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Abstract: The electrochemical behaviour of copper was studied for 30 days in two model 11 

alkaline electrolytes: saturated Ca(OH)2 and cement extract, which were employed to 12 

simulate concrete pore environments. The electrochemical tests revealed that sat. Ca(OH)2 13 

is less aggressive to Cu surface, and in consequence, the open circuit potential values of 14 

Cu were significantly more positive; also the EIS impedance values were higher in one order 15 

of magnitude. The higher value of limiting anodic diffusion current of Cu in cement extract 16 

electrolyte also confirmed the aggressivity of this media. Based on the processed current 17 

density fluctuations, analyzed as electrochemical noise (EN), the Power Spectral Density 18 

(PSD) plots indicated that the initial corrosion attacks on the Cu surface are quasi-uniform, 19 

resulting from stationary persistent electrochemical process occurring in both solutions. 20 

These results correlated well with the copper surface analysis. XPS analysis and X-ray 21 

diffraction patterns revealed that in sat. Ca(OH)2 solution a Cu2O/CuO corrosion layer was 22 

formed on the surface,  which effectively protect the metallic Cu, while in cement extract this 23 

layer also contains Cu(OH)2. The results suggest that the copper corrosion develops in 24 

different ways in each concrete pore model solution, the extract cement electrolyte being 25 

more aggressive for copper.We present evidence for the sequential oxidation of Cu to the 26 

(+1) and (+2) species and its impact on the corrosion layer and its protecvite properties. 27 

Keywords: copper concrete;  cement extract; corrosion; electrochemical noise. 28 

 29 

1. Introduction 30 

 Concrete embedded metals corrode in fresh and humid concrete where the direct metal 31 

oxidation in the pore alkaline environment leads to changes at the metal interface during the 32 

curing time. The corrosion process can stop when a protective oxide film is formed on the 33 

metal surface,  the so-called passive layer. If the concrete is dry, it is unlikely to promote 34 

metal corrosion. However, the corrosion could proceed later in the hardened concrete when 35 
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its pores, capillaries and cavities contain humidity and dissolved ionic ingredients extracted 36 

from the cement that are aggressive against metal, in the presence of oxygen diffused at 37 

the metal surface. Further, this internal electrolyte increases the electrical conductivity of 38 

concrete, which increases the rates of electrochemical processes that in turn accelerate the 39 

corrosion process.  40 

According to Halstead’s report [1], copper pipes are used in concrete when there is no 41 

contamination with ammonia. Metals other than reinforcing steel frequently embedded in or 42 

used in contact with concrete are principally aluminum, copper, lead, and zinc [2]. 43 

According to Pourbaix diagrams [3], copper may have good corrosion resistivity in neutral 44 

aqueous salt solutions in a wide pH range, as well as it is relatively not sensitive to chloride 45 

salts, because of the slight solubility of copper(I)-chloride corrosion product. It is reported 46 

that in air a Cu(I)-oxide layer forms on copper and its alloys, which once embedded in most 47 

concrete or cement mortar, undergoes negligible uniform corrosion because this layer 48 

presents slight solubility [4, 5]. In cement with higher alkalinity (pH value of the cement stone 49 

pores solution > 13.3), copper is not sufficiently resistant. According to the Portland Cement 50 

Association, copper surface should be protected when it comes into contact with concrete 51 

mixtures containing high sulfur components, such as ash and fly ash, because they may  52 

lower the pH, and promote a relatively acidic environment that is highly corrosive to most 53 

metals, including copper [6].  54 

The corrosion of copper has been examined in alkaline aqueous solutions. For example, in 55 

borax solutions with pH 9.2 [7] and pH 9.7 [8], the formation of a passive multilayer of copper 56 

oxides and hydroxides occurs on the metal surface. In borate buffer-mix solution of 0.3 M 57 

H3BO3 and 0.075 M Na2B4O7 (1: 4) with pH 8.4, the results of the cyclic voltammetry suggest 58 

the passivation of copper and the formation of a film of Cu2O/CuO-Cu(OH)2 duplex oxide, 59 

the internal layer of Cu2O of which acts as protective barrier and the outer layer is formed 60 

by CuO-Cu(OH)2 hydrate complex [9]. The corrosion behavior of copper was investigated in 61 

aqueous solutions of different pH values, using electrochemical and surface analysis 62 

methods [10].  63 

     The electrochemical semi-reactions involved in copper corrosion in alkaline media are 64 

