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Role of Alloying Elements in Passive and Transpassive Behavior of
Ni–Cr-Based Alloys in Borate Buffer Solution
Zhiheng Zhang,1 Benoît Ter-Ovanessian,1,*,z Sabrina Marcelin,1 Jules Galipaud,1,2 and
Bernard Normand1

1Université de Lyon, Institut National des Sciences Appliquées de Lyon, MATEIS UMR CNRS 5510, Villeurbanne cedex,
France
2Université de Lyon, Ecole Centrale de Lyon, LTDS UMR 5513, Ecully, France

The role of the alloy composition of binary Ni–xCr alloys (x = 16, 20, 24, 28 wt.%) and ternary Ni–xCr–8Fe alloys (x = 14, 22, 30
wt.%) in borate buffer solution on the passive and transpassive behavior was investigated using successive electrochemical
impedance measurements. These measurements supplement conventional polarization curves by enabling monitoring of the
evolution of the electrochemical parameters extracted from impedance diagrams (thickness, resistivity at interfaces, etc) during the
polarization. The polarization curves and evolution of the impedance parameters revealed that the Cr content and addition of Fe did
not significantly affect the behavior of the alloys within the passive potential domain but directly affected the transpassivation
process at higher potentials. For the Ni–xCr alloys, a higher Cr content resulted in a higher current-density peak for the
transpassivation–second passivation processes. Conversely, the addition of Fe reduced or even prevented the appearance of this
current-density peak. X-ray photoelectron spectroscopy analysis provided complementary information to help explain the role of
alloying elements in the passivation (and secondary oxidation) mechanisms of Ni-based alloys in borate buffer solution.
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Nickel-based alloys are widely used for critical applications
because of their ability to form passive films in aqueous environ-
ments and protective oxides with controlled growth rates at high
temperature. Moreover, they exhibit favorable and tunable mechan-
ical properties. However, the design of novel nickel-based alloys
remains a challenge given the complexity of the chemical and
mechanical loadings potentially encountered in advanced applica-
tions, such as those in the nuclear and aerospace domains.

The corrosion resistance of these alloys can be greatly improved
through the addition of certain alloying elements such as Cr, which
acts as a passivity promoter, supporting the nucleation of the oxide.1

The Cr-rich layer within the passive film is considered the main
corrosion-resistance feature of these alloys.2 The oxide films on
Ni–Cr binary alloys have generally been reported to consist of a
main Cr oxide network mixed with a minor Ni oxide network or the
insertion of a certain concentration of metal ions.3 Moreover, a dual
structure is generally considered to be formed by an inner oxide part
and an outer hydroxide part consisting of both metallic elements.4 Cr
(III) is the main cation species in both layers, whereas Cr(VI) and Ni
(II) are the minor species.

The minimal concentration of Cr required for passivity in bulk
Ni–Cr alloys has been determined to be 8–11 at.%.5 In acidic
solution, the passivation potential is shifted to more negative values
with increasing Cr content. The current densities in the active and
passive potential ranges decrease with increasing Cr content.6

However, a critical Cr concentration of 22–26 wt.% in bulk Ni–Cr
alloys enables the diffusivity of charge species within the passive
film to be tailored, maintaining a low steady-state current density
and ensuring good resistance to the passivity breakdown process.7 In
chloride-containing solution, a similar Cr concentration provides
good resistance to pitting corrosion, limiting the nucleation and
growth of pits.8 However, the potential range of passivity is affected
by the Cr content. Indeed, the transpassive potential is generally
lower for Ni–Cr alloys than for pure Ni which exhibits a transpassive
region for potential located after thermodynamic water stability.4

Transpassivation is characterized by a rapid dissolution of metal
or alloy when the electrode potential becomes too positive.9 The
transpassive oxidation potential is thermodynamically controlled. It
is mainly dependent on the aqueous solution (essentially the pH).
For Ni–Cr-based alloys, this thermodynamic phenomenon is linked
to the redox potential of Cr(III) to Cr(VI) generally expressed as.4

