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NiCoCrMo alloys in neutral chloride solution

Biaobiao Yang, a Jiaxiang Li,a Xiaojuan Gong,a Yan Nieb and Yunping Li*cd

The influence of Cu addition (0–4 mass%) on the corrosion behavior of Ni–30Co–16Cr–15Mo alloy in

neutral chloride solution is investigated by electrochemical measurements. The results indicate that alloy

with 0.5 mass% Cu shows inferior corrosion resistance compared to Cu-free alloy under open-circuit

potential, which is possibly ascribed to the galvanic corrosion from the insufficient coverage of Cu on

the passive film; a higher fraction of Cu results in a significant improvement on corrosion resistance, and

Cu is believed capable of strengthening the passivation and postponing the oxidization of dominant Cr(III)

in the passive film into more soluble Cr(VI).
1. Introduction

Due to their exceptionally high heat resistance and corrosion
resistance, Ni-based alloys are widely used in a variety of severe
environments. Among them, Ni–Cr–Mo alloys demonstrate
outstanding corrosion resistance,1–4 primarily attributed to Cr
and Mo elements: Cr promotes the formation of a compact
Cr2O3 passive lm, while Mo signicantly enhances the local-
ized corrosion resistance by blocking the dissolution of passive
lm and acts as an effective barrier against the diffusion of ions
through the lm via precipitating on the external lm.5–8 Mo(IV)
(as hydrated MoO2) on the outermost lm can be oxidized into
Mo(VI) forming soluble MoO4

2�. The dissolved MoO4
2� anions6

are cation-selective, resisting the penetration of Cl� and other
ions, which facilitates the growth of an inner oxide lm.

In spite of the aforementioned merits, the low wear resis-
tance of Ni–Cr–Mo alloy due to its low hardness greatly limits its
further application in the injection moulding of uorine-
containing resin or plastic.9,10 Recent study indicates that
substituting Co for Ni greatly increases the wear resistance of
Ni–16Cr–15Mo (NiCrMo) alloy without sacricing its corrosion
resistance to aqueous HF solutions, although with the cost
signicantly increasing.11,12 This can be ascribed to the reduced
stacking fault energy (SFE) of alloy by Co addition, leading to
higher work hardening on surface during friction. The hardness
of Ni–30Co–16Cr–15Mo (NiCoCrMo) alloy can be further
enhanced by plastic deformation,13 although the corrosion
resistance of deformed alloy is greatly reduced compared to that
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of NiCrMo alloy. More recent studies show that further addition
of 2 mass% Cu yields a tremendous improvement on corrosion
resistance of NiCoCrMo alloy in aqueous HF acid solution, even
aer severe plastic deformation.8,14

Cu is widely used as an alloying element to enhance the
corrosion resistance of alloys in various conditions.15–21 For
instance, Pardo et al.19 indicate that a compact Cu lm formed
in the alloy/solution interface impedes the dissolutions of alloy
elements and dramatically increases the corrosion resistance of
AISI304 stainless steel in 30 mass% H2SO4 at 50 �C. Similar
result by Hong et al.21 suggests that the passive lm of Cu-
containing steel mainly consists of Cu compounds in a 10
mass% H2SO4 solution. Hou et al. also8 suggests that Cu addi-
tion alters the passivation from a Mo-dominated into a Cu-
dominated passive lm in HF solution.

Despite the aforementioned efforts devoted to investigate
the effect of Cu on corrosion resistance, the effects of Cu
addition on the passivation mechanism of NiCoCrMo alloy in
common corrosive media such as brine solutions have not been
claried clearly yet. Therefore, in the present research, the
inuence of Cu addition on the corrosion behavior and
passivation mechanism of NiCoCrMo alloys in 3.5 mass%
aerated NaCl solution is investigated systematically in detail for
the rst time.
2. Experimental
2.1. Materials