[11]: 65 

Anodic reaction:  66 

Cu → Cu 2+ + 2e-, (1) 

Cathodic reaction:  67 

O2 + H2O + 4e- → 4OH-, (2) 

At pH 10, a thin compact film of Cu2O is formed on the surface and spontaneously 68 

passivated Cu. The general reaction of the formation of Cu2O at slightly alkaline pH [11] is 69 

shown by the following equation: 70 
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2Cu + 2OH- → Cu2O + H2O + 2e-, (3) 

At sufficiently high pH (12 to 13 pH values) the Cu surface is covered mainly with a protective 71 

monoclinic cupric oxide (CuO) layer and the general reaction of its direct formation is [11]: 72 

Cu + 2OH- → CuO + H2O + 2e-,   (4)  

   

Another important reaction in this type of alkaline environment is the formation of copper 73 

hydroxide (Cu(OH)2)[11]: 74 

Cu + 2OH- → Cu(OH)2 + 2e-,   (5)  

Impedance measurements [8, 9] suggest that the corrosion process has been controlled by 75 

the oxygen diffusion process through the oxide layer. Summing up the reported results, it 76 

may be stated that the main products of copper corrosion in alkaline media are Cu2O, CuO 77 

and Cu(OH)2.  78 

Studies of corrosion embedded metals corrosion is a topic of discussion with regards to 79 

instrumental techniques and data interpretation [12, 13]. Difficulties in experimental 80 

measurements include the electrode and cell design, the potential drop (IR) in the concrete 81 

and its compensation, the development of macro-corrosion cells and the restriction of 82 

oxygen diffusion, to mention a few. The use of submerged electrodes in model solutions that 83 

simulate the concrete pore electrolyte avoids many of the above difficulties [14-16]. The 84 

model solutions allow comparative results to be obtained and control of some testing 85 

parameters, which are difficult to achieve in concrete samples, mainly not homogeneous in 86 

their internal surface. Many model solutions have been proposed, including the use of a 87 

saturated aqueous solution of Ca(OH)2 (pH 12-13) [12, 16-20], aqueous KOH and NaOH 88 

[21-24], and cement extract solution [25, 26]. The most commonly reported model is the 89 

saturated Ca(OH)2 solution. However, the composition of the concrete pore solution is more 90 

complex [26], since it includes other compounds extracted from the cement in the presence 91 

of humidity, in addition to Ca(OH)2. Previously, several studies have reported the 92 

electrochemical corrosion behavior of carbon steel,  stainless AISI 304 and 316 in pore 93 

model solutions [14, 27-33]. 94 

Despite the use of copper in the construction industry, very little systematic work has been 95 

carried out on the behavior of copper and its alloys in contact with concrete, and their 96 

corrosion mechanism in concrete pore solutions has not yet been clarified. Therefore, in 97 

view of the advantages of model solutions it is appropriate to study the corrosion behavior 98 

of copper in this type of environment, because it allows to obtain comparative results and to 99 

control some testing parameters which are difficult to achieve in not homogeneous internal 100 

surface of concrete samples. In structural engineering, the contact of metal and mineral 101 

materials, which are produced with cement, plays an important role from a corrosion-102 

technical point of view. There are few studies on the corrosion susceptibility of copper 103 
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exposed to concrete environments, and most of which do not employ electrochemical 104 

techniques even though they have the advantage of being practical and fast [34]. 105 

In this work, we characterize the initial stages of electrochemical corrosion of copper 106 

exposed to two model electrolyte solutions for up to 720 h (30 days), simulating the 107 

electrolyte of the concrete pore, viz saturated calcium hydroxide solution and cement extract 108 

solution, (renamed as I and II solutions, respectively). The research was carried out with 109 

different electrochemical and surface analysis methods, such as eclectrochemical 110 

impedance spectroscopy (EIS), potentiodynamic polarization (PDP) curves, cyclic 111 

voltammetry (CV) and  electrochemical noise (EN) of current fluctuations, scanning electron 112 

microscopy (SEM) and X-Ray Diffraction (XRD). Some authors have used some of these 113 

techniques to characterize the attack suffered by steels in concrete [35, 36] or in solutions 114 

that simulate concrete [37], as well as to determine the corrosion products that are formed 115 

during this process. 116 

 117 

2. Materials and Methods  118 

2.1. Samples and solution preparation 119 

Copper sheet (> 99.99 %) was cut into square samples of 1 cm2. All samples were abraded 120 

with wet SiC paper, sonicated, and dried in air prior to immersion tests. The solution I, used 121 

to simulate the non-carbonated concrete pore, was prepared from analytical grade reagent 122 