+ → + + [ ]− − −Cr O 10OH 2CrO 5H O 6e 12 3 4
2

2

However, in basic solution, the transpassive dissolution rate can
be limited by the formation of a new oxide film on the surface that
contains chemical species in a higher valence state. This phenom-
enon is called secondary passivation.10 Figure. 1, adapted from our
previous study11 presents the polarization curves obtained for a
synthetic Ni–Cr binary alloy (with 20 wt.% Cr) immersed in 10 g l−1

Na2SO4 acidified with H2SO4 (pH = 2) (red curve) and in 0.05 M
H3BO3 + 0.075 M Na2B4O7 10H2O (pH = 9.2) (blue curve). In
acidic solution, the alloy presents a higher corrosion potential and
wide passive range and a transpassive process, whereas in borate
buffer solution, the alloy exhibits a lower corrosion potential and a
transpassivation–secondary passivation transition, as evidenced by
the hump in current density after the passive domain. The secondary
passivation is not always observed in polarization curves. Mishra et
al.12,13 showed that the occurrence and intensity of this phenomenon
are closely related to the pH and oxyanion of the solution. They
proved that the full process, including the apparent breakdown of the
passive film followed by an anodic peak and a secondary passive
region, occurs for Cr-containing Ni-based alloys for solutions with
pH > 8.6, such as carbonate/bicarbonate or borate buffer solutions.
They also reported that for Ni–Cr–Mo alloys, the apparent transpas-
sive potential and anodic peak potential are independent of the
chemical composition of the alloy. However, the current densities of
the anodic peak and secondary passive plateau are affected by the
solution and alloy chemistry.

In the present work, the relation between the passive and
transpassive behaviors and the chemical composition of synthetic
Ni-based alloys is addressed, focusing on the role of not only the Cr
content but also the Fe content. Indeed, Fe is generally added as an
alloying element in Ni-based alloys because it reduces the total cost
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of the material while improving the machinability and weldability.
Even if Fe contributes to the passive film formation, the addition is
not straightforwardly beneficial to the corrosion behavior of Ni-
based alloys. For example, in acidic solution, adding 8 wt.% Fe to
Ni–Cr binary alloys increases the current density of the active peak
and the passive plateau.14 In acidic saline solution, the ternary
Ni–Cr–Fe alloy was more sensitive to pitting corrosion than the
binary Ni–Cr alloy even though the thickness of the passive film was
not remarkably changed and only minor amounts of Fe were
detected.15 In basic solution, Boudin et al.16 confirmed that the
passive film thickness was unchanged by the addition of Fe and that
the oxidized Fe mainly appeared in the mid-part of the passive film.
Moreover, the addition of Fe to Ni-based alloys has been shown to
decrease the corrosion currents in the transpassive potential range;17

however, this finding is not yet well understood.
Considerable research has been conducted on the passivation of

binary Ni–Cr and ternary Ni–Cr–Fe alloys;2,6–8,17 however, the
growth mechanism and the nature, composition, and structure of the
passive films during polarization processes remain largely unex-
plored. Moreover, most prior investigations on the corrosion
behavior of passive alloys have focused on the passive regime,
with little attention paid to the transpassive phenomenon and the key
parameters governing it. A relatively high potential is required to
activate transpassive dissolution; nevertheless, certain service con-
ditions (accidents, radiolysis,…) can shift the potential,18 resulting in
transpassive dissolution and consequently shortening the service life
of alloys. Moreover, Chiang et al. suspected that the susceptibility to
stress corrosion cracking may be related to the active dissolution due
to transpassivation.19 Hence, preventing damage from transpassive

dissolution is of considerable interest in the corrosion domain.20 A
better understanding of the passivation process and mechanism when
the applied potentials change, even in the transpassive and secondary
passivation regimes, could provide insight into the key factors of
success for the design of new alloys.

