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Abstract 8 

The tribo electrochemical behavior of 2205 duplex stainless steel had been studied under acidic and 9 

neutral solutions with control of the dissolved dioxygen. The study focused on the oxide film 10 

formation using a galvanic technique approach implemented in a tribometer. Higher wear rates were 11 

measured in low pH and aerated solution. In low O2 concentration, a wear reduction was observed 12 

for each pH.  Analysis of the passivation transients showed the pH influence on the oxide growth 13 

mechanism, irrespective of the O2 level.  Temporal analysis of the transients confirmed the faster 14 

passivation of the wear track in acidic solution. In a controlled O2 environment, the nucleation and 15 

the oxide growth were slow down, irrespective of pH. The degradation rate was then correlated to 16 

the passivation kinetic and the aging of the passive film. 17 
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1. Introduction 25 

Passive materials as stainless steels are corrosion resistant as long as an oxide-hydroxide film covers 26 

their surfaces [1,2]. In a corrosive solution, the dissolution kinetics of the surface mainly depends on 27 

the material chemistry (chromium content) and the oxidizing power of the solution (pH, chloride 28 

concentration, electrode potential) [3–5]. When the surface is scratched, the oxide layer is broken, 29 

and the bulk material dissolves. In most cases, a new film grows shortly after and limits surface 30 

oxidation [3]. An overall degradation is usually expected in tribocorrosion as mechanic and 31 

environment act synergistically [6–8].  32 

In previous work, the authors discussed the influence of the applied potential on the corrosion wear 33 

resistance of ferritic stainless steel [5]. As the potential goes to the anodic domain, the oxide film 34 

becomes thicker, and the wear increases. It originates from the higher dissolution rate of the oxide-35 

free surface and the role of oxide debris in the contact [6,9,10]. Other works pointed out the 36 

mitigation of wear in basic solution due to a lower surface dissolution and higher deformability of the 37 

oxide on the worn surface [11]. For Ruiz-Andres et al. [12] and Garcia et al. [13], the contact 38 

frequency (i.e., the inverse of the elapsed time between two contacts at a given point) is the main 39 

mechanical parameter as it plays a role on the formation, the growth and the aging of the oxide [14].  40 

In tribocorrosion, the surface reactivity is described from the current variation along with the test, 41 

and it corresponds to the dissolution and the oxide film reformation [15]. High contact frequencies 42 

promote dissolution and hinder the oxide film growth, consequently. It leads to a quasi-constant 43 

current since the wear track remains permanently active [16]. At the opposite, current transients are 44 

recorded for low contact frequencies. Each transient is characterized by a sharp increase of the 45 

current during sliding, namely as depassivation current and a decreasing step during the latency 46 

period, referred to as repassivation current [5]. The depassivation current is mostly controlled by the 47 

corrosion behavior of the free oxide surface and depends on the chemical composition of the 48 

material, the solution, and the mechanical load [16,17]. The repassivation current characterizes the 49 
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ability of the oxide growth on a deformed surface. Earlier, Olsson et al. [18] and Jemmely et al. [8] 50 

analyzed such transients based on the Interface Field Model and High Field Model, respectively. They 51 

show a time dependence with the mechanical parameters, such as the speed motion of pin, the pin 52 

load, the lubricant, and solution chemistry and also with the applied potential. Their investigations 53 

also indicated that the grow mechanism is affected by the charge transfer coefficient of oxidation 54 

reactions, which might be related to the oxide grow mechanism. However, Goldberg et Gilbert [19] 55 

suggested that the dissolved oxygen might not have a direct effect on the oxide film rebuilt in 56 

tribocorrosion. 57 

By the past, Okorie et al. [20] have demonstrated that the kinetics of the oxide film formation can be 58 

defined from a two exponentials law (equation 1) where the first term characterizes the oxide film 59 

nucleation kinetic (time constant τ2D) and the second term quantifies the oxide thickening rate (time 60 

constant τ3D ) [15,20]: 61 
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 Equation 1 63 

In equation 1, � is a constant dependent on the potential step, N is the number of nuclei initially 64 

formed, S is the surface area, � is the boundary diffusion layer thickness,   is the solution volume. i2D 65 

and i3D are functions of the potential in the film and the film resistance properties. i0 was introduced 66 

to take into account the steady-state current of the passive film.  67 

This approach was applied previously to characterize the oxide film kinetic during tribocorrosion at 68 

several applied potentials [5]. A faster repassivation kinetic was determined at higher anodic 69 

potentials. The role the microstructure was also highlighted: the oxide film rebuilt reduces for dual-70 

phase steel because of the establishment of galvanic coupling between the two phases.  71 