Ni–30Co–16Cr–15Mo–6Fe–xCu–0.7Mn (mass%) alloys with
nominal Cu concentrations of 0, 0.5, 2, 4 mass%, are selected
for this study, which hereaer are referred to as 0Cu, 0.5Cu, 2Cu
and 4Cu, respectively. Ingots of alloys are fabricated by vacuum
melting and then subjected to a homogenization treatment at
1250 �C for 14 h. This is followed by a hot forging (60%,
reduction) at the same temperature, and homogenization
RSC Adv., 2017, 7, 40779–40790 | 40779
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Fig. 1 Phase diagram of Ni–30Co–16Cr–15Mo–6Fe–xCu–0.7Mn (x
¼ 0, 0.5, 2, and 4 mass%), calculated using the Thermo-Calc TCW 5.0
software based on the Ni-based alloy database (database N17).22
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treatment again at 1250 �C for 1 h, immediately with quenching
into water so as to avoid unwanted precipitated phase. The
above mentioned heat treatment conditions are carried out
according to the phase diagram of Ni–30Co–16Cr–15Mo–6Fe–
xCu–0.7Mn (mass%), calculated by using a Thermo-Calc 5.0
TCW soware (Thermo-Calc Soware, Stockholm, Sweden)22

with a Ni-based alloy database, as shown in Fig. 1. All specimens
are cut into disks with 16 mm diameter and 1 mm thickness on
an electrical discharge wire-cutting machine.
2.2. Electrochemical measurements

Specimens for electrochemical impedance spectroscopy (EIS)
are wet-grounded with SiC paper (up to 2000 grit), and polished
sequentially with 1 mm Al2O3, 0.3 mm Al2O3, and a colloidal SiO2

suspension to attain mirror-like surface. Specimens in poten-
tiodynamic polarization measurements are wet-grounded with
Fig. 2 Microstructures of NiCoCrMo alloys with a mirror-like surface: IP

40780 | RSC Adv., 2017, 7, 40779–40790
SiC paper (up to 800 grit). Aer that, all the specimens are
rinsed in an ultrasonic cleaner with deionized water and alcohol
sequentially. All the tests are performed in 3.5 mass% aerated
NaCl solution at room temperature. Analytical grade chemicals
and ultrapure water (18.25 MU cm) are used for the solution
preparation. A conventional three-electrode glass cell is used for
the experiments and the diameter of specimen surface exposed
to the solutions is designed as 10 mm. A Pt counter electrode
and a saturated calomel electrode are xed in the cell. Aer
immersion in 3.5% aerated NaCl solution for 0.5 h, electro-
chemical impedance spectroscopy (EIS) measurements are
performed using a PARSTAT-4000 (Princeton Applied Research,
Oak Ridge) with the amplitude of 10 mV over the range from
106 Hz to 0.05 Hz and corresponding impedance data are tted
by ZVIEW soware. EIS measurement at each condition is
carried out for at least ve times to guarantee the repeatability
of the experimental results.

Prior to polarization test, specimens are immersed in the
solution for 7200 s for open-circuit potential (Eocp) measure-
ment, and the nally stabilized potential is employed as Eocp.
Polarization test is carried out from 300 mV more negative than
Eocp up to 1.5 V (vs. saturated calomel electrode, SCE) at a scan
rate of 0.167 mV s�1. Polarization test for each specimen is run
for at least ve times to guarantee the repeatability of the
experimental results. The specimens aer electrochemical tests
are then drawn from the cell immediately and rinsed with
deionized water gently to remove electrolyte on the surface,
waiting for surface characterization.
2.3. Microstructure characterization

Initial microstructure is investigated by using an electron
backscattered diffraction (EBSD) integrated on a eld-emission
scanning electron microscope (FEI XL30S eld-emission gun;
FEI Company, Portland, OR) operated at an accelerating voltage
F mapping of (a) 0Cu, (b) 0.5Cu, (c) 2Cu, (d) 4Cu.

This journal is © The Royal Society of Chemistry 2017
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of 20 kV and a step size of 1.0 mm. The surface proles of the
specimens aer polarization measurements are measured
using a laser scanning microscope (LSM; VK-200 series, Key-
ence, Osaka, Japan) with a plane and height resolution of
48.83 nm and 0.1 nm, respectively. Microstructural observa-
tions and compositional analyses are carried out, using a scan-
ning electron microscope (FEI XL30S eld-emission gun; FEI
Company, Portland, OR) equipped with energy dispersive X-ray
spectroscopy (EDS).

X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi,
Thermo Fisher-VG Scientic, Waltham, MA) is utilized to
characterize the passive lm at 0.5 V (SCE). All binding energies
are given relative to the Fermi level, and all spectra are obtained
using incident monochromatic Al Ka X-ray source with energy
of 1486.61 eV. During survey scan, an energy range of 1100 eV,
pass energy of 150 eV, step size of 1 eV, a sweep time of 100 s and
a spot size 650 mm by 450 mm are used. For high-resolution
spectra, an energy range of 20–40 eV, pass energy of 30 eV,
and step size of 0.05 eV are used. Peak shis due to charging are
normalized to the C 1s peak position set to 284.8 eV and spectra
corrected using a Shirley background correction. The incident
photons are set at 45� to the specimens.

