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Abstract

:

The copper corrosion was studied for 30 days in two alkaline electrolytes: saturated Ca(OH)2 and cement extract, employed to simulate concrete-pore environments. Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry were carried out at the open circuit potential (OCP), and potentiodynamic polarization (PDP) curves were performed for comparative purposes. Electrochemical current fluctuations, considered as electrochemical noise (EN), were employed as non-destructive methods. The tests revealed that sat. Ca(OH)2 is the less aggressive to the Cu surface, mainly because of the lower in one order pH. In consequence, the OCP values of Cu were more positive, the polarization resistance values were higher by one order of magnitude, and the anodic currents of Cu were lower than those in the cement extract. The analyzed EN indicated that the initial corrosion attacks on the Cu surface are quasi-uniform, resulting from the stationary persistent corrosion process occurring in both model solutions. XPS analysis and X-ray diffraction (XRD) patterns revealed that in sat. Ca(OH)2, a Cu2O/CuO corrosion layer was formed, which effectively protects the metallic Cu-surface. We present evidence for the sequential oxidation of Cu to the (+1) and (+2) species, its impact on the corrosion layer, and also its protective properties.
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1. Introduction


Concrete-embedded metals corrode in fresh and humid concrete, where the direct metal oxidation in the pore alkaline environment leads to changes at the metal interface during the curing time. The corrosion process can stop when a protective oxide film is formed on the metal surface, the so-called passive layer. If the concrete is dry, it is unlikely to promote metal corrosion. However, the corrosion could proceed later in the hardened concrete when its pores, capillaries and cavities contain humidity, and dissolved ionic ingredients extracted from the cement are aggressive against metal in the presence of oxygen diffused at the metal surface (except for aluminum, for example) [1]. Further, this internal electrolyte increases the electrical conductivity of concrete, which raises the rate of the electrochemical anodic process that in turn accelerates the corrosion process [2].



Metals other than reinforcing steel frequently embedded in or used in contact with concrete are principally aluminum, copper, lead and zinc [2]. According to Halstead’s report [3], copper pipes are used in concrete when there is no contamination with ammonia. The use of copper in the construction field is fully spread in residential electrical wiring and the transport of water, heating, natural gas and refrigeration [4]. On the other hand, it is also used in gutters and downspouts, suspended gutters, vertical walls, the crowning of walls, expansion joints for buildings, and in wall covering [5].



According to Pourbaix diagrams [6], copper may have good corrosion resistance in aqueous salt solutions in a wide pH range (5–12), as well as being relatively insensitive to chloride salts because of the low solubility of the copper(I)-chloride corrosion product [7,8]. It is reported that, in air, a Cu(I)-oxide layer forms on copper and its alloys, which, once embedded in most concrete or cement mortar, undergoes negligible uniform corrosion, because this layer presents low solubility [7,8]. In cement with higher alkalinity (pH value of the cement stone-pores solution > 13.3), copper is not sufficiently resistant [9]. According to Freedman, the copper surface should be protected when it comes into contact with concrete mixtures containing high sulfur components, such as slag cement, ash and fly ash, because they may lower the pH, and promote a relatively acidic environment that is highly corrosive to most metals, including copper [9]. Xu et al. consider that the copper oxide growth is significantly retarded by the presence of sulfur [10], because the corrosion redox potential in sulfide environments is several hundred millivolts more negative than that required for copper oxide formation [11]. Therefore, this fact suggests that the formation of Cu2S and CuS could occur at values close to the redox potential (corrosion potential, OCP) in cement extract solution.



The corrosion behavior of copper was investigated in aqueous solutions of different pH values, using electrochemical and surface analysis methods [12]. At sufficiently high pH (12 pH to 13 pH values) the film grown on the Cu surface is covered by a layer mainly composed of protective monoclinic cupric oxide (CuO), with the inclusion of copper hydroxide. The reported anodic reactions are [11]:


2Cu + 2OH− → Cu2O + H2O + 2e−,



(1)






Cu + 2OH− → CuO + H2O + 2e−,



(2)






Cu + 2OH− → Cu(OH)2 + 2e−,



(3)




it is considered that Cu2O oxide (1) is insoluble in water and is a hydrophobic substance, factors which affect to a certain extent the interaction of polar water molecules with the surface [13].



The cathodic reaction involves the reduction of oxygen, the diffusion of which through the oxide layer controls the corrosion process [11]:




O2 + H2O + 4e− → 4OH−,



(4)





Studies of metals in concrete are a topic of discussion with regard to instrumental techniques and data interpretation [14,15]. Reported difficulties in experimental measurements include the electrode and cell design, the potential drop (IR) in the concrete and its compensation, the development of macro-corrosion cells and the restriction of oxygen diffusion [16]. The use of submerged electrodes in model solutions that simulate the concrete-pore electrolyte avoids many of the above difficulties [16,17,18,19]. The model solutions allow comparative results to be obtained, and control of some testing parameters, which are difficult to achieve with concrete samples, mainly not homogeneous in their internal surface. Many model solutions have been proposed, including the use of a saturated aqueous solution of Ca(OH)2 (pH 12–13) [14,16,18,20,21,22,23], aqueous KOH and NaOH [24,25,26,27], and cement extract solution [11,16,28,29]. The most commonly reported model is the saturated Ca(OH)2 solution. However, the composition of the concrete-pore solution is more complex, since it includes other compounds extracted from the cement in the presence of humidity, in addition to Ca(OH)2. Previously, several studies have reported the electrochemical corrosion behavior of carbon steel, stainless AISI 304 and 316 in concrete-pore model solutions [16,30,31,32,33,34,35,36].