The present work aims to emphasize the role of the oxidizing power of a solution on the 72 

repassivation kinetics of a worn surface. For that purpose, a 2205 duplex stainless steel was selected 73 
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since this has several tribological and corrosion wear issues [21]. The mechanical configuration (for 74 

example, nominal charge and contact properties) was kept constant between all experiments in 75 

order to focus on the role of the environment. pH and dissolved oxygen are considered as the two 76 

main parameters playing on the potential of the solution. On the one hand, tuning the pH is a way to 77 

control the oxide film composition with an enrichment of the layer into iron in basic solution and to 78 

mitigate the wear [7]. On the other hand, the dissolved dioxygen concentration changes the solution 79 

potential and the cathodic reaction as the reduction of O2 in a neutral solution. The present 80 

tribocorrosion tests are performed in a galvanic coupling condition where the DSS2205 is connected 81 

to a graphite counter electrode to enhance the effect of the oxidizing power of the solution. With 82 

this setup, no absolute values can be extracted since it is not representative of a real case, but 83 

comparisons between several conditions can be made, and the results can be discussed in terms of 84 

factors of influence. A second advantage is to record the potential and the current fluctuation 85 

simultaneously during sliding that express the electrochemical reactivity of the worn surface as a 86 

function of the environment. 87 

 88 

2. Experimental procedures 89 

Working electrodes were made from a commercial duplex stainless steel (DSS2205) with a classical 90 

austenite-ferrite lamellar microstructure obtained from the rolling process. Note that no additional 91 

treatment was performed on stainless steel. Chemical composition of significant elements which are 92 

usually involved in the passivation behavior of stainless steel was determined by EDX measurements 93 

(average values from 4 surfaces of 200 x 200 µm2) : 0.02 wt.% C, 5.45 wt.% Ni, 22.62 wt.% Cr, 1.65 94 

wt.% Mn, 2.88 wt.% Mo, 0.47 wt.% Si, 0.17 wt.% N, 0.025 wt.% P, 0.21 wt.% Cu, 0.004 wt.% S and bal-95 

Fe. The surface of DSS2205 has been grinding with SiC papers until grit 4000 (SiC) in order to reduce 96 

the initial roughness and get reproducible surface morphologies. The final grinding step was done 97 

parallel to the sliding direction of the tribocorrosion experiments.  98 
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Tribocorrosion tests were performed with a reciprocating motion tribometer (Falex company), 99 

already presented elsewhere [22]. Corundum alumina pin was selected in order to limit severe 100 

adhesive wear usually observed in metal-metal contact [23]. This counter body also presents high 101 

mechanical characteristics (Young’s modulus 380 GPa, Poisson's ratio 0.25), and excellent chemical 102 

resistance [24]. A tip curvature radius of 28 mm was obtained by polishing until SiC emery paper (Grit 103 

4000) with a homemade pin holder. A normal force of 5N was applied for 3000 motions. This latter 104 

had a stroke length of 2 mm (trapezoidal motion with a sliding speed of 50 mm/s) and a latency 105 

period of 10 seconds. This duration was established from preliminary experiments to take into 106 

account the time of double-layer charging and the repassivation [25]. According to the Hertz’s elastic 107 

theory, calculations give a maximum contact pressure of 280 MPa and a mean contract pressure of 108 

190 MPa with a young’s modulus of 190 GPa and Poisson's ratio of 0.3 for DSS2205. After sliding, 109 

wear profiles were acquired from ex-situ contact profilometry measurements (Surfascan 2D, 110 

Somicronic, Belgium). From the wear track width and depth measurements, the wear volume was 111 

quantified by Equation 2 where the wear track is modeled by two semi-spherical tips and a half-112 

cylinder body [26,27] 113 

#�$� = 
. ℎ�. �&' − ℎ/3� + *
+., . �3. ℎ� + 4. .²�. /    Equation 2. 114 

Where h is the pin penetration depth (cm), Rc is the pin curvature radius (cm), L is the stroke length 115 

(cm), and l is the track width (cm). 116 

A specific tribocorrosion cell has been designed to ensure dissolved dioxygen control during 117 

experiments (Figure 1a). Determination of O2 concentration was done by a needle-type housing 118 

fiber-optic oxygen connected to an OXY-MICRO-AOT provided by WPI-Europe with a detection limit 119 

of 10 ppb. The oxygen sensor was located in the cell at 5 mm up to the working electrode and 1 cm 120 

far from the wear track for tribocorrosion. In this cell, a Viton seal with an aperture allowing the pin 121 

motion is fixed to the cell wall and mounted 2 mm above the solution level. The O2 sensor is placed 122 

at 1 cm to the pin and 1 mm to the sample surface to measure the level of dissolved dioxygen 123 
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accurately. For reducing the gas exchange between the cell and the lab, the seal aperture is adjusted 124 

to the pin size, which introduces some friction points along with the pin motion. Therefore, the 125 

determination of the tangential load is affected by the air barrier system, and the coefficient of 126 

friction (COF) cannot be considered as relevant data even if some correction procedures were tested. 127 

