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Abstract

:

Herein, the chloride-induced stress corrosion cracking (SCC) mechanisms of UNS S32205 duplex stainless steel (DSS) reinforcing bars in alkaline and carbonated solutions are studied. Electrochemical monitoring and mechanical properties were tested using linear polarization resistance and electrochemical impedance spectroscopy, coupled with the slow strain rate tensile test (SSRT) to evaluate the SCC behavior and unravel the pit-to-crack mechanisms. Pit initiation and crack morphology were identified by fractographic analysis, which revealed the transgranular (TG) SCC mechanism. HCO3− acidification enhanced the anodic dissolution kinetics, thus promoting a premature pit-to-crack transition, seen by the decrease in the maximum phase angle in the Bode plot at low frequencies (≈ 1 Hz) for the carbonated solution. The crack propagation rate for the carbonated solution increased by over 100% compared to the alkaline solution, coinciding with the lower phase angle from the Bode plots, as well as with the lower charge transfer resistance. Pit initiation was found at the TiN nonmetallic inclusion inside the ferrite phase cleavage facet, which developed TG-SCC.
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1. Introduction


Duplex stainless steel (DSS) has an outstanding combination of mechanical and corrosion properties thanks to its duplex microstructure consisting of a balanced ratio of ferrite (α–phase) and austenite (γ–phase), making this type of alloy widely employed in many industries [1]. The duplex microstructure comprises a banded structure with discontinuous island-like austenite grains embedded in a ferrite matrix [2]. Among the different varieties of DSS, the most commonly used is 2205 DSS, which has been applied for offshore construction and platforms in recent decades [3]. The superior corrosion resistance over austenitic stainless steel makes 2205 DSS a valuable option for harsh environments [4,5].



However, when a corrosive environment is linked with external loading, stress corrosion cracking (SCC) can be developed, threatening the service lifetime of structural materials in marine environments [6]. For this reason, the corrosion and SCC behavior of DSS have been widely studied in the literature. In the case of chloride electrolyte, the preferential phase to dissolve is the α–phase until a threshold chloride concentration is reached (0.1 M NaCl at pH 3 and 60 °C), promoting lacy cover pitting instead in both phases [7,8]. Another focus of previous studies was on the property mismatch between phases such as the mechanical phase, where the α–phase cannot develop as high tensile stresses as the γ–phase [9], and the electrochemical phase, where the α–phase has lower corrosion potential (Ecorr) (higher corrosion susceptibility) [10], also leading to galvanic microcouples [11]. Even in hydrogen diffusion, the interstitial voids of the α–phase crystal structure allow for more hydrogen trapping [12]. When SCC is triggered in DSS, the crack is preferentially nucleated in the α–phase, propagating transgranularly and promoting brittle fracture, while the γ–phase usually fails by ductile tearing and acts as a physical barrier for the crack propagation. Two main mechanisms are accepted for the failure of DSS in marine environments: anodic dissolution (AD) and hydrogen embrittlement (HE). Nevertheless, in cavities and inhomogeneities such as the pit bottom or the tip of the crack, localized acidification can occur, triggering a mix of both AD and HE [13]. In the case of AD, inhomogeneous microstructures such as the heat-affected zone are more likely to promote it [14].



When subjected to a carbonated environment, the corrosion performance is affected, thus also promoting changes in the SCC behavior [15]. An SCC study on 2205 DSS subjected to a H2S–CO2 environment revealed that at low pH, the anodic current density increased due to additional hydrogen ions generated during the dissociation of H2CO3, and that the presence of CO2 did not affect the SCC development [16]. When the pH was higher, the presence of CO2 played a relevant role in the SCC behavior promoting AD. In a different work, the critical chloride concentration of stainless steel (SS) reinforcements and its dependence on carbonation was studied, and it was found that the critical chloride concentration decreases when the temperature is increased [17]. Comparing the chloride-induced corrosion resistance of SS in alkaline and carbonated concrete solutions, it was found that for carbonated solutions, the SS corrosion resistance was reduced [18].



Nevertheless, there is still a lack of knowledge on the SCC mechanism of DSS immersed in alkaline environments contaminated with chlorides and the influence of the carbonation process. For that reason, this study seeks to unravel the SCC mechanism and the pit-to-crack transition of UNS S32205 reinforcements in chloride-contaminated alkaline and carbonated solutions. To measure the change in the mechanical and electrochemical properties, a combination of the slow strain rate test (SSRT) with continuous monitoring of electrochemical properties by the linear polarization resistance (LPR) technique, as well as electrochemical impedance spectroscopy (EIS), is presented. Fractographic study of the post-mortem specimens is correlated with the crack propagation rates and the electrochemical analysis.