Despite the use of copper in the construction industry, very little systematic work has been carried out on the behavior of copper and its alloys in contact with concrete, and their corrosion mechanism in concrete-pore solutions has not yet been clarified. Therefore, in view of the advantages of model solutions, it is appropriate to study the corrosion behavior of copper in this type of environment, because it allows comparative results to be obtained, and some testing parameters to be controlled, which are difficult to achieve in the non-homogeneous internal surface of concrete samples. The contact of metal and mineral materials (produced with cement) plays an important role from a corrosion-technical point of view.



There are few studies on the corrosion susceptibility of copper exposed to concrete environments, and most of these do not employ electrochemical techniques, even though they have the advantage of being practical and fast [2,4,7,8,11].



In this work, we characterize the initial stages of the corrosion of copper exposed to two model electrolyte solutions for up to 720 h (30 days), simulating the electrolyte of the concrete-pore, viz saturated calcium hydroxide solution and cement extract solution, renamed as I and II solutions, respectively. The research was carried out with different electrochemical and surface analysis methods, such as: open circuit potential monitoring and electrochemical current fluctuations, considered as electrochemical noise (EN), which were employed as two non-destructive methods; electrochemical impedance spectroscopy (EIS), potentiodynamic polarization (PDP) curves, cyclic voltammetry (CV), scanning electron microscopy (SEM) and X-Ray Diffraction (XRD). Some authors have used a few of these techniques to characterize the attack suffered by steels in concrete [37,38] or in solutions that simulate concrete [16,35,39], as well as to determine the corrosion products that are formed during the process.




2. Materials and Methods


2.1. Samples and Solution Preparation


Commercial copper sheet (>99.99%) was cut into square samples of 1 cm2, and these were cleaned with ethanol. All samples were abraded with wet SiC paper to 4000 grit, using ethanol as lubricant, and then it was sonicated, and dried in air prior to immersion tests. The solution I (sat. Ca(OH)2), used to simulate the non-carbonated concrete pore, was prepared from analytical grade reagent Ca(OH)2 (Sigma-Aldrich, St. Louis, MO, USA) and ultrapure deionized water (18.2 MΩ·cm). For the solution II (cement extract) a 1:1 wt./wt. mixture of Portland cement type I produced by CEMEX (CEMEX, S.A.B. de C.V., San Pedro Garza García, N.L., México) was used, along with ultrapure deionized water. Table 1 gives the chemical composition of the cement used, and that of the cement-extracted solution after filtration according to Wang et al. [40]. The mixture was stored for 24 h, in order to allow cement hydration, and it was kept in a sealed container to avoid absorption of CO2 from the air. Subsequently, the suspended particles were removed from the supernatant by filtering the solution II with a 125 mm pore-size filter paper (Whatman, Kent, UK). Copper behavior was studied in the absence of chlorides, because the copper surface in concrete is not usually exposed to Cl− ions during the initial stages. The pH values of the solutions I and II were 12 and 13, respectively. The pH was regularly checked by a pH meter, and the Cu samples were immediately immersed to avoid carbonation effects.




2.2. Immersion Tests and Surface Characterization


The Cu flat samples (1 cm × 1 cm × 0.3 cm) were immersed in 100 mL of solutions I and II (triplicated) according to the American Society for Testing and Materials (ASTM) standard guide for the laboratory immersion corrosion testing of metals [41]. They were withdrawn after 1 h, 24 h, 360 h and 720 h, rinsed with deionized water, and dried in air at room temperature (21 °C). In order to evaluate the damage on the copper surface, the corrosion products formed were removed from the surface of the samples exposed for 720 h, submerged them in a sulfuric acid solution during 2 min at 21 °C, according to the cleaning procedure recommended by ASTM G1 standard [42]. Further, their surfaces were characterized by Scanning Electron Microscopy (SEM-EDS, XL-30 ESEM-JEOL JSM-7600F, JEOL Ltd., Tokyo, Japan). The corrosion products were analyzed with an X-Ray Diffraction instrument (Siemens D-5000, Munich, Germany) and X-Ray Photoelectron Spectroscopy (K-Alpha, Thermo Scientific, Waltham, MA, USA).




