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In this paper, the pitting corrosion behaviours of copper materials with different grain sizes (average
grain sizes of 23, 67, and 470 um) were investigated based on cyclic polarization and electrochemical
impedance spectroscopy (EIS). The results showed that a very protective passive film without any pitting
can be observed in NaOH solutions. The pitting corrosion behaviours were observed in a NaxSOs
solution and a Na,SOs+ NaOH solution. The pitting susceptibility of copper decreased with the
increasing grain size in the Na2SO4 solution due to a decrease in the electrochemically active surface
area. In contrast, the pitting susceptibility increased with increasing copper grain size in the NaxSOas+
NaOH solution, which was related to a decrease in the quality of the formed passive film.

Keywords: Copper; Pitting corrosion; Grain size; Cyclic polarization; Electrochemical impedance
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1. INTRODUCTION

It is well known that the grain sizes of metal materials have a remarkable influence on the
performance of a material, such as the mechanical properties and corrosion behaviour [1]. Currently,
there has been an extensive amount of research on the correlations between the grain size and the
corrosion performance of different materials (such as Al [2], Ni [3], Zn [4], Mg [5], Ti [6], Co [7], Ni-
W [8] and stainless steel [9]). A number of researchers have claimed that a reduction in the grain size
would considerably improve the corrosion performance due to modification of the cathodic reaction
processes, decreases in the localized attack that occurs at the grain boundaries or the rapid formation of
a continuous and protective passive film [3-4, 7]. Alternatively, numerous other studies have
demonstrated that a decrease in grain size would reduce corrosion resistance. It has been found that inter-
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crystalline defects (such as grain boundaries) would be the preferential corrosion path. A decrease in
grain size would increase the anodic dissolution of the active sites, resulting in an acceleration of the
corrosion [2, 10]. Therefore, the correlation between grain size and corrosion resistance is an intricate
and important issue and has attracted extensive interest [11-17].

Copper and its alloys are the most important industrial materials with a wide variety of
applications because of their excellent electrical, thermal and mechanical properties and corrosion
resistances [18]. The copper workpieces used in many industries are always exposed to different
environments, such as copper condenser pipes in high-temperature environments. These conditions may
cause unavoidable evolution of the crystal structures and grain sizes [19-20]. Specifically, pitting often
occurs at the grain boundaries of copper, which may be one of the primary reasons for the failure of
copper workpieces [22]. However, research on the effects of the grain size on the pitting corrosion
behaviour of copper have rarely been reported. In this paper, we use an annealing treatment to regulate
the grain sizes of copper samples. Furthermore, the pitting corrosion resistances of copper samples with
different grain sizes were evaluated by cyclic polarization and EIS in conjunction with the equivalent
circuit analysis.

2. EXPERIMENTAL

Polycrystalline copper (99.97%) was employed in this study. Rectangular samples, with a strict
area of 1 cmx1 cm, were prepared from copper ingots by electrical discharge machining. Then, the
samples were polished to a mirror-like finish and ultrasonically cleaned with acetone and distilled water.
Finally, the annealing treatment was performed under a hydrogen atmosphere at 200 °C, 600 °C, and
1000 °C for 3 h.

The microstructures at the surfaces of the copper samples were characterized by optical
microscopy (DM2500M) after etching in a solution of 50 g of FeCls in 100 mL of CH;CH>OH and 5 mL
of'a 37% HCl solution. After the electrochemical experiments, the surface morphologies of the corrosion
products were observed by scanning electron microscopy (SEM) by using a JEOL JSM-6700F
microscope.

All electrochemical measurements were carried out in a conventional three-electrode cell
containing a saturated calomel reference electrode (SCE), a platinum plate as the counter-electrode, and
the copper samples with different grain sizes as the working electrode. The surface area of the copper
samples exposed to the electrolyte was 1 cm?. The test solutions were 0.1 M NaOH, 0.1 M Na,SOs and
0.1 M NaxSO4+ 0.1 M NaOH.

