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Abstract: The effect of Cu2+ in bulk solution on pitting corrosion resistance of extra-high-purity type
316 stainless-steel was investigated. Pitting occurred in 0.1 M NaCl-1 mM CuCl2, whereas pitting
was not initiated in 0.1 M NaCl. Although deposition of Cu2+ on the surface occurred regardless of a
potential region in 0.1 M NaCl-1 mM CuCl2, Cu2+ in bulk solution had no influence on the passive
film formation. The decrease in pitting corrosion resistance in 0.1 M NaCl-1 mM CuCl2 resulted from
the deposited Cu or Cu compound and continuous supply of Cu2+ on the surface.

Keywords: stainless-steel; pitting corrosion; passive films; XPS

1. Introduction

The effects of alloyed Cu on the corrosion resistance of stainless-steels are complex
and depend on both the corrosion environment and Cu content. In H2SO4 environments,
alloyed Cu has been found to enrich in the near surface [1–3] and to suppress the active
dissolution of stainless-steels [4–7]. In chloride environments, alloyed Cu is both bene-
ficial and harmful to the pitting corrosion resistance of stainless-steels. If stainless-steel
contains sufficient amount of alloyed Cu, pitting initiation caused by the dissolution of
MnS inclusions is inhibited by a protective Cu compound layer. This layer is produced by
Cu and S species resulting from the dissolution of MnS [8,9]. Garfas–Mesias found that
alloyed Cu increased the pitting potential of 25% Cr duplex stainless-steel in 1 M HCl and
in 3.5% NaCl solutions [10]. However, alloyed Cu reduced the pitting corrosion resistance
in chloride solutions. It has been reported that the interface between the inclusion and
matrix are preferred to initiate the pitting on the Cu-containing duplex stainless-steel [11].
The passivation process of austenitic stainless-steel was influenced by alloyed Cu in acidic
chloride solution, which decreased the pitting potential of stainless-steel [12]. After pitting
initiation, alloyed Cu inhibits the growth of pitting corrosion. Pitting initiation on the
surface of Cu-containing stainless-steels is followed by Cu2+ dissolution from the stainless-
steel matrix. The dissolved Cu2+ acts as an inhibitor in acidic chloride environments formed
in pits. Sourisseau et al. reported that the active dissolution rate inside the pits was sup-
pressed by dissolved Cu2+, and that Cu-deposited insoluble copper sulfides were formed
with dissolved S species [13]. The active dissolution of Cu-containing stainless-steels is
known to be suppressed by Cu enrichment at the surface [12,14,15] or by the formation of
a deposited Cu-containing layer [16–18] in acidic environments.

However, on the other hand, only a few reported studies have considered the effects
of Cu2+ in the bulk solution on the corrosion resistance of stainless-steels [13,19,20]. A
continuous supply of Cu2+ on the surface is likely when Cu2+ is present in the bulk solution.
In contrast, the supply of Cu2+ from the stainless-steel matrix may cease after a protective
Cu-containing layer is formed on the surface. Therefore, the effect of Cu2+ supply from
the bulk solution on the corrosion morphology of stainless-steel may differ from that
of the supply from the matrix. To understand the effects of Cu2+ in the bulk solution
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on the corrosion resistance of stainless-steel, specimens of Cu-free stainless-steel were
investigated.

In the present study, the effects of Cu2+ in bulk solution on the pitting corrosion
resistance of stainless-steel and on the formation of a passive film were analyzed. To avoid
the effects of alloyed Cu on the corrosion resistance of the stainless-steel or Cu dissolution
from the stainless-steel matrix, an extra-high-purity (EHP) type 316 stainless-steel (316EHP
stainless-steel) was used as the sample. EHP stainless-steels have been developed to exhibit
enhanced corrosion resistance by preventing the segregation of impurities [21]. The total
concentration of impurities was limited to be less than 100 ppm (0.01 mass %). The amount
of alloyed Cu in the 316EHP stainless-steel was expected to be sufficiently low to prevent
the formation of a Cu-enriched layer on the surface and Cu dissolution into the solution.

