EPN transients, and how these transients superimpose or counteract as the WE area increases. EPN and ECN transients have been observed for a long time during chemically or mechanically triggered localized corrosion of various metals and alloys at OCP or at an applied anodic potential in the passive domain. Multiple factors influence the shape and amplitude of the transients, such as the nature and preparation of the metallic material, the electrolyte composition, the electrode potential, the surface area of the electrode, the measurement mode, and the instrumentation limitations as resolution, sampling frequency, and filtering. The transients are the results of the competition between the anodic process producing electrons and the cathodic process consuming these electrons, in addition with the interaction of the charge/discharge of the interfacial capacitance of the electrode.

Several types of ECN transients have been observed under polarization control in the passive domain to study pitting corrosion of various metals often in chloride-containing solutions, the most commonly encountered consisting of a sudden rise followed by a slow decay (type 1) and a slow rise followed by a sudden decay (type 2). [START_REF] Oltra | Electrochemical investigation of locally depassivated iron. A comparison of various techniques[END_REF][START_REF] Cheng | Metastable pitting of carbon steel under potentiostatic control[END_REF][START_REF] Gabrielli | A review of the probabilistic aspects of localized corrosion[END_REF][START_REF] Frankel | Metastable pitting of stainless steel[END_REF][START_REF] Lillard | Factors influencing the transition from metastable to stable pitting in single-crystal beryllium[END_REF][START_REF] Li | Localized corrosion: Passive film breakdown vs pit growth stability: Part II. A model for critical pitting temperature[END_REF] Type-1 transients correspond to the sudden breakdown of the passive film inducing metal dissolution followed, after repassivation, by a current decay corresponding to the recharge of the interfacial capacitance of the passive area by the potentiostat. [START_REF] Oltra | Electrochemical investigation of locally depassivated iron. A comparison of various techniques[END_REF] Type-2 transients have been observed, for example, on stainless steels on which metastable pits grow under a cover, the current decaying suddenly when an opening appears in the pit cover. [START_REF] Frankel | Metastable pitting of stainless steel[END_REF] At OCP, using two identical electrodes connected through a ZRA, ECN transients appear in both directions depending on which electrode supports the localized corrosion event. [START_REF] Bierwirth | Modeling of electrochemical noise transients[END_REF][START_REF] Klapper | The influence of the cathodic process on the interpretation of electrochemical noise signals arising from pitting corrosion of stainless steels[END_REF][START_REF] Klapper | Elucidating nucleation stages of transgranular stress corrosion cracking in austenitic stainless steel by in situ electrochemical and optical methods[END_REF][START_REF] Cheng | The role of chloride ions in pitting of carbon steel studied by the statistical analysis of electrochemical noise[END_REF] More complicated shapes than those of type-1 and -2 transients have also been observed, which can be attributed to the influence of the cathodic processes that contribute to consume rapidly the electrons produced by the anodic event. In that case, the amplitude of the measured current transient is lower than that of the anodic metal dissolution current, which cannot be individually measured. [START_REF] Bierwirth | Modeling of electrochemical noise transients[END_REF][START_REF] Klapper | The influence of the cathodic process on the interpretation of electrochemical noise signals arising from pitting corrosion of stainless steels[END_REF] Other factors influence the shape of the current transients, such as the conductivity of the solution between the WEs, [START_REF] Aballe | Noise resistance applied to corrosion measurements. VI-Partition of the current fluctuations between the electrodes[END_REF] or the cut-off frequencies of the filters used in the measuring instrumentation. [START_REF] Bierwirth | Modeling of electrochemical noise transients[END_REF] Similar shapes have been observed for the EPN transients at OCP during metastable pitting corrosion of various metals, [START_REF] Klapper | The influence of the cathodic process on the interpretation of electrochemical noise signals arising from pitting corrosion of stainless steels[END_REF][START_REF] Klapper | Elucidating nucleation stages of transgranular stress corrosion cracking in austenitic stainless steel by in situ electrochemical and optical methods[END_REF][START_REF] Cheng | The role of chloride ions in pitting of carbon steel studied by the statistical analysis of electrochemical noise[END_REF][START_REF] Isaacs | Current and potential transients during localized corrosion of stainless steel[END_REF][START_REF] Isaacs | The influence of surface capacitance on the measurements of localized corrosion transients[END_REF][START_REF] Isaacs | Comments on "A stochastic analysis of potential fluctuations during passive film breakdown and repair of iron[END_REF][START_REF] Hashimoto | A stochastic analysis of potential fluctuations during passive film breakdown and repair of iron[END_REF] all potential transients starting in the negative direction. The shape and the amplitude of the potential transients depend as well on the kinetics of the anodic and cathodic reactions. If the cathodic process is fast, as for ferric ion reduction or for a high oxygen concentration in the solution, the charge produced by the anodic event can be consumed rapidly by the cathodic process, hence giving a fast return to the original potential value, and, therefore, a potential transient shape similar to that of the type-2 current transient. In contrast, for a slow cathodic reaction, the charge produced by the anodic corrosion event may be temporarily stored in the interfacial capacitance of the electrode before being consumed after repassivation by the slow cathodic reaction; the shape of the potential transient is then similar to that of the type-1 current transient with a slow recovery to the original potential value. This process was modelled by Pistorius who calculating the rate of change of the electrode potential as: 90 [1] where is the interface capacitance, and are the areas of WE1 and WE2, respectively, (< 0) is the cathodic current density at the specific potential, and and (> 0) are the anodic currents on the two WEs.