The cyclic polarization experiments were performed at a scan rate of 30 mV min™'. Tests were
begun below the corrosion potential (-0.3 V) and scanned in the electropositive direction until reaching
a potential of 1.2 V; then, the scans were reversed and continued to -0.2 V. After cyclic polarization,
copper samples were immersed in a given solution until a steady open circuit potential was recorded.
Then, EIS tests were carried out from 10° Hz to 10 Hz with a 5 mV amplitude signal. All solutions used
in this paper were prepared from reagent grade chemicals and doubly distilled water, and each
electrochemical test was repeated at least three times at 25+0.1 °C to confirm the reproducibility of the
experimental data.
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3. RESULTS AND DISCUSSION

3.1 Microstructure

As shown in Fig. 1, the average grain sizes of the copper specimens, which were annealed at
200 °C, 600 °C and 1000 °C, are determined to be approximately 23 pm, 67 pum, and 470 um,
respectively. In addition, no crystal orientations or unique textures are observed in the microstructures
of the samples. In this paper, these samples are denoted as Cu-23, Cu-67, and Cu-470, according to their
approximate grain sizes.

Figure 1. Metallographic photos of copper specimens annealing at different temperatures (a, 200 °C; b,
600 °C; ¢, 1000 °C)

3.2. Cyclic polarization analysis
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Figure 2. Cyclic polarization curves of copper specimens in different solutions (a, 0.1 M NaOH; b, 0.1

M Naz2SOy4; ¢, 0.1 M Na2SO4 + 0.1 M NaOH)

Cyclic polarization (or pitting scans) allows for qualitatively interpreting the pitting corrosion
and ascertaining the electrochemical parameters of the pitting corrosion, such as the pitting potential
(Epit) and repassivation potential (Erp). The cyclic polarization can be used to predict the corrosion
behaviour of the metal samples in the given solutions by forcing the metal out of the steady state
condition and then removing the force and returning, at a constant rate, to the steady state condition [23].

Fig. 2 shows the cyclic polarization curves of the copper samples in the different solutions. The
corresponding electrochemical parameters extracted from Fig. 2 are listed in Table 1. The shapes of the
cyclic polarization curves are approximately similar for samples in the same solution, while there is a
substantial difference among the electrochemical behaviours of the copper samples in different solutions.

Table 1. Corresponding electrochemical parameters extracted from Fig. 2

Solution Samples Ecorr (V) lcorr (A cm™2) Epit (V) Erp (V)
NaOH Cu-23 -0.247 6.16x10 0.583 -
Cu-67 -0.250 8.55x10 0.536 -
Cu-470 -0.267 1.10x10° 0.534 -
NaxSO4 Cu-23 -0.129 1.02x107® 0.141 0.036
Cu-67 -0.139 1.34x10°® 0.129 0.040
Cu-470 -0.129 1.77x10® 0.114 0.041
Na;SO4+ Cu-23 -0.233 3.02x10° 0.505 0.068
NaOH Cu-67 -0.228 3.89x10° 0.484 0.063
Cu-470 -0.231 4.16x10° 0.476 0.048

The cyclic polarization curves of the copper samples in the NaOH solution are shown in Fig. 2a.
All the curves exhibit partially stable current densities in the anodic polarization region, suggesting that
protective passive films have formed on the copper surface. Generally, the passivity of copper has been
identified as forming a dual-layered oxide structure, which consists of an outer CuO/Cu(OH) layer and
an inner Cu20 film [24, 25]. The main process of formation for the duplex layer is as follows, and the

inner Cuz0 layer acts as a protective barrier to inhibit corrosion [16, 26-27]:
2Cu+2 OH'—— Cu,0 +H,0+2¢’ Formation of inter film (1)

Cu,0+2HO" —— 2Cu0O +2H,0+2¢’ Formation of outer layer (2)
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Cu,0+2HO" —— Cu(OH),+2¢’ Formation of outer layer (3)

Complete reversibility of the current during the reverse potential scans of the cyclic polarization
curves was found for the NaOH solution (Fig. 2a), which indicated the absence of any localized corrosion
during the cyclic polarization test [28]. In addition, it can be seen that the passive current density (ipass)
decreases with decreasing grain size, indicating that fine grain sizes improve the passivating abilities of
copper and form stable and protective passive films in the NaOH solution.