3. Results
3.1. Initial microstructure

The initial microstructures of the alloys before electrochemical
tests, observed using EBSD, are shown in inverse polar gure
(IPF) maps in Fig. 2(a–d) for 0Cu, 0.5Cu, 2Cu and 4Cu, respec-
tively. The mean grain sizes of all alloys are close to 250 mm. In
addition, all alloys exhibit entirely annealed microstructure,
characterized by a prevalence of S3 annealing twins and
deformation-free matrix. No obvious precipitation of second
phase is observed.

3.2. Open-circuit potential measurement

The time evolution of the open-circuit potential, Eocp, for 0Cu,
0.5Cu, 2Cu, and 4Cu specimens in 3.5 mass% aerated NaCl
solution is given in Fig. 3. With increasing Cu content, Eocp
roughly shis to a nobler potential. In addition, the time–
Fig. 3 The time evolutions of the open-circuit potential for 0Cu,
0.5Cu, 2Cu, and 4Cu before polarization tests.

Fig. 4 Impedance diagrams for NiCoCrMo alloys with various Cu
additions in 3.5 mass% aerated NaCl solution at room temperature: (a)
Nyquist plots, (b) Bode phase angle plots, (c) Bode magnitude plots, (d)
equivalent circuit model proposed for the fitting of EIS spectra.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 40779–40790 | 40781
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Table 1 EIS fitting results of all specimens in 3.5 mass% aerated NaCl solution at room temperature under open-circuit potential, simulated by
the equivalent circuit model seen in Fig. 4(d)

Specimens

Solution Double layer Passive lm

c2 (�10�3)Rs (U cm2) Y0dl (pF cm�2 sn�1) ndl Rct (kU cm2) Y0f (mF cm�2 sn�1) nf Rf (kU cm2)

0Cu 8.5 � 1.5 39.72 � 0.5 0.95 � 0.01 54.69 � 2.5 1.89 � 0.2 0.56 � 0.01 201.59 � 13.1 0.18 � 0.05
0.5Cu 6.7 � 3.1 38.95 � 1.3 0.95 � 0.01 60.76 � 1.8 1.89 � 0.4 0.57 � 0.01 149.30 � 25.7 0.22 � 0.03
2Cu 6.2 � 2.6 37.32 � 0.8 0.95 � 0.01 58.41 � 1.0 1.89 � 0.3 0.57 � 0.02 190.11 � 21.3 0.23 � 0.02
4Cu 7.5 � 1.9 42.46 � 0.7 0.95 � 0.01 58.10 � 1.7 2.70 � 0.4 0.49 � 0.01 337.58 � 17.6 0.2 � 0.06
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potential curves for alloys with low Cu concentration (0 and 0.5
mass%) are hard to reach steady state compared to that with
higher Cu concentration at present condition.
3.3. EIS measurements

EIS measurements are carried out at open-circuit potential in
3.5 mass% aerated NaCl solution at room temperature. The
obtained impedance responses are presented in the forms of
Nyquist and Bode as shown in Fig. 4(a–c). From Fig. 4(a), all
alloys display similar impedance features, and each Nyquist
plot is characterized by a common capacitive semicircle in high
frequency region and a depressed capacitive semicircle in low
frequency region. The phase angle vs. frequency plot illustrated
in Fig. 4(b) reveals two apparent peaks from high frequency to
low frequency, suggesting the occurrence of at least two electron
transfer reactions in interface.23,24 The Bode magnitude plots
illustrated in Fig. 4(c) suggest that 4Cu exhibits the most
superior corrosion resistance, with a higher impedance
compared to other alloys.

Following the EIS results, the equivalent circuit model in
present condition is schematically shown in Fig. 4(d).25–27 Table
1 summarizes the values in tting the aforementioned curves
(Fig. 4(a–c)) by using present circuit model in Fig. 4(d). Here, Rs

represents the electrolyte resistance, Rct and Qdl represent the
charge transfer resistance and the pseudo-capacitance of the
double layer, respectively. Rf and Qf represent the resistance and
Fig. 5 Polarization curves in 3.5 mass% aerated NaCl solution at room
temperature of: 0Cu, 0.5Cu, 2Cu, and 4Cu.