Impact of electrode area on ECN.-As the electrode surface area increases, the number of current transients increases accordingly. Pistorius suggested that the standard deviation (SD) of the current, , could be proportional to the area or the square root of the area depending on whether the ECN transients are separated in time or are superimposed. [START_REF] Pistorius | Design Aspects of Electrochemical noise measurements for uncoated metals: electrode size and sampling rate[END_REF] However, the SD is calculated on long times during which it is very rare that transients superimpose exactly. Therefore, it is generally accepted that the SD of the current is proportional to the square root of the WE area, [START_REF] Jiang | Selection of electrode area for electrochemical noise measurements to monitor localized CO 2 corrosion[END_REF][START_REF] Cottis | Interpretation of electrochemical noise data[END_REF][START_REF] Pistorius | Design Aspects of Electrochemical noise measurements for uncoated metals: electrode size and sampling rate[END_REF] and such a claim is expected to be valid for both uniform corrosion and localized corrosion. Therefore, in data analyses of EN, the should not be normalized versus the electrode area. This implies that the choice of electrode size is extremely important for EN measurements in general, and the size must be kept constant in order to compare results.

Impact of electrode area on EPN.-Increasing the electrode size will decrease the SD of the EPN, , because of the increase of the interfacial capacitance and the area for the cathodic reaction. [START_REF] Pistorius | Design Aspects of Electrochemical noise measurements for uncoated metals: electrode size and sampling rate[END_REF] According to Pistorius, the is expected to give no area dependence for superimposed transients or an inverse proportionality with respect to √ area for temporally separated transients. [START_REF] Pistorius | Design Aspects of Electrochemical noise measurements for uncoated metals: electrode size and sampling rate[END_REF] However, transients superimposing exactly are rare cases in real corrosion systems, therefore the is believed, in most cases, to be inversely proportional to the square root of the WE area. [START_REF] Jiang | Selection of electrode area for electrochemical noise measurements to monitor localized CO 2 corrosion[END_REF][START_REF] Cottis | Interpretation of electrochemical noise data[END_REF] Experimental data regarding SD dependence on WE area in typical corrosion systems are limited, therefore it is unknown if this relationship works for all corrosion systems, such as passive metals or metals undergoing stress corrosion cracking or crevice corrosion.

Noise sources during EN measurement

Noise sources during EN measurements include instrumentation noise, aliased noise, thermal noise, and noise generated at the metal/electrolyte interface. Aliasing occurs when the analog signal contains frequencies higher than half the sampling frequency when it is sampled. Aliasing may occur at all frequencies: for example, the frequency of 0.9 Hz is aliased at 0.1 Hz if the sampling frequency is 1 Hz. Aliased noise can be avoided by using an analog anti-aliasing low-pass filter and by matching the cut-off frequency of the filter to the sampling frequency. High levels of aliased noise are often present in the absence of anti-aliasing filters in the equipment or because of the way the filters are used. It is, therefore, very important to use anti-aliasing filters prior to the analog-to-digital conversion in EN measurements. [START_REF] Bastos | Influence of aliasing in time and frequency electrochemical noise measurements[END_REF][START_REF] Bosch | Reliability of electrochemical noise measurements: Results of round-robin testing on electrochemical noise[END_REF][START_REF] Huet | Electrochemical noise measurements with dummy cells: evaluation of a round-robin test series[END_REF] Electromagnetic interference may be another noise source, but this can be reduced by using a DC power supply and a Faraday cage. where is the Boltzmann constant and is the temperature in Kelvin.