2. Materials and Methods
2.1. Specimens and Electrolytes

An extra-high-purity type 316 stainless-steel (316EHP stainless-steel) was used as
the sample material. EHP stainless-steels were manufactured by controlling the alloying
elements so that there are very few impurities. The stainless-steel was produced by a
vacuum induction melting furnace (KOBELCO, Kobe, Japan). A 50 kg-ingot of steel was
hot-forged and hot-rolled into a 12 mm-thick plate, which was then cut into specimens
of approximately 15 × 25 mm, parallel to the rolling direction. The specimens were heat-
treated at 1373 K for 3.6 ks and quenched in water. The electrode surface of each specimen
was mechanically ground with SiC papers and then polished to 1 µm with a diamond
paste. Afterward, the specimens were ultrasonically cleaned with ethanol. The chemical
composition of the stainless-steel was analyzed by Glow Discharge Mass Spectrometry
(CAMECA) (GD-MS), and is listed in Table 1. The total concentration of alloying elements
other than Ni, Cr, and Mo were less than 100 ppm (0.01 mass %) and are substantially
lower than the concentrations in commercial type 316 stainless-steels. The Cu content of
the 316EHP stainless-steel was only 6.8 × 10−4 mass %. This content was expected to be
sufficiently low to ensure that the detected Cu on the surface originated from the solution,
rather than from the metal.

Table 1. Chemical composition of extra-high-purity type 316 (316EHP) stainless-steel (mass %).

C Si Mn P S Ni

0.001 8.6 × 10−4 1.3 × 10−3 4.2 × 10−4 6.3 × 10−4 13.5

Cr Mo Cu Al N O

17.2 2.45 6.8 × 10−4 1.5 × 10−3 <9.0 × 10−4 0.01

Electrochemical measurements were performed in 0.1 M NaCl and 0.1 M NaCl-1 mM
CuCl2. The pH value of 0.1 M NaCl and 0.1 M NaCl-1 mM CuCl2 was almost 5.5. All
solutions were prepared from deionized water and analytical grade chemicals.

2.2. Electrochemical Measurements

Potentiodynamic anodic polarization measurements were performed using a pock-
etSTAT potentiostat (Ivium, Eindhoven, The Netherlands) in deaerated 0.1 M NaCl and
0.1 M NaCl-1 mM CuCl2 at 298 K. The specimen surfaces were insulated by an epoxy
resin, except for the electrode area (approximately 10 mm × 10 mm) with epoxy resin
(AR-R30, Nichiban, Tokyo, Japan) and subsequently with paraffin. The measurements
were performed in a conventional three-electrode cell, the counter electrode was a plat-
inum plate, and the reference electrode was an Ag/AgCl (saturated (sat.) KCl) electrode
(0.197 V vs. standard hydrogen electrode at 298 K). All the potentials reported in this work
refer to the Ag/AgCl (sat. KCl) electrode. The potential scan rate was 3.33 × 10−4 V s−1

(20 mV min−1). The polarization measurements were started immediately after immersion
of the working electrode in the electrochemical cell to avoid the Cu deposition on the
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surface before the start of polarization. Each potentiodynamic polarization measurement
was performed at least three times to confirm the reproducibility.

2.3. Observation and Analysis

Before and after electrochemical measurements, the electrode surfaces were observed
via JSM-7000 field emission scanning electron microscopy (FE-SEM) (JEOL, Tokyo, Japan)
coupled with energy-dispersive X-ray spectroscopy (EDS) (JEOL, Tokyo, Japan). Secondary
electron images and EDS maps were obtained at an accelerating voltage of 15 kV. Elemental
analyses on the surfaces were performed by means of Theta-probe X-ray photoelectron
spectroscopy (XPS) (Thermo Fisher Scientific, Waltham, MA, USA). The XPS system con-
sisted of an X-ray source with a monochromator, and the instrument used an aluminum
anode generating Al Kα radiation (E = 1486.6 eV), a hemispherical electron energy analyzer
for photoelectrons, and an Ar ion gun for depth profiling. The depth of the etching crater
was measured by a VK-X3000 Laser microscope (KEYENCE, Osaka, Japan) after perform-
ing the depth profiling. In this study, an X-ray spot of 400 µm was employed. The Fe 2p,
Cr 2p, Ni 2p, Mo 3d, and Cu 2p XPS spectra of the surfaces were collected. The spectra
were collected at an energy step and pass energy of 0.1 and 200 eV, respectively.