2. Materials and Methods


2.1. Materials


The UNS S32205 reinforcing bars were 10 mm in diameter (size #3). The elemental composition of UNS S32205 (DSS 2205) reinforcing steel is shown in Table 1. The specimens were machined with a circular 60° V–notch in the center of the sample to accelerate the crack initiation process during the SSRT. Before the testing, samples were rinsed with deionized (DI) water, degreased with acetone, and blow-dried with air. A 3 cm2 exposed area was selected by coating with epoxy lacquer (Midas 335-009 nonconductive paint). The samples were epoxy mounted and polished to mirror finishing by SiC paper and diamond powder (1 μm) for microstructural characterization. The etchant solution used to reveal the microstructure contained 40 wt.% NaOH, samples were exposed for 5 s to an applied potential of 3 V. The metallographic study was performed using scanning electron microscopy (SEM) in a Tescan Lyra 3 XMU. Finally, X-ray diffraction (XRD) analysis was performed using a Rigaku SmartLab-3kW X-ray diffractometer, with a Cu target (Kα = 1.5406 Å), and a scan step of 2°/min over the 2θ range of 40°–95°.




2.2. Testing Method and Environment


UNS S32205 reinforcement specimens were tested under SCC conditions via uniaxial tensile test by the SSRT while being immersed in corrosive media following ASTM-G129 [19]. The SSRT experiments were conducted with a strain rate of 1 × 10−6 s−1 to increase the number of environmental interactions. The electrochemical tests conducted during the straining of the sample were performed using a three-electrode configuration cell setup with a Gamry potentiostat Series 600. The reference electrode (RE) used in this test was a saturated calomel electrode (SCE), a graphite rod as the counter electrode (CE), and the UNS S32205 specimen as the working electrode (WE). Three different chloride concentrations were tested 0, 4, and 8 wt.% of Cl− by means of CaCl2 additions. These chlorides concentrations were selected based on the chloride threshold of stainless steel in reinforced concrete (4.9 wt.% Cl−), thus 4 wt.% Cl− is below the value, and 8 wt.% Cl− is above it, highlighting the effect of the chloride content on the development of SCC [20].



The simulated concrete pore solution (SCPS) was made out of saturated Ca(OH)2 aqueous solution (pH 12.6). Additionally, a carbonated buffer solution (CBS) was prepared by a carbonate/bicarbonate solution (pH 9.1), mixing 0.01 M Na2CO3 and 0.1 M NaHCO3 aqueous solutions. The electrochemical testing was recorded after a steady-state open-circuit potential (OCP) value was reached over the period of 1 h. First, during the straining electrode test, linear polarization resistance (LPR) measurements were recorded with an applied potential scan range of ±15 mVOCP at a scan rate of 0.1667 mV s−1, according to ASTM G59-97 [21]. Then, EIS measurements were recorded at the OCP, in a frequency range of 105–10−1 Hz with an applied 10 mV AC excitation signal and at a step rate of 10 points per decade. This set of experiments was repeated every hour. The SSRT was not put on hold during the measurements of the EIS and LPR to avoid unwanted creep. All tests were performed in triplicate to ensure reproducibility.




2.3. Characterization Techniques


The surface morphology of specimens was studied via scanning electron microscopy (SEM). The SEM analysis was performed in secondary electron mode (SE) at an accelerating voltage of 15 kV and at a working distance of 10 mm. In addition, local compositional analysis was obtained by the energy-dispersive X-ray spectroscopy (EDX) technique.





3. Results


3.1. Microstructure Characterization


The microstructure of the UNS S32205 reinforcement in the rolling direction can be seen in Figure 1a, where the γ–phase grains have a lamellar structure and are embedded in the α–phase matrix [22]. This microstructure has the γ–phase grains isolated in the α–phase matrix (with an α/γ interface), presenting a dispersed structure [23].



Figure 1b depicts the X-ray diffraction pattern, where the diffraction peaks were composed of a body-centered cubic (BCC) α–phase (JCPDS No. 06-0694) and a face-centered cubic (FCC) γ–phase (JCPDS No. 33-0397) [24,25]. The ratio of the α–/γ–phases was quantified by the integration of the intensity peaks of the respective phases giving 62% for the α–phase and 38% for the γ–phase.




3.2. Slow Strain Rate Test (SSRT)


The stress/strain curves of the UNS S32205 reinforcement immersed in both electrolyte solutions, SCPS and CBS, under the three chloride concentrations can be seen in Figure 2. The mechanical behavior with the different chloride additions barely changed between pHs, having similar yield strength (σy) and ultimate tensile strength (σUTS). However, both the elongation to σUTS (εUTS) and the final elongation to failure (εf) were reduced (see Table 2).



The pH acidification due to the CO2 formation in the aqueous solution yields carbonic acid (H2CO3), which later dissociates into HCO3– and CO32– [26]. Then, by recombination with the Fe2+ cations in the solution, the formation of FeCO3 is promoted, which subsequently dissolves and promotes further local acidification by the presence of H+ [27]. This enhanced iron acid hydrolysis is responsible for the reduction of the mechanical properties [28]. The dissolution of the metal surface will release Fe3+ ions, which will combine with the Cl– in the solution and form FeCl3, then its dissociation will increase the local acidification, acting as an autocatalytic process [28,29].