However, the above parameter is almost never used in the corrosion field because it allows assessing the level of the voltage noise of the measuring device, not its current noise, which is extremely dependent on the value of the current-measuring resistor, as mentioned above, while the voltage noise is not. [START_REF] Huet | Electrochemical noise-Guidance for improving measurements and data analysis[END_REF] Therefore it is preferable to use the PSDs of the voltage and current noises of the measuring device to quantify the instrumentation noise. In EN measurements for corrosion studies in ZRA mode, the instrumentation noise can be evaluated by using dummy cells composed of three identical pure resistors R, which gives thermal EPN and ECN with a constant PSD, 6 for the EPN and 2 / for the ECN (R is in ohms, T in Kelvin). [START_REF] Ritter | Guideline for an assessment of electrochemical noise measurement devices[END_REF] At low frequency, 1/f noise due to the electronic components in the instrumentation may be observed. In corrosion systems showing clear ECN and EPN transients, the PSD of the instrumentation noise is much lower than that of the EN and, therefore, can be neglected, at least at low frequencies. In other situations, especially for passivation or slow uniform corrosion, the instrumentation noise may be significant and EN is difficult to measure.

Noise generated at the metal/electrolyte interface.-Any changes in state variables at the metal/electrolyte interface will lead to fluctuations of potential and current. As detailed in several reviews, [START_REF] Cottis | Interpretation of electrochemical noise data[END_REF][START_REF] Xia | Detection of corrosion degradation using electrochemical noise (EN): review of signal processing methods for identifying corrosion forms[END_REF][START_REF] Xia | Electrochemical noise: a review of experimental setup, instrumentation and DC removal[END_REF][START_REF] Benzaid | Electrochemical noise analysis of cathodically polarised AISI 4140 steel. II. Identification of potential fluctuation sources for unstressed electrodes[END_REF][START_REF] Cottis | Sources of electrochemical noise in corroding systems[END_REF][START_REF] Huet | The Electrochemical Noise Technique[END_REF] EN is mainly generated from the following corrosion and electrochemical events:

(1) Anodic dissolution during general corrosion. As the electrochemical activity at specific points in an electrode system fluctuates over time, the sites of anodic and cathodic reactions change with time during uniform corrosion. ECN during general corrosion is due to bursts of current of low amplitude related to the dissolution process that gives changes in the surface morphology. This noise due to the discrete nature of the charge carriers is called shot noise. When the charge carriers move independently of each other (Poisson process), according to the theory of shot noise, the mean corrosion current is equal to the product of the charge of each corrosion event and the emission frequency of the event (see below). [START_REF] Sanchez-Amaya | Shot noise and statistical parameters for the estimation of corrosion mechanisms[END_REF][START_REF] Cottis | Sources of electrochemical noise in corroding systems[END_REF] (2) Fluctuations of species concentrations at the metal-electrolyte interface induced by elementary fluctuations in the flux of molecules or ions. 100 When the kinetics of the WE is controlled by mass transport, the electrolyte movement due to natural or forced convection enhances drastically the amplitude of EN. 100,101 (3) Pitting corrosion. In addition to the typical potential and current transients induced by pitting described above, the electrochemical communication between the pits is the source of complex, meandering patterns in the EN signals. 102 (4) Gas evolution. Hydrogen bubble evolution on the electrode surface may occur in acidic medium and cause EPN and ECN due to the fluctuations of dissolved hydrogen concentration at the interface and to the fluctuations of active surface due to bubble screening. [START_REF] Benzaid | Electrochemical noise analysis of cathodically polarised AISI 4140 steel. II. Identification of potential fluctuation sources for unstressed electrodes[END_REF]103 (5) Other noise sources include removal of surface layers by erosion or cavitation, 104-108 crevice corrosion, 109,110 intergranular corrosion, 111 stress corrosion cracking, [START_REF] Kovac | Correlations of electrochemical noise, acoustic emission and complementary monitoring techniques during intergranular stresscorrosion cracking of austenitic stainless steel[END_REF][START_REF] Breimesser | Application of electrochemical noise to monitor stress corrosion cracking of stainless steel in tetrathionate solution under constant load[END_REF][START_REF] Kovač | Detection of SCC on prestressing steel wire by the simultaneous use of electrochemical noise and acoustic emission measurements[END_REF]112,113 microbial-induced corrosion, [START_REF] Chandrasatheesh | Detection and analysis of microbiologically influenced corrosion of 316L stainless steel with electrochemical noise technique[END_REF][START_REF] Homborg | Detection of microbiologically influenced corrosion by electrochemical noise transients[END_REF] etc. Moreover, corrosion systems sometimes have multiple sources of EN, leading to a complicated EN analysis.

