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Abstract: The corrosion behaviors of copper and copper/titanium galvanic couple (GC) in seawater were studied by electrochemical 
impedance spectroscopy (EIS) and electrochemical noise (EN) techniques in conjunction with scanning electron microscopy (SEM) 
method. The results show that the corrosion process of copper in seawater can be divided into two stages, in which corrosion 
resistance and SE show the same evolution trend of initial increase and subsequent decrease, while SG changes oppositely. However, 
the ensemble corrosion process of copper/ titanium GC in seawater includes three stages, in which corrosion resistance and SE show 
the evolution features of initial decrease with a subsequently increase, and the final decrease again; while SG changes oppositely. The 
potential difference between copper and titanium in their galvanic couple can accelerate the initiation of pitting corrosion of copper, 
and both the minimum and maximum corrosion potentials of copper/ titanium GC are much more positive than those of pure copper. 
Key words: Cu/Ti galvanic couple; galvanic corrosion; electrochemical impedance spectroscopy; electrochemical noise 
                                                                                                             
 
 
1 Introduction 
 

Copper and its alloys are widely used in industry, 
especially in naval construction, heat exchangers, oil 
transportation and so on [1], due to their good 
machinability and durability, intricate functionality and 
low cost [2]. In the design of industrial products, a pure 
copper material needs to couple with titanium, 
magnesium, stainless steel or other materials by wire 
connection [3], welding [4] or other mechanical 
processing, so as to meet the mechanical and electrical 
demands [5]. Because the free corrosion potentials of 
various components are different [5,6], two main metals 
or alloys can transfer their own electrons through 
combination, and therefore the galvanic corrosion is 
inevitable when they are immersed in the seawater [7−9]. 

Galvanic corrosion is an enhanced corrosion 
between two or more electrically connected different 
metals originally [10], where the more active one acts as 
anode and corrodes, while the less active one is cathode 
[5]. This will increase the corrosion rate of the anodic 
metal and reduces that of the cathodic alloy [10]. Up to 

now, galvanic corrosion is very common in municipal 
infrastructure and industrial [11], and has been studied 
by many researchers. 

KIRAN [7] predicted the corrosion rate of galvanic 
corrosion through establishing a numerical model, and 
verified its accuracy by scanning vibrating electrode 
technique (SVET) and immersion tests. Many techniques 
such as mass-loss [6,10], potentiodynamic polarization 
[12−15] and zero resistance ammeter (ZRA) [15−17] 
have been adopted to determine the galvanic corrosion 
parameters, such as corrosion potential and galvanic 
current. Then some relations, such as the relation of 
galvanic current with anodic dissolution current and the 
equation between the corrosion current and polarization 
potential, were deduced according to those parameters 
[10]. 

Most researchers focused on the influence factors of 
galvanic corrosion. The results show that the galvanic 
corrosion current increased with the increase of area ratio 
Sc/Sa [10,18], where Sc and Sa are the areas of cathode 
and anode respectively; while the research from 
MUJIBUR RAHMAN et al [4] on galvanic corrosion of       
laser weldments of AA6061 Al alloy indicated that the  
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galvanic corrosion current increased with either the 
accumulation of intermetallic phase or the increase of 
corrosion surface area. The influence of temperature is 
complicated. Generally, the galvanic corrosion current 
increases with the corrosion temperature [16,19]. In 
addition, the factors such as the flow velocity of the 
medium [14,18,20], the dissolved oxygen content [21], 
pH [22] and the distance between electric dipoles [23,24] 
have also been studied. As to the materials and medium, 
the researchers paid much more attention to the galvanic 
corrosion of Mg alloy [25,26], Al alloy [27], steel [28] in 
the solutions containing Cl−, S2− [15] and Br− [29]. 