3. Results and Discussion
3.1. Inclusion Characterization

Inclusions are known to have a vital role on the pitting corrosion resistance of the
stainless-steels [22,23]. The surface of the specimen was observed immediately after the
polishing. Inclusions on the specimen were characterized by means of FE-SEM/EDS. There
were at least 40 inclusions in the electrode area of 1 mm2. Figure 1 shows an SEM image
and corresponding EDS maps of a typical inclusion. The inclusions were approximately
round, with diameters smaller than 5 µm. The EDS maps in Figure 1 show that these
inclusions were Cr- and O-enriched inclusions. The results of the quantitative analysis
corresponding to point 1 in Figure 1 are shown in Table 2. The Cr/O atomic ratio was
approximately 3:2. This result suggested that the inclusions of the specimen were Cr oxide.
These inclusions were thought to be introduced during the dissolution process because
electrolytic ferrochromium is used as a raw material.
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of an inclusion.

Table 2. Relative compositions (at.%) at point 1 in Figure 1.

Elements O Cr Fe Ni Cu Mo

Point 1 39 59 1.5 0.49 - 0.09

3.2. Pitting Corrosion Resistance of the Specimen

Potentiodynamic anodic polarization measurements were conducted in 0.1 M NaCl
and 0.1 M NaCl-1 mM CuCl2 to investigate the effects of Cu2+ in the bulk solution on
the pitting corrosion resistance of the specimen. The results are shown in Figure 2. As
indicated by curves (a) and (b) in Figure 2, the potential was scanned from the cathodic
polarization region in 0.1 M NaCl (Figure 2a) and 0.1 M NaCl-1 mM CuCl2 (Figure 2b). In
both cases, cathodic currents were observed at first, and then anodic currents appeared.



Metals 2021, 11, 511 4 of 13

In 0.1 M NaCl, anodic currents were measured from −0.14 V. In this case, current spikes
which would indicate the initiation of metastable and stable pits were not recorded until
ca. 1.4 V, and no pits were observed on the surface. The large increase in current from
ca. 1.1 V was considered to be oxygen generation [24,25]. However, for the specimen in
0.1 M NaCl-1 mM CuCl2, cathodic currents were measured from 0.18 to 0.23 V, and the
anodic currents arose from ca. 0.23 V. These results indicate that the corrosion potential in
0.1 M NaCl-1 mM CuCl2 was higher than that measured in 0.1 M NaCl. This shift of the
corrosion potential may have resulted from the reduction reaction of Cu2+ at the cathode
in 0.1 M NaCl-1 mM CuCl2. Previous studies have proposed the following reaction as the
reduction reaction of Cu2+ [16,17]:

Cu2+ + 2e− → Cu (1)
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This reaction is known to occur in two steps as the following reaction:

Cu2+ + e− → Cu+ (2)

Cu+ + e− → Cu (3)

In addition, Cu+ can chemically combine with Cl−, as bellow [26]:

Cu+ + Cl− → CuCl (4)

Therefore, cathodic Cu plating and formation of CuCl was expected to occur in the
cathodic polarization region in 0.1 M NaCl-1 mM CuCl2 (Figure 2b). The deposited Cu
on the surface is known to act as a “weak point” to the pitting. Xi et al. reported that
deposited Cu caused the discontinuity of the passive film and reduced the resistance
to pitting corrosion of the passive film [27]. In this case, pitting occurred at 0.67 V. To
confirm the pitting on 316EHP was caused by the deposited Cu, which was deposited in
the cathodic polarization region, the anodic polarization measurement from the anodic
polarization region was conducted in 0.1 M NaCl-1 mM CuCl2. As shown in Figure 2c, the
anodic polarization measurement was conducted from 0.25 V in 0.1 NaCl-1 mM CuCl2 to
avoid Cu plating onto the cathodic polarization region (below 0.23 V). An anodic current
was observed through the measurement under this condition, but no cathodic current was
observed. This result suggests that Cu deposition attributable to the cathodic current did
not occur on the surface. Despite the lack of Cu deposition in the cathodic polarization
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region, pitting occurred at ca. 0.82 V. Therefore, the decrease in pitting corrosion resistance
was not caused by the Cu deposition in the cathodic region.