Theoretical models for EN analysis

EN contains fundamental information about the nature and rate of metal corrosion. This information can be extracted from the EN signal using theoretical and mathematical models.

Electrochemical kinetics model.-

The electrochemical kinetics model of potential and current fluctuations proposed by Chen and Bogaerts is based on the Butler-Volmer equation. [START_REF] Chen | Electrochemical emission spectroscopy for monitoring uniform and localized corrosion[END_REF]114 The authors made three assumptions supporting the theoretical analysis:

(1) Both anodic and cathodic reactions occurring on the WE and the CE are totally under activation polarization control; therefore, the electrochemical kinetics of these reactions can be described by the Butler-Volmer equation. 115 (2) The corrosion potential of the WE, E corr , is far away from the equilibrium potential of the anodic and cathodic reactions, V e,a and V e,c respectively (V e,c << E corr << V e,a ).

( 

. [3] where is the potential of WE1, and the anodic and cathodic Tafel coefficients, , and , the exchange current densities, and the anodic and cathodic areas on WE1, and the corrosion current.

The introduction of the galvanic coupling current in Ref. 114 is obscure and the theoretical analysis is restricted to the case of coupling current lower than the corrosion current, so a new analysis is presented that does not have such restriction. Considering that and fluctuate slightly around the stable average values, and , the linearization of Eq. 3 gives:

[4]

or, after subtracting the mean value of Eq. 4:

2.303 [5] The SD of the ECN, , is then related to the SD of the EPN, , through the equation:

2.303 [6] from which the noise resistance , defined as the ratio ⁄ , can be derived:

.

[7]

The last term is the expression of the polarization resistance, , derived by Stern and Geary. 116 Thus, when the anodic and cathodic reactions occurring on the WEs are under activation polarization control, = . However, it should be noticed that in some cases the anodic or cathodic reaction does not strictly obey a Tafel behavior so that this relationship is sometimes not satisfied in practice. [START_REF] Jiang | Selection of electrode area for electrochemical noise measurements to monitor localized CO 2 corrosion[END_REF][START_REF] Pistorius | Design Aspects of Electrochemical noise measurements for uncoated metals: electrode size and sampling rate[END_REF]117 Besides, the calculation of is slightly influenced by several factors such as the sampling frequency, 117 by the DC removal method used, [START_REF] Tan | The monitoring of the formation and destruction of corrosion inhibitor films using electrochemical noise analysis (ENA)[END_REF]118,119 by the size of the WEs, [START_REF] Jiang | Selection of electrode area for electrochemical noise measurements to monitor localized CO 2 corrosion[END_REF] or by the weak symmetry between the two WEs. All these factors can lead to conflicting values between and . Although most works have claimed that a frequency range of 0.01 to 10 Hz enables satisfactory EN measurements of corrosion systems, the selection of frequency range and, obviously, the corresponding sampling rate, depend considerably on the EN source and the intention of the measurements (fundamental research, testing, monitoring). [START_REF] Goellner | Using electrochemical noise to detect corrosion: Evaluation of a round-robin experiment[END_REF] Also, there is no uniform standard for the DC removal method, the most frequently used methods appearing to be polynomial detrending, 120 wavelet analysis, and empirical mode decomposition. 121 Finally, the theoretically symmetric electrodes may become asymmetric over time, especially in cases of localized corrosion. Therefore, the noise resistance is not an accurate quantitative measure of corrosion rate for all corrosion systems. This is why, especially in the field, the corrosion current can be estimated from the ratio B/R n , where the Stern-Geary coefficient B is calibrated from weight-loss measurements. In contrast to the SD of the current, which should not be normalized vs the electrode area, R n can be normalized, as well as R p , so that the corrosion rate can be calculated in A cm -2 whatever the size of the WEs.

Electrode systems #3 to #6 in Table II are typical asymmetrical systems for which there is no derived relationship between R n and R p in the electrochemical kinetics model. There may be some merit for these asymmetric electrode systems when quantitative analysis is not required, but useful aspects of asymmetric electrode systems are not considered in this review.

Limitations of the electrochemical kinetic models.-Though kinetics models can be used to understand the correlation between noise resistance and polarization resistance, they have some drawbacks as listed below.