This work aims to research the galvanic corrosion 
behavior of electric couple made of copper and titanium, 
being immersed in seawater for a long time at 25 °C, as 
the early researches were mostly focused on corrosion 
for a short time, which could not give any information 
about the exchange of anode and cathode in a galvanic 
couple. Electrochemical impedance spectroscopy (EIS), 
electrochemical noise (EN) and scanning electron 
microscopy (SEM) techniques are adopted to analyze the 
reaction resistance, corrosion product layer, galvanic 
potential and corrosion morphologies. 
 
2 Experimental 
 
2.1 Material and specimen preparation 

The rod specimens of 0.40 cm in diameter were cut 
from copper rod. Then the specimens were connected 
respectively to a copper wire at one end, sealed using 
nylon with the other end exposed as the working surface. 
Before experiments, the working surface was polished 
with abrasive papers through 500−1200 grade and velvet, 
washed with twice distilled water, and finally degreased 
with acetone. 

Special coupled electrodes for experiment were 
prepared by embedding copper column into the titanium 
cylinder with inner and outer diameters of 0.40 cm and 
0.56 cm respectively, then the couple was encapsulated 
with nylon, and the exposed area of each metal was equal 
to 0.13 cm2. 
 
2.2 Measurement methods 

EIS tests were recorded with an impedance 
measurement apparatus (PARSTAT 2273, Advanced 
Electrochemical System) at the rest potential, the applied 
sinusoidal voltage amplitude was 5 mV and the sweep 
always initiated from the frequency of 100 kHz to 0.01 
Hz. The tests were performed at different immersion 
times in a conventional three-electrode compartment cell. 
The rod copper or the coupled copper/ titanium specimen 
prepared in section 2.1 was the working electrode, a 
large platinum foil was used as auxiliary electrode and a 

saturated calomel electrode (SCE) was employed as the 
reference. 

EN was monitored as a function of time between the 
working electrode and SCE with a Powerlab/4s apparatus 
(e-DAQ), which was controlled by Chart4 software using 
the Windows XP operating system. This equipment 
allows resolutions of 1 μV for voltage signals and 1 pA 
for current signals. EN data of 4096 points were 
collected at 4 point/s each time, under which a frequency 
window was defined in which most usual corrosion 
processes can be detected. The analytical results for 
maximum entropy method (MEM) technique were 
obtained by specific data technique. 

All tests were carried out in artificial seawater (pH 
7.5) whose main components are listed in Table 1 at 
room temperature (25±2) °C. During the above 
experiments, the corrosion morphologies of the samples 
were observed at different immersion time using a JEOL 
USA JSM−5510LV scanning electron microscope (SEM) 
with a field emission gun operated at 3 kV. 

 
Table 1 Chemical compositions of seawater 

ρ(Cl−)/ 
(mg·L−1) 

ρ(Br−)/ 
(mg·L−1) 

ρ( −2
3CO )/ 

(mg·L−1) 
ρ( −2

4SO )/ 
(mg·L−1) 

20237.2 72.9 1066.3 3237.2 

ρ(Na+)/ 
(mg·L−1) 

ρ(K+)/ 
(mg·L−1) 

ρ(Mg2+)/ 
(mg·L−1) 

ρ(Ca2+)/ 
(mg·L−1) 

11131.5 423 1366.6 650.4 

 
3 Results and discussion 
 
3.1 Corrosion behavior of copper 

In order to elucidate the galvanic corrosion behavior 
of the coupled copper/ titanium in seawater, the 
corrosion behavior of copper has been first investigated 
using EIS and EN techniques. 