Ca(OH)2 (Sigma-Aldrich, St. Louis, MO, USA) and ultrapure deionized water (18.2 MΩ•cm). 123 

For the solution II a 1:1 wt./wt. mixture of Portland cement type I was used and ultrapure 124 

deionized water. Table 1 gives the chemical composition of the cement used and that of 125 

solution II. The mixture was stored for 24 h in order to allow cement hydration, and it was 126 

kept in a sealed container to avoid absorption of CO2 from the air. Subsequently, the 127 

suspended particles were removed from the supernatant by filtering the solution II with a 128 

125 mm pore-size filter paper (Whatman, Kent, UK). Copper behavior was studied in the 129 

absence of chlorides, because the copper surface in concrete is not usually exposed to Cl- 130 

ions during the initial stages. The pH values of the solutions I and II were 12 and 13 131 

respectively. The pH was regularly checked by a pH meter and the Cu samples were 132 

immediately immersed, to avoid carbonation effects. 133 

  134 

 135 

 136 

 137 

Table 1. Composition of cement according to the producer and chemical analysis of the 138 

cement extract solution. 139 
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Compound Weight % 
Cement 

solution 

SiO2 21.35 - 

Al2O3 4.87 as Al 3+ 

Fe2O3 2.89 as Fe 3+ 

CaO 66.84 as Ca 2+ 

K2O 0.39 - 

Na2O 0.08 - 

SO3 2.42 - 

MgO 1.16 as Mg 2+ 

 140 

2.2. Immersion tests and surface characterization 141 

The Cu flat samples (1x1x0.3 cm) were exposed to solutions I and II according to the  ASTM 142 

standard guide for laboratory immersion corrosion testing of metals [38]. They were 143 

withdrawn after 360 and 720 hours, rinsed with deionized water, and dried in air at room 144 

temperature (21ºC). In order to evaluate the damage on the copper surface, the corrosion 145 

products formed were removed from the surface through the cleaning procedure 146 

recommended by ASTM G1 standard [39]. Further, their surfaces were characterized by 147 

Scanning Electron Microscopy (SEM-EDS, XL-30 ESEM-JEOL JSM-7600F). The corrosion 148 

products were analyzed with X-Ray Diffraction instrument (Siemens D-5000) and X-Ray 149 

Photoelectron Spectroscopy (K-Alpha, Thermo Scientific). 150 

2.3. Electrochemical measurements 151 

An Interface-1000E potentiostat/galvanostat/ZRA (Gamry Instruments, Philadelphia, PA, 152 

USA) was used for electrochemical experiments, with a typical three-electrode cell 153 

configuration inside a Faraday cage. The working electrode was the copper plate with an 154 

exposed area of 0.8 cm2, Pt plate was used as auxiliary and a saturated calomel electrode 155 

(SCE) as reference electrode. All experiments were carried out at room temperature (21 ºC). 156 

Electrochemical Impedance Spectroscopy (EIS) measurements were performed at the open 157 

circuit potential (OCP), applying an AC signal of ± 15 mV amplitude, in a frequency range 158 

from 100 kHz to 10 mHz, and with a sampling size of 10 data points/decade. EIS diagrams 159 

were recorded at different immersion periods in solutions I and II: 30 minutes (initial), 24 h, 160 

360 h and 720 h. Potentiodynamic polarization (PDP) curves were made for comparative 161 

purposes at initial time of immersion (30 minutes), with a scan rate of 10 mV s-1, starting 162 

from -0.5 V to 0.5 V vs OCP. Both EIS diagrams and PDP curves were analyzed with Gamry 163 

Echem Analyst ® software (Gamry Instruments). Cyclic Voltammetry was carried with scan 164 

rate of 25 mV s-1. Before voltammetry experiments, the open circuit potential of the 165 
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electrodes in the model solution was monitored until it stabilized (30 min). All CV scans 166 

started in open circuit potential and them carrying in cathodic direction. For each sample, 10 167 

cycles were run, which had a similar behavior, so the 5th cycle was chosen in each case. 168 

All potentials are referred to the SCE, and anodic currents are shown as positive. 169 

For Electrochemical Noise measurements (EN), two identical working electrodes and the 170 

SCE reference electrode were employed, according to ASTM G199-09 standard [40]. The 171 

three electrodes were connected to the potentiostat in the zero-resistance ammeter mode 172 