2.3. Electrochemical Measurements


An Interface-1000E potentiostat/galvanostat/ZRA (Gamry Instruments, Philadelphia, PA, USA) was used for electrochemical experiments, with a typical three-electrode cell configuration inside a Faraday cage. The working electrode was the copper plate with an exposed area of 0.8 cm2, and the Pt plate was used as an auxiliary, and a saturated calomel electrode (SCE) as the reference electrode. All experiments were carried out at room temperature (21 °C). Electrochemical Impedance Spectroscopy (EIS) measurements were performed at the open circuit potential (OCP), applying an AC signal of ±15 mV amplitude, in a frequency range from 100 kHz to 10 mHz, and with a sampling size of 10 data points/decade. EIS diagrams were recorded at different immersion periods in solutions I and II: 30 min (initial), 24 h, 360 h and 720 h. Potentiodynamic polarization (PDP) curves were made for comparative purposes at initial time of immersion (30 min), with a scan rate of 10 mV·s−1, starting from −0.35 V to 0.35 V vs. OCP. Both EIS diagrams and PDP curves were analyzed with Gamry Echem Analyst® software (Gamry Instruments, version 7.0.1, Philadelphia, PA, USA). Cyclic Voltammetry was carried with scan range of −1.2 V in cathodic direction and 0.5 V in anodic direction from OCP and with scan rate of 25 mV·s−1 and 100 mV·s−1. Before voltammetry experiments, the open circuit potential of the electrodes in the model solution was monitored until it stabilized (30 min). All CV scans started in open circuit potential, then subsequently continuing in the cathodic direction. For each sample, 10 cycles were run. All potentials refer to the SCE, and anodic currents are shown as positive.



For Electrochemical Noise measurements (EN), two identical working electrodes and the SCE reference electrode were employed, according to ASTM G199-09 standard [43]. The three electrodes were connected to the potentiostat in the zero-resistance ammeter mode (ZRA) to record both current and potential values with a sampling frequency of 1 Hz during 24 h. Subsequently, the acquired EN signals were pre-processed, transformed and analyzed by the Electrochemical Signal Analyzer® software (Gamry Instruments, version 7.0.1, Philadelphia, PA, USA).





3. Results and Discussion


Copper plates were prepared in the same manner as those used as control. Figure 1 shows the SEM image of copper sample, as well as its elemental EDS analysis, which shows high copper content corresponding to the matrix, as well as lower oxygen content.



Figure 2 shows the XPS of the control Cu sample (without immersion in the model solution). The XPS determined the existence of a native copper oxide layer, which was not possible to detect by XRD. These facts indicate that the oxide is present probably as an amorphous nanometric layer, formed by a direct air-oxidation mechanism [44,45]. Despite the low oxygen content revealed by the EDS analysis for the control sample, XPS (Figure 2) mainly indicates the presence of Cu2O, which seems to form immediately on the surface of the copper when it comes in contact with the air. The oxidation rate decreases over time, and practically stops when the thickness of the cuprite film reaches 5 nm [45].



3.1. Surface Morphology and Analysis of the Cu Surface after Exposure to Concrete-Pore Solutions I and II


3.1.1. Scanning Electronic Microscopy


SEM images of the Cu surface, after exposure for 360 h and 720 h to sat. Ca(OH)2 (solution I), are shown in Figure 3a,b. These images and their respective EDS analysis (Table 2) suggest that on the copper surface the corrosion layer formed presents two different morphological visible zones: the lighter A and the darker B. The layer elemental analysis of zone A presents high contents of copper and relatively low values for oxygen, which ratio probably corresponds to copper oxide. EDS analysis indicates the presence of Ca traces in zone A, while in zone B the calcium content is significant, accompanied by carbon and twice higher oxygen contents. These results permit the conclusion that the layer in the darker zones B could be considered as formed by CaCO3, which is the main product of the reaction of atmospheric CO2 with Ca(OH)2 [46], even though the container was open only during the time taken for measurements.



The copper surface also changes after immersion in cement extract (solution II) for 360 h (Figure 4a) and 720 h (Figure 4b), presenting formed corrosion layer having a morphology and elemental composition in two distinguishable zones, labeled as A and B. The EDS composition of zones A (Table 3) is very similar to that observed on copper after exposure to solution I for 360 h and 720 h (Figure 3a,b, Table 2), indicating that the surface of copper is mainly covered by Cu-oxide. Meanwhile, the dark zone B extends in area over time and the formation of CaCO3 is more significant in content (Figure 4b, Table 3), presenting crystals with larger size. The EDS analysis (Table 3) also shows the presence of elements such as Na, K and Al originating from the cement extract (solution II).



Figure 5 compares Cu surfaces, the corrosion layers of which were removed after exposure for 720 h to sat. Ca(OH)2 (solution I, Figure 5a), and cement extract (solution II, Figure 5b). The images indicate that the observed corrosion attack on the copper surface is more pronounced after exposure in the cement extract model solution (Figure 5b).




3.1.2. X-ray Diffraction Patterns


According to the reports [12,47,48,49] in alkaline solution the corrosion layer of copper consists of tenorite (CuO), cuprite (Cu2O), as two stable oxides having black and reddish color, respectively, and copper hydroxide (Cu(OH)2). Figure 6 presents X-ray diffraction patterns of the layers formed on Cu surface after exposure for 720 h in each of the concrete-pore model solutions. It can be seen that after 720 h of immersion in sat. Ca(OH)2 model solution (Figure 6a), CuO was formed as a main corrosion copper product, accompanied by CaCO3 at very low intensity and a low signal of Cu2O, another corrosion product at this later period of test.