3.3. Linear Polarization Resistance (LPR)


LPR was used to monitor the corrosion current density (icorr) during the SSRT, which was calculated using the Stern–Geary relationship, icorr = B/Rp, where Rp is the polarization resistance, and B is the Stern–Geary constant (B = 26 mV [30]). However, the icorr values had to be compensated due to the ohmic drop effect of the electrolyte, as the measured Rp from the LPR also included them [31]. In order to correct it, the EIS technique was used to find the resistance of the electrolyte (Rs) and subtract it from the Rp. Figure 3 shows the combined monitoring of the corrosion potential (Ecorr) and the icorr for the UNS S32205 reinforcement immersed in both the SCPS and the CBS under the three chloride concentrations.



The samples immersed in the SCPS experienced ennoblement in the Ecorr with immersion time, increasing their value from the “Preload” up to the “Failure” (the load percentage “Failure” denotes the last measurement before the failure of the sample under SSRT). In addition, the higher the chloride concentration, the lower the Ecorr value, corresponding to higher chloride susceptibility. The 0 wt.% Cl– stabilized its Ecorr at −25 mVSCE, while both 4 and 8 wt.% Cl– stabilized around −80 mVSCE. Accordingly, the more the icorr was lowered, the nobler the Ecorr was, with the SCPS with lower chloride content having the lowest values. The icorr values for the SCPS were below 1 µA/cm2, denoting low corrosion rate [30].



The CBS showed more cathodic values for the Ecorr than their counterpart, exhibiting higher susceptibility to the aggressive environment due to the lower pH. The starting Ecorr values for the CBS were more cathodic, stabilizing at −170, −230, and −330 mVSCE for 0, 4, and 8 wt.% Cl–, respectively. Coinciding with the active Ecorr values, the icorr values were also higher than the SCPS, with the CBS without chlorides having close icorr values to the SCPS with 4 wt.% Cl–. The CBS with 4 wt.% Cl– content reached 1 µA/cm2 at “Failure”, while the 8 wt.% Cl– surpassed it at the UTS.




3.4. Electrochemical Impedance Spectroscopy (EIS)


EIS analysis was performed for the UNS S32205 reinforcement during the different loading percentages for both pHs to study the passive film/steel interface. The Nyquist plots for both solutions can be seen in Figure 4 (SCPS Figure 4a–c and CBS Figure 4d–f), where a decreasing impedance trend with increasing chloride content is shown, coinciding with the behavior from the LPR analysis. In addition, the samples exposed to the CBS had lower impedances than the SCPS, which was attributed to the more acidic environment. However, the impedance decrease was not substantial as it did not reduce by an order of magnitude.



Furthermore, the EIS data were fitted to a hierarchically distributed electric equivalent circuit (EEC) with two time constants to analyze the passive film/steel interface (see Figure 5) [32,33]. The elements of the EEC represent the resistance of the electrolyte solution (Rs), the first time constant (Rfilm//CPEfilm) representing the passive film on the UNS S32205 reinforcement surface, found at high frequency, where Rfilm and CPEfilm are the parameters defining the passive film; and the second time constant (Rct//CPEdl), defining the corrosion process and attributed to low-frequency processes, where Rct and CPEdl define the charge transfer resistance and the electrochemical double-layer capacitance. The fitting parameters of the proposed EEC for each of the tested solutions are seen in Table 3, where an average chi-square (χ2) of 10−3 and a total error for each element less than 10% were obtained.



Before the fitting of the EIS data was analyzed by the proposed EEC, Kramers–Kronig transformations were performed to prove the robustness of the experimental data (see Equations (1) and (2)) [34]:


   Z  Real    ( ω )  =  Z  Real    ( ∞ )  −  2 π    ∫  0 ∞    x    Z  Imag    ( x )  − ω    Z  Imag    ( ω )     x 2  −  ω 2    d x    



(1)






   Z  Imag    ( ω )  = −   2 ω  π    ∫  0 ∞    x    Z  R e a l    ( x )  −  Z  Real    ( ω )     x 2  −  ω 2    d x    



(2)







Using Equation (1), the real component can be calculated from the imaginary component, and with Equation (2), the imaginary component can be calculated from the real component [35]. Performing this analysis, the impedance data proved to be robust.




