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High-strength low-alloy steels have been used prevalently in marine engineering and the

defense industry because of their superior yield strength, toughness, and weldability.

Although these materials have excellent mechanical properties, the corrosion resistance

of  high-strength low-alloy steels is a crucial problem, particularly when they are used in

a  marine environment. In this study, the corrosion behavior of a newly designed NiCu-

containing low-carbon steel (NiCu steel) and conventional S690Q alloy steel (S690Q steel)

was investigated and compared. Potentiodynamic polarization results indicated that for

NiCu  steel, current densities are apparently reduced in the anodic region. Surface analyses

indicated that NiCu steel created a thick and uniform inner rust layer after it was immersed

in  NaCl solution for 7 days. Furthermore, a high-density Cr-rich region was observed in

the  NiCu inner rust layer after an immersion test. Electrochemical impedance spectroscopy

results suggested that NiCu steel exhibits higher corrosion resistance than S690Q steel in

NaCl  solution.

© 2018 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction

In order to reduce weight of structure and cost of construc-
tion, advanced high-strength steels are used for structural
and construction engineering applications, such as oil and
gas pipelines, pressure vessels and tubing, ship plates, and
automotive components. Tempered martensitic steels have

ultrahigh strength and excellent toughness, and several vari-
ants of tempered martensitic steel have been used for offshore
applications. For example, S690Q offshore steel, which has
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yield strength of over 690 MPa,  the candidate for replacing the
prevalently S460Q steel in offshore structure. However, mate-
rials toughness and corrosion resistance are especially crucial
when light-weighting is achieved by reducing the thickness
of structure. Recently, embrittlement due to high-temperature
tempering was found in S690Q steel (1). To overcome this issue,
a tempered martensitic steel, named NiCu steel, has been
developed by reducing carbon content and increasing Ni and
Cu contents. The NiCu steel has yield strength of over 690 MPa,
toughness superior to S690Q, and better weldability [1]. Actu-
ally, the NiCu steel is similar to the HSLA-100 steel, which is

a classic tempered martensitic steel for marine environments
[2].

Steels used in marine environments are susceptible to cor-
rosion, which greatly degrades their properties. Therefore,

iation. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.jmrt.2018.11.002
http://www.jmrt.com.br
http://www.sciencedirect.com/science/journal/00000000
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2018.11.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yuehlien@ntu.edu.tw
https://doi.org/10.1016/j.jmrt.2018.11.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


 . 2 0 1

c
t
[
t
l
a
i
i
r
e
F
t
l
v
s
l
m
s
�

p
e
c
N
c
a
m
t
t
i
c
p
r
t
m
s
m
t
a
d
t
N
e
n
e

b
N
o
a
a
f
t

product  analysis
j m a t e r r e s t e c h n o l

orrosion resistance of steels is one of the most crucial fac-
ors to be considered for real-world applications. Hao et al.
3] studied E690 high-strength steel electrochemical charac-
erization in wet–dry cyclic marine environments. The rust
ayer in E690 high-strength steel initially promoted corrosion
nd then inhibited general corrosion after 1440 h of test-
ng, indicating the occurrence of localized corrosion, which
ncreases because of the thickness and intensification of the
ust layer. They further reported that corrosion product lay-
rs primarily comprise Fe3O4, �-FeOOH, �-FeOOH, �-FeOOH,
eOCl, and many  amorphous compounds. Wu et al. [4] studied
he corrosion behavior and mechanism of E690 high-strength
ow-alloy steel in a marine environment with different pH
alues. The corrosion current density of E690 high-strength
teel gradually increased with decreasing pH values. After
ong-term tests under alternating wet–dry marine environ-

ents at different pH, uniform corrosion occurred on E690
teel. The rust layer primarily comprised �-FeOOH, �-FeOOH,
-FeOOH, Fe3O4, and Fe2O3. The composition of corrosion
roducts slightly differed with pH. Li et al. [5] analyzed the
ffect of nanosized NbC precipitations on the electrochemi-
al corrosion behavior of high-strength low-alloy steel in 3.5%
aCl solution. NbC precipitations considerably enhanced the
orrosion resistance of the H-containing steel. The abundant
nd highly dispersed nanosized NbC particles, which act as
assive and effective hydrogen traps, are crucial for resis-