Additional developments are then required to record the COF. 128 

Electrochemical and triboelectrochemical experiments were performed with the specific three 129 

electrodes cell connected to GAMRY Ref600 potentiostat (volume of electrolyte = 15 cm²). The 130 

working electrode was composed of the DSS2205 with an active surface of 3.7 cm². The counter 131 

electrode was a graphite disc with a specific surface of 22 cm². Finally, a mercury sulfate electrode 132 

(E=+0.65 V/SHE) was used as a reference electrode. In order to avoid localized corrosion, a solution 133 

of 0.02M Na2SO4 with a natural pH of 6.5 was selected. From it, a second electrolyte was prepared by 134 

H2SO4 addition to reach a pH of 1.5. Two oxygen concentrations were tested. A concentration of 135 

6700 ppb was obtained by an air lab injection in the tribocorrosion cell, whereas a concentration of 136 

lower than 50 ppb of O2 was reached with argon injection. For both aerated and deaerated solutions, 137 

gas sparkling was kept active over the experiments. It reduces the mass transport effect on the redox 138 

processes in addition to the pin motion effect. Moreover, it avoids cell re-oxygenation in deaerated 139 

conditions. 140 

For tribocorrosion experiments, working electrodes (DSS2205) and secondary electrodes were 141 

connected through a zero-resistance ammeter (ZRA) to monitor simultaneously potential and current 142 

variations during sliding [28]. This cell is a modified set-up proposed by Wu et al. [28], where the 143 

surface ratio between the second electrode and the working electrode is fixed at 7 [29]. One of the 144 

most critical parameters in galvanic corrosion is the electrode area ratio. Usually, rapid corrosion is 145 

favored by a high cathode to anode ratio, whereas a high anode to cathode ratio leads to slow 146 

corrosion. Consequently, the surface ratio has to be constant between all tests for comparative 147 

studies. With our design, the worn surface always remains smaller than the overall cathodic surface 148 

(graphite electrode and wear track surrounding). Since the DDS2205 is connected to the graphite 149 
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electrode, the reduction mainly takes place on the graphite surface since its potential is higher than 150 

the DSS2205. Also, the overall cathodic surface remains larger than the anodic; therefore, the anodic 151 

reaction may be supposed to be the limiting step in neutral and aerated solution [30,31]. Note that 152 

the ohmic drop was quantified, and the potential drift was evaluated at 2 × 10-6 VMSE, which can be 153 

considered as negligible [8,18,31,32].  154 

Before each experiment, an electrochemical pre-treatment was applied in order to increase the 155 

reproducibility of experiments by controlling the initial surface reactivity [33]. It was carried out as 156 

follows: (i) a potentiostatic step at +0.2 V for 300s, (ii) a cathodic polarization curve from +0.2 V to -157 

1.2 V at a scan rate of 0.15 mV/s. After, either polarization or tribocorrosion experiments were 158 

performed. Potentiodynamic curves were plotted from -1.2 V until +0.6 V with a scan rate of 0.15 159 

mV/s. They were used to describe the initial passivation ability of DSSS2005 as a function of the 160 

oxygen concentration and the pH. Because both DSS2205 and the graphite counter electrode are in 161 

the galvanic coupling, an initial delay is required to ensure the potential and current steady states 162 

before the sliding begins. This latter was fixed at 70 000 seconds. Both potential and current were 163 

recorded at a sample rate of 33 mHz to monitor the general evolution of galvanic coupling between 164 

the two materials. Potential and current acquisition frequencies are increased until 100 Hz when the 165 

sliding starts. This rate allows a good definition of the potential and current fluctuations for the fit 166 

with equation 1 and the power law for the mechanism determination (as discussed in Part 3).  167 

 168 

3. Results and discussion 169 

3.1. Passivation behavior of duplex stainless steel 170 

Figure 1b shows classical current evolution as a function of potential used to describe the passivation 171 

ability of stainless steel. In the cathodic domain, the electrochemical behavior is dominated by the 172 

solution pH rather than the dissolved oxygen, which leads to more cathodic corrosion potentials in 173 
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neutral than in acidic solution. The elimination of O2 is found to influence the cathodic process [34]. 174 

The cathodic reaction in acidic and neutral solution is: 175 

O2 + 4H+ + 4e � 2H2O         Eq. 3 176 

01�2/2� =  01�2/2�
° + 45

67 .8 9:�
;<=

>        Eq. 4 177 

Where 01�2/2� is the equilibrium potential, 01�2/2�
°  is the standard equilibrium potential, T is the 178 

temperature, R is gas constant, pO2 is the oxygen partial pressure and ?1@ is the activity coefficient of 179 