In such a context, the aims of the current work were to
demonstrate the role of alloying elements in the electrochemical
behavior of Ni–based model alloys by following the features of
passivation and transpassivation with polarization over a wide
potential range. Successive electrochemical impedance measure-
ments were performed on various binary Ni–Cr and ternary
Ni–Cr–Fe alloys in borate buffer solution. Thanks to recent advances
in the analysis of electrochemical impedance spectra, successive
electrochemical impedance measurements provide insight into the
chemical processes occurring during passivation and polarization
processes.21 Using this approach, a better understanding of the effect
of the alloy composition (Cr and Fe content) on the electrochemical
behavior of Ni-based alloys from cathodic potential to the transpas-
sive region was attained. In addition, the roles of the alloying
elements in the secondary passivation process and especially in
determining the chemical composition of the passive film were
studied in detail using X-ray photoelectron spectroscopy (XPS).

Experimental

Material and surface preparation.—To investigate the effect of
Cr content on the passivation behavior of Ni-based alloys, Ni–xCr (x
= 16, 20, 24, 30 wt%) model alloys were selected. Moreover,
Ni–xCr–8Fe (x = 14, 22, 30 wt%) model alloys were also studied to
determine the contribution of Fe in passivation processes. These
materials were supplied by Sumitomo Metal Industries, Ltd. Japan.
All the model alloys had an austenitic structure without the presence
of carbides. Pure chromium (> 99.7 wt.%), supplied by Goodfellow
served as a reference material. The chemical compositions (wt.%) of
the alloys are presented in Table I.

The samples were ground with abrasive papers up to 4000 grit
with mirror polishing down to 1 μm for the electrochemical tests,
cleaned with deionized water and ethanol, respectively, and finally
dried with flowing argon.

Electrochemical measurements.—Electrochemical measure-
ments were performed on a Gamry Reference 600 electrochemical
potentiostat. A conventional three-electrode cell was used for the
electrochemical measurements. The different model alloys were
used as the working electrode (exposure area = 0.56 cm2). A large
graphite rod served as the counter electrode, and a saturated mercury
sulfate electrode (MSE, E = +658 mV vs SHE) acted as the
reference electrode. A naturally aerated solution of 0.05 M H3BO3

+ 0.075 M Na2B4O7 10H2O (pH = 9.2) was prepared for the
electrochemical tests. This solution has been widely used to
investigate the passive behavior of Ni–Cr alloys and stainless steel
because Cr-rich oxides and hydroxides have a low solubility in the
borate solution.22–24 All the electrochemical measurements were
performed at 22 ± 3 °C in a temperature-controlled testing room.

First, the open-circuit potential (OCP) was monitored for 24 h to
achieve stability of the interface of the passive film/borate buffer

Figure 1. Potentiodynamic polarization curves obtained for Ni–20Cr binary
alloy in aerated acidic and buffer solutions (scan rate of 0.5 mV s−1 after
24 h of immersion).

Table I. Chemical compositions (wt.%) of binary and ternary model alloys.

Alloys C Mg Si P S Cr Mn Fe Ni

Ni–16Cr 0.006 0.008 <0.001 0.002 <0.001 15.7 0.049 0.015 Bal.
Ni–20Cr 0.008 0.005 0.009 0.001 <0.001 19.8 0.045 0.018 Bal.
Ni–24Cr 0.004 0.003 0.008 0.001 <0.001 23.8 0.047 0.027 Bal.
Ni–28Cr 0.006 0.001 0.006 0.001 <0.001 27.6 0.045 0.024 Bal.
Ni–14Cr–8Fe <0.001 0.001 0.02 0.001 <0.001 14.7 0.05 7.81 Bal.
Ni–22Cr–8Fe <0.001 0.001 0.02 0.001 0.001 21.6 0.05 7.84 Bal.
Ni–30Cr–8Fe <0.001 0.002 0.02 0.001 0.001 29.4 0.05 7.85 Bal.
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solution. Then, successive electrochemical impedance measurements
were performed. Increases in the potential in step sizes of 50 mV in
the anodic direction were sequentially applied, starting from −0.1 V
vs EOCP and ending at +1.2 V vs EOCP. Each potential was
maintained for 120 s to achieve pseudo-stationarity and was fol-
lowed by an electrochemical impedance measurement in a narrower
frequency range (10 kHz to 0.1 Hz), with 8 points per decade and a
sine wave with 10 mV amplitude. These optimal measuring para-
meters were selected on the basis of a previous investigation11