After the anodic polarization measurements, the electrode surfaces were observed
via SEM/EDS. Figure 3 shows the SEM images of the Cr oxide inclusion after the an-
odic polarization measurement in 0.1 M NaCl (Figure 2a) and 0.1 M NaCl-1 mM CuCl2
(Figure 2b). In both solutions, the inclusion remained undissolved. Table 3 shows the
composition of the inclusions after the anodic polarization measurements. Composition
of the inclusions at points 2 and 3 were similar to that before the polarization (shown in
Figure 2). Szummer et al. reported that the dissolution of Cr2O3 inclusions led to structural
defects, which acted as initiation sites for pitting of 16Cr-Fe single crystals [22]. In this
study, structural defects, which act as pitting initiation sites, were absent from the surface
of the specimen in 0.1 M NaCl and 0.1 M NaCl-1 mM CuCl2. Therefore, the pitting that
occurred in 0.1 M NaCl-1 mM CuCl2 was not caused by the structural defects made by
dissolution of inclusions. The SEM image and corresponding EDS maps of Cu around the
pit on the electrode surface after the anodic polarization measurement in 0.1 M NaCl-1 mM
CuCl2 (Figure 2b) are shown in Figure 4. A pit with a lace-like cover, which commonly
occurred on type 316 stainless-steels in chloride environments [28–30], was observed. In
general, deposited Cu has been detected via EDS when the corrosion morphology was
changed by Cu deposition [16,31,32]. In this case, no EDS confirmation of Cu deposition
inside the pit or on the surface around the pit was obtained. This probably resulted from
the fact that the Cu deposited on the surface was too thin to be detected by EDS.
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Point 2 41 58 1.3 0.43 - 0.07
Point 3 40 58 1.3 0.47 - 0.06
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3.3. Effect of Cu2+ in the Bulk Solution on the Surface of 316EHP

Cu deposition was not detected via EDS around the pits that occurred in 0.1 M
NaCl-1 mM CuCl2. To elucidate whether Cu was deposited or not in the pitting initiation
process in anodic polarization, XPS depth profiling was performed on the specimen surfaces
after the anodic polarization. At first, the effect of Cu2+ in the bulk solution on passive
film formation was investigated. To compare the elemental composition of the passive
film formed in the two solutions, the specimens were polarized to 0.4 V from the cathodic
polarization region in 0.1 M NaCl and 0.1 M NaCl-1 mM CuCl2. The anodic polarization
curves are shown in Figure 5a. These conditions simulated the formation of a passive film
before the initiation of the pitting shown in Figure 2a,b. The composition depth profiles
of Fe, Cr, Ni, Mo, and Cu on the specimen surface are shown in Figure 5b,c. Figure 5b
shows the depth profiles of the surface polarized from −0.37 to 0.40 V in 0.1 M NaCl. As
shown in Figure 5b, an Fe-rich layer was observed at the outermost surface, and a Cr
enrichment layer formed slightly inside the outermost surface. This multilayer structure
was considered as a passive film. The interface between the passive film and the matrix
was defined as a position at the half-maximum of the Cr profile. The interface is indicated
by the vertical dashed line in Figure 5b. The thickness of the passive film was ca. 5.0 nm.
The concentration of Ni near the film-metal surface and the concentration of Mo at the
outermost surface were also confirmed. The elemental profile trends of Cr, Ni, and Mo
are the same as those of stainless-steels reported in previous studies [33,34]. The Cu XPS
spectra were not detected on the specimen polarized in 0.1 M NaCl. The elemental profiles
of the surface of the specimen polarized from 0.20 to 0.40 V in 0.1 M NaCl-1 mM CuCl2 are
shown in Figure 5c. In this case, the film thickness was ca. 5.0 nm, which was defined by the
half-maximum of the Cr profile. The thicknesses of the passive films were approximately
the same in the two solutions. As shown in Figure 5b,c, the elemental profiles of Cr, Fe,
Ni, and Mo in the passive film formed in the 0.1 M NaCl-1 mM CuCl2 are quite similar
to the profiles of passive film formed in 0.1 M NaCl. Therefore, both the thickness and
composition of the passive film formed by the anodic polarization to 0.4 V in the two
solutions were approximately the same. This indicates that the Cu2+ in the bulk solution
had no effect on the thickness or composition of the passive film.

Jiangnan et al. reported that Cu2+ dissolved from the stainless-steel had no effect on
the formation of the passive film [12]. Therefore, Cu2+ in the bulk solution had a similar
effect to Cu2+ dissolved from the stainless-steel matrix on the formation of the passive film.
A magnified view of the Cu profile shown in Figure 5c (see Figure 5d) reveals that the Cu
signal was detected on the outermost surface. The thickness of deposited metal Cu or Cu
compound (which was expected to be CuCl, see Equation (4)) was defined as ca. 1.9 nm
on the basis of the Cu profile. The metal Cu or Cu compound seem mainly attributed to
the reduction reaction of Cu2+ in the cathodic polarization region. In the polarization from
0.20 to 0.40 V, no pitting occurred on the surface with 1.9 nm-thickness metal Cu or Cu
compound in 0.1 M NaCl-1 mM CuCl2. This indicates that this amount of metal Cu or Cu
compound on the passive film did not cause the pitting in 0.1 M NaCl-1 mM CuCl2 in the
polarization from 0.20 to 0.40 V.