H+.  180 

Thus, oxygen elimination decreases 01�2/2� and move slightly the ideal polarization curve in the 181 

negative direction and the corrosion potential to the cathodic domain. As already shown by Feng et 182 

al. [34], dissolved oxygen has less influence on the anodic process since curves almost superpose.  183 

For potentials higher than 0.4 V/MSE, the transpassive region is reached. It is characterized by an 184 

active dissolution in low pH solution and an active-passive transition in neutral electrolyte. In the 185 

passive region, all curves present a plateau in the range of -0.6 V/MSE to 0.4 V/MSE. Whatever the 186 

level of dissolved oxygen, the current remains slightly lower in neutral solution (~5 x10-6 A/cm²) than 187 

in acid solution (at approximately 10 x10-6 A/cm²). It comes from the decrease of the dissolution rate 188 

of the oxide layer by the stabilization of the iron species in a thicker film [35,36].  189 
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Figure 1. a) Schematic representation of the tribo-electrochemical cell. b) Polarization curves on 192 

DSS2205 in acidic and neutral solutions in aerated and deaerated conditions. 193 

 194 

3.2. Galvanic coupling between DSS2205 and graphite counter electrode 195 

When DSS2205 is paired with the graphite disc, a galvanic coupling establishes between these two 196 

electrodes. Figure 2 shows the galvanic potential and current stabilizations during the 197 

electrochemical and chemical equilibriums setting up. From them, it can be assumed that the 198 

galvanic coupling reaches a quasi-steady state after 7 x104 seconds suggesting that surface reactivity 199 
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becomes constant over time. For all experiments, the potentials are located in the passive domain 200 

(Figure 1b).  201 

For galvanic coupling at pH 1.5, no apparent differences are observed on the potential and current 202 

variations as a function of the oxygen level in the tribocorrosion cell (Figures 2a and 2b, respectively). 203 

Potential stabilizes at approximately 0.0V/MSE, which corresponds to the minimum value of the 204 

current density in the anodic domain of the polarization curves (Figure 1b). On the one hand, this 205 

suggests that a dense oxide film could be formed on DSS2205 [36–38]. On the other hand, it suggests 206 

that dissolved oxygen concentration should not play a direct role in the passivation mechanism. In 207 

aerated solution at pH 6.5, the potential stabilizes at -0.1 V/MSE after 2 x104 seconds (Figure 2a). This 208 

value corresponds to that one at the minimum of the current density on the polarization curve 209 

(Figure 1b). Then, a similar remark than in acidic solution can be made on the passive film properties: 210 

when the O2 level decrease in the cell, a shift of the corrosion potential is detected toward the 211 

cathodic values (Figure 2a).  212 

Figure 2b shows the current evolutions when the DSS2205 is immersed in solutions. High currents 213 

are recorded at the earliest moment and then decrease rapidly. This trend corresponds to the 214 

surface activation in solution followed by the formation and the stabilization of the oxide film. In 215 

acidic solution, the surface passivation is slower because of the competition between the surface 216 

dissolution and the oxide film nucleation and growth. In the neutral solution, the current plateau is 217 

reached more rapidly since the material is less sensitive to dissolution. It is worth noticing that the O2 218 

level does not affect the current decreases in the acidic environment while it shortens the current fall 219 

in the neutral solution. Current densities reach about 1 x10-7 A/cm² after 4 x104 seconds, and the 220 

effects of the pH or O2 level are not anymore visible. Both potential and current evolutions confirm a 221 

modification of kinetic reactions linked to the contribution of either anodic reactions (metal 222 

dissolution) or cathodic reactions (such as oxygen mass transport under 6700 ppb O2 or the charge 223 

transfer of hydrogen or O2 with few tens ppb O2) [39].  224 
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Thus, the passivation ability of DSS2205 is not lost either by the stainless-steel coupling with the 225 

graphite counter electrode or the solution conditions (pH or O2 concentration). Moreover, the 226 

continuous evolutions of both potential and current confirm the absence of crevice corrosion or 227 

corrosion mechanism by differential aeration. These two corrosion processes have to be avoided 228 

because they could induce strong current and potential fluctuations during the repassivation process 229 

and generate significant errors on the times constant and growth mechanism determinations.  230 

 231 
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Figure 2. a) Potential and b) current density variations during galvanic coupling between DSS2005 234 

and graphite electrode in acid, neutral solutions in presence or not of dissolved oxygen. 235 

 236 
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3.2. Electrochemical behavior during sliding. 237 

In tribocorrosion, the potential variation reflects the surface reactivity. According to the mechanical 238 

properties of the contact, the passive film is completely removed during sliding [31,40]. The surface 239 

activation is confirmed by the potential drop toward cathodic values (Figure 3). However, this 240 

evolution is not endless, and an equilibrium state under sliding can be reached.  241 