40782 | RSC Adv., 2017, 7, 40779–40790
the pseudo-capacitance of the passive lm, respectively.
Constant phase element (CPE, Q) rather a capacitance element
(C) is chosen to t the depressed semicircle, owing to the exis-
tence of dispersion effect.23,24 The impedance of CPE is
described as follows:

ZCPE ¼ 1

Y0ðjuÞn (1)

where Y0 is the magnitude of the CPE, j is the imaginary unit (j2

¼ �1), u is the angular frequency, n is the deviation parameter
in regard to phase shi, with n ranging from 0 for pure resistor
to 1 for a pure capacitor.

From Table 1, we can nd that with, Rf becomes lower for
0.5Cu compared to 0Cu, and then turns higher with increasing
Cu content, which are 201.59, 149.30, 190.11, 337.58 kU cm2, for
0Cu, 0.5Cu, 2Cu, and 4Cu, respectively. Rct is observed inde-
pendent of Cu content but much lower than Rf in all alloys,
suggesting that Rf takes a larger part than Rct in impedance. No
obvious difference is observed in other parameters for all alloys.
Moreover, 0.5Cu exhibits lower corrosion resistance under EIS
measurement, as a smaller pseudo-capacitive arc is observed for
0.5Cu compared to 0Cu in low frequency region. 4Cu performs
best with the largest polarization resistance, characterized by
the largest pseudo-capacitive arc as shown in Fig. 4(a).
3.4. Potentiodynamic polarization behavior

Fig. 5 shows the polarization curves of the four specimens in 3.5
mass% aerated NaCl solution, with a locally enlarged drawing
from 0.65 V (SCE) to 0.95 V (SCE) inserted. We consider the
valleys of the curves as the corresponding corrosion potentials
(Ecorr). The cathodic Tafel slopes (bc) are obtained from linear
ttings of cathodic polarization Tafel region. Based on corro-
sion potentials (Ecorr) and cathodic Tafel slopes (bc), corrosion
current densities (Icorr) are calculated. These parameters from
polarization curves are listed in Table 2.
Table 2 Parameters obtained from polarization curves shown in Fig. 5

Specimens bc (V dec�1) Ecorr (vs. SCE, mV) Icorr (mA cm�2)

0Cu 0.21 � 0.01 �256.4 � 20.30 0.46 � 0.03
0.5Cu 0.22 � 0.01 �263.4 � 13.78 0.51 � 0.06
2Cu 0.20 � 0.01 �183.1 � 10.34 0.32 � 0.04
4Cu 0.21 � 0.01 �151.2 � 8.57 0.14 � 0.05

This journal is © The Royal Society of Chemistry 2017
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Given that 3.5 mass% aerated NaCl solution contains low
concentration of H+, oxygen reduction reaction:

O2 + 2H2O + 4e� ¼ 4OH� (2)

takes place in cathodic polarization region, which is inuenced
greatly by oxygen concentration in electrolyte.28–30 From Fig. 5,
we nd that the cathodic polarization behaviors of four alloys
follow a similar line, as indicated by an arrow in the gure,
implying oxygen concentrations in the solutions of four alloys
are approximately comparable.29 In addition, since all NaCl
solutions are prepared under similar condition, inuence of
oxygen on open-circuit potentials (Eocp) and corrosion poten-
tials (Ecorr) can be ignored. Following this, Eocp and Ecorr should
be closely dependent on the passivation in present alloys. From
Table 2, 0.5 Cu does not perform superior corrosion resistance
compared to 0Cu; 2Cu shows a slight improvement on corro-
sion resistance compared to 0Cu; while 4Cu exhibits excellent
corrosion resistance with the noblest Eocp, Ecorr and the lowest
Icorr, which are consistent with the EIS results in Fig. 4. It is
obvious the evolution of Ecorr is akin to Eocp with increasing Cu
content.

There is no obvious change in the macroscopic views of
either the electrode surface or the solution prior to the trans-
passive period in all alloys. From approximately 0.75–0.8 V
(SCE) onwards, the working electrode surface turns from the
initial bright silver to hazy, nally distinct yellow aer polari-
zation tests. The solution turns yellow gradually, which is
Fig. 6 SEM micrographs of 0Cu, 0.5Cu, 2Cu, and 4Cu in 3.5 mass% aera
(SCE), 0.95 V (SCE), respectively.