Figure 1 shows the typical EIS evolution features of 
copper corrosion in seawater. With the help of both the 
features of the EIS diagrams (such as the number and the 
width of the phase angle peak of the peak in Bode plots 
and the number of the capacitance loops in Nyquist  
plots) and the method developed by WEIJDE et al [30] 
and CAMPESTRINI et al [31] simultaneously, two 
time-constants of the EIS plots can be determined. The 
equivalent electrical circuit (EEC) shown in Fig. 2 has 
been adopted to fit the EIS plots by Z-view software. In 
Fig. 2, Rs is the solution resistance, CPE1 is the 
capacitance of outer passivating film and corrosion 
product layer, R2 is the membrane resistance of outer 
passivating film and corrosion products, CPE2 is the 
double layer capacitance and R3 is charge transfer 
resistance. And the analysis results are listed in Table 2. 
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Fig. 1 EIS plots of copper corrosion at different times 
 

 
Fig. 2 EEC used for simulating impedance spectra of copper 
corroding in seawater 
 

During the corrosion process of copper in seawater, 
the value of CPE1-P shows the trend of initial slow 
decrease (see Table 2), due to the surface thermodynamic 
refining effects (the surface is not holistically    
smooth) [32], and subsequently fast increase due to the 

Table 2 EIS results for copper corrosion in seawater at 
different immersion times 
Time/

h 
Rs/
Ω

CPE1-P/
μF 

n1 
R2/ 
Ω 

CPE2-P/ 
μF 

n2 
R3/
kΩ

0.5 25.04 7.592 0.8741 1573 23.97 0.5258 27.86

1.0 24.90 6.891 0.8621 793.0 49.06 0.5152 29.24

1.5 25.14 6.023 0.8761 823.3 50.11 0.5389 26.74

2.0 25.18 5.513 0.8795 922.3 46.81 0.5259 30.92

2.5 25.39 4.711 0.8901 342.2 56.37 0.4262 53.96

3.0 25.71 5.230 0.8754 1120 41.99 0.5220 37.52

4.5 24.38 5.791 0.8697 365.6 65.13 0.4629 32.33

6.0 24.39 4.399 0.8731 524.1 45.26 0.5208 41.67

8.0 22.26 4.736 0.8630 689.0 40.35 0.5638 36.59

24 22.53 5.463 0.8697 985.4 41.62 0.5686 35.28

49 21.82 5.419 0.8806 683.3 45.59 0.5380 32.62

74 19.68 6.063 0.8819 438.4 44.61 0.5705 32.77

98 18.53 8.797 0.8463 897.2 43.67 0.5662 30.20

125 17.63 10.49 0.8360 405.0 46.31 0.5322 23.52

150 17.77 6.909 0.8894 289.7 45.66 0.5805 23.64

170 16.83 11.10 0.8476 522.2 42.23 0.5563 21.98

194 16.90 9.447 0.8802 272.3 46.16 0.5640 20.69

218 16.54 13.57 0.8564 517.2 32.72 0.6435 25.57

242 17.96 14.36 0.8609 475.4 37.37 0.6013 21.52

312 15.77 33.01 0.8044 963.3 37.93 0.4916 14.79

335 16.34 22.97 0.8482 244.5 39.28 0.5633 16.01

383 16.17 36.42 0.8237 795.9 38.56 0.4696 14.27

431 15.25 51.12 0.8071 2879 83.96 0.2773 11.34

531 17.12 51.01 0.8278 880.3 51.15 0.2988 12.03

580 15.30 63.65 0.8099 3692 178.1 0.2882 78.84

649 15.19 54.23 0.8342 1493 82.99 0.4099 95.41

 
corrosion process (see Fig. 3). Capacitance has a 
relationship with the corroding area as follows: 
 

d
SC ε

∝                                     (1) 
 
where C is the capacitance, S is the film area, ε is 
dielectric constant and d is the thickness. The ongoing 
corrosion process will gradually enlarge the interface 
between the electrode and the aggressive solution, which 
consequently results in the increase of CPE1-P. The 
influence of corrosion process on the surface area can be 
verified by the corroding morphologies of copper (Fig. 4). 
Figure 4(a) indicates that the matrix surface is smooth 
with smaller effective corrosion area at the beginning, 
which results in a small value of CPE1-P. With the 
extending of immersion time, copper surface becomes 
rougher as shown in Fig. 4(c), which induces a larger 
corrosion area and consequently larger CPE1-P values. 
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Fig. 3 CPE1-P evolution features of copper corroding in 
seawater at different times 
 