If the potential before sliding is independent of the O2 concentration in acid, the surface activation by 242 

sliding leads to a more substantial decrease of the potential in a low dissolved O2 environment. The 243 

potential stabilizes at -0.25V/MSE under 6700 ppb of O2, whereas it decreases gradually with10 ppb 244 

of O2 in the solution. Note that 3000 pin motions were not enough to get the equilibrium state under 245 

sliding. A potential estimation was then done by adjusting the experimental curve by a logarithmic 246 

law similar to that one proposed in [30]. In the end, the calculation gives an expected potential at 247 

approximately -1.1 V/MSE. According to the thermodynamic tables, this latter is close to the Fe/Fe(II) 248 

standard potential. To the opposite, the potential drop is less marked in neutral solution (in the 249 

range of 0.05 V) than in acid and whatever the O2 level. Therefore, the dissolved dioxygen in neutral 250 

solution mostly affects the initial potential.  251 
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Figure 3. Potentials and current evolution during tribocorrosion experiments performed in pH 1.5 a) 256 

6700 ppb O2, b) 10 ppb O2, and in pH 6.5 c) 6700 ppb O2 and d) 50 ppb O2.  257 

 258 

Figure 3 also reports the general current variations as a function of the solution. Each curve 259 

represents the sum of the depassivation (current increase) and the repassivation period (current 260 

decrease) for 3000 slidings. For each experiment, the maximum current depends on the solution 261 

properties (pH, O2), which affect the electrochemical reactivity of the surface. Figure 3 shows a 262 

stronger dissolution in acidic than in neural solution (current intensity at approximately 7 x10-5 A and 263 

5 x10-5 A, respectively). This difference is consistent with the lower passivation ability of the DSS2205 264 

in pH 1.5, as already observed on polarization curves (Figure 1b). In the neutral solution, the current 265 

is not changed by the level of dissolved, which is coherent with the direct stabilization of the 266 

potential, even if the values of the potentials are not similar (Figure 3c and Figure 3d). At the end of 267 

experiments, all currents drop to stable values at approximately 10 x10-6 A, indicating that the wear 268 

tracks recover a passive state. 269 

The overall analysis of the current vs. time curves is then not selective enough to fully understand 270 

the role of the pH and the O2 level. Therefore,  mechanistic and kinetic analyses are performed after 271 

that on each repassivation transient [25]. On the one hand, the growth mechanism should be 272 

sensitive to the solution pH (diffusion/migration of chromium and iron through the oxide layer). On 273 

the other hand, the dissolved oxygen should play either a direct role in the mechanism of passivation 274 

and the kinetic of the passivation or only have an indirect role in the repassivation kinetic due to a 275 

modification of the oxidant property of the solution (Eq. 4) [19]. 276 

 277 

3.3. Dissolution rate and corrosion wear. 278 

At the steady-state, the metal dissolution is limited by the presence of the oxide film in which 279 

diffusion/migration of defects occurs. In tribocorrosion, the solution agitation and the generation of 280 
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a fresh surface modify the previous kinetic and thermodynamic equilibrium. The agitation directly 281 

acts on the mass transport limitation (usually the dissolved dioxygen) at the cathodic region, and the 282 

electrochemical behavior of the surface is driven by the dissolution of the oxide-free surface during 283 

sliding. During sliding, the bare metal oxides, and the current increases (Figure 4a). In this study, the 284 

mechanical contact properties are fixed, which means the interaction between the metal and the 285 

solution controls the dissolution. Whatever the dissolved dioxygen, the depassivation rate (∆i/∆t) is 286 

equal to 2.0 ± 0.2 x10-3 A/s in acidic solution and it reduces to 0.9 ± 0.2 x10-3 A/s in neutral solution 287 

(Figure 4a). Note that these values are an average of the last 500 transients. The free-oxide surface 288 

dissolution is then lower in neutral solution, as suggested in Figure 1b. Moreover, the non-289 

contribution of the dissolved dioxygen is confirmed during the dissolution. Consequently, the 290 

modification of the oxidizing power of the solution by pH variation has a greater effect on the worn 291 

surface reactivity than if the O2 concentration varies. Repassivation current transients are reported in 292 

Figures 4b and 4c for experiments performed in acidic and neutral solutions, respectively. Whatever 293 

the condition, a current fall is recorded, indicating the passive behavior of the worn surface. An oxide 294 

film nucleates and grows to limit the surface dissolution leading to a current fall. A more detailed 295 

analysis of the current fall is provided in Part 3.4.    296 
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Figure 4. Current versus time curves during a) the depassivation (i.e., pin sliding) and the latency 301 

period in b) pH1.5 and c) pH 6.5 solutions. Example of transient number 2226 (i.e., after 2.2 x104 302 

seconds of sliding).  303 

 304 

Assuming the metal dissolution is equal to the electrical charge during only the depassivation (Qdiss), 305 

the chemical wear (Vchem) can be estimated by the Faraday law for a stainless steel with an equivalent 306 

molar weight of 55.07 g/mol and an equivalent electron number of 2.19 [25,41]. In aerated solution 307 