This journal is © The Royal Society of Chemistry 2017
probably due to the dissolved CrO4
2� ions.31 Meantime, small

bubbles start to appear on the counter electrode Pt for all
specimens via oxidation of water and these curves overlap each
other without other apparent difference in all alloys. No
signicant difference for all alloys is observed, except that the
voltage for the working electrode surface turning into yellow is
increasing slightly with Cu addition increasing.

From Fig. 5, it can be seen that the four curves behave in
a similar trend, and no obvious transition of active–passive
region is observed for all alloys, possibly due to spontaneous
passivation.32,33 With increasing applied potential, all alloys
experience a transition from passive region to transpassive
region, and the polarization curves overlap each other gradu-
ally. Current density decreases with incremental Cu content in
passive region, implying the passive lm becomes more
uniform and compact ascribed to Cu. The increase of current
density for Cu-containing alloy along with potential over the
range of 0.75 V (SCE) to 0.9 V (SCE) appears to be retarded
compared to 0Cu, although this change is not signicant
enough with various Cu contents. This can be clearly observed
in the amplied gure inserted in Fig. 5. And this phenomenon
always exists when we reproduced these experiments.
3.5. SEM and 3D laser scanning microscopy (LSM) analysis

Fig. 6 shows the surface morphologies of the four specimens
aer being polarized in 3.5 mass% aerated NaCl over different
potentials. No obvious difference in the surface of alloys could
ted NaCl solution at room temperature at 0 V (SCE), 0.5 V (SCE), 0.83 V

RSC Adv., 2017, 7, 40779–40790 | 40783
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Fig. 8 Evolutions of mean height difference H of alloy with various Cu
additions. The schematic illustration of corroded surface vertically is
also inserted.
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be identied. At passive region, 0.5 V (SCE), all the surfaces
appear as same as that of the initial 800#-polished specimens,
possibly owing to the very thin passive lm formed for all alloys.
At 0.83 V (SCE) in the passive–transpassive transition region, all
the specimen surfaces appear slightly corroded and are char-
acterized by ne occulent particles along the original grinding
scratches, and no obvious pitting corrosion is observed
throughout the specimen surfaces. During transpassive region
(0.95 V, SCE), all specimen surfaces become signicantly
different from that at lower voltages, characterized by large
number of lm cracks aer drying. The grinding scratches also
become indistinguishable.

We used LSM to evaluate the surface proles of specimen
aer polarization tests, as well as the corresponding height
distributions along the red horizontal dashed lines as shown in
Fig. 7. Consistent with the results of SEM, occurrence of cracks
in the lm of all samples could be observed aer drying, giving
rise to lower height in crack regions and higher height in the
non-crack region. The cracks of lm occur most likely along
grain boundaries and annealing twinning boundaries as
Fig. 7 Surface morphologies as well as the corresponding height distrib
0Cu, (b) 0.5Cu, (c) 2Cu, (d) 4Cu after polarization at 1.5 V (SCE) in 3.5 m

40784 | RSC Adv., 2017, 7, 40779–40790
marked by yellow and green dashed lines respectively in
Fig. 7(d), since both the size and shape of the enclosed areas by
cracks are very close to that of grains and annealing twins
ution of specimen surface along the red horizontal dashed line of (a)
ass% NaCl solution at room temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 EDS analysis of NiCoCrMo alloys in 3.5 mass% aerated NaCl solution at room temperature, in theirs initial states and polarization at
different potentials: (a) 0Cu, (b) 0.5Cu, (c) 2Cu, (d) 4Cu, and at specific potentials with Cu content increasing: (e) initial states, (f) 0.5 V (SCE), (g)
0.83 V (SCE), (h) 0.95 V (SCE).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 40779–40790 | 40785
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(Fig. 2). With increasing Cu content, the width of cracks seems
to become narrower, implying the more compact lm with
higher crack resistance with Cu addition. This is especially
obvious in alloy with high Cu content ($2%).

We choose the mean height difference H between the non-
crack regions (peak point in the height curves) and the crack
regions (valley of the height curves) of ten random points each
in Fig. 7 to represent the mean height of lm. With increasing
Cu content, H as a function of Cu content is quantitatively
showed in Fig. 8. It can be observed that H becomes obviously
lower with increasing Cu content, implying the thinner lms
formed in alloy with higher Cu content.
Fig. 10 XPS survey scans acquired from the outer surfaces of 0Cu,
0.5Cu, 2Cu, and 4Cu at 0.5 V (SCE).