After 240 h in Figs. 4(c−e), a lot of hydroxyl copper 
CuO—H [33−35] with greater volume generates. In its 
formation process, stress occurs between each other 
because of the limited space. When the stress is serious  

enough, corrosion product film will crack (Fig. 4(d)) or 
even strip and eventually fall off, especially in the area 
adjacent to nylon (Fig. 4(f)). Under the effect of Cl− , the 
corrosion product layer with porous and permeable 
structure, which is mainly composed of Cu2(OH)3Cl  
[36], can facilitate and accelerate the corrosion process 
of base metal (Cu) according to the self-catalysis theory 
of pitting corrosion, and consequently increase rapidly 
both the whole corroding area under these films and 
CPE1-P. Meanwhile, the corrosion product films will 
dissolve, while the hydroxyl copper will continue to 
generate and form new corrosion product membrane to 
cover matrix (Fig. 4(e)). The synthetic influence of the 
accumulation/dissolution of the corrosion products and 
the stress-induced film crack result in the oscillation of 
CPE1-P (Table 2). 

The charge transfer resistance (R3) is widely used to 
characterize the corrosion rate [37]. The larger the charge 
transfer resistance, the lower the corrosion rate. Figure 5 
shows the evolution of the charge transfer resistance 
(R3). 

 

 
Fig. 4 SEM images of corroding copper at different times: (a) 0.5 h, Cu surface; (b) 24 h, Cu surface; (c) 240 h, Cu surface; (d) 335 h, 
Cu surface; (e) 540 h, Cu surface; (f) 24 h, contact zone with nylon 
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Fig. 5 Charge transfer resistance of copper corrosion in 
seawater at different times 

 
In the air, a thin layer of discrete copper oxide or 

hydroxyl copper film with poor electrical conductivity 
formed, which makes the initial charge transfer 
resistance much larger (Fig. 5). In the subsequently short 
time and in solutions, the coverage ratio of hydroxyl 
copper on copper surface fast increases, which results in 
the fast increase of R3 (Fig. 5). Meanwhile, the already 
formed CuO tends to combine with —OH to form 
hydroxyl copper CuO—H, whose conductivity is better 
than CuO, and a large amount of Cl− will absorb on the 
matrix and form Cu2(OH)3Cl [36]. The above influences 
lead to the initial small oscillation of R3. 

With further extension of immersion time, because 
the volume of hydroxyl copper CuO—H is larger than 
CuO or Cu, the extrusion each other results in stress. 
Corrosion product film will crack (Fig. 4(d)), some 
corrosion products will leave off the matrix and expose 
nude copper matrix for further corrosion, especially the 
corrosion products at the interface between nylon and 
metal (Fig. 4(f)). Both the cracking of corrosion product 
film and the exposure of nude matrix copper will 
certainly increase the corrosion area (S) and decrease  
R3. 

During the corrosion process of copper, the possible 
apparent reactions happening are equations (2)−(4) [38]. 
 
2Cu+H2O→Cu2O+2H++2e                     (2) 
 
Cu+H2O→CuO+2H++2e                       (3) 
 
Cu+→Cu2++Cu                              (4) 
 

The generation of H+ in reactions (2)−(3) will 
certainly acidize the corroding tips, accelerate the 
dissolution of the copper oxide or hydroxyl copper near 
these tips, and result in the autoacceleration of the pitting 
corrosion process [39]. Meanwhile, the aggressive Cl− 

concentration in the occluded corroding pores, especially 
near the corroding tips, is much larger compared with 

bulk solutions [32], which also accelerates the corrosion 
rate. The above synergetic effects will also certainly 
decrease the charge transfer resistance R3. 