(Table 1), the chemical wear and the total wear decrease with pH as already reported by [11,42]. 308 

Since the contribution of the chemical wear in the total wear is lower than 8.4% (Table 1), the total 309 
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wear is controlled by the mechanical properties of the contact. The wear reduction with the increase 310 

of pH is then attributed to the oxide layer in the contact. A chromium oxide film is expected at pH 311 

1.5, whereas a mixed iron-chromium oxide-hydroxide film grows in a neutral solution. The 312 

breakdown of the oxide layer generates hard debris that enhances the wear in pH 1.5, whereas the 313 

wear volume remains lower because of the highest deformability of the oxide-hydroxide layer at pH 314 

6.5. The decrease of the dissolved dioxygen does not significantly affect the chemical wear, as 315 

reported in Table 1. However, the wear (Vtot) mitigates with the reduction of O2. If a direct effect is 316 

not seen, a modification of the oxide composition is expected. Kuang et al. [43] shown a chromium 317 

enrichment in the oxide with the dissolved oxygen decrease. Huang et al. [44] observed a 318 

modification of the iron oxide composition from lepidocrocite to magnetite with the diminution of 319 

O2. In deaerated solution, the total wear decreases of 11.3 ×10-5 cm3 and 3.4 ×10-5 cm3 in acidic and 320 

neutral solutions, respectively. The chemical wear contribution in the total wear increases in low 321 

concentration of dissolved dioxygen since the chemical wear remains at about 6.0 ×10-7 cm3 in pH 1.5 322 

and ∼3.0 ×10-7 cm3
 in pH 6.5.  Table 1 shows a significant increase in the chemical wear in acidic 323 

deaerated solution, which can be related to the more significant potential drop in pH 1.5 10 ppb O2 324 

leading to a more active surface. It is worth noting that the material deterioration is still dominated 325 

by the contact properties where the oxide layer plays a limited role. Such behavior frequently 326 

happens for high mechanical loads. Therefore, a decrease in the contact load may balance the 327 

chemical contribution to the overall degradation.   328 

 329 

Table 1. Quantification of the dissolution charge (Qdiss), chemical volume (Vchem), and the total wear 330 

(Vtot) for experiments in aerated and deaerated solutions at pH1.5 and pH1.5. The contribution of the 331 

chemical wear (% Vchem) in the total wear is also reported.  332 

pH O2 

(ppb) 

Qdiss 

(C) 

Vchem 

(cm3) 

Vtot 

(cm3) 

% Vchem 

in total wear 
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1.5 6700 0.017 5.7 x10-7 12.1 x10-5 0.5 

10 0.019 6.6 x10-7 0.8 x10-5 8.4 

6.5 6700 0.009 3.3 x10-7 4.9 x10-5 0.7 

50 0.008 2.8 x10-7 1.5 x10-5 1.9 

 333 

The worn surfaces then change with the oxide film composition (Figure 5). Parallel scratches to the 334 

sliding direction indicate a scoring by abrasive wear whatever the test. Note that black debris (label 335 

A-type) are detected except in aerated pH 6.5 (label B type). Chemical analysis by EDX gives a signal 336 

of Al that comes from the pin. Indeed, mechanical degradation of the corundum pin occurs even if a 337 

material transfer is observed (images not shown here). In aerated pH 6.5, the B-type debris is 338 

identified as oxide particles detached from the wear track. These debris are evidence for a 339 

modification of the oxide layer composition and mechanical properties with pH. In low dissolved 340 

dioxygen, plastic flow is observed at pH 1.5, which contrasts with the abrasive wear in aerated 341 

solution. Even if the potential drop to cathodic values, the current remains lower than under 6700 342 

ppb O2. These two observations lead to consider a modification of the passive film composition with 343 

the environment. A similar conclusion is done in pH 6.5 with the absence of oxide debris, the 344 

incorporation of Al in the wear track, and a lower potential in aerated solution. Further investigations 345 

on oxide film are required to better understand the role of dissolved dioxygen on it and the wear 346 

resistance. Assuming that the oxide film could change with the environment, the analysis of the 347 

repassivation current has to be performed to detect any changes in the growth mechanism and the 348 

growth kinetic.  349 

 350 
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351 

 352 

Figure 5. SEM images of DSS2205 worn surface in a) pH 1.5 and b) pH 6.5 aerated solutions and c) pH 353 