In the case of samples immersed in cement extract (Figure 6b), CuO and CaCO3 were also detected. However, Cu(OH)2 was also detected after 720 h of immersion, and this fact suggests that in solution II (cement extract), the corrosion layer is a mix of two compounds: CuO and Cu(OH)2.




3.1.3. X-ray Photoelectron Spectroscopy


In order to investigate at which stage in time Cu(OH)2 was formed on the copper surface in cement extract model solution, XPS was performed. The analysis (Figure 7) indicated that this copper corrosion product was formed during the initial 24 h of immersion (Equation (3)), destroying the protective layer of Cu2O oxide.





3.2. Electrochemical Measurements


3.2.1. Open Circuit Potential (OCP)


Table 4 shows the recorded values of open circuit potential (OCP), considered as the free corrosion potential of Cu exposed for different immersion times in each concrete-pore medium: sat. Ca(OH)2 (solution I) and cement extract (solution II). It should be noted that the values of OCP of Cu in solution I are more positive than those of Cu in solution II, and at the end of this experiment OCP shifts by ≈90 mV to a more positive value (152 mV, Table 4), indicating the growth of a protective layer after the immersion in sat. Ca(OH)2 model solution, mainly composed of CuO according to the XRD spectra (Figure 6a). However, in cement extract the OCP maintained less positive values, and at the end of the experiment was even lower (29 mV) than the initial value (47 mV). These facts suggest that the formed layer on the Cu surface, composed of CuO/Cu(OH)2/CaCO3 (Figure 6b), offers less efficient protection, than that formed in the sat. Ca(OH)2 model solution. We considered that the pH difference between the two model solutions is the determining factor in the corrosion potential value and corrosion rate.




3.2.2. Electrochemical Impedance Spectroscopy (EIS)


Figure 8 presents EIS Nyquist plots for a copper surface, exposed for different periods (up to 720 h) to each concrete-pore model solutions. The incomplete semicircle shape can be attributed to the double-layer capacitance, as well as to the charge transfer resistance of the surface, because of the layers formed upon it. In the case of copper in the sat. Ca(OH)2 solution I (Figure 8a), it may be seen that the size of the incomplete capacitive semicircle increases with time, up to the maximum exposure time of 720 h. However, in cement extract solution II (Figure 8b), the capacitive arch increases during up to 360 h of immersion and then shows a slight decline. The difference in the protective efficiency of the layers grown on copper reflects the order of the impedance magnitude, i.e., one order lower in solution II, indicating that the corrosion layer is less protective for the copper surface that that formed in solution II of the cement extract. This fact correlates well with the more positive values of OCP in model solution I (Table 4), as well as with the difference in the composition of corrosion layers, according to XRD (Figure 6) and XPS (Figure 7) analysis, and in line with the above comments.



At high frequencies (between 100 Hz and 1000 Hz) the EIS Bode plots (Figure 9) show the total impedance associated with the solution resistance (Rs) at the Cu-electrolyte interface and specifics of the electrochemical corrosion process. There is approximately one order of difference in Rs, being higher in solution I, which fact indicates that the CuO layer is difficult to penetrate of active species and oxygen molecules. At frequencies between 1 Hz and 0.01 Hz, the total impedance can be attributed to the electrochemical corrosion process, which occurs on the metal surface: the formation of several corrosion products—Cu2O, CuO and Cu(OH)2 [50,51,52]. It may be seen that, with the passage of time, the tendencies in change of the total impedance for Cu in both model solutions follow those reported above for OCP values (Table 4). The EIS diagrams suggest also that the copper behavior followed different mechanism in I and II concrete-pore model solutions. Nishikata et al. consider that if the phase shift θ goes further than −45° (Figure 9) on a plot of θ vs log f (f-frequency), the current distribution becomes uniform at least in the low frequency limit, and an accurate corrosion rate can be determined from the obtained polarization resistance [53].



The equivalent electric circuit that theoretically models the behavior of copper exposed to both model solutions is presented in Figure 10. (This circuit presents an average of goodness of fit of 10−4).