3.5. Fractographic Study


The fractographic analysis of the UNS S32205 reinforcement for all pHs and chloride additions was performed by SEM to unravel the failure mechanism. Figure 6 gathers all the micrographs for the samples tested in the SCPS. Starting with the 0 wt.% Cl–, the failure is purely ductile (see Figure 6a), with microvoids and coalescence of dimples mainly attributed to the ductile behavior of the γ–phase (see Figure 6b) and some minor ductile overload areas (see Figure 6c) [36]. The samples tested in 4 wt.% Cl– (see Figure 6d) developed more ductile overload areas compared to the 0 wt.% Cl– (see Figure 6e), in addition to showing brittle fracture inside the ferrite cleavage facets (α–phase), in the form of cracks in an inclusion (see Figure 6f) [37,38]. Finally, the 8 wt.% Cl– (see Figure 6g) revealed greater cracks and ferrite cleavage facets (see Figure 6h), and the inclusions were found to be the sites for the crack nucleation (see Figure 6i) [10]. It could be seen that the cracks preferentially initiated in the ferrite cleavage facets and propagated along the phase boundaries, while the γ–phase deformed the microvoids at the grain boundaries (tearing ridges) [39].



The samples immersed in the CBS with 0 wt.% Cl– also experienced a ductile fracture (see Figure 7a,b); however, by a mechanical stimulus, the inclusions were broken (see Figure 7c). The 4 wt.% Cl– addition significantly changed the fracture mode (see Figure 7d), developing greater ferrite cleavage facets inside the ductile overload surface, a sign of a more brittle fracture mode (see Figure 7e) [9]. Increasing the magnifications inside the cleavage facets, microcracks were developed from side to side denoting transgranular SCC (TG-SCC) (see Figure 7f) [40]. The crack propagation is arrested at the grain boundary, coinciding with literature, where the γ/α interphase is known to avoid or change the crack propagation due to the lower cracking susceptibility of the γ–phase [9,41]. This is due to the lower required energy absorbed for the α–phase before cracking.



The samples tested in 8 wt.% Cl– were covered in cleavage facets, reducing the ductile overload areas, and inhibiting the formation of the cone shape, denoting even more brittle fracture (see Figure 7g). Figure 7h shows the formation of cracks inside the ferrite cleavage facets [37]. The low presence of ductile microvoids indicated that there was little tearing through γ–phase, supporting the idea of a more brittle α–phase coinciding with the higher density of cleavage facets [42]. As previously seen, the sites where the cracks nucleated were the inclusions, which appeared to be cracked in a brittle manner (see Figure 7i).





4. Discussion


4.1. Crack Propagation Rate


In order to correlate the effect of the carbonation process and the chloride content with the SCC susceptibility, the crack propagation rate (υcrack) was calculated based on the theoretical model proposed by Macdonald, which accommodates both electrochemical and mechanical properties (see Equation (3)) [43]. As the main element involved in the dissolution/cracking mechanism is the iron, all calculations will be based on it.


   v  crack   =   M    i  corr     2    ρ  m     z   F   W   δ    



(3)




where ρm is the density of Fe (7.87 g cm−3), F is Faraday’s constant (96,487 C mol−1), icorr is the corrosion current density, M is the atomic weight of Fe, z is the oxidation state of the Fe dissolving at the crack tip, W is the specimen width, and δ is the crack tip opening distance.



The δ is related to the stress intensity factor (KI) via Equation (4) [43]:


  δ =    K I 2   (  1 −  υ 2   )    m    σ y    E    



(4)




where υ is the Poisson ratio, m is a constant, σy is the yield strength, and E is the modulus of elasticity.



The KI for the circular sharp-V notch, with an angle between the walls of the notch equal to 60°, can be seen in Equation (5), where ρ is the radius of curvature, ω is a tabulated value, λ is the Williams’ eigenvalue, and q is a real number ranging from 1.0 to 2.0 (flat edge to crack), and their values can be obtained following the work by Lazzarin and Filippi [44,45]:


   K I  = σ     2 π     1 + ω      (    q − 1  q  ρ  )    1 − λ    



(5)







The KI will increase until the critical KI value where SCC is triggered (KISCC) is reached, which for UNS S32205, a KISCC ≈ 50 MPa    m    will be assumed based on literature [46,47].



Figure 8 shows the υcrack and the stress as a function of time for SCPS (Figure 8a) and CBS (Figure 8b). The current density for the calculations was used from the LPR monitoring over the entire SSRT for the 4 and 8 wt.% Cl– conditions. Once the KISCC is reached, the increase in current density makes for a rise in the υcrack. The samples strained in the SCPS once the KISCC was reached had a υcrack of 1.32 and 1.72 × 10–9 m/s for 4 and 8 wt.% Cl–, respectively (see Figure 8a). After the plateau found at the KISCC, which is attributed to the crack nucleation time, the υcrack increases until the failure of the sample, which is related to the crack propagation time. The higher chloride concentration experienced a shorter crack nucleation time, approximately a 55% decrease from 4 to 8 wt.% Cl–. In addition, the specimen exposed to 8 wt.% Cl– had a higher υcrack by the failure with 5.27 × 10–9 m/s compared with the 3.25 × 10–9 m/s of the 4 wt.% Cl–. The rise in the υcrack is related to the increase in cleavage facet surface over the microvoids/dimple surface, denoting a more brittle rupture, due to the α–phase (ferrite cleavage facets) needing less energy to crack than the γ–phase [48]. The loss in toughness (area over the stress/strain curve from the σy to failure) is because of the α–phase prematurely cracking with the increase in chloride content rising over the chloride threshold of the α–phase [49].