(ZRA) to record both current and potential values with a sampling frequency of 1 Hz during 173 

24 h. Subsequently, the acquired EN signals were preprocessed, transformed and analyzed 174 

by the Electrochemical Signal Analyzer ® software (Gamry Instruments).  175 

 176 

3. Results 177 

Copper plates were prepared in the same manner as those exposed were used as control. 178 

Figure 1 shows the surface of the copper sample as well as its elemental analysis using 179 

EDS, this shows high copper content corresponding to the matrix, as well as a smaller 180 

oxygen content. 181 

 182 

Figure 1. SEM images (3000x) and EDS analysis of the copper without exposing. 183 

Figure 2 shows the XPS of a control Cu sample exposed to air, without immersing it in 184 

solution. The XPS determined the existence of a native copper oxide layer on the polished 185 

surface of the copper without exposure to solution. Because it was not possible to detect it 186 

by XRD (see below) it follows that it is probably due to a thin or amorphous layer. Despite 187 

the low oxygen content presented in the EDS analysis for the control sample, XPS analysis 188 

(Fig. 2) mainly indicates presence of Cu2O which seems to form immediately on the surface 189 

of the copper when it comes in contact with the atmosphere. 190 
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 191 

Figure 2. Cu 2p3/2 spectra for Cu. 192 

3.1. Surface morphology and analysis of the Cu surface after exposure to solutions I and II 193 

3.1.1Scanning Electronic Microscopy 194 

SEM images and EDS analysis of Cu surface after exposure for 360 h and 720 h to solution 195 

I are shown in Figure 3 (a-b). Two different morphological zones are visible in the formed 196 

layers: the lighter A, the darker B. The layer characteristic of zone A presents high contents 197 

of copper and relatively low of oxygen, which ratio probably corresponds to copper oxide 198 

and the copper surface attacked. EDS analysis indicates the presence of Ca traces in zone 199 

A, while in zone B calcium content is significant,  accompanied by higher oxygen and carbon 200 

contents. These results permit the conclusion that the layer in the darker zones B could be 201 

considered as formed by CaCO3; the main product of the reaction of atmospheric CO2 with 202 

Ca(OH)2 [41], even though the container was open only during the time of measurements. 203 

 

  

 

 

 

 

 

 

 

Figure 3. SEM images (3000x) and EDS analysis of Cu surface after exposure to solution I 204 

for 360 h (a) and 720 h (b). 205 
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The copper surface also changes after immersion in solution II for 360 (Fig. 4a) and 720 206 

hours (Fig. 4b), presenting formed layers having a morphology and elemental composition 207 

of two distinguishable zones labeled as A and B. The EDS composition of zones A is very 208 

similar to that observed on copper after exposure to solution I for 360 and 720 h (Fig. 3a-b), 209 

indicating that the surface is mainly covered by Cu-oxide. Meanwhile, in the small zones, B 210 

over time, the formation of CaCO3 (Fig. 4 b) prevails, as more significant in content than that 211 

of Cu-oxide. At the later period of 720 h of exposure in solution I (Fig. 1b), the Cu surface 212 

mainly changed its morphology, presenting crystals with larger size in the zones A and B. 213 

The EDS analysis also shows the presence of elements such as Na, K, and Al probably from 214 

solution II. 215 

 

 

  

 

 

Figure 4. SEM images (3000x) and EDS analysis of Cu surface after exposure to solution 216 

II for 360 h (a) and 720 h (b). 217 

Figure 5 compares Cu surfaces, the corrosion layers of which were removed after exposure 218 

for 720 h to solution I (Fig. 5 a), and solution II  (Fig. 5 b).  The images indicate that the 219 

observed corrosion attack on the copper surface occurs similarly in both model solutions.   220 

 221 
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Figure 5. SEM images (x3000) of Cu surfaces, after removing of corrosion layers formed 222 

during exposure to both model solutions for 720 h: a) solution I and b) solution II. 223 

Figure 6 shows the cross-section of the corrosion layers formed after 720 h of exposure in 224 

each model solution. It can be seen that the surface attack on the surface of Cu is similar in 225 

both solutions, which was developed in form of cavities. It can also be seen that the layer of 226 

corrosion products is thin (about a few microns) for both cases. . 227 

 

 

 

Figure 6. SEM images of copper samples cross-section (x3000), a) solution I and b) solution 228 