The circuit as proposed includes a solution resistor (Rs), as well as a capacitor (Ccp) and a resistor (Rcp), both associated with the corrosion product layer (Cu2O/CuO or Cu2O/CuO/Cu(OH)2). Cdl is the double-layer capacitance, and Rct is the charge transfer resistance. For satisfactory EIS diagram simulation, it is necessary to replace the capacitors (Ccp and Cdl) with a constant phase element (CPE) in the equivalent circuit [54]. The CPE element is equal to [C(jω) × n]−1, where C corresponds to the interfacial capacitance, j is the imaginary number, ω is the angular frequency, and n is an exponential factor in the range between 0 and 1; when n = 1, there is an ideal capacitor, and when n = 0, an ideal resistor is involved [55]. The most accepted common explanation of the presence of CPE and incomplete semicircles on solid electrodes is microscopic roughness, causing a non-homogeneous distribution in the solution resistance, as well as in the double-layer capacitance [56]. The magnitude of the exponent n indicates the degree of homogeneity of the surface. The poor homogeneity of the surface is related to some type of pore structure permeating electrolyte, ions and neutral molecules through it [57]. The low Ccp values (10−5–10−7 F·cm−2·Hz1-ncp) of the copper in both solutions suggest an insignificant contribution of the charge current. At the end of our experiment (720 h), the values of ndl (6.3 × 10−1–8.9 × 10−1, Table 5), for example, indicate that the impedance is not dependent on the presence or absence of redox reactions [57].



Polarization resistance (Rp) was calculated using the following equation [55]:




Rp = Rcp + Rct.



(5)





The calculated parameters presenting the equivalent circuit (Figure 10) are listed in Table 6. It can be seen that the charge transfer resistance (Rct), as well as the polarization resistance (Rp) of Cu immersed in sat. Ca(OH)2 increase significantly over the time (in one and two orders, respectively), while in the cement extract solution their rise is in one order lower (Table 6). These facts confirm that the cement extract solution is more aggressive for copper as a concrete-pore model solution, attributable to the variance in the chemical composition of both model solutions, as well as being associated with the difference in composition of the formed corrosion layers on copper surface (Figure 6).




3.2.3. Potentiodynamic Polarization Curves (PDP)


The acquired PDP curves for Cu, exposed to both concrete-pore model solutions, are plotted in Figure 11. It may be noted that the densities of anodic corrosion currents of Cu tend to reach a limiting value after an initial polarization ΔE ≈ 50 mV. A similar fact has been reported for copper sheet in alkaline media [58]. However, the limiting anodic current of Cu immersed in cement extract solution is one order higher than that of Cu in sat. Ca(OH)2. This fact indicates again that the cement extract solution is more aggressive with respect to copper, than is the concrete-pore model of sat. Ca(OH)2. Such dissimilarity observed in PDP curves could be attributed to the variance in the chemical composition of both model solutions, as well being associated with the difference in the composition of the formed corrosion layers on the copper surface (Figure 6). On the other hand, both cathodic curves match significantly (Figure 11), revealing that the cathodic reduction of the initial air-formed Cu2O and the oxygen reduction on the copper cathodic sites, occur in a similar way in both model solutions. However, it could be noted that the cathodic current required for the reduction of Cu2O in sat. Ca(OH)2 solution is higher, but not significantly. Since both types of polarization curves do not have a Tafel region, it is questionable whether the corrosion current density (jcorr) of copper solely should be acquired through Tafel extrapolation. However, it is possible simply to extract the Tafel slopes (ba and bc) from the pre-Tafel region, in the vicinity of the free corrosion potential (Ecorr), in order to consider the activation-controlled kinetics of the systems [59]. The corrosion rate (jcorr) of freely corroding metal in the absence of coverage effects is inversely proportional to polarization resistance, as described by the Stern-Geary relationship [60]:


jcorr = B′/Rp,



(6)




where B′ is the apparent Stern-Geary coefficient, a function of the anodic and cathodic Tafel slopes (ba and bc). Certain commercially available instruments for polarization resistance measurements use a pre-selected value, such as 30 mV, which based on experience may give adequate accuracy in many cases [61]. The polarization resistance (Rp) was acquired by EIS technique, and Table 6 compares the time evolution of Rp and the jcorr of Cu. The results reveal that the corrosion rate (jcorr), as well as the Rp values of Cu exposed in cement extract solution, has constantly been one order higher than that obtained in sat. Ca(OH)2, confirming that the cement extract solution is more aggressive to copper.




3.2.4. Electrochemical Noise Measurements


The fluctuations of Cu-electrode current density, exposed to each of the concrete-pore model solutions, were reordered at open circuit potential (OCP) after the first 24 h (Figure 12). The amplitude of the fluctuations was approximately 3 μA·cm−2, and they were considered as electrochemical noise (EN), which indicated a quasi-stationary, persistent process occurring on the Cu surface. The EN signals (Figure 12) were processed with the software, giving the values of σi and irms, corresponding to the standard deviation and the mean square root of the current noise, respectively. They were used to calculate the pitting index (PI), revealing the susceptibility of copper surface to uniform or localized corrosion in these initial stages up to 24 h, following the proposed equation [62]:




PI = σi (irms)−1,



(7)





The values of PISol. I = 0.180 and PISol. II = 0.116 revealed that the corrosion occurs as quasi-uniform attacks on the copper surface in both concrete-pore media. According to Dawson [62], only PI values above 0.6 may indicate localized corrosion. The obtained PI values correlate with the low amplitude of the current fluctuations, which are characteristic of the uniform corrosion process [63].