Metals 2021, 11, 511 7 of 13
Metals 2021, 11, 511 7 of 14 
 

 
Figure 5. (a) Anodic polarization curves polarized to 0.40 V in 0.1 M NaCl and 0.1 M NaCl-1 mM 
CuCl2. Composition depth profiles of the surfaces for the specimens polarized (b) in 0.1 M NaCl 
and (c) in 0.1 M NaCl-1 mM CuCl2. (d) Magnified view of (c). 

Jiangnan et al. reported that Cu2+ dissolved from the stainless-steel had no effect on 
the formation of the passive film [12]. Therefore, Cu2+ in the bulk solution had a similar 
effect to Cu2+ dissolved from the stainless-steel matrix on the formation of the passive film. 
A magnified view of the Cu profile shown in Figure 5c (see Figure 5d) reveals that the Cu 
signal was detected on the outermost surface. The thickness of deposited metal Cu or Cu 
compound (which was expected to be CuCl, see Equation (4)) was defined as ca. 1.9 nm 
on the basis of the Cu profile. The metal Cu or Cu compound seem mainly attributed to 

Figure 5. (a) Anodic polarization curves polarized to 0.40 V in 0.1 M NaCl and 0.1 M NaCl-1 mM
CuCl2. Composition depth profiles of the surfaces for the specimens polarized (b) in 0.1 M NaCl and
(c) in 0.1 M NaCl-1 mM CuCl2. (d) Magnified view of (c).

It has been reported that the corrosion behavior of the stainless-steel was affected
by the amount of Cu on the surface [16,17]. If the amount of the deposited metal Cu or
Cu compound is the key factor for decrease in pitting corrosion resistance of 316EHP,
metal Cu or Cu compound thicker than 1.9 nm will be detected on the surface without
cathodic Cu plating on the surface in 0.1 M NaCl-1 mM CuCl2. Thereby, the surface after
pit initiation in 0.1 M NaCl-1 mM CuCl2 without cathodic Cu deposition was investigated.
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For the comparison of the surface, the specimen polarized in same potential region in 0.1 M
NaCl was also surveyed. The results are shown in Figure 6. Figure 6a shows the anodic
polarization curves in 0.1 M NaCl and 0.1 M NaCl-1 mM CuCl2. Both specimens were
polarized from 0.25 V to avoid the Cu deposition in the cathodic polarization region in
0.1 M NaCl-1 mM CuCl2. In 0.1 M NaCl-1 mM CuCl2, pitting occurred at about 0.86 V.
Figure 6b,c shows the composition depth profiles of Fe, Cr, Ni, Mo, and Cu on the specimen
surface. The depth profiles of the surface polarized in 0.1 M NaCl is shown in Figure 6b.
The depth profiles of Fe, Cr, Ni, and Mo had the same trend as the film formed by anodic
polarization from −0.37 to 0.25 V (see Figure 5b). The thickness of the passive film was
defined as a position at the half-maximum of the Cr profile. The interface is indicated by
the vertical dashed line in Figure 6b. The thickness of the passive film was ca. 7.8 nm.
A thicker passive film was formed on 316EHP with the anodic polarization from 0.25 to
0.86 V than that from −0.37 to 0.4 V in 0.1 M NaCl. Figure 6c shows the elemental profiles
of the surface after pit initiation in 0.1 M NaCl-1 mM CuCl2. As with the case of Figure 5b,c,
the thickness and the composition of the passive film were almost the same as the profiles
of the film formed in 0.1 M NaCl, not affected by the Cu2+ in the bulk solution. A magnified
view of the Cu profile shown in Figure 6c is shown in Figure 6d. Similar to the case of
Figure 5d, the Cu signal was detected on the outermost surface in Figure 6d. Thereby, it
was found that metal Cu or Cu compound deposited on the surface, even in the anodic
polarization region. Zhou et al. have reported that Fe on the surface of stainless-steel was
substituted by Cu2+ in the solution, as follows [20]:

Cu2+ + Fe→ Cu + Fe2 (5)