II. 229 

3.1.2. X-ray diffraction patterns 230 

According to the reports [7-10] in alkaline solution the corrosion layer consists of tenorite 231 

(CuO), cuprite (Cu2O), as two stable oxides having black and reddish color, respectively, 232 

and copper hydroxide (Cu(OH)2). Figure 7 presents X-ray diffraction patterns of the layers 233 

formed on Cu surface after exposure for 360 and 720 hours in each model solutions. It can 234 

be seen that CuO was formed as a corrosion product, accompanied by CaCO3 at very low 235 

intensity on the samples immersed in solution I for 360 h and 720 h (Fig. 7a-c). At the later 236 

stage (720 h) in this solution also appear low signal of Cu2O, another corrosion product.  237 

In the case of samples immersed in solution II for both times (Fig. 7b-d) CuO was detected 238 

as in solution I, as well as CaCO3. However, Cu(OH)2 also was detected for both stages, 239 

and this fact suggests that in solution II a layer of CuO and Cu(OH)2 is formed on the surface. 240 

In our previously reported work AISI 316 corrosion behavior was compared in the same 241 

model solutions [14, 32]. Based on optical microscope and AFM images, as well as XPS 242 

and electrochemical tests, we recommended the use of cement extract solution as simulated 243 

concrete pore environment, because it represents a variety of ions as part of the cement. 244 
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 245 

Figure 7. X-ray diffraction patterns comparing the crystalline compounds formed on Cu 246 

surface after 360 hours of exposure to: a) solution I and b) solution II, and after 720 hours 247 

of exposure to: c) solution I and d) solution II. 248 

3.1.3. X-ray Photoelectron Spectroscopy 249 

XPS analysis was used to determine the formation of corrosion products on the copper 250 

surface during the first hours of exposure in both solutions, XRD patterns just detect metallic 251 

copper due to the thickness of the oxides formed during these times. XPS analysis of the 252 

surface of the samples exposed to solution I for 1 h and 24 h  (Fig. 8a-b) also indicates the 253 

presence of Cu2O in both cases, this can be attributed to the fact that in the first hours of 254 

exposure in this solution, the patina formed in the absence of electrolytes  is a thin layer on 255 

the surface. 256 

 257 

Figure 8. Cu 2p3/2 spectra for Cu exposure to solution I: a) 1 h and, b) 24 h. 258 
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On the other hand, the XPS analysis of the sample exposed in solution II during the first 259 

hour (Fig. 9a) shows a behavior like those exposed to solution I, that is, Cu2O remains on 260 

the surface. However, at longer times in this solution (Fig. 9b) in addition to the formation of 261 

Cu2O, the XPS analysis indicates the presence of CuO. 262 

 263 

Figure 9. Cu 2p3/2 spectra for Cu exposure to solution II: a) 1 h, and, b) 24 h. 264 

3.2. Electrochemical measurements 265 

3.2.1. Open circuit potential (o.c.p) 266 

Table 2 shows the recorded values of free corrosion potential (o.c.p.) of Cu exposed for 267 

different immersion times in each model medium: solutions I and II. It should be noted that 268 

the initial value of o.c.p. of Cu in solution I is more positive than that of copper in solution II. 269 

In addition, it moves with ≈123 mV to a more positive value at the end of this experiment 270 

(Table 2), indicating the growth of a protective layer from the immersion, that of CuO 271 

according to the XRD spectra (Fig. 7c). However, Cu o.c.p. in solution II, each time it was 272 

experienced, there were less positive values, compared to those recorded in solution I 273 

(Table 2). Up to 360 h o.c.p. measured in solution II showed a very slight trend towards a 274 

more positive value at ≈30 mV probably due to the formation of CuO or Cu(OH)2 as indicated 275 

by XPS and DRX, followed by a return to a less value positive at ≈50 mV. Probably due to 276 

the arrival of O to the bare metal, after passing through the product layer indicating that the 277 

corrosion product layer formed in solution II is less protective. 278 

Table 2. Change in time of open circuit potential values of Cu exposed to I and I solutions. 279 

Time 

(h) 

Solution I 

mV vs SHE 

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 

 280 
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3.2.2. Electrochemical Impedance Spectroscopy (EIS) 281 

Figure 10 presents EIS Nyquist plots for a copper surface, exposed for different times (up to 282 