(1) The Butler-Volmer equation assumes Tafel kinetics on both electrodes, which is not the case in many corroding systems. For a single corroding electrode governed by active dissolution and concentration polarization, the relationship between the measured current and the electrode potential is written as: 122

where , and , are the equilibrium potential of the anodic and cathodic reactions, and are the limiting diffusion currents of the anodic and cathodic reactions, , and , are the exchange current densities of the anodic and cathodic reactions, and and are the active anodic and cathodic areas. ,e . , [9] where is an equivalent Tafel coefficient accounting for the dependence of the limiting current diffusion on the potential and is the double layer capacitance. The first two terms account for the anodic and cathodic reactions, , t and , t , and the last term for the capacitive current, , t , due to . According to the authors, when WE1 and WE2, which are assumed to follow the kinetics of Eq. 9, are galvanically coupled, the current , t

exchanged with an external circuit can be written:

, , , , , , , , , , , , , , , [10] 
with obvious notations. From a numerical point of view, the corrosion potential is given by the solution of the previous equation in which the first term , t is equal to 0. 123 Then, to calculate the time evolution of the potential, Eq. 9 was rearranged to obtain the expression of the potential time-derivative d d ⁄ from which the potential at time t+t could be approximated from its value at time t by using Euler's method.

∆ ∆ [11]

For given initial values of the anodic and cathodic areas, and of the corrosion potential, the time evolution of the corrosion potential could be calculated, from which the time evolution of the current exchanged between the electrodes, the polarization resistance, and the noise resistance could be derived with the numerical model. They found that, in most cases, there was no unacceptable difference between and , even for severe asymmetry between the electrodes.

(2) The Butler-Volmer equation is sometimes valid for uniform corrosion, but it is not capable of interpreting localized corrosion. Although EN can be used to identify initiation and propagation stages of localized corrosion, the kinetic equations do not describe localized corrosion.

(3) For asymmetrical electrode systems, a quantitative analysis cannot be achieved, as mentioned above.

(4) The initially symmetric electrode systems listed in Table II may become asymmetric, especially those undergoing localized corrosion.

Equivalent circuit approach with fluctuating potential and current

sources.-In the equivalent circuit (EC) approach introduced by Huet's group, [START_REF] Bautista | Noise resistance applied to corrosion measurements. IV -Asymmetric coated electrodes[END_REF][START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF][START_REF] Aballe | Noise resistance applied to corrosion measurements. VI-Partition of the current fluctuations between the electrodes[END_REF]100,[124][125][126] the elements have clear physical significance. In the four circuits appearing in the first two rows of Table III 

∆ ; ∆ [12]
when using the current noise sources, and:

∆ ; ∆ [13]
when using the potential noise sources. It is possible to convert one model to the other with the following expressions of the potential noise sources: 124 j = 1, 2 [14] From Eq. 12, the PSDs of the ECN and EPN can be derived as a function of the PSDs of the current noise sources, and , which are assumed to be uncorrelated: 124

Ψ [15]
Ψ Ψ [16] According to Eq. 14, the corresponding expressions of and 

| | | | | | | | [17] 
It is important to note that the noise impedance is a real number, not a complex number as a true impedance; in other words, it contains no phase information. If is much lower than the impedance of the electrodes, the expression of becomes:

| | | | | | [18]
Equation 18 indicates that, in general, is determined by four factors, the impedances of both electrodes and the PSDs of both current or potential noise sources. However, for electrode system #1 with identical electrodes immersed in the same electrolyte and working at the same corrosion potential, the impedances of both WEs are expected to be identical [ , denoted as ]. Equation 18 then becomes:

| | [19]
Therefore, in the common use of two identical electrodes connected through a ZRA, the noise impedance is equal to the modulus of the impedance of the WEs whatever the origin of the noise sources (pits, bubbles, cracks…) and whatever the noise level on each electrode.