Figure 6 shows the potential noise (without 
elimination of dc drift) of copper corroding in seawater 
for 720 h. The ensemble potential noise plot can be 
divided into two stages, i.e., the initial short corrosion 
stage with the potential drift positively, the second stage 
with the first quickly and then gradually negatively 
potential drift. In the initial short corrosion stage, the 
potential increases due to the increasing coverage ratio of 
hydroxyl copper on copper surface, which also results in 
the fast increase of R3 as elucidated above (Fig. 5). With 
further extension of immersion time, the synergetic 
effects, such as the peeling of the corrosion products and 
the resulted exposure of nude matrix copper, the 
autoacceleration of the pitting corrosion [39] and the 
enrichment of aggressive Cl− on the corrosion active 
points [32], cause the potential drift negatively (Fig. 6). 
 

 
Fig. 6 Electrochemical potential noise of copper corroding in 
seawater for 720 h 
 

The potential noise shown in Fig. 6 has been 
analyzed by MEM technique [40] according to its 
different corrosion stages, and the obtained spectral 
power density (PSD) plots are shown in Fig. 7. Three 
parameters of the PSD curve, i.e., white noise level (W), 
the cut-off frequency (fc) and the high-frequency linear 
slope (k), can be got by mathematical methods [41−43]. 
According to the above values, the changing trend of SE 
and SG with time [44] can be calculated. 
 

kfS 2
cE =                                  (5) 

 

kf
WS
c

G =                                    (6) 

 
Figure 8 shows the evolution features of SE and SG 

with time. A complete corrosion process should 
simultaneously contain fast and slow reaction steps.   
As the SE is only determined by k and fc that are the  
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Fig. 7 PSD plots of Cu corrosion in seawater at different times 
 

 

Fig. 8 SE and SG of copper corrosion in seawater at different 
times 
 
characteristic parameters of fast reaction steps, SE is used 
to describe the fast reaction steps, such as the pitting 
corrosion. So, SG mainly reflects the characteristics of 
slow reaction steps such as the diffusion and migration of 
particle, growth of crystal nucleus [44]. 

Combining the information in Fig. 6 and Fig. 8, 
there are two stages in the whole corrosion process of 

copper. In the first stage (the first point and second point 
in Fig. 8), the discrete air-formed copper oxide or 
hydroxyl copper film and the surface thermodynamic 
refining effects (the surface is not holistically smooth) 
[32] make pitting corrosion initially difficult, so 
aggressive particles (eg. O2 and Cl−) must transfer a 
certain distance on copper surface to a matrix defect to 
initiate corrosion, which certainly results in the small 
initial value of SE and large SG (the first point in Fig. 8). 
Both the hydroxylation of CuO and the enrichment of 
aggressive Cl− at the surface defects (active points) make 
pitting corrosion much easier, therefore pitting explodes, 
which results in the increase of SE while the decrease of 
SG. In the second stage, the formation, accumulation and 
their barrier effects of corrosion products such as 
Cu2(OH)3Cl [36] on the limited metal surface, make 
diffusion steps of aggressive particles become more and 
more difficult and finally to be the dominant process, 
which results in the increase of SG and decrease of SE. 
Meanwhile, at this second stage, the synthetic influence 
of the accumulation/dissolution of the corrosion products 
and the stress-induced film crack (Figs. 4(d)−(f)) result 
in the oscillation of SE and SG with time. In this case, 
general corrosion arrives. 
 
3.2 Corrosion behavior of Cu/Ti galvanic couple (GC) 

In order to elucidate the influence of titanium on the 
corrosion of copper, the Cu/Ti GC corrosion behavior is 
also investigated by the same EIS and EN techniques. 

Figure 9 shows the typical EIS plots of Cu/Ti GC in 
seawater. Two time-constants are also determined by the 
same methods elucidated above. Therefore, the EIS plots 
in Fig. 9 are also fitted by the same EEC shown in Fig. 2, 
and the analyzed results are listed in Table 3. 