720 h) to each model solutions. The depressed semicircle shape can be attributed to the 283 

double-layer capacitance, as well as to the charge transfer resistance of the surface, 284 

because of the layers formed on it. In the case of copper in solution I (Fig.10a) it may be 285 

seen that the size of the depressed semicircle increases with time, up to the maximum 286 

exposure time of 720 h. However, in solution II (Fig. 10b) the depressed arch increases up 287 

to 360 h of immersion and then follows a slight decay, probably due to the arrival of O 288 

through the product layer, as mentioned above. The difference in the protective efficiency of 289 

the layers grown on copper reflects the order of the impedance magnitude, i.e. one order 290 

lower in solution II, indicating that the corrosion layer is less protective for the copper surface 291 

that that formed in solution II. This fact correlates well with the more positive values of o.c.p. 292 

in model solution I, reported above (Table 2). 293 

 294 

Figure 10. EIS Nyquist plots for a copper exposed up to 30 days (720 h) to two model 295 

concrete pore solutions: a) solution I and b) solution II. 296 

At high frequencies (between 100 and 1000 Hz), the EIS Bode plots (Fig. 11) show the total 297 

impedance associated with the solution resistance (Rsol) at the Cu-electrolyte interface and 298 

specifics of the electrochemical corrosion process. There is approximately one order of 299 

difference in Rsol, being higher in solution I, which fact indicates that the CuO film is difficult 300 

for penetration of active species and oxygen molecules. At frequencies between 1 Hz and 301 

0.01 Hz, the total impedance can be attributed to the electrochemical corrosion process, 302 

which occurs on the metal surface (formation of corrosion products – Cu2O, CuO, Cu(OH)2) 303 

[42-44]. It may be seen that as time passes, the tendencies in change of the total impedance 304 

for copper in both solutions follow those reported above for o.c.p. values (Table 2). The EIS 305 

diagrams suggest also that the copper behavior followed different mechanism in I and II 306 

concrete pore model solutions. 307 
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 308 

Figure 11. EIS Bode plots for a copper exposed up to 30 days (720 h) in: a) solution I and 309 

b) solution II. 310 

The equivalent electric circuit that theoretically models the behavior of copper exposed to 311 

each model solutions is presented in Figure 12.This circuit has adequately fit the 312 

experimental data (adequacy < 5x10-4 for the experimental data modeled mathematically 313 

obtained with the circuit). 314 

 315 

Figure 12. Equivalent electric circuit fitted to the EIS plots of copper exposed to I and II 316 

model solutions. 317 

The circuit as proposed includes a capacitor (C1) and a resistor (R1), both associated with 318 

the external corrosion product layer (CuO or CuO-Cu(OH)2). The internal layer (Cu2O) is 319 

characterized by a capacitor (C2), a resistor (R2) and a Warburg impedance element (W). 320 

The Warburg impedance in lower frequencies indicates that the corrosion process is also 321 

controlled by the diffusion of ionic species and molecules (such as O2, participating in the 322 

cathodic reaction) through the layers of products formed on the copper surface [18, 45, 46]. 323 

For satisfactory EIS diagram simulation, it is necessary to replace the capacitors (C1 and C2) 324 

with a constant phase element (CPE) in the equivalent circuit [47]. The most accepted 325 

common explanation for the presence of CPE and depressed semicircles on solid electrodes 326 

is the microscopic roughness, causing a non-inhomogeneous distribution in the solution 327 

resistance, as well as in the double-layer capacitance [48]. 328 

 329 
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3.2.3. Potentiodynamic polarization curves 330 

Figure 13 presents the potentiodynamic polarization curves of copper, exposed to each 331 

model solution. It should be noted that both cathodic curves display very close values, 332 

indicating that the cathodic process occurs in a similar way. Furthermore, they do not present 333 

Taffel region, corresponding to activation control on the cathodic process (oxygen 334 

reduction), and the diffusion-limited current is reached after the first -50 mV of initial 335 

polarization (vs o.c.p.), when the diffusion of oxygen consumed at the cathodic sites is 336 

controlling the cathodic process. A similar fact has been reported for copper sheet in alkaline 337 

media [49].  338 

The anodic curves registered on Cu surface exposed to each model solution do not present 339 

the Tafel region either, and the corrosion process is controlled by the diffusion transport. It 340 

may be observed that the diffusion-limited current starts at approximately +30 mV of initial 341 

polarization (vs o.c.p.) and continues up to ≈+100 mV, where the formation of corrosion layer 342 

probably begins, as was suggested by XPS and XRD spectra. However, it should be noted 343 

that the value of the diffusion-limited current of Cu exposed to solution II is one order higher 344 

than that in solution I, which confirms that this solution (II) is more aggressive for Cu surface. 345 