For electrode system #3 with WEs of the same material but different surface areas, the impedance of each WE is inversely proportional to its surface area while the PSD of the current noise source is proportional to the surface area. [START_REF] Jiang | Selection of electrode area for electrochemical noise measurements to monitor localized CO 2 corrosion[END_REF][START_REF] Cottis | Interpretation of electrochemical noise data[END_REF] It can then be shown from Eq. 18 that: 125

| | [20] 
For electrode system #5 and #6, one electrode serves as the anode and the other serves as the cathode, so is now denoted as , and as

. Using the current noise sources, Eq. 18 can be rewritten as:

| | | | | | [21]
The expression of the noise impedance can be further discussed according to three different cases for these asymmetric electrode systems:

(1) The noise level of the cathode (WE2) is significantly higher than the noise level of the anode (WE1) (for example, the cathode mainly supports hydrogen bubble evolution, whereas the anode undergoes uniform corrosion).

| | [22]

The noise impedance is equal to the impedance of the anode, while the EPN and ECN time records provide information on the noisier electrode (cathode). [START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF] (2) The noise level on the anode is significantly higher than the noise level on the cathode (for example, the cathode mainly supports oxygen reduction, whereas the anode undergoes pitting corrosion).

| | [23]

The noise impedance is equal to the impedance of the cathode, while the EPN and ECN time records provide information on the noisier electrode (anode).

(3) When the noise levels of the anode and cathode are comparable, ranges between the impedance moduli of the electrodes [START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF] It is then important to underline the difficulty of the EN analysis in the case of asymmetric systems: EPN and ECN depend on four quantities (the impedance of each WE and the noise source generated by each WE) while EN measurements only give two quantities (EPN and ECN).

| | and | |.
Therefore, the EN analysis can only be performed if the impedance of each WE has been measured. [START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF][START_REF] Cottis | The significance of electrochemical noise measurements on asymmetric electrodes[END_REF] Electrode systems #2 and #4-Electrode systems #2 and #4 can be described by equivalent circuits EC3 or EC4. 124 If a pseudo RE is used, its Correlation between and .-For a random signal, the variance, which is the square of the standard deviation, is equal to the integral of its PSD, therefore, according to the definition of the noise resistance (Eq. 7): [27] Actually, the PSD has a limited frequency bandwidth ( , ).

The lowest frequency analyzed of the spectrum of a discrete time record sampled at frequency f s is given by ⁄ 1/ ∆ , where is the number of samples and ∆ 1 ⁄ is the sampling interval. When the PSD is calculated using the fast Fourier transform, the frequency resolution is also given by ⁄ . As an example often encountered in the literature, when = 2 Hz and N = 2,048 points, the minimum frequency analyzed and the frequency resolution are ~1 mHz. In practice, it is advised to sample 10 times more points to obtain a sufficient accuracy of the spectrum by PSD averaging. The being equal to one half of the sampling frequency, the frequency range analyzed in the above example is (~1 mHz, 1 Hz). At higher frequencies, the noise is often due to the instrumentation. 126

For electrode system #1 with identical electrodes, the noise impedance is equal to the impedance modulus of the electrodes, so Eq. 27 can be written as: 

where is the potential of the coupled electrodes, and , , , are the equilibrium potentials for the anodic and cathodic reactions on each electrode. To derive the time-varying resistances, , and , , the theoretical approach by comparing the values of these resistances with the low-frequency limit of the impedance modulus measured by EIS.

Practical applications of EC for EN analysis.-Equivalent circuit

approaches have been successfully applied in many corrosion systems with experimental results correlating well with theoretical predictions (see the results in Table IV). [START_REF] Bautista | Noise resistance applied to corrosion measurements. IV -Asymmetric coated electrodes[END_REF][START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF][START_REF] Aballe | Noise resistance applied to corrosion measurements. VI-Partition of the current fluctuations between the electrodes[END_REF]100,118,125,126,129 One significant advantage for EC1 to EC4 in Table III, as proposed by Huet et al., is that a single EC can describe the experimental setup using two WEs connected through a ZRA.

Nothing is a priori assumed in the impedances Z 1 and Z 2 , which are complex impedances including the double layer capacitance, and in the origin of the noise sources (pits, bubbles, cracks…). In contrast, EC5 needs further experiments to validate the EC design, in particular when the coupling of the WEs introduces a change in their corrosion potentials. This approach needs also to be extended to systems for which the impedance cannot be reduced to a simple resistance.