The material with a lower free corrosion potential in 
the galvanic couple acts as anode and corrodes 
preferentially [7], but the rate of the galvanic corrosion is 
determined not only by the potential differences but also 
much more by polarization resistance [6]. Ti is a kind of 
inert metal [45], so a very stable thin oxide film will 
form on Ti surface even at the room temperature, which 
consists of TiO2 with a thickness of a few nanometers 
and possesses remarkable corrosion resistance [29,46, 
47]. Therefore, in Cu/Ti galvanic couple, Cu acts as 
anode while Ti acts as cathode. For the galvanic couple, 
since the cathode side (Ti) has a higher corrosion- 
resistance compared with Cu, the characteristics of 
galvanic couple corrosion mainly reflects the anode side 
[48], Cu in this study. 

For the aim of comparison, the CPE1-P and the R3 
evolution features of Cu/Ti GC are also plotted in Fig. 10 
and Fig. 11, respectively. 
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Fig. 9 EIS plots of Cu/Ti GC in seawater at different times 
 
Table 3 EIS results for Cu/Ti GC corrosion in seawater at 
different times 
Time/ 

h 
Rs/ 
Ω 

CPE1-P/ 
μF n1 

R2/ 
Ω 

CPE2-P/ 
μF n2

R3/
kΩ

0.5 15.24 15.3 0.818 1050 138 0.435 54.1

1.0 16.02 14.2 0.827 2700 106 0.532 45.1

3.0 16.09 14.1 0.827 3640 97.8 0.569 43.5

16 15.05 18.5 0.807 4900 104 0.604 33.0

22 16.2 11.7 0.813 3330 104 0.501 54.1

70 16.71 26.3 0.793 2370 133 0.355 87.8

94 15.21 32.2 0.783 2880 149 0.439 31.9

185 13.96 38.4 0.783 3160 211 0.664 11.1

210 13.61 33.1 0.807 2590 105 0.717 15.8

326 20.34 23.1 0.814 5080 105 0.755 18.8

375 19.87 40.5 0.756 6470 196 0.749 10.5

382 16.4 50.5 0.747 2240 75.0 0.778 14.8

473 14.66 55.4 0.75 1830 74.4 0.775 12.7

502 18.04 40.9 0.765 2970 79.1 0.807 14.7

543 17.01 50.6 0.755 2210 89.5 0.790 11.7

569 15.61 61.4 0.742 2260 73.0 0.780 10.8

592 14.6 61.6 0.747 2110 74.8 0.795 10.5

 

 
Fig. 10 CPE1-P evolution features of Cu/Ti GC corrosion in 
seawater at different times 
 

 
Fig. 11 Charge transfer resistance of Cu/ Ti GC corrosion in 
seawater at different times 
 

Both the CPE1-P values of Cu and Cu/Ti GC 
present the same ascending trend (Fig. 3 and Fig. 10), 
except that the latter is much larger than the former at the 
initial corrosion stage. In order to elucidate the difference, 
the surface morphologies of Cu in Cu/Ti GC are also 
studied by SEM technique; the results are shown in Figs. 
12 and 13. Initially, the GC surface is even and relatively 
smooth (Fig. 12), the real corrosion area is much smaller. 
However, when comparing the surface morphologies of 
Cu (Fig. 4) and the Cu in Cu/Ti GC (Fig. 13) at the same 
corrosion time, it can be concluded that the potential 
difference between the Cu/Ti GC metals accelerates the 
corrosion process of Cu, especially the corrosion rate of 
the area adjacent to Ti (Fig. 13(c)), which consequently 
causes the fast increase of the Cu area exposed to the 
solutions and the larger value of CPE1-P. 