Surface analysis.—XPS analysis was performed to characterize
the chemical compositions of the passive films using an ULVAC-
PHI Versaprobe II spectrometer with a monochromatic Al Kα
(1486.6 eV) source. The take-off angle was kept constant at 45°
during the measurement. Dual-beam neutralization was employed
for charge compensation. The aliphatic carbon peak at 284.8 eV of
adventitious carbon in the C1s region was used to adjust the
remaining charge. A pass energy of 23 eV was used for the high-
resolution spectra. Fitting and quantification were performed using
CasaXPS software with the relative sensitivity factors extracted from
Ref.25. The studied passive films were formed on the Ni–16Cr and
Ni–14Cr–8Fe alloys at potentials of −0.1 ± 0.02 V, 0.1 ± 0.02 V,

and 0.4 ± 0.02 V vs MSE, corresponding to the stable passivation,
secondary oxidation, and secondary passivation regions, respec-
tively. These two alloy compositions were selected to verify and
illustrate the change of composition of the passive film with the
addition of Fe in the different potential regions. The samples were
polarized for 12 h at each selected potential to reach steady state of
the passive films.

Theoretical Approach

The electrochemical impedance diagrams were analyzed as a
function of the potential domain using two complementary ap-
proaches. Enhanced graphical determination of the impedance
parameters was performed for the entire potential range studied,
whereas the impedance diagrams were fitted using the power law
model (PLM) only within the potential range of the passive domain.
The equivalent electrical circuit applied and the related assumptions
were discussed in our previous study.11,26,27

Graphical determination.—As generally noted for impedance
data on passive materials, a distorted capacitive behavior was
observed over a wide range of high frequencies, suggesting a
constant phase element (CPE) behavior. The CPE parameters (α and
Qeff) were obtained using the enhanced graphical method.28 The
effective CPE exponent α was estimated from a modified phase
angle–frequency Bode representation after determination of the
electrolyte resistance (Re,est)

⎜ ⎟
⎛
⎝

⎞
⎠

φ = ″
′ −

[ ]− Z

Z R
tan 2

e est
adj

1

,

where φadj is the phase angle corrected by the electrolyte resistance,
and Z′ and Z″ are the real and imaginary parts of the impedance,
respectively. For α < 1, the CPE parameter α can be determined
using the following equation

φ α= − ° [ ]90 3adj

An example of electrolyte corrected Bode diagram is presented in
Fig. 2a. The effective CPE coefficient (Qeff) can be determined from
the imaginary part of the impedance in the considered frequency
range, with the angular frequency ω = 2πf29

⎛
⎝

⎞
⎠

ω απ
ω

( ) = −
″

[ ]αQ
Z

sin
2

1
4

Thus, the complex-capacitance representation emphasizes values at
high frequency, enabling determination of the high-frequency limit
of the real part of the complex capacitance. The complex capacitance
adjusted by the electrolyte resistance representation can be expressed
as29

ω
* =

( − )
[ ]C

j Z Z

1
5

e est,

The high-frequency-limit capacitance is related to the dielectric field
within the passive film.30 An example of complex capacitance
diagram after adjustment by the electrolyte resistance is shown in
Fig. 2b. Hence, the thickness of the passive film δ( ) can be estimated
from the high-frequency-limit capacitance (C∞)