ance to hydrogen-activated corrosion. Yang et al. [6] studied
he effect of hydrostatic pressure on the corrosion behav-
or of Ni–Cr–Mo–V high-strength steel. They found that the
orrosion resistance deteriorated with increasing hydrostatic
ressure, which was attributed to the increase of the anodic
eaction rate. The increasing hydrostatic pressure accelerated
he initiation rate and decreased the growth probability of

etastable pitting, which increased the uniform corrosion
usceptibility of Ni–Cr–Mo–V high-strength steel. The afore-
entioned literature listed two cases of corrosion study on

wo steels of 690-MPa grade. Moreover, the studied materi-
ls in this paper, namely S690Q steel and NiCu steel, are
esigned to reach a grade of 690 MPa for the offshore construc-
ion demand. The mechanical properties of S690Q steel and
iCu steel have been studied in relevant literature [7]. How-
ver, the corrosion resistances between these two steels have
ot been compared, even though they are both used in marine
nvironments.

The current work aims at investigating the corrosion
ehaviors of both S690Q steel and NiCu steel in 3.5 wt%
aCl solution. The electrochemical properties of two types
f steel were studied through potentiodynamic polarization
nd electrochemical impedance spectroscopy (EIS). Surface

nalyses, including scanning electron microscopy (SEM) and
ocused ion beams (FIBs), were performed for microstruc-
ure analysis. In addition, compositions and distributions of

Table 1 – Chemical compositions of two types of steel samples 

Fe C Si Mn Cr 

S690Q Bal. 0.08–0.16 0.2–0.4 0.9–1.0 <0.65 

NiCu Bal. 0.04–0.08 0.2–0.4 0.9–1.0 <0.65 
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elements in the rust layer of two types of steel were ana-
lyzed through X-ray photoelectron spectroscopy (XPS) and
an electron probe microanalyzer (EPMA), respectively. The
present study will be beneficial to the future applications
of high-strength steels, particularly in the harsh marine
environment.

2.  Experimental

2.1.  Sample  preparation

Table 1 presents the chemical compositions of S690Q and
newly designed NiCu steels. Both of the steel samples
were produced through vacuum-induction melting. Square
plates (1 cm × 1 cm × 0.1 cm)  with a testing area of 1 cm2

were prepared for following heat treatment processes and
electrochemical tests. S690Q and NiCu samples were tem-
pered at 600 ◦C and 660 ◦C for 1 h, respectively, and were
used in this study because of their superior mechanical
properties according to our previous results [1]. After heat
treatment, all the samples were mechanically ground using
emery paper of 80–1200 grit, which was rinsed with deion-
ized water and then washed with alcohol in an ultrasonic
bath.

2.2.  Electrochemical  measurements

Potentiodynamic polarization curves and EIS were conducted
in 3.5 wt% NaCl solution using a potentiostat (Gamry Ref-
erence 600) to evaluate corrosion performance. A standard
three-electrode system comprising a graphite counter elec-
trode and saturated calomel electrode as a reference electrode
was used in all electrochemical tests. Potentiodynamic polar-
ization curve measurements were obtained by sweeping
the potential from −200 to 300 mV  versus OCP at a scan
rate of 1 mV/s. EIS measurements were recorded at open
circuit potential in a frequency range of 10−2 to 105 Hz
with an alternating current amplitude of 10 mV. Corrosion
potential (Ecorr) and current density (Icorr) were determined
through Tafel extrapolation. The tested area on the steel
samples for all electrochemical tests was 1 cm2. Aerated
experiments were performed in naturally-aerated solution.
In the deaerated experiments, the test solutions were bub-
bled with pure nitrogen for 30 min  in the cell prior to each
measurement.

2.3.  Microstructure  characterization  and  corrosion
The surface morphology of the corroded samples was stud-
ied through SEM (JEOL JSM6510). Moreover, after the 7 day

(wt%).

Ni Mo Cu Al Ti + Nb N

0.8–1.0 <0.5 0.1–0.4 <0.08 <0.04 <0.009
2.5–3.5 <0.5 1.0–2.0 <0.08 <0.06 <0.009
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Fig. 1 – Potentiodynamic polarization curve of NiCu and
S690Q steel samples in (a) aerated and (b) deaerated
3.5 wt%  NaCl solution.