The samples strained in the CBS exhibited similar cracking behavior as the ones in the SCPS, with exception of the higher υcrack values and the shorter crack nucleation times for the 8 wt.% Cl– (see Figure 8b). The higher current densities seen in the LPR monitoring coincide with the fractographic analysis, higher crack density, and greater cleavage facets surface. The embrittlement of the UNS S32205 reinforcements in the CBS is due to the reaction of the CO2 in the solution with the water forming carbonic acid (H2CO3) and its later dissociation into HCO3– and CO32–, enhancing the cracking susceptibility of the α–phase (see Equations (6)–(8)) [26]:


CO2 + H2O → H2CO3



(6)






H2CO3 + H2O ⇆ H⁺ + HCO3−



(7)






HCO3− + H2O ⇆ H⁺ + CO32−



(8)







The enhancement of the acidification due to the promotion of H+ further increases the cracking susceptibility of the α–phase, which promotes an overall increase in the anodic current density [16]. The higher current densities are responsible for the higher υcrack, being 8.36 × 10–9 and 1.23 × 10–8 m/s for 4 to 8 wt.% Cl–, respectively. Comparing the SCPS and the CBS at 8 wt.% Cl–, it can be seen that the υcrack at failure increased by more than 100%. This higher crack growth is related to the concentration of HCO3–, which is dependent on the concentrations of CO32– and H2CO3 [50].




4.2. Electrochemical Impedance Spectroscopy (EIS)


After the fitting of the impedance data with the proposed EEC with two time constants (see Figure 5), the obtained values for each of the individual elements was gathered in Table 3. The Rs for all samples was between 3.01 and 4.95 Ω cm2. The Rfilm for the samples immersed in the SCPS remained in the 103 Ω cm2, slightly decreasing with applied stress, as well as with increasing chloride addition. The Yfilm perceived more changes with the chloride addition, doubling its value with each chloride addition, where the 0 wt.% Cl– started with 1.26 × 10–6 S cm−2 sn,film, followed by 2.19 and 4.05 × 10–6 S cm−2 sn,film for 4 and 8 wt.% Cl–, respectively. Accordingly, the corresponding nfilm also decreased its ideality (n < 1) [51]. The most significant changes were seen in the second time constant Rct//CPEdl, where the values of the Rct decreased one order of magnitude at the “Failure” for the 8 wt.% Cl–, going from the average 105 to 104 Ω cm2. While it is a decrease in one order of magnitude, it was seen in the most extreme case in both chlorides and applied stress. It is when the samples are immersed in the CBS that the change in Rct becomes more relevant, starting in the 104 Ω cm2 for 8 wt.% Cl–, when the previous chloride concentrations remained in the 105 Ω cm2. This coincides with the icorr monitoring seen via the LPR, where the 8 wt.% Cl– experienced the highest values. The ndl values for all strained samples in the CBS had lower values than the SCPS, becoming less ideal capacitors. The electrochemical double-layer suggests a more defective layer, where electrons are easily transferred from the metal surface to the electrolyte [52].



From the CPE elements (CPEfilm and CPEdl), the capacitance cannot be directly measured because they are a nonideal capacitor representing a branched ladder RC network, [53]. In order to correct the pseudocapacitance value of the CPEfilm and CPEdl and find its effective capacitance (Ceff), Mansfeld and Brug equations are used to correct the pseudocapacitance values (see Equations (9) and (10)) [54,55]:


   C  eff ,    film    =  Y  film      (   ω m ″   )     n  film   − 1    



(9)






   C  eff ,    dl    =    [   Y  dl      (   1   R s      +    1   R  ct      )     (   n  dl   − 1  )     ]     1   n  dl        



(10)




where    ω m ″    is the angular frequency at the maximum of the imaginary part (absolute value) of the impedance in the Nyquist plot. For the Ceff,film, the    ω m ″    was based on the first time constant representing the film.



From the corrected Ceff,film values, the estimated thickness can also be obtained using Equation (11):


   C  eff , film   =    ε o     ε  film     A  d   



(11)




where εo is the dielectric constant of the permittivity of the vacuum (8.84 ×10−14), εfilm is the dielectric constant of the oxide film (a value of 15 for the passive film formed in stainless steel), A is the exposed surface area, and d is the thickness of the passive film [56,57].