3.2.5. Cyclic Voltammetry Measurements


In order to investigate the stages of copper surface transformation and differentiate the copper behavior exposed to each model solutions, cyclic voltammograms were performed (Figure 13). Voltammograms show two peaks in the anodic region. The first peak, labelled as A, is attributed to the oxidation of metallic copper to cuprous oxide (Cu2O), and the second peak B to CuO or Cu(OH)2 formation [64,65,66], although thermodynamically, the CuO is more stable [67]. It could be noted that the anodic current density of peak A of copper in cement extract solution (Figure 13b) is higher than that in sat. Ca(OH)2, confirming again that the cement extract media is the more aggressive. This fact collaborates with the anodic currents registered by the PDP curves (Figure 11).



Two possible reaction pathways for the formation of Cu2O (peak A) have been proposed: the direct oxidation of copper, via one electron step that leads to the formation of Cu2O (Ec. 7) [11], which initially results in Cu(OH), and which again breaks down into Cu2O through the following reactions [64]:




Cu + OH− → Cu(OH) + e−,



(8)






2Cu(OH) → Cu2O + H2O,



(9)





However, reaction (3) is more likely thermodynamically [68]:


2Cu + 2OH− → Cu2O + H2O + 2e−,



(10)




because the Cu+, and thus, Cu(OH) are not stable species.



The second anodic peak (B) is probably due to the oxidation of cuprous oxide to either (or both) CuO and Cu(OH)2 according to the following equations [64]:




Cu2O + 2OH− → 2CuO + H2O + 2e−,



(11)






Cu2O + 2OH− + H2O → 2Cu(OH)2 + 2e−,



(12)





The resulting Cu(OH)2, formed in cement extract solution, exists in the following equilibrium [65]:




Cu(OH)2 → CuO + H2O,



(13)





Therefore, it is assumed that the second peak of the anodic region could be a multilayer CuO film in contrast to the Cu2O monolayer under the first peak [65].



In the cathodic region, peaks C and D are involved. Peak C could be attributed mainly to the reduction of CuO or Cu(OH)2 to Cu2O [68]. On the other hand, peak D could be attributed to the reduction of the Cu2O to metallic Cu, with the participation of oxygen reduction process [64,65,67,68].



As an example, CVs at two scan rates (25 mV·s−1 and 100 mV·s−1) were performed to study the mechanism of electrode process occurring at the electrode surface of Cu exposed to cement extract solution (Figure 14). It could be noted that with the exception of peak D (reduction of Cu2O to metallic Cu), no other peaks (A, B, C) have a linear dependence between the peak current (ip) and the square root of the scanning speed (v1/2) [69]. This behavior indicates that the processes, which correspond to peaks A, B and C, are not completely controlled by diffusion, because there is a small dependence of the position on the scan rate [70]. The peak D is also limited by kinetics, because the peak position is very sensitive to the scan rate, consistent with a process where kinetics is the limiting step.



The results presented in this study indicate that the cement extract solution (pH 13) is more aggressive than that of sat. Ca(OH)2 (pH 12). This difference could be contributed mainly to the lower in one order pH of sat. Ca(OH)2 model solution, as well as to the variety of ions in the cement extract solution.






4. Conclusions


The present work compares the electrochemical behavior of copper exposed to saturated calcium hydroxide and cement extract alkaline solutions up to 720 h (30 days), as two model electrolytes simulating the concrete-pore. With the time of immersion, the composition of the corrosion layer grown on copper changes in different manner. X-ray diffraction patterns revealed that in solution I, tenorite (CuO) is the predominant corrosion product on the copper surface, while in solution II (cement extract), this layer is a mix of two compounds: CuO and Cu(OH)2, the last formed after the initial time of exposure. In both media, CaCO3 was also detected.



The electrochemical tests revealed that the cement extract (solution II) is more aggressive to copper than the sat. Ca(OH)2 (solution I). This difference contributes mainly to the lower in one order pH of sat. Ca(OH)2 model solution, than that of cement extract, as well as to the presence of a variety of ions, as part of the cement, in addition to Ca2+ ions. As a consequence, the open circuit potential values of Cu are significantly less positive in the cement extract, and the EIS impedance magnitudes are by one order lower, indicating that the formed layer is less protective for the copper surface than that formed in sat. Ca(OH)2 solution. Additionally, the polarization curves (PDP) showed that the value of the limiting anodic current of Cu exposed to cement extract solution is one order of magnitude higher than that in sat. Ca(OH)2 solution, confirming also that the cement extract media is more aggressive for the Cu surface



The equivalent electric circuit obtained for EIS, which models the behavior of copper, fitted satisfactorily to the Nyquist and Bode plots. The calculated parameters presenting the equivalent circuit indicated that the charge transfer resistance (Rct), as well as the polarization resistance (Rp) of Cu immersed in sat. Ca(OH)2 increase significantly in the time (in one and two orders, respectively), while in the cement extract solution their rise is in one order lower. This is another fact, as a consequence of the different pH of both model solutions to the copper surface.



The current density fluctuations of Cu, considered as electrochemical noise (EN), indicated a quasi-stationary, persistent corrosion process occurring on the Cu surface, after exposure to each model solution. In accordance with the calculated pitting index (PI), the corrosion attacks on the copper surface could be considered as quasi-uniform.