These results correlate well with EIS spectra (Fig.6) and o.c.p. values (Table 2), again 346 

permitting the conclusion that both electrolytes, which model concrete pore solution, present 347 

different aggressivity. 348 

 349 

Figure 13. Potentiodynamic polarization curves of Cu exposed to two concrete pore model 350 

electrolytes: solution I, saturated Ca(OH)2 (red curves) and solution II, cement extract (black 351 

curves).  352 

3.2.4. Electrochemical noise measurements 353 

The fluctuations of Cu-electrode current density, exposed to each model electrolytes, were 354 

reordered at open circuit potential after the first 24 h (Fig. 14). The amplitude of the 355 

fluctuations was about 3 μA cm-2 and they were considered as electrochemical noise (EN), 356 

which indicates a quasi-stationary, persistent process in this initial period occurring on the 357 

Cu surface. The EN signals (Fig.14) were processed with the software, giving the values of 358 

σi and irms corresponding to the standard deviation and the mean square root of the current 359 
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noise, respectively. They were used to calculate the pitting index (PI), to reveal the 360 

susceptibility of copper surface to uniform or localized corrosion in these initial stages up to 361 

24 hours, following the proposed equation [50]:   362 

PI = σi (irms)-1, (5) 

The values of PISol. I = 0.180 and PISol. II = 0.116 indicated that in both concrete pore media 363 

there are quasi-uniform attacks on the copper surface. According to the ASTM standard [40], 364 

only PI values above 0.6 may indicate localized corrosion. The obtained PI values correlate 365 

with the low amplitude of the current fluctuations, which are characteristic of the uniform 366 

corrosion process [51]. 367 

 368 

Figure 14. Current density signals recorded during 24 h of exposure of Cu to a) solution I 369 

and b) solution II. 370 

Figure 15 shows the Power Spectral Density (PSD) graph of the preprocessed current 371 

density signals (from Fig. 14), and its corresponding slope (β), also known as the spectral 372 

power exponent: 0.90 in solution I and 0.94 in solution II. According to fractal analysis, this 373 

β value is related to the process of fractional Gaussian noise (fGn, -1 <β <+1) [52-54]. The 374 

fGn is a property representative of self-similarity and persistent stationary processes, as 375 

suggested by Eke et al. [52]. The persistence measures the correlations between adjacent 376 

values within a time series, while the stationary aspect reflects that all moments are 377 

independent of the length of the time series [55]. The latter could be related to the persistent 378 

process of breakdown in the copper naturally formed oxide film of Cu2O, which in contact 379 

with both alkaline media will proceed to a the nucleation of a CuO and Cu(OH)2 corrosion 380 

product later, as it was suggested by the XRD spectra (Fig.7). 381 

Thus, the EN results lead to the conclusion that the quasi-uniform corrosion of Cu surface 382 

in both model solutions in the first 24 h of immersion was a stationary persistent process. 383 
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 384 

Figure 15. PSD plots of EN current signals from Figure 14 and the obtained β values for Cu 385 

exposed to: a) solution I and b) solution II. 386 

3.2.5. Cyclic voltammetry measurements 387 

Figure 16 shows the voltammograms of the exposed copper in I and II solutions. 388 

Voltammograms show two peaks in the anodic region. The first peak (A) is attributed to the 389 

oxidation of metallic copper to cuprous oxide (Cu2O) and the second (B) to CuO or Cu(OH)2 390 

[56-58], although thermodynamically the CuO is more stable [59]. 391 

Two possible reaction pathways for the formation of Cu2O (peak A) have been proposed, 392 

the direct oxidation of copper, via a  one electron step that lead to the formation of Cu2O 393 

(Ec. 6) [11] which initially leads to Cu(OH) , which again breaks down into Cu2O through the 394 

following reactions [56]: 395 

Cu + OH- → Cu(OH) + e-,         (6) 396 

2Cu(OH) → Cu2O + H2O,         (7) 397 

However, reaction (3) is thermodynamically more likely [60]: 398 

2Cu + 2OH- → Cu2O + H2O + 2e-, (3, restated) 

because the Cu+, and thus, Cu(OH) are not stable species. 399 

The second peak (B) is probably due to the oxidation of cuprous oxide to either (or both) 400 