In the Na>SO4 solution (Fig. 2b), at the initial stage of the anodic polarization, a narrow
passivating region is observed. In this narrow region, the plateau of the current density is caused by the
adsorbed species (Cu(SO4)?ads and Cu(OH)gs) formed on the electrode surface according to reactions
(4)-(6) [29-31]:

Cu+SO? —— Cu(SO,)%, 4

Cu+OH —— Cu (OH);,, (5)

Cu+H,0—— Cu (OH),, +OH (6)

In addition, the current density increases when the anodic potential is greater than the Epit, which

Is due to the dissolution of the adsorbed species according to the following reactions (7)-(8) [31]:
2 Cu(SO,)%, — Cu,(SO,),,+ SOi +2¢ 7

ads
Cu(OH),, +HO  ——+Cu(OH);,, +€ 8)

;ids

Furthermore, the value of Ep is more negative than that of E,j, indicating that pitting will occur
on the electrode surface [32]. The area of the hysteresis loop (Sicop), Which can be used to assess the
pitting tendency, was estimated from equation (9) [33]:

Sloop = _E;V (lOg iz 'lOg Il) (9)

where i, and i, represent the current densities from the forward scanning curve and backward

scanning curve, respectively. Fig. 3 shows the Si.op of the copper samples as a function of the grain sizes.
It can be found that the value of Siop decreases with increasing grain size, which demonstrates that pitting
corrosion is less sensitive and there is a lower rate of pit formation in the Na,SOs solution. According to
previous studies, sulfate ions will accelerate the electro-dissolution and solubilizing of the products in
the anodic process in neutral Na2SOs-containing aqueous solutions [34]. The susceptibility to formation
and propagation of the pits increases with decreasing grain size, which is likely due to an increase in the
number of grains per unit area, resulting in an increase in the electrochemically active surface area
available for pit nucleation, and the faster kinetics of formation for Cu-oxide dissolution and pit growth.

In the 0.1 M Na>SO4+0.1 M NaOH mixed solution (Fig. 2c), hysteresis in the cyclic polarization
curve can be observed during the negative potential scan along with the localized breakdown of the
passivity. In this solution, competitive adsorption between the hydroxyl and sulfate ions plays an
important role in the early stages of Cu-oxide layer formation, the mixture of soluble Cu-oxide species
in the passive film can induce a breakdown of the copper passivity and pitting corrosion. In addition, the
value of Sioop increases as the grain size increases (Fig. 3). The localized corrosion resistance increases
with decreasing grain size, showing a tendency opposite to that in the Na>SOs solution. This
demonstrates that the effect of the grain size on the pitting corrosion rate may be dominated by the
passive film properties.
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Figure 3. The Sioop Of Of copper specimens as a function of grain size variation

3.3 EIS measurements and equivalent circuit analysis

EIS, a non-destructive technique for investigating the electrochemical reactions at the
electrode/electrolyte interface, was employed to confirm the corrosion behaviour [35]. The EIS plots are
shown in Fig. 4. Obviously, the impedance values of the samples in the NaOH solution are larger than
those in the Na;SOs solution and Na>xSO4 + NaOH solution. Furthermore, the impedance values of the
samples in the Na>SOs solution are the smallest of the three solutions. In addition, the corrosion
behaviours are different in the different solutions. In the NaOH solution (Fig. 4a-b), the impedance of
the copper samples increases with decreasing grain sizes, indicating that the grain size can facilitate the
formation of a high-quality passive film in the NaOH solution. In addition, the phase angles in the low
and medium frequency regions are close to 90°, signifying that the samples are highly passivated and
that passive films with low conductivities, which can act as protective layers to prevent further corrosion,
are formed [36]. In the NaxSOj4 solution (Fig. 4c-d), the impedances of the copper samples decreases
with decreasing grain sizes, indicating that a decrease in the grain size would decrease the corrosion
resistance. In addition, two time constants are observed, of which the time constant in the intermediate-
frequency range represents the dielectric characteristic of the copper substrate, and the time constant in
the low-frequency range corresponds to the formed pits. In the Na;SO4 + NaOH solution (Fig. 4e-f), the
impedances of the copper sample increases with decreasing grain sizes, exhibiting a similar trend as that
for the NaOH solution. In addition, there is only one time-constant, which is similar to that of the NaOH
solution. However, the phase angles are lower and decrease into the low-frequency range due to the
SO4% ion accelerating the dissolution of the passive film [37].
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Figure 4. The EIS plots of copper specimens in different solutions (a, b: 0.1 M Na>SOg; ¢, d: 0.1 M
NaOH; e, f: 0.1 M Na2SO4 + 0.1 M NaOH)