Fig. 11 XPS regional scan spectra acquired from the outer surfaces of 0C
Cu 2p, (b) Cr 2p, (c) Mo 3d are shown.

40786 | RSC Adv., 2017, 7, 40779–40790
3.6. EDS and XPS analysis

The chemical compositions of the specimen surfaces aer
polarization to various potentials, obtained from EDS analysis,
are shown in Fig. 9. From Fig. 9(a–d), all specimen surfaces
display similar variations for all the monitored elements in the
passive region (0.5 V (SCE)), with Cu, Cr, Mo increasing, and Ni,
Co, Fe decreasing, suggesting that Cr, Cu and Mo, play
a signicant role in passivation herein, consistent with the work
of Jakupi et al.34

For a given Cu content, during the passive–transpassive
transition region (0.83 V (SCE)), a clear decrease of Cr content is
observed compared to that in passive region, which is possibly
related with the transformation from Cr(III) to more soluble
Cr(VI). However, with Cu content increasing, the dissolution of
Cr element at 0.83 V (SCE) seems to be delayed, since the
content of Cr in lm of Cu-containing alloys is much larger
(Fig. 9(g)). Likewise, Mo content is also increasing at 0.83 V
(SCE) with Cu content increasing. This occurred concurrently
with the current densities evolution in the local enlarged
drawing of Fig. 5.

While from the transpassive region onwards at 0.95 V (SCE),
apart from the drastic decrease in Ni and Co contents,
pronounced increases in Mo, O and Cr contents are observed
for all specimens. From Fig. 9(h), Mo content increases
substantially at 0.95 V (SCE) along with Cu addition, implying
that Cu addition plays an important role in inhibiting the
dissolution of Mo.

The XPS analyses, which are used to probe the element
distributions of specimen surfaces in passive region (0.5 V
(SCE)) in 3.5 mass% aerated NaCl solution at room
u, 0.5Cu, 2Cu, and 4Cu at 0.5 V (SCE). The spectra corresponding to (a)

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 (a) Metal elemental percentages except Cu and (b) Cu elemental percentage of the outer surface obtained from XPS regional spectra as
a function of Cu addition, with oxygen element and chlorine element removed and the left resynchronized. Note that it contains the percentages
of various alloying elements in bulk (hollow symbol connected with dashed line).

Fig. 13 Schematic illumination of galvanic corrosion on Cu-contain-
ing alloys with supposing that Cu will segregate at the outermost
surface around open-circuit potentials.
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temperature, are shown in Fig. 10. The peaks for Cu 2p, Ni 2p,
Co 2p, Cr 2p, Fe 2p, Mo 3p, andMo 3d can be clearly observed in
all alloys at binding energies of 932, 852, 779, 574, 713, 400 and
230 eV, respectively.35 In addition, an intense O 1s peak can be
observed in all samples at 530 eV, indicating the existence of
extensive oxides or their hydrates on the surface.

The Cu 2p, Cr 2p, and Mo 3d spectra of the same specimens,
but recorded at a higher resolution, are shown in Fig. 11(a–c),
respectively. The spectral peaks are deconvoluted to show the
contributions of metallic and/or oxide states,35 and demonstrate
detailed information on them. For example, the metallic and
oxide peaks for Cr and Mo are extremely strong. The Cu 2p peak
turns stronger with increasing Cu content, and is identied as
Cu2+ and Cu1+ or metallic Cu in Cu-containing specimens.
Considering its relatively low concentration in the alloys, Cr 2p
peak shows high intensities in the spectra, which is consistent
with the EDS results (Fig. 9) that the concentration of Cr in the
passive lm is much higher than that in thematrix. Considering
there is no obvious difference on Ni, Co, Cl, and O with Cu
content increasing, their spectra aren't shown herein.