CuO and Cu(OH)2 according to the following equations [56]: 401 

Cu2O + 2OH- → 2CuO + H2O + 2e-        (8) 402 

Cu2O + 2OH- + H2O → 2Cu(OH)2 + 2e-       (9) 403 

The resulting Cu(OH)2 exists in the following equilibrium for solution II [57]: 404 

Cu(OH)2 → CuO + H2O                  (10) 405 

Therefore, it is assumed that the second peak of the anodic region could be a multilayer 406 

CuO film in contrast to the Cu2O monolayer under the first peak [57]. 407 
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In the cathodic region, there are peaks C and D that are attributed to the reduction of Cu2O, 408 

CuO and Cu(OH)2 [60]. Peak C could be attributed mainly to the reduction of CuO or 409 

Cu(OH)2 to Cu2O. On the other hand, peak D could be attributed to the reduction of the 410 

Cu2O to metallic Cu [56-57,59-60]. 411 

 412 

Figure 16. Cyclic voltammograms of Cu at the initial time in a) solution I and b) solution II. 413 

The CVs  the sample exposed to solution I (Fig. 16a) has a lower current density in the peak 414 

A (anodic region) compared to the sample exposed to solution II (Fig. 12b), indicating that 415 

the oxide layer (Cu2O) that forms in the copper surface exposed to solution I has better 416 

protection. 417 

On the other hand, Figure 17 shows the change in the anodic and cathodic peaks when 25 418 

mV s-1 and 100 mV s-1 scan rates are used. It can be seen that with the exception of peak D 419 

(reduction of Cu2O to metallic Cu), no other peak (A, B, C) behaves according to 𝑖 𝛼 𝑣1/2. 420 

This indicates that these processes are not completely controlled by diffusion. 421 

 422 

 423 

Figure 17. Cyclic voltammograms of Cu in solution II at sweep rate 25 mV (red line) and 424 

100 mV (black line). 425 

4. Conclusions 426 

The present work compares the electrochemical behavior of copper exposed to saturated 427 

calcium hydroxide and cement extract alkaline solutions up to 720 h (30 days), as two model 428 
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electrolytes simulating the concrete pore. The electrochemical tests revealed that in solution 429 

II, cement extract, the corrosion layer includes several ions in addition to Ca2+. With time, 430 

the composition of the corrosion layer changes in a manner different from those of the 431 

corrosion layer formed in solution I, saturated Ca(OH)2. As a consequence, the open circuit 432 

potential values of Cu are significantly less positive in solution II, cement extract, and the 433 

EIS impedance magnitude are in one order lower, indicating that the formed layer is less 434 

protective for the copper surface than that formed in solution I. The equivalent electric circuit 435 

obtained for EIS, which models the behavior of copper, fitted satisfactorily to the Nyquist 436 

plots. Additionally, we note that the value of the limiting anodic diffusion current of Cu 437 

exposed to solution II is one order of magnitude higher than that in solution I, confirming that 438 

solution II, cement extract, is more aggressive for the Cu surface. The current density 439 

fluctuations of Cu electrodes, considered as electrochemical noise (EN) their Power Spectral 440 

Density (PSD), indicate that the initial corrosion attacks on the Cu surface could be 441 

considered as quasi-uniform, in accordance with the calculated pitting index (PI), resulting 442 

from persistent stationary electrochemical process on the copper surface in both model 443 

concrete pore media. These results correlate well with the surface analysis corresponding 444 

to copper surfaces exposed to both model solutions for different periods of time. XPS 445 

analysis showed that on both surfaces initially, there is a cuprite (Cu2O) layer and this layer 446 

remains for 24 h in both solutions. X-ray diffraction patterns revealed that in solution I, 447 

tenorite (CuO) is the predominant corrosion product on the copper surface, while in II, 448 

cement extract, this layer also contains Cu(OH)2. Overall, our results lead to the conclusion 449 

that although there are similarities like the fact that model solutions attack the surface in a 450 

quasi-uniform manner, the overall copper corrosion develops in different ways in each 451 

concrete pore model solution. The extract cement electrolyte is more aggressive towards 452 

the copper surface. In the CV experiments,  anodic peaks correspond to the formation of a 453 

Cu2O monolayer, followed by a complex layer of CuO or Cu(OH)2 under potentiodynamic 454 

conditions consistent with the sequential formation of Cu1+ and Cu2+ and therefore, we 455 

consider that the corrosion mechanism occurs via two, one-electron oxidation steps. 456 
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