Shot noise model.-Shot noise refers to the fluctuations in current

arising from the variations in time of the number of electrical charge carriers. It was applied to corrosion systems in recognition of the fact that the current can be considered as a sum of independent bursts of charge involving 1 to 4 electrons in an elementary electrochemical reaction, or a much larger number of electrons in transients, for example due to metastable pitting. [START_REF] Cottis | Measures for the detection of localized corrosion with electrochemical noise[END_REF][START_REF] Cottis | Interpretation of electrochemical noise data[END_REF][START_REF] Sanchez-Amaya | Shot noise and statistical parameters for the estimation of corrosion mechanisms[END_REF][START_REF] Gabrielli | A review of the probabilistic aspects of localized corrosion[END_REF][START_REF] Cottis | Sources of electrochemical noise in corroding systems[END_REF]100 The shot noise model derived by Cottis et al. for two identical electrodes connected through a ZRA and a noiseless RE is based on several assumptions: [START_REF] Cottis | Measures for the detection of localized corrosion with electrochemical noise[END_REF][START_REF] Cottis | Interpretation of electrochemical noise data[END_REF][START_REF] Sanchez-Amaya | Shot noise and statistical parameters for the estimation of corrosion mechanisms[END_REF][START_REF] Cottis | Sources of electrochemical noise in corroding systems[END_REF] (1) The WEs undergo an anodic process with relatively large bursts of charge of short duration and independent of each other. In that case, the current on each WE follows a Poisson process, with an average value: [36] and a PSD:

2 2 [37]
where is the charge in each corrosion event (assumed to be the same for each event), is the mean emission frequency of corrosion events, and is the corrosion current ( and are assumed to be the same for each WE). As a consequence of the short duration of the events, which in practice implies working at low sampling frequencies, the PSD is frequency independent in the measured frequency range. For events of longer duration, the PSD values considered in Eq. 37 are the low-frequency limit of the PSDs.

(2) The cathodic process on the WEs is noise-free, as for example oxygen reduction.

(3) Both WEs have the same impedance, which, at low frequency, is equal to the polarization resistance, . The low-frequency limit of the noise impedance, , is then also equal to (Eq. 19).

Under these hypotheses, the PSDs of the ECN and EPN of the coupled electrodes can be expressed as, according to Eqs. However, this is strictly valid under the assumption that the PSDs are frequency independent in the whole frequency bandwidth. This requires that the duration of each transient is short enough so that it can be considered as a Dirac delta function over the frequency range considered, which implies that the transient lasts for less than one period of the highest frequency included in the measurement.

The shot noise model is based on several assumptions that may not always be valid. [START_REF] Cottis | Sources of electrochemical noise in corroding systems[END_REF] First, the PSDs are assumed to be flat at low frequency while the measured power spectra often show a 1/f behavior at the lowest analyzed frequencies. Second, is assumed to be equal to , which is not true for some corrosion systems such as stainless steel or coated electrodes, as explained above. [START_REF] Aballe | Measurement of the noise resistance for corrosion applications[END_REF]129 . Third, the shot noise model cannot apply when the noise is produced by both anodic and cathodic reactions, such as when bubble evolution occurs in addition to the anodic process.

Finally, all transients are expected to be uncorrelated and to have the same shape and amplitude, which is not observable on ECN time records showing transients as for metastable pitting.

Conclusions and future work

The different electrode systems used in EN measurements in the corrosion field have been reviewed, most of them nowadays involving two symmetrical or asymmetrical electrodes connected through a ZRA. The impact of the electrode surface area on the ECN and EPN, which is a parameter of primary importance, has been considered. After a brief review of the various origins of the EN sources, the theoretical models used for analyzing the noise were presented.

Electrochemical kinetics models were introduced to explain the correlation between the noise resistance and the polarization resistance for a symmetrical or asymmetrical corroding system. However, they have limitations, the most important being the assumption that the anodic and cathodic reactions are under activation control. Equivalent circuit approaches with potential or current noise sources or with fluctuating resistances have also been proposed to analyze EN data. While the latter approach is limited to corroding electrodes the impedance of which are reduced to simple resistance, the former approach does not presuppose anything on the impedance of the electrodes and on the origin of the noise sources. It is possible with this model to specify the conditions in which the noise resistance is or is not equal to the polarization resistance. Finally, the shot noise model was presented: under some assumptions (flat PSD at low frequency, equal to , single anodic noise source), the mean occurrence frequency of corrosion events and the mean electrical charge involved in the transients can be calculated to discriminate between uniform corrosion and localized corrosion.

The existing theoretical models and mathematical methods need to be optimized as they suffer from serious limitations, as mentioned above, for studying important topics, such as the impact of electrode area on EN data, the shape and time duration of transients in metastable pitting, or the quantification of the extent of localized corrosion (crack length, pit depth, pit number). New developments are also necessary to better interpret the 

  the ZRA mode.-Symmetrical electrodes and asymmetrical electrodes are successively considered.