Table 2 – Ecorr and Icorr values extracted from
polarization curves for NiCu and S690Q steel samples in
3.5 wt% NaCl solution (a) aerated and (b) deaerated.

Sample Ecorr (mV vs. SCE) Icorr (�A/cm2)

(a) NiCu −527.3 ± 3.2 7.3  ± 3.1
(a) S690Q −566.3 ± 19.6 8.3 ± 3.4
(b) NiCu −676.7 ± 23.8 1.1 ± 0.3
immersion test, some corroded samples were investigated
through the FIB (Helios 600i) method to prepare a cross-
section and further studied through SEM. X-ray diffraction
(XRD) was employed to identify the phases of rust layers. XRD
was performed using a Rigaku-TTRAX III diffractometer using
Cu-K� radiation at 50 kV/300 mA.  The full XRD patterns were
recorded at 10–80◦ 2� with a scanning rate of 4◦/min. XPS
(VGS Thermo K-Alpha) analyses were performed to obtain the
compositional information and chemical state of corrosion
products generated on the samples after the 7 day immer-
sion test. An Al K� anode of 1400 eV was used as an X-ray
source. Survey spectra were recorded for the samples at a
kinetic energy of 0–1350 eV at an interval of 1 eV, whereas high-
resolution scans with an interval of 0.1 eV were conducted for
Fe 2p and Cu 2p. The analyzer pass energy was 50 eV. Base pres-
sure in the experimental chamber was approximately 2 × 10−7

mbar. The spectrum obtained was referred to the C 1s peak
(284.5 eV) of carbon. The distributions of several crucial ele-

ments in the cross-sections of rust layers were detected by an
EPMA (JEOL JXA-8200) at an accelerated voltage of 15 kV and
sample current of 0.05 �A.
(b) S690Q −730.0 ± 4.0 1.6 ± 0.5

3.  Results  and  discussion

3.1.  Corrosion  resistance

Because the nature of marine environment can differ widely
from normal to low dissolved oxygen zones, potentiodynamic
polarization curves of NiCu and S690Q steel samples in both
aerated and deaerated NaCl solutions were studied. As shown
in Fig. 1, both of the steel samples were characterized by an
increase of current density with increasing potential in the
anodic region, indicating their active corrosion behavior with-
out passivation in aerated and deaerated NaCl solutions. In
the presence of dissolved oxygen, no pronounced change was
observed in a cathodic region; however, an apparent reduc-
tion was observed in current densities in the anodic region for
NiCu steel sample (Fig. 1a), which indicated the suppression of
anodic metal dissolution reactions. This change indicates that
the effect of adding a high amount of Cu and Ni was more  pro-
nounced on the anodic reaction than on the cathodic reaction.
The retardation of the anodic reaction in NiCu steel sample
generated more  positive Ecorr and lower Icorr than in S690Q
steel samples. Moreover, these features are consistent with
potentiodynamic polarization curves measured in the absence
of dissolved oxygen. Fig. 1b presents a similar trend; however,
lower Icorr for NiCu and S690Q steel samples was evaluated
in the deaerated solution. In addition, no evident limiting dif-
fusive current density was observed in the cathodic region,
which was anticipated for both steel samples. The overall
results indicate that a high amount of Cu and Ni in the ferrous
alloy may affect the anodic dissolution rate. Table 2 summa-
rizes corrosion potential (Ecorr) and corrosion current density
(Icorr) extracted from polarization curves were summarized in.
Table 2 indicates that NiCu steel sample has a lower iron dis-
solution rate in both aerated and deaerated NaCl solutions.

To further study the evolution of corrosion resistance dur-
ing immersion, EIS measurements of NiCu and S690Q steel
samples immersed in aerated NaCl solution for different peri-
ods were taken. Fig. 2 shows the impedance spectrums of
two steel samples as a function of immersion time. Fig. 2a
and c presents Nyquist plots from the EIS results for the two
steel samples. Both figures display similar features, with only
one depressed capacitive semicircle. This type of diagram is
usually interpreted as a mechanism of charge transfer on an
inhomogeneous surface [7]. The diameters of capacitive semi-
circles in Nyquist plots decreased with immersion time for
both steel samples. It is worthwhile to emphasize the diame-

ter of the capacitive semicircle for the NiCu steel sample was
slightly higher than that of the S690Q steel sample for the
entire immersion time. On the other hand, during the first
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Fig. 2 – Nyquist and Bode plots for (a, b) NiCu (c, d) S690Q steel samples immersed in 3.5 wt% NaCl solution for different
durations.