Overall, our results lead to the conclusion that, although there are similarities like the fact that model solutions attack the surface in a quasi-uniform manner, the overall copper corrosion develops in different ways in each concrete-pore model solution.



The extract cement electrolyte is more aggressive towards the copper surface. In the CVs experiments, anodic peaks correspond to the formation of a Cu2O monolayer, followed by a complex layer of CuO or Cu(OH)2 under potentiodynamic conditions consistent with the sequential formation of Cu1+ and Cu2+, and therefore, we consider that the corrosion mechanism occurs via two, one-electron oxidation steps.
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Figure 1. Scanning electron microscopy (SEM) image (3000×) of the copper control sample and its energy-dispersive X-ray spectroscopy (EDS) analysis. 






Figure 1. Scanning electron microscopy (SEM) image (3000×) of the copper control sample and its energy-dispersive X-ray spectroscopy (EDS) analysis.



[image: Metals 10 00474 g001]







[image: Metals 10 00474 g002 550] 





Figure 2. Overview X-ray photoelectron spectroscopy (XPS) spectra acquired from copper control sample surface: (a) full spectrum; (b) and (c) spectrum for Cu2p3 and O1s, respectively. 
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Figure 3. SEM images (3000×) of Cu surface after exposure to sat. Ca(OH)2 (solution I) for: (a) 360 h and (b) 720 h. 
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Figure 4. SEM images (3000×) of Cu surface after exposure to solution II (cement extract) for 360 h (a) and 720 h (b). 
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Figure 5. SEM images (3000×) of Cu surfaces, after removal of corrosion layers formed during exposure to both model solutions for 720 h: (a) sat. Ca(OH)2 (solution I) and (b) cement extract (solution II). 
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Figure 6. X-ray diffraction patterns comparing the crystalline compounds formed on Cu surface after 720 h of exposure to: (a) sat. Ca(OH)2 and (b) extract cement concrete-pore model solutions. 
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Figure 7. Overview XPS spectra acquired from copper exposure to cement extract (solution II) after 24 h: (a) full spectrum; (b) and (c) spectrum for Cu2p3 and O1s, respectively. 
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Figure 8. Electrochemical Impedance Spectroscopy (EIS) Nyquist plots for a copper exposed up to 30 days (720 h) to two model concrete-pore solutions: (a) sat. Ca(OH)2, solution I and (b) cement extract, solution II. 
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Figure 9. EIS Bode plots for a copper exposed up to 30 days (720 h) in: (a) sat. Ca(OH)2, solution I and (b) cement extract, solution II. 
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Figure 10. Equivalent electric circuit fitted to the EIS plots of copper exposed to I and II concrete-pore model solutions. 
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Figure 11. Potentiodynamic polarization curves of Cu exposed to two concrete pore model electrolytes: solution I, saturated Ca(OH)2 (red curves) and solution II, cement extract (black curves). 
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Figure 12. Current density fluctuations recorded (at open circuit) during 24 h of exposure of Cu to: (a) sat. Ca(OH)2 and (b) cement extract concrete-pore model solutions. 
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Figure 13. Cyclic voltammograms (25 mV·s−1) of Cu at the initial time of immersion in: (a) sat. Ca(OH)2 and (b) cement extract model solutions. (1 marks the start of scans from open circuit potential). 
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Figure 14. Cyclic voltammograms of Cu immersed in the cement extract concrete-pore model solution, recorded at a scan rate of 25 mV·s−1 (red line) and 100 mV·s−1 (black line). (1 marks the start of scans from open circuit potential). 
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Table 1. Composition of Portland cement according to the producer and chemical analysis of filtered cement extract solution as proposed [40] after 24 h.
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Portland Cement

	
Cement Extract b




	
Compound

	
Weight % a

	
Weight % b

	
Ion

	
Concentration mmol/L






	
SiO2

	
21.35

	
22.30

	
Ca2+

	
6.4




	
Al2O3

	
4.87 (as Al3+)

	
4.62

	
K+

	
35.1




	
Fe2O3

	
2.89 (as Fe3+)

	
2.44

	
Na+

	
18.3




	
CaO

	
66.84 (as Ca2+)

	
58.42

	
SO42-

	
-




	
K2O

	
0.39

	
0.35

	
OH−

	
56.4




	
Na2O

	
0.08

	
0.28

	
-

	
-




	
SO3

	
2.42

	
2.20

	
-

	
-




	
MgO

	
1.16 (as Mg2+)

	
1.92

	
-

	
-








a—According to this study; b—According to [40].
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Table 2. EDS analysis (wt. %) of Cu surface after exposure to sat. Ca(OH)2 (solution I), corresponding to zones presented in Figure 3.
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Element