Concentrations of constituent elements on the passive lms
of all alloys determined from XPS regional spectra are shown in
Fig. 12. From Fig. 12(a), the concentrations of Ni and Co in
passive lm are much lower than those in bulk, implying the
instability of these two elements in all alloys. On the contrary,
Cu, Cr andMo are enriched in lm, which is consistent with the
EDS results (Fig. 9). Cr takes a largest portion of passive lm
among these elements, about 35 mass%, suggesting its signif-
icant impact on the passivation of alloys studied. This also
indicates the destroy of Cr(III) oxide is fatal to passive lm. Mo
also exerts its role in enhancing the passivation of alloys. Cu
segregates in the passive lm with Cu concentration much
higher than that in bulk distinctly shown by Fig. 12(b).
Furthermore, a more signicant increase of Cu in passive lm
occurs accompanying with its increasing content.

4. Discussion

From the results obtained, it is evident that Cu addition doesn't
signicantly change the initial microstructure. However,
corrosion resistance of alloys is strongly inuenced, as shown
This journal is © The Royal Society of Chemistry 2017
from Fig. 4 and 5. Moreover, Cu addition has weak inuence on
corroded surface morphology with applied potential, while Cu
addition changes distinctly the element distribution on spec-
imen surface as seen from Fig. 6, 9 and 12.

Our researches show that both Cu and Cr segregate in the
passive lm from both EDS (Fig. 9) and XPS (Fig. 12) results
(0.5 V, SCE). In addition, segregation of Cu in the passive lm is
observed in Cu-containing alloy, which becomes more distinct
with increasing Cu content. Although it is difficult to conrm in
the present condition, direct observation by Li et al. in hydro-
uoric acid solution of similar alloy indicated that Cu layer
forms on the outermost surface of passive lm.36 Therefore, we
assume that Cu enriches on the outermost surface as sche-
matically illuminated in Fig. 13. Following this, the lower
corrosion resistance of 0.5Cu compared to 0Cu is possibly
attributed to galvanic corrosion from the non-uniformity of Cu
layer's coverage on the outmost surface of passive lm under
open-circuit potential. It is well known that standard reduction
potential of Cu is more positive than other metal elements in
the present alloys.37 Thus, as indicated in Fig. 13, a galvanic cell
will form between Cu and the lm without coverage of Cu in
electrolyte solution, possibly resulting in accelerated dissolu-
tion of passive lm or matrix.

The inuence of Cu coverage on lm/matrix dissolution is
dependent on the area ratio between I1C and I1U, the surfaces
with and without Cu, respectively by:38
RSC Adv., 2017, 7, 40779–40790 | 40787
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log Ig ¼ k1 þ ba

ba þ bc
log AA þ bc

ba þ bc
log AC (3)

Ig represents the galvanic current. ba and bc stand for Tafel slope
for anodic and cathodic reaction; AA and AC represent the areas
of I1C and I1U. k1 is a invariant constant. When we minus log(AA

+ AC) from both side of eqn (3), we can obtain:

log
Ig

AA þ AC
¼ k1 þ ba

ba þ bc
log

AA

AA þ AC
þ bc

ba þ bc
log

AC

AA þ AC

(4)

Then, I is introduced representing the apparent current
density:

I ¼ Ig

AA þ AC
(5)

SA and SC are also introduced herein to express the anodic
(passive lm or matrix without Cu) and cathodic (Cu) area
fraction, respectively, and can be expressed as:

SA ¼ AA

AA þ AC
(6)

SC ¼ AC

AA þ AC
(7)

Therefore, eqn (4) can be rewritten as:

log I ¼ k1 þ ba

ba þ bc
log SA þ bc

ba þ bc
log SC (8)

or

log I ¼ k1 þ ba

ba þ bc
logð1� SCÞ þ bc

ba þ bc
log SC (9)

We take log I a derivative on eqn (9) with respect to SC, it
follows:

vlog I

vSC

¼ 1

ðba þ bcÞln 10

�ðba þ bcÞSC � bc

SCðSC � 1Þ
�

(10)

A maximum for log I, or I, will occur at

SC ¼ bc

ba þ bc
(11)

Thus, corrosion current density will be increased when SC is

less than
bc

ba þ bc
at rst, and will be decreased when SC exceeds

bc
ba þ bc

. This should be the reason that around open-circuit

potential, 0.5Cu demonstrates lower corrosion resistance
compared to 0Cu.

In contrast to the open-circuit potential test, 0.5Cu with
higher corrosion resistance compared to 0Cu during polariza-
tion test, is possibly ascribed to the more uniform Cu distri-
bution (increased SC) due to the accelerated dissolution–
deposition of Cu by applied potential.19,39 Similarly, 2Cu shows
40788 | RSC Adv., 2017, 7, 40779–40790
comparable corrosion resistance to 0Cu at open-circuit poten-
tial and a notable improvement on corrosion resistance from
Ecorr onwards. 4Cu exhibits the most outstanding corrosion
resistance in 3.5 mass% aerated NaCl solution, owing to its high
Cu addition.