Fig. 3 – Equivalent circuits used to fit experimental
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Table 3 – Fitted electrochemical parameters for NiCu and
S690Q steel samples during 144 h of immersion in
3.5 wt%  NaCl solution.

Sample Qdl (�−1 cm−2 s−n) n Rct (� cm2) Error (%)

NiCu 1 h 2.11 × 10−4 0.83 2904 5.0
NiCu 96 h 1.08 × 10−4 0.71 2367 2.1
NiCu 144 h 1.73 × 10−4 0.67 2219 4.8
S690Q 1 h 2.96 × 10−4 0.82 2329 3.4
mpedance spectra.

44 h immersion, the Bode plots of two steel samples showed
nly one time constant as in Fig. 2b and d.

To describe the impedance response of the corrosion
ehavior in chloride environments, the equivalent circuit
nalysis was performed using ZSimpWin software. The equiv-
lent circuit model from the literature [8–10] was used for
he EIS results (Fig. 3). In the circuits, Rs and Rct indi-
ate solution resistance and charge transfer resistance of
he electrolyte–substrate interface, respectively. The constant
hase element (Qdl) is associated with the capacitance of
he electrochemical double layer. Table 3 summarizes the fit-
ing result of different electric elements. Although the Rct

alues of two  steel samples decreased with increasing immer-
ion time (Table 3), the Rct values of the NiCu steel sample

ere always higher than that of S690Q for the entire immer-

ion test. In general, Rct, which is inversely proportional to
he corrosion rate of a given metal, is a valuable parameter
S690Q 96 h 7.04 × 10−4 0.70 1937 0.8
S690Q 144 h 8.08 × 10−4 0.69 1715 1.6

used to evaluate the corrosion resistance of metallic sub-
strates [11,12]. The larger diameter of the Nyquist capacitive
semicircle accompanying the higher Rct value indicates that
NiCu steel had superior anticorrosion performance in NaCl
solution.

3.2.  Microstructure  observation  after  corrosion

Fig. 4 shows the surface morphology of as polished and a series
of micrographs of NiCu and S690Q steel samples after differ-
ent immersion times in aerated NaCl solution. To observe the
initial formation of the rust layers, planview SEM images of
the steel samples were taken after 5 and 60 min  of immer-

sion in 3.5 wt% NaCl. The morphologies of rust layers gradually
evolved with increasing exposure time. After 5 min  of immer-
sion time (Fig. 4b and f), some corroded area covered with the



1480  j m a t e r r e s t e c h n o l . 2 0 1 9;8(1):1476–1485

t% NaCl solution; (a) NiCu as polished; (b) NiCu at 5 min; (c) NiCu
 at 5 min; (g) S690Q at 60 min; (h) S690Q at 7 days.

Fig. 5 – FIB cross-section SEM images of the rust layer on (a)
NiCu and (b) S690Q steel samples formed after 7 days of

3.3.  Rust  characterization
Fig. 4 – SEM images after different immersion times in 3.5 w
at 60 min; (d) NiCu at 7 days; (e) S690Q as polished; (f) S690Q

corrosion product was observed in all steel samples. However,
the size and density of the local corrosion region on the S690Q
steel sample were larger than those on the NiCu sample, which
is in agreement with the high anodic dissolution rate obtained
in previous polarization measurements. Some snowflake-like
particles deposited upon the dark rust layer were observed on
all steel samples after 60 min  of immersion time (Fig. 4c and
g), indicating that the rust layer comprises two parts: loose
outer and dense inner layers. After 7 days of immersion (Fig. 4d
and h), ground grooves caused by polishing were not distin-
guishable on the surface of the two steel samples, suggesting
that the rust layer was thick. In addition, different amounts of
snowflake-like corrosion product were deposited on each sur-
face. Compared with the NiCu steel sample, the S690Q sample
showed high surface coverage by snowflake-like corrosion in
SEM.