Fig. 5 shows the SEM images of the copper surfaces after the EIS measurements. No visible
pitting can be observed on the surfaces of the copper samples in the NaOH solution (Fig. 5a). The
diameters of the pits that formed in the Na>SOs solution are 15~ 50 um (Fig. 5b). In the case of the
samples in the Na>SO4+NaOH mixed solution, a thin layer with numerous small perforations formed
over the pits, which had diameters of 250 pum, as presented in Fig. Sc, which is larger than the pits shown
in Fig. 5b. The residue of the passive film surrounding the pits played a key stabilizing role by containing
the local aggressive environment of the pits. Therefore, the passive performance of the samples is a key
factor in the film breakdown. These surface states from the EIS results and SEM images strongly agree
with the results obtained from the cyclic polarization measurements.
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Figure 5. Typical micrographs of copper specimens after electrochemical measurements (a, 0.1 M
Na>S0s; b, 0.1 M NaOH; ¢, 0.1 M NaSO4 + 0.1 M NaOH

The equivalent impedance circuit shown in Fig. 6 was used to model the electrode and the
electrolyte interface [38]. Here, Rs is the solution resistance, Rt is the charge-transfer resistance, and CPE
represents the total capacitance of the constant phase-angle element. As shown in Fig. 4, the fitting lines
are quite similar to the experimental EIS plots, indicating that the obtained electrochemical parameters
listed in Table 2 can explain the corrosion behaviours of the electrode/electrolyte interface.

CPE
| |
R, I
Ry

Figure 6. The equivalent circuit for fitting the EIS plots

As shown in Table 2, the Rt value in NaOH solution at least 10-times bigger than that in other
solutions, suggesting the stronger protective passive films formed in moderate alkaline solutions. In
Na»S04 solution or NaxSO4+ NaOH mixed solution the small R value in confirm that their low resistance
of localized corrosion. However, a distinct difference was observed in these two solutions. In neutral
Na,SOs4 solutions, the R; value decrease individually in the order Cu-23< Cu-67< Cu-470, which
indicates that the anti-pit corrosion resistance enhance with the increase of grain size. While Ry value
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decreases as grain size increases in Na;SOs+ NaOH mixed solution, Cu-23 shows the highest resistance
to the pit corrosion.

Table 2. Equivalent circuit parameters for the copper specimen in different solution

Solution Samples Rs(ohmcm?)  Yo-CPE (F cm?) N Rt (ohm cm??)
NaOH Cu-23 27.91 2.08x10* 0.927 2.77x10°
Cu-67 26.74 2.13x10™ 0.928 2.45%10°
Cu-470 28.59 2.35x10 0.924 1.73x10°
NazSO4 Cu-23 19.43 6.98x10™ 0.728 6.44x10°
Cu-67 19.50 6.91x10™ 0.734 7.48x10°
Cu-470 18.07 6.93x10™ 0.762 8.80x10°
Na,SO4+ Cu-23 15.21 4.64x10™ 0.879 2.04x10*
NaOH Cu-67 15.15 4.39x10™ 0.874 1.82x10*
Cu-470 15.14 451x10* 0.869 1.61x10*

In addition, it can be found that the n values for the CPE of copper are remarkably different for
the different solutions. The CPE can reflect the non-ideal dielectric properties of the electrode surface
[39]. In the Na>SO4 solution, the values of n are 0.728~0.762, indicating a porous electrode surface with
corrosion pits. In contrast, for the NaOH solution, the values of n are 0.924~0.928, indicating weakly
conductive passive films on the electrode surface without any pitting. However, in the 0.1 M Na>SO4+0.1
M NaOH mixed solution, the n value deviates from that of an ideal capacitor, suggesting passive film
breakdown and the appearance of localized corrosion. These results are consistent with the analysis of
the cyclic polarization data and SEM micrographs.

4. CONCLUSIONS

In this paper, the pitting corrosion behaviours of copper samples with different grain sizes
(average grain sizes of 23, 67, and 470 um) were studied. The results show that the grain size has
different influences on the corrosion behaviour of copper for different solutions:

(1). In the NaOH solution, a very protective passive film without any pitting is formed on the
copper surface. The passive current density decreases and the impedance increases with decreasing grain
size.

(2) In the Na2SO4 solution, the pitting susceptibility increases with decreasing grain sizes due to
an increase in the electrochemically active surface area available for pit nucleation and the higher
kinetics of formation for Cu-oxide dissolution and pit growth.

(3) In the Na2SO4 + NaOH solution, the effect of the grain size on pitting corrosion may be
dominated by passive film breakdown; smaller grain sizes show improved resistances to pitting
corrosion.
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