There exists a difference for the evolution features 
of R3 between Cu and Cu/Ti GC. In the case of the 
former, R3 increases firstly due to the surface 
thermodynamic refining effects (the surface is not 
holistically smooth) [32], and then decreases due to the  
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Fig. 12 SEM images of Cu/ Ti GC corrosion surface in seawater for 0.5 h: (a) Cu; (b) Ti 
 

 
Fig. 13 SEM images of Cu/Ti GC: (a) 24 h, Cu; (b) 240 h, Cu; (c) 24 h, adjacent zone; (d) 335 h, Cu; (e) 600 h, Cu; (f) 600 h, Ti 
 
corrosion process (Fig. 5). However, in the case of the 
latter, R3 decreases firstly (Fig. 11). The above difference 
should be mainly attributed to the different potentials 
between Cu and Ti in their galvanic couple. 

In the case of Cu/Ti GC, the potential difference 
between their components can initially partly hinder the 
surface thermodynamic refining actions, accelerate the 
diffusion of aggressive Cl− to the corrosion active points 
on Cu and initiate pitting corrosion, which consequently 

results in the decrease of R3. Then, the initially formed 
corrosion products block the pitting holes, decrease the 
potential difference between GC components and 
accelerate the surface thermodynamic refining action, 
which certainly increases the R3. With the prolongation 
of corrosion time, the synergism of the increasing 
coverage ratio of hydroxyl copper, the cracks induced by 
the stress of mutual extrusion of large volume hydroxyl 
copper (Figs. 13(a), (c), (d)), the peeling/dissolution of 
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the corrosion products and the resulted exposure of nude 
matrix copper (Figs. 13(a), (b), (e)), the autoacceleration 
of pitting corrosion [39] and the enrichment of 
aggressive Cl− on the corrosion active points [32], will 
decrease R3 finally. The corrosion product film of copper 
can be divided into an inner compact layer and an outer 
loose porous layer. After 30 d of corrosion, the outer 
layer can be easily washed off by slow-moving water 
(Fig. 13(e)). 

In comparison of Fig. 12(b) and Fig. 13(f), it can be 
seen that the corrosion of Ti is extremely slight, and its 
main corrosion type is pitting. 

Figure 14 shows the potential noise (without 
elimination of DC drift) of Cu/Ti GC corrosion in 
seawater for 580 h. For any galvanic couple, which 
corrosion characteristics mainly reflect on the anode side 
[48]. In the case of Cu/Ti GC corrosion, Cu acts mainly 
as anode and corrodes preferentially (Fig. 13). 
Consequently, the variation trend of the Cu/Ti GC 
corrosion potential (Fig. 14) is much similar to that of 
copper (Fig. 6) except the last investigated corrosion 
time. Briefly, the corroding potential variation can be 
divided into three stages, i.e., the initial short time of 
positive drift with a subsequently negative drift, finally 
followed by a quickly positive drift. The reason of the 
finally quick positive drift is still under investigation, and 
it should be related to the pitting corrosion of Ti     
(Fig. 13(f)). 

 

 

Fig. 14 Electrochemical potential noise of Cu/Ti GC in 
seawater for 580 h 
 

Another difference between Fig. 14 and Fig. 6 is 
that, both the minimum and maximum potentials of 
Cu/Ti GC are more positive than those of copper. For 
Cu/Ti GC, the measured potential is the mixed potential 
of Cu and Ti, and the free corrosion potential of Ti is 
much higher than that of copper. Consequently, the 
measured potential of GC should be higher. 

The potential noise shown in Fig. 14 is also 
analyzed by MEM technique according to its different 
corrosion stages, and the obtained PSD plots are shown 
in Fig. 15. 
 