The rust layers were further analyzed using FIB cross-
section SEM images. Fig. 5 shows the cross-sectional
morphologies of the rust layer on NiCu and S690Q steel sam-
ples formed after 7 days of immersion. A rust layer can be
observed in all cases, which indicates that the outer rust layer
observed in the SEM images fell off when the FIB samples
were prepared and rinsed with distilled water. This obser-
vation indicates that the outer loose rust layer can be easily
removed from the substrate, indicating less protection for the
steel substrate. By contrast, the compact rust layer in contact
with the substrate remained attached to the surface, exhibit-
ing appropriate protection for the substrate. The layer can be
considered the primary barrier for reducing the permeation of
corrosive species. The average thickness of this inner rust layer
for the NiCu and S690Q steel samples was 1750 and 900 nm,
respectively. The reduction in the thickness of the inner rust
layer (Fig. 5b) can be probably attributed to the high anodic
dissolution rate and numerous oxygen reduction reactions on
the S690Q steel sample. Intensive O2 bubbling facilitates the
transport of dissolution ions (e.g., Fe2+ ions) away from the

surface and obstructs rust layer deposition. Therefore, the pre-
cipitation speed of the corrosion product is reduced, resulting
in thinner rust layers.
immersion.
To determine the distributions of elements in the rust layer
on the two steel samples, rust layer cross-sections were
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Fig. 6 – EPMA mapping of alloying elements in the rust layer formed on the steel samples after 7 days of immersion; (a)
N

e
c
r
t
f
m
m
F
d
l
m
c

iCu (b) S690Q.

xamined using an EPMA. Fig. 6 shows the results. Firstly, it
an be seen that the S690Q steel sample was unevenly cor-
oded. The rust layer of the S690Q steel sample was rougher
han that of the NiCu sample, which corresponds to the dif-
erences in their dissolution rates. Fig. 6 shows the EPMA

apping results of alloying elements, revealing the enrich-
ent of Cu in the region of the inner rust layer in all samples.

ig. 6a indicates that the NiCu steel sample exhibited a high-

ensity Cr-rich region in the inner rust layer. The inner rust

ayer of the alloying samples was not enriched in Ni, which
ay be attributed to the short immersion time; thus, less Ni

ompound was observed in this study.
Figs. 7 and 8 show the results of XPS analyses on the rust
layer on the two steel samples after 7 days of immersion.
Figs. 7a and 8a show the overall spectra of the specimens. No
considerable difference was found for Fe, O, or C; however,
the Cu signal was slightly intensified on the spectrum for the
NiCu steel sample. The Ni signal was not detected in the rust
layer through XPS, because less Ni compound was observed.
Figs. 7b and 8b show the Fe 2p spectrum of the two steel

samples. Three overlapping peaks at 709.6, 710.8, and 711.8 eV
corresponding to Feox

2+, Fehy
3+, and Feox

3+, respectively, were
detected which indicated that Fe3O4, Fe2O3, and FeOOH coex-
isted in the rust layer. For the Cu 2p spectrum (Figs. 7c and 8c),
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Fig. 7 – (a) Overall XPS spectra of NiCu steel sample after 7
days of immersion in 3.5 wt%  NaCl solution;

Fig. 8 – (a) Overall XPS spectra of S690Q steel sample after 7
days of immersion in 3.5 wt% NaCl solution;
high-resolution XPS spectra for (b) Fe 2p and (c) Cu 2p.

both the NiCu and S690 spectra presented three overlapping
peaks at 932.6, 934.1, and 932.4 eV corresponding to Cu0, Cu1+,

and Cu2+, respectively. XPS results indicated the precipita-
tion of Cu and Cu oxides (CuO and Cu2O) on the surface of
the steel samples. However, compared with the NiCu steel
high-resolution XPS spectra for (b) Fe 2p and (c) Cu 2p.

sample, Cu signals were less intense for the S690Q sample
after 7 days of immersion. This observation is consistent with

the previous EPMA result, which indicated that the low den-
sity of the Cr-rich region in the inner rust layer on the S690Q
steel sample.
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Fig. 9 – XRD pattern of (a) NiCu and (b) S690Q steel samples
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fter 7 days of immersion test.