31

δ εε= [ ]
∞C

60

where ε is the dielectric constant of the oxide (ε = 12 for Cr2O3)
32

and ε0 is the vacuum permittivity (8.85 × 10−14 F cm−1). The
excellent agreement between the estimated thickness determined
with this method and the ones calculated from XPS measurement has
already been proved.11,31

Figure 2. (a) Electrolyte resistance corrected Bode diagram obtained at
−0.1 V vs MSE for Ni16Cr, and (b) Estimation of thickness of passive film
formed using infinite capacitance (C∞) from the complex representation for
similar alloy and experimental conditions.
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Power law model for passive film.—In the PLM, the CPE
behavior is attributed to the variation of the resistivity with the
passive film thickness according to a power law;33,34 thus, it is a
good candidate for describing the passive film. Under the assump-
tion that the permittivity through the passive film is constant, the
resistivity profile is given by

⎜ ⎟
⎛

⎝
⎜

⎛
⎝

⎞
⎠

⎞

⎠
⎟

ρ
ρ

ρ
ρ

ρ
ρ

= + − ξ [ ]
δ

δ δ γ
−

1 7
0 0

1

where ρδ is the resistivity at the passive film/electrolyte interface; ρ0
is the resistivity at the alloy/passive film interface; and ξ is the
dimensionless position ξ = x/δ, where x corresponds to the depth
position of the passive film. γ is calculated from the CPE parameter
α (γ= 1/(1−α)) and indicates how sharply the resistivity varies. The
integrated expression of the film impedance can be written as
follows33

ω
δρ

ρ ωεε
( ) =

( + )
[ ]δ

α

α

−

−Z g
j

8
1

0
1

0

where

⎛
⎝

⎞
⎠

α
α

( ) = +
−

[ ]
−

g 1 2.88
1

1
9

2.375

When the cathodic contribution is non-negligible, a charge-transfer
resistance is set in parallel to the PLM impedance to adjust the
impedance data.

Impedance diagram analyzing strategy.—The non-commercial
software SIMAD (LISE UMR 8235 CNRS, Sorbonne University,
Paris) was used to fit the impedance data. The graphical determina-
tion and the regression process are complementary as the enhanced
graphical representation is valuable for determining at least three
parameters needed for fitting with the PLM. Indeed, for all the
impedance diagram obtained in this study, the CPE parameters (α
and Qeff) were obtained by graphical determination while the
thickness was calculated from complex capacitance extrapolation.
Then, for the regression with SIMAD, the graphically determined or
calculated values were used as input data and fixed parameters. Only
resistivities ρ( )δ and ρ( )0 were then regressed. Finally, all the
parameters were regressed by a simplex method around the initial
values to minimize the fitting errors. Using this analyzing procedure
insure the reliability between the graphically determined parameters
and the regressed ones. Table II reports the different parameters and
their obtaining way from impedance diagram analysis.

Results and Discussion

The results obtained from the successive electrochemical im-
pedance measurements were intentionally separated into the study of
the polarization curves and the investigation of the evolution of the
electrochemical parameters determined through analysis of the
impedance spectra.

Current density–potential curves.—Figure 3a presents the polar-
ization curves for the Ni–xCr alloys (x = 16, 20, 24, 28) and pure Cr
in aerated borate buffer solution obtained by step-by-step potentio-
static measurements. The reported current density is the average
value of the last ten measurements for each potential step. For all the
curves, the corrosion potential was close to −0.6 V vs MSE. The
shapes of the polarization curves of the Ni–xCr alloys with different
Cr contents were similar, especially in the passive domain defined
between −0.6 V and 0 V vs MSE. For more anodic overvoltage, a
hump in the current density related to the second oxidation and
repassivation followed by a final increase of the current density was
observed. Anodic current densities of the same order of magnitude
were observed in the passive range regardless of the Cr content in
the binary alloy. This result suggests that the passive behavior
characterized in the borate buffer solution remains almost indepen-
dent of the Cr content. However, the critical current density
measured at 0.23 V vs MSE for the Ni–16Cr, Ni–20Cr, Ni–24Cr,
and Ni–28Cr alloys was 0.008, 0.03, 0.04, and 0.07 mA cm−2,

Table II. Obtained parameters from impedance diagram analysis.