The Ceff,film and Ceff,dl values are in the range of µF/cm2, with the Ceff,film ranging between 0.4 and 2.73 µF/cm2 for the SCPS, and between 0.6 and 3.6 µF/cm2 for the CBS, while the Ceff,dl ranged between 0.3 and 1.1 µF/cm2 for the SCPS, and between 0.6 and 1.6 µF/cm2 for the CBS. With the values from the Ceff,film and Equation (11), the thickness of the passive film was calculated to range between 33.2 and 4.8 nm.



From the impedance data, the pit-to-crack transition can also be seen by looking at the phase angle (θ) from the Bode plot [58]. As the samples strained in 8 wt.% Cl– experienced the most brittle fracture, as well as showing the highest cracking susceptibility by electrochemical measurements, the Bode plots from both the SCPS and the CBS can be seen in Figure 9. Starting with the SCPS, the peak with the maximum θ value (θmax) lays in the low-frequency region (≈1 Hz), shifting towards lower frequencies after the “Preload”; however, the θ remained unchanged in the –75° (see Figure 9a). The samples strained in the CBS experienced a decrease in the θmax, which coincide in frequency range with the SCPS (≈1 Hz) (see Figure 9b). Therefore, while the θmax started at a similar value (≈–77°), as the samples were strained, the θmax decreased, a sign of the damage taken [58]. Furthermore, the combination of the decreasing θmax with the low-frequency range indicates that the cracking process is being developed [59]. At the “Failure”, the θmax decreased to –60°, and the attenuation of the peak found at high frequencies denotes a deep crack [60].




4.3. Energy-Dispersive X-ray Spectroscopy (EDX)


Figure 10a shows a magnification of Figure 7i where the inclusion can be seen. This inclusion was found inside a cleavage facet, which showed higher chromium and lower nickel content, suggesting α–phase (ferrite cleavage facet) [49]. Performing an EDX analysis on the inclusion, it was confirmed that it was a TiN nonmetallic inclusion (NMI) (see Figure 10b) [61,62]. This type of TiN NMI has been seen to promote higher corrosion susceptibility in duplex stainless steel, leading in some cases to the promotion of TG-SCC [63,64]. As can be seen on the EDX spectra, the highest peaks correspond with Ti and N; nevertheless, some minor traces of Fe and Cr from the substrate of the ferrite cleavage facet were also seen [65,66,67].



The TiN NMI has been proven to be more susceptible to cracking than the matrix, which in the case of UNS S32205 was the ferrite cleavage facet, thus acting as crack nucleation sites where brittle fracture is developed [49]. The TG-SCC behavior seen in both the SCPS and the CBS, with the predominant failure by the ferrite cleavage facet formation, is the consequence of the cracking of the TiN NMI. Near these sites, neither ductile fracture nor ductile overload fracture was seen (absence of microvoids and coalescence of dimples), where the dominant fracture mode is brittle.





5. Conclusions


In this work, the influence of the carbonation process and the chloride concentration on the SCC mechanism of UNS S32205 reinforcement was studied. The main conclusions can be drawn as follows:



The monitoring of the icorr via LPR coincided with the findings observed by EIS analysis, where the CBS experienced higher icorr and lower Rct values, a sign of a more susceptible alloy.



The increase in chloride content shifted the ductile fracture with microvoids and coalescence of dimples to brittle fracture with the development of a greater surface with cleavage facets. The change in carbonation enhanced the brittle fracture, reducing the ductile and ductile overload areas. The α–phase, majorly present in the ferrite cleavage facets, had the highest cracking susceptibility and was the main reason for the brittle fracture.



The υcrack of the UNS S32205 specimens exposed to SCPS had a maximum value of 5.27 × 10–9 m/s by the failure of the sample in 8 wt.% Cl–, which increased over 100% for the same conditions for the CBS reaching 1.23 × 10–8 m/s. The enhanced acidification due to the formation of carbonic acid and its later dissociation was the reason for the higher cracking susceptibility of the ferrite cleavage facet, increasing accordingly the υcrack and promoting a more severe brittle fracture.



The pit-to-crack transition was seen by the decrease in the θmax for the CBS with 8 wt.% Cl–, decreasing from ≈−77° up to ≈−60° by the failure of the sample. In addition, the θmax was developed at low frequencies (≈1 Hz), corresponding to the cracking process.