Because of weldability concerns, the C content of newly
esigned NiCu alloy steel has been restricted. To compensate
or the reduction in strength with the decreasing C concen-
ration, more  Cu was added to NiCu steel for precipitation
trengthening. Apart from increasing hardenability, Cu has
een added to steels to improve corrosion resistance [13–16].
or example, Hong et al. [14] analyzed the effect of Cu addition
n the corrosion resistance of low-alloy steel in sulfuric acid.
he Cu-containing steel provides considerably lower corrosion
ates than Cu-free steel in a sulfuric acid solution. In addi-
ion, they also observed that the accumulated Cu compound
n the surface, which primarily comprised Cu and Cu oxides
ssociated with FeOOH, improved the corrosion resistance of
he low-alloy steel by reducing the active dissolution of the
ubstrate. Ujiro et al. [15] explained that alloying Cu on the
orrosion resistance for both ferritic and austenitic stainless
teels is beneficial because of the stability of the deposited
u on the anodic surface. Xi et al. [16] studied the effect of
dding different amounts of Cu on the corrosion resistance
f 316L austenitic stainless steel. Their results indicated that
he pitting and protective potential of 316L–Cu stainless steel

ncreased with increasing Cu content in the solution state. In
eneral, in the research regarding Cu-bearing steels, the cop-
er layer formed on the steel surface suppressed the anodic
issolution rate of the steel through blocking and screening
 9;8(1):1476–1485 1483

mechanisms [14–17]. Therefore, the lower anodic dissolution
rate on the NiCu steel sample can be partially attributed to
the formation of a more  protective rust layer containing larger
copper compounds.

The rust layers formed on the surface were identified
through XRD. Fig. 9 shows the XRD spectra of the two steel
samples after the 7 day immersion test. In addition to the
peaks of bcc iron, Fe3O4 is identified as a corrosion product
formed on all steel samples in an XRD pattern. Furthermore,
peaks of �-FeOOH were detected on the NiCu steel sample
because Cu accelerates the transformation of ferric oxyhy-
droxide into �-FeOOH [18–21].

Several studies have demonstrated that rust formed
on steel primarily comprises ferric oxyhydroxides (FeOOH),
including goethite (�-FeOOH), akaganeite (�-FeOOH), lepi-
docrocite (�-FeOOH), and magnetite (Fe3O4), and many  X-ray
amorphous compounds [22–24]. Among these corrosion prod-
ucts, �-FeOOH can be preferentially formed in the rust layer on
steel exposed to chloride-ion environments [25–30]. The irre-
versible formation of �-FeOOH and �-FeOOH under oxidizing
conditions are as follows [31]:

Fe → Fe2+ + 2e

O2 + 2H2O + 4e → 4OH−

Fe2+ + H2O → Fe(OH)+ + H+

2Fe(OH)+ + 2OH− + 1/2O2

→ 2�-FeOOH + H2O(Cl−containing environment)

2Fe(OH)+ + 2OH− + 1/2O2 → 2�-FeOOH + H2O

At a later corrosion stage, these metastable phases, such
as �-FeOOH and �-FeOOH, gradually transform into a ther-
modynamically stable phase of �-FeOOH [24,31–34]. Therefore,
the lower anodic dissolution rate on the NiCu sample can be
partially attributed to the presence of the more  stable and
protective structure of �-FeOOH in the rust layer.

4.  Conclusion

In our previous study, the mechanical properties of a newly
designed NiCu steel and conventional S690Q steel were sys-
tematically investigated; NiCu steel had higher yield strength
and superior toughness. In this study, the corrosion behav-
ior and properties of the rust layer of the two  alloy steels
in a Cl−-containing environment were further evaluated and
characterized. The preliminary results of this study are sum-
marized as follows:

1. Potentiodynamic polarization results indicated that the

NiCu steel exhibited an apparent reduction in current den-
sities in the anodic region.

2. The NiCu steel had higher Rct values than the S690Q
steel sample for the entire immersion time up to 144 h,
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indicating that the NiCu steel is more  resistant to corrosion
than the S690Q steel in NaCl solution.

3. Surface analyses indicated that a higher Cu content in the
alloy steel (NiCu) created a thicker and more  uniform inner
rust layer after 7 days of immersion in NaCl solution.

4. The higher density of the Cr-rich region in the NiCu inner
rust layer was observed through the EPMA and XPS anal-
ysis. The accumulated Cu compound, which primarily
comprised Cu and Cu oxides, improved the corrosion resis-
tance of the low-alloy steel by suppressing the anodic
dissolution rate.

5. The XRD results indicated that the higher Cu content in
the alloy steel (NiCu) improved the passivity by facilitating
the formation of a more  protective and stable phase of �-
FeOOH.
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