  ) Both anodic and cathodic reactions are under steady state condition, therefore, only the Faraday current is considered, the charge/discharge of the interface capacitance being neglected.Theoretical derivation of the noise resistance.-In the symmetrical electrode system #1, schematically shown in Fig.1with the anodic and cathodic currents on each WE, the coupling current measured by the ZRA at time t, , flowing between WE1 and WE2 is due to a slight difference in the corrosion potentials of WE1 and WE2. The Butler-Volmer equation can be written:,

  as a function of the PSDs of the potential noise sources, and , can be directly obtained by replacing with / | | (j = 1,2).The noise impedance, , initially called spectral noise resistance , defined as the square root of the ratio of the PSD of EPN divided by the PSD of ECN, can be derived from Eqs. 15 and 16:[START_REF] Bautista | Noise resistance applied to corrosion measurements. IV -Asymmetric coated electrodes[END_REF][START_REF] Bautista | Noise resistance applied to corrosion measurements. V-Influence of electrode asymmetry[END_REF]124 

  surface layers (oxides, hydroxides or adsorbed species) covering the anodic and cathodic areas of each electrode (i = 1,2). In their model, the effects of the double layer capacitance of each electrode are neglected, so the analysis is limited to low frequencies. Moreover, the electrode impedances are assumed to be simple resistances, which limits the application of the model to corroding electrodes for which the EIS Bode plot displays a low-frequency plateau within practical measurement frequencies. Neglecting the solution resistance in conductive solutions and according to the direction of the currents in EC5, the currents flowing out of each electrode can be written from Ohm's law:

  are directly given as a function of the PSDs and . It has also been proposed to use the SDs of EPN and ECN, which are directly calculated in the time domain, by replacing with / and with / , where b is the measurement frequency bandwidth.

Figure 1 .

 1 Figure 1. Schematic diagram of electrode system #1 showing the anodic,

  systems presented in the first row of Table III are mathematically identical simplifications of real circuits. The circuit based on current noise sources (EC1) is the Norton equivalent circuit and the circuit based on potential noise sources (EC2) is the Thevenin equivalent circuit 124 . In EC1 and EC2, i 1 and i 2 represent the current noise sources of WE1 and WE2 while e 1 and e 2 represent the potential noise sources of WE1 and WE2. Z 1 , Z 2 , and Z 3 denote the impedances of WE1, WE2, and RE. ∆ is the current fluctuation flowing from WE1 to WE2 measured by the ZRA,

	∆ is the potential fluctuation of WE1,	is the electrolyte resistance
	between WE1 and WE2, and is the fraction of	between the RE and
	WE1 (0	1). According to Ohm's law in the frequency domain (all
	quantities, except	, are frequency-dependent), the expressions of ∆
	and ∆	for these four electrode systems, are 124 :
			, the EPN and ECN
	are modelled using a single circuit element, either a current source or a
	potential source, and it is assumed that the impedance of the electrodes
	does not vary during corrosion. ECs for electrode systems #1 to #6 in Table
	II are discussed in detail below and their theoretical predictions and
	experimental results are compared.

Electrode systems #1, #3, #5 and #6-The two ECs (EC1 and EC2) of these electrode
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current noise source i 3 or potential noise source e 3 has to be taken into account. A new term, , must added to the expression of ∆ in Eq.

12 while the expression of ∆ is unaffected. The noise impedance can then be expressed using the current noise sources of the three electrodes, which are assumed to be uncorrelated, as: 124

[24]

In electrode system #4, the impedances of the three electrodes are not identical and, therefore, the noise impedance cannot be related to the impedance of the electrodes. In contrast, in electrode system #2 with three identical electrodes, the electrodes have equal impedance ( , denoted as Z). Therefore, when is neglected:

When the three electrodes are identically noisy, which may be a reasonable assumption in some cases but cannot be experimentally checked since the current noise sources cannot be separately measured, then:

As for the electrode system #1, it is then still possible to determine the impedance modulus of the electrodes when using a third identical electrode as pseudo-RE.

authors used the Thevenin equivalent potential source, , , in series with the Thevenin equivalent resistance, , , for each electrode i:

from which the potential measured versus the RE can be written: ,

Assuming that the potential 

from which the resistances, , and , , can be derived with Eqs.

and 31:

, ,

By using a specific arrangement allowing coupling-decoupling EN measurements on dissimilar electrodes, the authors could estimate the time evolution of the anodic and cathodic resistances for AA2024T3 and aluminum coupled electrodes in NaCl solution and validate their