1.5 and d) pH 6.5 deaerated solutions.  354 

 355 

3.4. Quantification of the oxide nucleation and thickening kinetics  356 

For stainless steel, the determination of the chemical composition of the oxide layer is usually 357 

performed by surface analysis, and it shows the promotion of a Cr2O3 layer in acidic solution. In 358 

contrast, a mix of chromium and iron structure develops for higher pH [1,45]. Because the chromium 359 

and iron affinities with oxygen are not equivalent (i.e., ΔHf
θ (Cr2O3) = 1139.7 kJ/mol and ΔHf

θ 360 

(Fe2O3) = 824.2 kJ/mol [46]), an effect on the repassivation kinetic is expected. Repassivation 361 

transients were then fitted with Equation 1 to extract the time constants for the 2D nucleation (τ1) 362 

and the 3D thickening (τ2) rates of the oxide growth. Figure 6a presents a representative calculation 363 

for a transient recorded in aerated pH 1.5 and arbitrarily selected among all transients available. The 364 
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exponential decay follows precisely the experimental decay for τ2D equal to 0.13 s and τ3D equal to 365 

0.96 s. In this example, the nucleation current prevails until 0.22 s, whereas the thickening current 366 

becomes the majority between 0.22 s and 3.5 s. Note that a similar analysis was done on other 367 

transients, and the range of predominance of the 3D mechanism depends on the time constants. 368 

Whatever the test, the transient fits present an R² higher than 0.98. Consequently, the fit process is 369 

considered to characterize repassivation kinetics [5].  370 

 371 
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Figure 6a) repassivation transient (n° 2226) in aerated solution pH1.5 and fitted by Equation 1. b) 374 

determination of the growth mechanism (Equation 2) in the prevalence domain of the 3D 375 

mechanism. 376 

 377 

Figure 7 reports the variations of both τ2D and τ3D as a function of the chemistry of the solution (pH 378 

and O2 content). The time constants are significantly higher than those found by Déforge et al. [47] et 379 
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Berradja [48] for the kinetic of the recharging of the double-layer capacitance. Therefore, τ2D and τ3D 380 

are used to describe the repassivation kinetic (Eq.1). At first, the germination time constants τ2D, are 381 

equal to 0.09 s and 0.23 s in acid and neutral solution, respectively. For Lavigne et al. [49], the rebuilt 382 

of the film depends on the electrical charge, which linked to the overpotential. The faster 383 

germination at pH 1.5 is then consistent with the higher drop of potential and the most significant 384 

amplitude of current observed at this pH (Figure 3). After a certain lapse of time, the time constants 385 

increase slightly until 0.13 s in acid, whereas they decrease slowly until 0.17 s in neutral solution. 386 

Note that this trend is less critical than for τ3D. Moreover, the elimination of O2 has no significant 387 

effect on τ2D if the error scales are considered. Thus, it confirms that the film nucleation is not based 388 

on the dissolved oxygen reactivity but rather on the oxygen available from the hydrolysis of water 389 

[19,50,51]. Regarding τ3D, the thickening rate remains faster in acidic solution. Figure 6 also shows an 390 

increase of the time constants at pH 1.5, whereas τ3D reduces or remains stable in neutral solution. A 391 

detrimental effect of O2 elimination is also observed with a strong impact in neutral solution.  392 

These results suggest no effect of O2 on the oxide nucleation controlled by either the Chromium or 393 

Iron reactivities and the stability of the oxide products in solution. When pH increases to 6.5, iron 394 

interplays with the chromium in the germination of the oxide, and this rivalry reduces the kinetic of 395 

the passive film formation. The hydroxide structure favored in neutral pH may reduce the nucleation 396 

rate in film mechanisms such as the one proposed by Okamoto [50]. Since the germination times 397 

vary slowly with the sliding, it can be assumed that the increase of the surface deformation plays a 398 

role in the oxide germination. On the one hand, the plastic deformation of the wear track may act 399 

negatively on the formation of chromium oxide nuclei. On the other hand, iron and chromium 400 

species (oxide and/or hydroxide) could germinate easily on the worn surface at pH 6.5 without 401 

significant effect of the surface deformation. Since the affinity of oxygen for the chromium is higher 402 

than the iron, the thickening rate is faster in acidic solution. Therefore, the kinetics of the oxide 403 

growth act to wear, causing faster repassivation and higher loss of mater (Table 1). In the third body 404 

concept, this indicates that the fragmentation of a mature passive film could generate harder debris 405 
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and increase the wear [10]. [10,52]. A second consequence of the slow down of the film formation is 406 

the increase of the chemical wear in the total wear, as reported in Table 1. The difference of growth 407 

rate between the aerated and the deaerated solutions could be explained either by a modification of 408 

the growth mechanism or complex interaction between the oxide film composition, the plastically 409 

deformed layer (migration/diffusion of defects), the potential drop between the bulk and the 410 

solution [53]. The experiments performed in this work are not able to answer the second hypothesis, 411 

by using an analysis of the current transients during the repassivation period can help to conclude 412 

about a modification of the growth mechanism with (i) the pH and (ii) the O2 content in solution.   413 
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Figure 7. Variation of time constants for the oxide nucleation (τ2D) and growth (τ3D) in a) acid and b) 416 

neutral solutions during tribocorrosion experiments. Values calculated during the repassivation 417 

process with an average R² value of 0.98 for each fit. Error on time constant at 0.02 s and are not 418 

reported on the graph. 419 

 420 

3.5. Identification of growth mechanisms from repassivation current transient analysis. 421 
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The determination of the growth mechanism is based on the current versus time curve fitting with 422 