In passive region, Cr element segregates in the passive lm
from Fig. 9 and 12(a), and plays an essential role in passivation.
Present results, together with previous researches18,34,36 suggest
that enrichment of Cu on the passive lm will retard the
dissolution of Cr2O3-rich layer at 0.83 V (SCE) during passive–
transpassive transition. Besides, Cr element with a high energy
of adsorption of oxygen DHads(ox) is expected to adsorb
hydroxyls (OH�) strongly, and a low metal–metal bond energy
3M–M is apt to enhance passivity, as suggested by Marcus et al.5

The oxidization of Cr(III) (mainly as Cr2O3) in the oxide lm
into more soluble Cr(VI) (CrO4

2�):

Cr2O3 + 5H2O ¼ 2CrO4
2� + 10H+ + 6e� (12)

would lead to the destruction of Cr2O3-enriched layer and
concurrent increase of current density. Zhang et al.18 have
claimed that the accumulation of Cu layer on the C-2000 retards
extensive dissolution of Cr2O3-dominant passive lm in 5 mol
L�1 NaCl solution, which is in agreement with our results. The
benecial effect of Cu has been attributed to the noble nature of
Cu and the rapid formation of a Cu-rich layer.17,40 Moreover, Cu
performs with a low energy of adsorption of oxygen DHads(ox)
and a low metal–metal bond energy 3M–M, which probably
accounts for the outstanding reorganisation ability of Cu as
reported by Marcus.5 Cu is an essential element for alloys
studied herein to protect and suppress the passive dissolution
of Cr2O3-rich layer. Moreover, Cu andMo will protect Cr2O3-rich
layer synergistically, from previous works.8 From Fig. 9(g), it's
obvious that Cr and Mo contents are increasing with Cu addi-
tion increasing. And our results also show that Mo element's
existence protects Cr2O3-rich layer, and this phenomenon can
be further strengthened with Cu element's addition increasing
when the transformation from Cr(III) oxide to Cr(VI) occurs.

As indicated in the EDS analysis during transpassive region
at 0.95 V (SCE), Mo is the dominant component on the surface
of all specimens (Fig. 9). Cu has also been reported to enhance
the role of Mo in passivation of 17Cr steels as suggested by
Lizlovs,41 which agrees well with our results. However, no
specic explanation was given. Present results indicate that Mo
concentration on the surface increases signicantly with Cu
addition in transpassive region (0.95 V (SCE)) as shown in Fig. 9,
revealing the stabilizing effect of Cu on Mo in surface.

From Fig. 8, the lm becomes more compact and homoge-
neous aer polarization tests, and its thickness turns thinner
with increasing of Cu addition, implying the hindrance effect of
Cu on the extensive dissolution of the lm. Similar phenom-
enon has been reported by Hao et al.,42 who suggest that 2
mass% Cu improves corrosion resistance of low alloy steel with
thickness of lm declining distinctly. Nevertheless, the inu-
ence of Cu on the transpassive behavior of NiCoCrMo alloy is
non-signicant, considering the little difference in sample
This journal is © The Royal Society of Chemistry 2017
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surfaces and the overlapped polarization curves in alloys with
various Cu contents as shown in Fig. 5.

5. Conclusion

The effects of Cu addition of 0–4% (mass%) on the corrosion
resistance of NiCoCrMo alloy in 3.5 mass% aerated NaCl solu-
tion are investigated by electrochemical measurements, SEM,
EDS, LSM and XPS at room temperature. The main conclusions
are summarized as follows:

Corrosion resistance of the alloys studied is greatly depen-
dent of Cu element. 0.5Cu demonstrates lower corrosion
resistance at low potential around Eocp, and improved corrosion
resistance at higher potential. The improvement of corrosion
resistance becomes more signicant with increasing Cu
content.

Cr plays a key role in forming the passive lm in NiCoCrMo
alloys. Meanwhile, the presence of Cu will hinder the extensive
dissolution of Cr, ascribed to the rapid formation of a Cu-rich
layer on the outmost Cr2O3 oxide lm. Mo exerts its role by
hindering the dissolution of metals by segregating to the
surface in transpassive region.
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