The TiN NMI inside the ferrite cleavage facets was the cause of the faster crack nucleation, promoting a more brittle fracture. The increase in aggressiveness of the electrolyte with the CBS and the chloride addition enhanced the cracking process, promoting the brittle rupture of a higher number of TiN NMI.
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Figure 1. Microstructural characterization of as-received UNS S32205 reinforcement: (a) micrograph of the rolling direction ×50, and (b) XRD pattern and alloy phase fraction (γ–phase and α–phase). 
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Figure 2. Stress/strain curves of UNS S32205 reinforcement as a function of the chloride content: (a) simulated concrete pore solution (SCPS, pH 12.6), and (b) carbonated solution (CBS, pH 9.1). 
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Figure 3. Linear polarization resistance measurements of UNS S32205 reinforcement during slow strain rate test (SSRT): (a) Ecorr, and (b) icorr. 
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Figure 4. Nyquist plots of UNS S32205 reinforcement during slow strain rate test (SSRT): (a) SCPS 0 wt.% Cl–, (b) SCPS 4 wt.% Cl–, (c) SCPS 8 wt.% Cl–, (d) CBS 0 wt.% Cl–, (e) CBS 4 wt.% Cl–, and (f) CBS 8 wt.% Cl–. 
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Figure 5. Electric equivalent circuit (EEC) with two time constants. 
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Figure 6. Micrographs of UNS S32205 reinforcement after slow strain rate test (SSRT) immersed in SCPS: 0 wt.% Cl– (a) rupture surface ×50 (b) microvoids and coalescence of dimples ×1300, (c) ductile overload areas ×1000; 4 wt.% Cl– (d) rupture surface ×50, (e) ductile overload area ×600, (f) brittle fracture inside the ferrite cleavage facets ×22,800 ; 8 wt.% Cl– (g) rupture surface ×50, (h) cracks inside the ferrite cleavage facets ×4500, and (i) crack nucleation due to inclusions ×12,300. 
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Figure 7. Micrographs of UNS S32205 reinforcement after slow strain rate test (SSRT) immersed in CBS: 0 wt.% Cl– (a) rupture surface ×50 (b) microvoids and coalescence of dimples ×550, (c) broken inclusions ×11,200; 4 wt.% Cl– (d) rupture surface ×50, (e) brittle fracture mode ×1200, (f) microcracks inside the ferrite cleavage facets ×10,300; 8 wt.% Cl– (g) rupture surface ×50, (h) cracks inside the ferrite cleavage facets ×3100, and (i) crack nucleation due to inclusions ×7600. 
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Figure 8. Crack propagation rate and stress monitoring UNS S32205 reinforcement during SSRT: (a) simulated concrete pore solution (SCPS, pH 12.6), and (b) carbonated solution (CBS, pH 9.1). 
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Figure 9. Bode plots of UNS S32205 reinforcement during SSRT: (a) simulated concrete pore solution (SCPS, pH 12.6), and (b) carbonated solution (CBS, pH 9.1). 
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Figure 10. EDX analysis of Ti-based nonmetallic inclusion in UNS S32205 reinforcement after failure immersed in carbonated solution (CBS, pH 9.1) contaminated with 8 wt.% Cl–: (a) SEM micrograph ×7600, and (b) EDX spectrum. 






Figure 10. EDX analysis of Ti-based nonmetallic inclusion in UNS S32205 reinforcement after failure immersed in carbonated solution (CBS, pH 9.1) contaminated with 8 wt.% Cl–: (a) SEM micrograph ×7600, and (b) EDX spectrum.



[image: Metals 13 00567 g010]







[image: Table] 





Table 1. Elemental composition of UNS S32205 (DSS 2205) reinforcing bar (wt.%), Fe balance.
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	Element
	C
	Cr
	Mn
	Ni
	Mo
	N
	Si
	Co
	Ti





	Content (wt.%)
	0.017
	22.76
	1.57
	4.64
	3.21
	0.171
	0.34
	0.17
	0.004
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Table 2. Mechanical properties of UNS S32205 reinforcement after slow strain rate test (SSRT) in simulated concrete pore solution (SCPS, pH 12.6), and carbonated (CBS, pH 9.1) environments at different chloride concentrations.
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[Cl−]

wt.%

	
σy

MPa

	
σUTS

MPa

	
εUTS

%

	
εf

%






	
SCPS (pH 12.6)




	
0

	
510

	
717

	
15.9

	
21.0




	
4

	
463

	
562

	
12.8

	
17.6




	
8

	
407

	
480

	
9.9

	
11.9




	
CBS (pH 9.1)




	
0

	
512

	
716

	
11.7

	
15.1




	
4

	
461

	
559

	
8.9

	
11.5




	
8

	
406

	
485

	
7.7

	
10.5
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Table 3. Fitting EIS parameters for UNS S32205 reinforcement during slow strain rate test (SSRT) for SCPS and CBS.
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[Cl–]

wt.%

	
Load

Percentage

	
Rs

	
Rfilm

	
Yfilm

	
nfilm

	
Rct

	
Ydl

	
ndl

	
χ2 (*)




	
Ω cm2

	
Ω cm2

	
S cm−2 sn,film

	

	
Ω cm2

	
S cm−2 sn,dl

	

	






	
SCPS (pH 12.6)