 
Fig. 15 PSD plots of Cu/Ti GC in seawater at different 
corrosion times 
 

According to the three parameters of the PSD curve, 
the values of SE and SG are also calculated [44] and 
shown in Fig. 16. In comparison of Fig. 16 and Fig. 8, 
the corrosion difference between Cu and Cu/Ti GC can 
be obtained. Briefly, the ensemble corrosion process of 
Cu/Ti GC can be divided into three stages, while two 
stages for copper. For Cu/Ti GC corrosion in the first 
stage, SE is large and SG is small due to the potential 
difference between GC components; then the initially 
formed corrosion products block the pitting holes, 
decrease the surface potential difference between GC 
components and accelerate the surface thermodynamic 
refining actions, which certainly causes the decrease of 
SE and the increase of SG. In the second stage, the 
synergism of the increasing coverage ratio of hydroxyl 
copper, the cracks induced by the stress of mutual 
extrusion of large volume hydroxyl copper (Figs. 13(a), 
(c), (d)), the peeling/dissolution of the corrosion products 
and the resulted exposure of nude matrix copper (Figs. 
13(a), (b), (e)), the autoacceleration of pitting corrosion 
[39] and the enrichment of aggressive Cl− on the 
corrosion active points [32], will certainly increase SE 
and decrease SG. In the last stage, because of the 
accumulation and thickening of the corrosion products 
layer, the diffusion steps gradually dominate the whole 
corrosion process, also because the potential noise 
caused by the pitting corrosion under the thicker 
corrosion products layer is difficult to be detected, 
therefore SE decreases. Also in the last stage, the 
synthetic influence of the accumulation/dissolution of the 
corrosion products and the stress-induced film crack 
result in the oscillation of SE and SG with time. In this 
case, uniform corrosion of copper also arrives. 



Xiao-qing DU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 570−581 

 

579

 

 

Fig. 16 SE (a) and SG (b) of Cu/Ti GC corrosion in seawater at 
different times 

 
Lastly, it should be mentioned that, comparing   

Fig. 11 and Fig. 16, it seems difficult to understand why 
high corrosion resistance (R3) corresponds to large SE, 
especially at the first corrosion point. In fact, although 
both R3 and SE show the same evolution features but 
different time horizon; meanwhile, our previous studies 
have demonstrated that the corrosion resistance (R3) 
obtained from EIS technique mainly corresponds to the 
ensemble corrosion rate, while SE obtained from EN 
technique mainly corresponds to pitting corrosion 
[49,50]. 
 
4 Conclusions 
 

1) The ensemble corrosion process of copper in 
seawater can be divided into two stages. Both the 
corrosion resistance and SE show the same evolution 
trend of initial increase and subsequent decrease, while 
SG changes oppositely. 

2) The ensemble corrosion process of Cu/Ti GC in 
seawater consists of three stages. Both the corrosion 
resistance and SE show the evolution features of initial 
decrease with a subsequent increase, and the final 
decrease again while SG changes oppositely. 

3) The potential difference between Cu and Ti in 
their galvanic couple can initially partly hinder the 
surface thermodynamic refining actions, accelerate the 
diffusion of aggressive Cl− to the corrosion active points 
or defects on copper and consequently accelerate the 
initiation of pitting corrosion. Meanwhile, both the film 
capacitance (CPE1-P) values of Cu and Cu/Ti GC 
present the same ascending trend during the ensemble 
corrosion process, except that the latter is much larger 
than the former in the initial corrosion stage, and both the 
minimum and maximum corrosion potentials of copper/ 
titanium GC are much more positive than those of 
copper. 
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Cu/Ti 在模拟海水中的电偶腐蚀行为 
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摘  要：采用电化学阻抗谱、电化学噪声和扫描电镜等技术研究了纯铜、铜/钛耦合电极在模拟海水中的腐蚀行为。

结果表明：纯铜的腐蚀过程分 2 个阶段，其腐蚀阻抗和点蚀参数 SE均遵循先增后降的规律，而其腐蚀参数 SG的

变化规律则正好相反；铜/钛耦合电极的腐蚀过程则由 3 个阶段组成，其腐蚀阻抗和点蚀参数 SE 均遵循先降后升

到最后再降的规律，而其腐蚀参数 SG 则同样反向变化。铜和钛之间的电势差加速了纯铜的点蚀萌生，同时铜/钛

耦合电极的腐蚀电位总是正于纯铜的腐蚀电位。 
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