In addition, Hermas et al. reported that metal Cu deposited onto a stainless-steel
surface was replaced by CuCl in a Cl− solution [17]. Therefore, deposition of metal Cu or
Cu compound (expected to be CuCl) occurred on the surface regardless of the polarization
potential region in 0.1 M NaCl-1 mM CuCl2. In this case, the thickness of metal Cu or
Cu compound was ca. 1.0 nm. This is thinner than that formed on the surface polarized
from 0.20 to 0.40 V, including the cathodic polarization region (1.8 nm, see Figure 5d).
This indicates that the amount of deposited Cu or Cu compound formed in the cathodic
polarization region was larger than that formed only in the anodic polarization region (not
including the cathodic polarization region). In the case of the polarization from 0.20 to
0.40 V (including the cathodic polarization region), the cathodic reduction of Cu2+ occurred
in conjunction with Cu substitution in the anodic polarization region. This created a thicker
deposition of metal Cu or Cu compound on the surface. However, pitting occurred on the
surface even though the surface contained lower amounts of the deposited metal Cu or Cu
compound on the surface when polarized from 0.25 to 0.86 V than when polarized from
0.20 to 0.40 V (including the cathodic polarization region). This suggests that the amount
of deposited metal Cu or Cu compound was not the critical factor for the pitting initiation
in 0.1 M NaCl-1 mM CuCl2. Pitting was not caused by the increase in amount on deposited
Cu or Cu compound on the surface.
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Chemical states of Cu on the surface were also important for the corrosion resistance
for stainless-steels [14–18]. The chemical state of Cu was analyzed in detail by comparing
the Cu 2p3/2 XPS spectrum of the specimen polarized from 0.20 to 0.40 V with that of
the specimen polarized from 0.25 to 0.86 V. Figure 7 shows the Cu 2p3/2 XPS spectrum
corresponding to the outermost surface of the specimen polarized in 0.1 M NaCl-1 mM
CuCl2 under the two aforementioned polarization conditions. Dotted lines indicate the
fitted curves of both spectra. As shown in Figure 7, the peaks of the spectra were quite
similar. This indicates that the chemical states of deposited Cu or Cu compound were
not changed by these two polarization conditions and seem not to influence the pitting
corrosion resistance. Both peaks of binding energy were at 932.3 eV. Therefore, pitting
initiation in the polarization from 0.25 to 0.86 V was not caused by the change in chemical
state of deposited metal Cu or Cu compound. The peaks of metal Cu and Cu+ attributable
to CuCl were expected to appear at binding energies ranging from 932.2 to 933.1 eV [35–38]
and from 932.1 to 932.6 eV [39–41]. The peak of metal Cu tended to occur at a slightly
higher binding energy than that of Cu+ attributed to CuCl. However, the binding energies
of metal Cu and Cu+ are very similar, and distinguishing the chemical state of Cu from
the spectra in Figure 7 is difficult. The assumption is that the surfaces of both specimens
contained metal Cu, which had been plated during the reduction reaction of Cu2+ in the
cathodic polarization region or substituted in the anodic polarization region. As mentioned
above, CuCl was also formed on the surface in both cathodic and anodic polarization
regions. Therefore, the spectra corresponding to the surface polarized from 0.20 to 0.40 V
and from 0.25 to 0.86 V were considered as a mixture of metal Cu and CuCl. These results
indicate that the decrease in pitting corrosion resistance was not caused by the change in
chemical state of deposited metal Cu or Cu compound on the surface.
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3.4. Effect of Cu2+ in the Bulk Solution on the Pitting Corrosion Resistance of the Specimen