	
0

	
Preload

	
3.82

	
8.75 × 102

	
1.26 × 10−6

	
0.81

	
4.29 × 105

	
2.19 × 10−6

	
0.84

	
8.87 × 10−4




	
Yield

	
3.61

	
4.25 × 103

	
1.60 × 10−6

	
0.94

	
9.03 × 105

	
2.82 × 10−6

	
0.85

	
3.77 × 10−3




	
UTS

	
3.75

	
3.55 × 103

	
1.33 × 10−6

	
0.93

	
1.08 × 105

	
3.03 × 10−6

	
0.86

	
3.84 × 10−3




	
Failure

	
3.85

	
3.45 × 103

	
4.41 × 10−6

	
0.92

	
1.06 × 105

	
3.83 × 10−6

	
0.86

	
8.11 × 10−4




	
4

	
Preload

	
3.82

	
2.54 × 103

	
2.19 × 10−6

	
0.89

	
7.77 × 105

	
1.43 × 10−6

	
0.98

	
2.69 × 10−3




	
Yield

	
3.98

	
3.26 × 103

	
3.16 × 10−6

	
0.87

	
1.49 × 105

	
2.65 × 10−6

	
0.87

	
2.61 × 10−3




	
UTS

	
3.91

	
2.59 × 103

	
3.74 × 10−6

	
0.86

	
1.68 × 105

	
3.42 × 10−6

	
0.87

	
2.91 × 10−3




	
Failure

	
3.90

	
2.57 × 103

	
4.18 × 10−6

	
0.86

	
1.75 × 105

	
4.57 × 10−6

	
0.89

	
3.52 × 10−3




	
8

	
Preload

	
3.78

	
1.44 × 103

	
4.05 × 10−6

	
0.81

	
7.85 × 104

	
3.05 × 10−6

	
0.89

	
7.64 × 10−4




	
Yield

	
3.96

	
2.08 × 103

	
6.08 × 10−6

	
0.83

	
1.78 × 105

	
4.18 × 10−6

	
0.89

	
2.75 × 10−3




	
UTS

	
3.88

	
1.09 × 103

	
6.35 × 10−6

	
0.86

	
1.24 × 105

	
4.95 × 10−6

	
0.88

	
2.67 × 10−3




	
Failure

	
3.95

	
1.01 × 103

	
8.85 × 10−6

	
0.83

	
6.04 × 104

	
5.28 × 10−6

	
0.79

	
1.40 × 10−3




	
CBS (pH 9.1)




	
0

	
Preload

	
3.77

	
2.57 × 103

	
1.91 × 10−6

	
0.91

	
4.10 × 105

	
1.87 × 10−6

	
0.78

	
4.68 × 10−4




	
Yield

	
3.59

	
1.34 × 103

	
2.14 × 10−6

	
0.95

	
2.01 × 105

	
4.68 × 10−6

	
0.73

	
4.91 × 10−4




	
UTS

	
3.81

	
1.21 × 103

	
4.07 × 10−6

	
0.95

	
2.47 × 105

	
5.56 × 10−6

	
0.73

	
4.21 × 10−4




	
Failure

	
3.82

	
1.87 × 103

	
4.96 × 10−6

	
0.97

	
3.22 × 105

	
5.55 × 10−6

	
0.72

	
6.57 × 10−4




	
4

	
Preload

	
3.61

	
1.94 × 103

	
5.33 × 10−6

	
0.86

	
1.28 × 105

	
1.23 × 10−6

	
0.77

	
1.39 × 10−3




	
Yield

	
3.84

	
1.16 × 103

	
6.06 × 10−6

	
0.83

	
2.82 × 105

	
2.86 × 10−6

	
0.74

	
2.03 × 10−3




	
UTS

	
3.85

	
1.01 × 103

	
6.82 × 10−6

	
0.86

	
2.79 × 105

	
4.90 × 10−6

	
0.75

	
2.09 × 10−3




	
Failure

	
3.71

	
8.61 × 102

	
7.91 × 10−6

	
0.78

	
7.35 × 104

	
5.14 × 10−6

	
0.74

	
1.85 × 10−3
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Preload

	
3.72

	
1.73 × 103

	
1.31 × 10−6

	
0.84

	
1.58 × 104

	
2.95 × 10−6

	
0.81

	
8.21 × 10−4




	
Yield

	
3.99

	
7.38 × 102

	
5.92 × 10−6

	
0.81

	
1.34 × 104

	
5.40 × 10−6

	
0.71

	
5.18 × 10−4




	
UTS

	
3.98

	
5.43 × 102

	
7.63 × 10−6

	
0.88

	
2.99 × 104

	
6.44 × 10−6

	
0.74

	
1.18 × 10−3




	
Failure

	
3.91

	
3.91 × 102

	
8.24 × 10−6

	
0.87

	
1.60 × 104

	
6.25 × 10−6

	
0.73

	
9.54 × 10−4








* Total Error < 10% for all values.
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