Weight %

	
Zone A

	
Zone B




	
360 h

	
720 h

	
360 h

	
720 h






	
Cu

	
66.88

	
70.82

	
10.53

	
26.52




	
O

	
28.37

	
26.00

	
56.23

	
43.04




	
Ca

	
1.55

	
1.10

	
18.77

	
17.55




	
C

	
3.20

	
2.08

	
14.47

	
12.89
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Table 3. EDS analysis (wt. %) of Cu surface after exposure to cement extract (solution II) for 360 h (a) and 720 h (b).
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Element Weight %

	
Zone A

	
Zone B




	
360 h

	
720 h

	
360 h

	
720 h






	
Cu

	
67.95

	
69.68

	
34.57

	
13.80




	
O

	
27.37

	
27.72

	
28.16

	
51.29




	
Ca

	
1.31

	
0.45

	
2.35

	
19.41




	
C

	
2.60

	
1.84

	
27.98

	
15.49




	
Na

	
-

	
-

	
4.06

	
-




	
K

	
0.77

	
-

	
2.88

	
-




	
Al

	
-

	
0.32

	
-

	
-
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Table 4. Change in time of free corrosion potential values at open circuit (OCP) of Cu exposed to sat. Ca(OH)2 and cement extract concrete-pore model solutions.
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	Time (h)
	Sat. Ca(OH)2

Solution I

(mV vs. SHE)
	Cement Extract

Solution II

(mV vs. SHE)





	Initial
	62 ± 0.07
	47 ± 0.12



	24
	108 ± 0.01
	81 ± 0.33



	360
	136 ± 0.02
	79 ± 0.05



	720
	152 ± 0.07
	29± 0.04
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Table 5. Fitting parameters obtained from the EIS measurements for copper immersed in sat. Ca(OH)2 (solution I) and cement extract (solution II) concrete-pore models (21 °C) up to 720 h.
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Time (h)




	
Parameter

	
Initial

	
24

	
360

	
720




	

	
I

	
II

	
I

	
II

	
I

	
II

	
I

	
II






	
Rs (kΩ·cm2)

	
2.5 × 10−1

	
4.8 × 10−2

	
1.9 × 10−1

	
1.9 × 10−1

	
8.8 × 10−1

	
2.3 × 10−1

	
4.1 × 10−1

	
2.6 × 10−1




	
Ccp (F·cm−2·Hz1-ncp)

	
5.4 × 10−6

	
2.5 × 10−5

	
2.1 × 10−6

	
2.3 × 10−5

	
1.2 × 10−6

	
1.4 × 10−5

	
6.8 × 10−7

	
1.6 × 10−5




	
ncp

	
8.6 × 10−1

	
8.1 × 10−1

	
8.4 × 10−1

	
8.3 × 10−1

	
9.2 × 10−1

	
9.0 × 10−1

	
9.0 × 10−1

	
8.5 × 10−1




	
Rcp (kΩ·cm2)

	
3.1 × 10

	
1.3

	
8.3 × 10

	
9.4

	
3.5 × 102

	
6.0 × 102

	
7.0 × 102

	
6.0 × 101




	
Cdl (F·cm−2·Hz1-ncp)

	
8.5 × 10−5

	
2.4 × 10−4

	
7.8 × 10−6

	
2.0 × 10−4

	
3.7 × 10−6

	
4.8 × 10−5

	
2.2 × 10−6

	
6.8 × 10−5




	
ndl

	
1

	
5.1 × 10−1

	
8.1 × 10−1

	
8.3 × 10−1

	
9.2 × 10−1

	
6.1 × 10−1

	
8.9 × 10−1

	
6.3 × 10−1




	
Rct (kΩ·cm2)

	
0.1 × 102

	
3.3

	
1.3 × 102

	
4.4

	
3.4 × 102

	
0.7 × 102

	
6.5 × 102

	
5.3 × 101




	
Rp (kΩ·cm2)

	
4.7 × 101

	
4.7

	
2.1 × 102

	
1.4 × 10

	
6.9 × 102

	
1.3 × 102

	
1.3 × 103

	
1.1 × 102




	
c2

	
5.4 × 10−3

	
3.7 × 10−4

	
1.2 × 10−2

	
1.7 × 10−2

	
5.6 × 10−4

	
8.5 × 10−4

	
4.2 × 10−3

	
8.3 × 10−4
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Table 6. Rp and jcorr values of Cu immersed in sat. Ca(OH)2 and cement extract concrete-pore solutions.






Table 6. Rp and jcorr values of Cu immersed in sat. Ca(OH)2 and cement extract concrete-pore solutions.





	
Time (h)

	
Sat. Ca(OH)2

	
Cement Extract




	
Rp (kΩ·cm2)

	
jcorr (µA·cm2)

	
Rp (kΩ·cm2)

	
jcorr (µA·cm2)






	
Initial

	
4.7 × 10

	
6.4 × 10−1

	
4.7

	
6.2




	
24

	
2.1 × 102

	
1.4 × 10−1

	
1.3 × 10

	
2.1




	
360

	
6.9 × 102

	
4.0 × 10−2

	
1.3 × 102

	
2.3 × 10−1




	
720

	
1.3 × 103

	
2.0 × 10−2

	
1.1 × 102

	
2.7 × 10−1
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