The aforementioned results revealed that metal Cu or Cu compound were deposited
onto the surface in 0.1 M NaCl-1 mM CuCl2. However, whether the decrease in pitting
corrosion resistance of the specimen resulted from this deposition or the Cu2+ in the bulk
solution is unclear. The effect of deposited metal Cu and CuCl on the pitting corrosion
resistance of the specimen was investigated by conducting anodic polarizations under
two conditions, (a) and (b). Under condition (a), the specimen was polarized to 0.4 V in
0.1 M NaCl-1 mM CuCl2 to deposit metal Cu and CuCl onto the surface. Afterward, the
electrode surface was rinsed with deionized water and the solution was replaced with
0.1 M NaCl. Anodic polarization was subsequently performed from 0.4 V in 0.1 M NaCl.
The polarization curves are denoted as a1 and a2 in Figure 8. Under condition (b), the
specimen was first polarized to 0.4 V in 0.1 M NaCl-1 mM CuCl2. The electrode surface
was cleaned with deionized water when the potential reached 0.4 V. Subsequently, anodic
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polarization was conducted from 0.4 V in 0.1 M NaCl-1 mM CuCl2 (the corresponding
curves are denoted as b1 and b2 in Figure 8). Based on Figure 5, deposition of metal Cu and
CuCl onto the surface after polarization to 0.40 V in 0.1 M NaCl-1 mM CuCl2 was expected
under both a1 and b1 conditions (see Figure 8). Pitting occurred in 0.1 M NaCl-1 mM
CuCl2, but no pitting occurred in 0.1 M NaCl, as indicated by a2 and b2 in Figure 8. These
results suggest that both deposited Cu or Cu compound and Cu2+ in the bulk solution was
necessary for the pitting to occur in 0.1 M NaCl-1 mM CuCl2. That is, the deposited metal
Cu and CuCl on the surface did not function as the “weak point” in 0.1 M NaCl.
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The present study indicated that the continuous presence of Cu2+ in the bulk solution
was essential for pitting after the deposition of metal Cu or Cu compound. Therefore, the
decrease in pitting corrosion resistance of the 316EHP stainless-steel in 0.1 M NaCl-1 mM
CuCl2 mainly resulted from the deposited Cu or Cu compound and continuous supply of
Cu2+ on the surface. Further research is needed to clarify the precise mechanism governing
the effects of Cu2+ in the bulk solution on the pitting initiation of the stainless-steel.

4. Conclusions

1. No pitting occurred on 316EHP stainless-steel in 0.1 M NaCl. The Cr oxide inclusions
remained undissolved after the anodic polarization to ca. 1.4 V. Therefore, the struc-
tural defects that lead to the pitting initiation were not introduced by the dissolution
of the Cr oxide inclusions on 316EHP stainless-steel in 0.1 M NaCl.

2. Pitting occurred on 316EHP stainless-steel in 0.1 M NaCl-1 mM CuCl2. The potential
was scanned from the cathodic polarization region, where Cu plating by the reduction
reaction of Cu2+ and the formation of CuCl occurred. The deposited Cu was con-
sidered to function as a “weak point” where pitting was initiated. However, pitting
also occurred during the anodic polarization from the anodic polarization region
(not including the cathodic polarization region). Thus, pitting occurred regardless
of whether the potential was scanned from the cathodic polarization region or from
the anodic polarization region in 0.1 M NaCl-1 mM CuCl2. This indicates that the
pitting of 316EHP stainless-steel in 0.1 M NaCl-1 mM CuCl2 was not caused by the
Cu deposition in the cathodic polarization region.



Metals 2021, 11, 511 12 of 13

3. The thickness and composition of the passive film on the surface of 316EHP were
unaffected by the Cu2+ in the bulk solution during the polarization from 0.20 to 0.40 V
(including the cathodic polarization region) and from 0.25 to 0.86 V (not including the
cathodic polarization region).

4. The thicker deposition of metal Cu and Cu compound was formed on the surface of
316EHP polarized from 0.20 to 0.40 V (including the cathodic polarization region, no
pitting) than that from 0.25 to 0.86 V (not including the cathodic polarization region,
pitting occurred). Therefore, the amount of deposited metal Cu or Cu compound was
not the critical factor for pitting initiation in 0.1 M NaCl-1 mM CuCl2.

5. Similar peaks were detected by XPS analysis on the outermost surface of 316EHP
after the anodic polarization from 0.20 to 0.40 V and from 0.25 to 0.86 V in 0.1 M
NaCl-1 mM CuCl2. This indicates that the initiation of the pitting was not caused by
the change in chemical state of deposited Cu or Cu compound during the polarization
process in 0.1 M NaCl-1 mM CuCl2.

6. No pitting occurred in 0.1 M NaCl on the specimen with metal Cu or Cu compound
deposited in 0.1 M NaCl-1 mM CuCl2. However, pitting occurred after the metal Cu or
Cu compound were deposited on the steel in 0.1 M NaCl-1 mM CuCl2. Therefore, the
decrease in pitting corrosion resistance of 316EHP stainless-steel in 0.1 M NaCl-1 mM
CuCl2 resulted mainly from the deposited Cu or Cu compound and continuous
supply of Cu2+ on the surface.
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