Equation 5 [18,54,55]. In this model, the parameter n characterizes the mechanism [54]. When the 423 

film grows according to the place exchange model, n is equal to 1 [56]. On the other hand, a charge 424 

or mass controlled mechanisms are defined by either 0.6 or 0.5, respectively [57,58]. 425 

 � = A. �BC          Equation.5  426 

Figure 6b reports the domain of validity of the fit for the transient number 2226 recorded in aerated 427 

pH 1.5 solution. It corresponds to the prevalence of the 3D current. Note that this domain is adjusted 428 

for each transient as the repassivation rate evolves slightly with the sliding (Figure 7). Whatever the 429 

test, determinations of n are obtained with an average R² value of 0.98, which indicates an excellent 430 

agreement between the power-law model and the experimental decrease of the current.  431 

In acidic solution, the parameter n slightly decreases from 1 to 0.85 (Figure 8), which suggests an 432 

influence of the surface deformation on the growth mechanism. Until 1 x104 s, the metal-oxygen 433 

exchange in a given row (Sato model) remains the primary process. When the surface reactivity 434 

becomes sensitive to the mechanical deformation of the wear track, the film growth competes with 435 

the injection and annihilation of dislocations induced by the mechanical degradation [55,59]. 436 

Therefore, a mixed mechanism takes place with a place exchange model related to the chromium 437 

reactivity in acidic solution and a charge control limitation originating to the migration/diffusion of 438 

mechanical defects [57]. In a neutral solution, the parameter n remains constant at 0.45. This value 439 

closed to 0.5 defines a growth mechanism under a mass transport limitation slightly affected by the 440 

surface damage. Whatever the pH, a variation of the O2 level in the cell does not affect the oxide 441 

growth mechanism. Therefore, the film formation is not directly driven by the dissolved dioxygen but 442 

instead induced by the oxygen available from the hydrolysis of water [19,50]. This observation is 443 

consistent with the Interface Field Model or the Point Defects Model models for whom the 444 

decomposition of the water at the film/solution interface is one or a crucial step in the passivation 445 

mechanism, respectively. The mass transport limitation in the neutral solution can be related to the 446 
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iron injection into the oxide film formation rather than the dissolved dioxygen. These observations 447 

confirm the second hypothesis enounced previous where the oxide thickening has to be understood 448 

in terms of the oxide layer in interaction with the plastically deformed layer generated during sliding 449 

[5,59]. Further investigations are planned to discuss the role of the environment on the passive film 450 

composition and the surface structuration. Note that they should be performed in an environment 451 

where the chemical wear contribution should be higher. 452 
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Figure 8. Variation of the parameter n, related to the mechanism of the oxide growth according to 454 

the solution pH and the oxygen level. Determinations of n are obtained with an average R² value of 455 

0.98. 456 

 457 

4. Conclusions 458 

Tribo-electrochemical behavior of a DSS2205 duplex stainless in galvanic coupling with a graphite 459 

counter electrode was studied. The reactivity description was achieved with the analysis of the 460 

current transients in acidic and neutral solutions and the control of the dissolved dioxygen.  461 

Results can be summarized as follow: 462 
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- The wear increases with the pH decreases. However, the dissolved dioxygen elimination 463 

mitigates the loss of mater. 464 

- The chemical wear represents a few percentages in the total wear. Thus, the mechanic 465 

dominates the material loss. Even if abrasive wear occurs, wear track morphologies change 466 

with the solution meaning that the solution chemistry also plays a role. 467 

- The dissolution rate increases with the pH decreases. As the dissolution is a charge transfer 468 

mechanism, dissolved oxygen does not affect even if the potentials under sliding are more 469 

cathodic in the absence of O2 470 

- The oxide nucleation only depends on pH. The oxide germination is faster as the dissolution 471 

is stronger in pH 1.5. The same trend is observed for the thickening step. However, the wear 472 

reduces as the passive film rebuilt is slower in the absence of O2.  473 

- The oxide growth mechanism is only controlled by pH. In acid solution, the oxide thickening 474 

should follow the place exchange model, whereas it is under a mass transport limitation in 475 

neutral solution. Since O2 concentration does not affect the mechanism, the mass transport 476 

limitation is attributed to the iron injection in the oxide film at pH 6.5. 477 

  478 
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