Obtaining way Parameters

From graphical determination αa), Qeff
a)

From calculation Thicknessa), (Resistivity ρδ
b))

From fitting procedure Resistivity ρ0
b)

Resistivity ρδ
b)

a) for all impedance diagrams. b) Only in passive domain.

Figure 3. Potentiostatic polarization curve for (a) binary Ni–xCr alloys (x =
16, 20, 24, 28 wt%) and pure Cr, (b) ternary Ni–xCr–8Fe alloys (x = 14, 22,
30 wt%), obtained in aerated 0.05 M H3BO3 + 0.075 M Na2B4O7 10H2O
borate buffer solution at pH = 9.2.
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respectively. Notably, for all the tested materials, the current-density
peak increased with increasing Cr content; however, the current
density corresponding to the second passivation plateau remained
the same. For comparison, the polarization curve for pure Cr was
obtained under the same conditions. Notably, no secondary passiva-
tion phenomenon was observed in this case. Only transpassive
dissolution, indicated by the continuous increase of the current
density for potentials higher than 0.20 V vs MSE, was observed.
Consequently, the second oxidation–repassivation transition was
induced by the Ni matrix that plays a role in this potential domain,
allowing the repassivation phenomenon.35 It is worth mentioning
that in this potential range, Ni remains in a passive state.36,37

Similar polarization curves were obtained for the ternary
Ni–xCr–8Fe alloys (x = 14, 22, 30 wt%), as presented in Fig. 3b.
The corrosion potentials for all the alloys were close to the value of
−0.6 V vs MSE of the binary alloys. Moreover, the current-density
plateau for the ternary alloys had the same order of magnitude. With
the addition of Fe, the corrosion tendency in the passive region was
not changed. These findings suggest that the passive film grown in
borate buffer solution behaved similarly for all the materials tested
within the passive domain and that the barrier property of the passive
film should be attributed to a similar inner layer. However,
interestingly, the dissolution–repassivation peak for the
Ni–14Cr–8Fe and Ni–22Cr–8Fe alloys was almost absent in the
secondary passivation domain compared with that of the Ni–Cr
binary alloys. For these two materials, a smooth evolution of the
current density was observed at 0.0 V vs MSE before a plateau of
1 μA cm−2 was reached, indicating a slight evolution of the inter-
face. In contrast, the dissolution–repassivation peak still existed for
the Ni–30Cr–8Fe alloy, and the critical current density near 0.13 V
vs MSE was 7 μA cm−2. Thus, the addition of Fe has a beneficial
role in the electrochemical behavior, limiting the current density in
the transpassive potential domain, consistent with findings in the
literature.17 This effect is also suggested for the corrosion behavior
of stainless steel.38,39

XPS characterization.—To determine the representative effect
of Fe addition on the passive and transpassive behavior, XPS was
used to analyze the compositions of the passive films grown at three
different potentials on binary Ni–16Cr and ternary Ni–14Cr–8Fe
alloys. Indeed, the current density measured on Ni–16Cr revealed
the presence of a secondary oxidation peak and secondary passiva-
tion, which were not observed for the Ni–14Cr–8Fe alloy (Fig. 3).
The applied potentials were −0.1 V, 0.1 V, and 0.4 V vs MSE,
corresponding to the domains of passivation, transpassivation, and
secondary passivation, respectively. The high-resolution spectra of
Cr 2p3/2, Ni 2p3/2, O 1s, and Fe 2p3/2 regions of the passive films
were analyzed. The fitted spectra and binding energies corre-
sponding to the different chemical elements are presented in the
Appendix supplementary data(available online at stacks.iop.org/JES/
168/081503/mmedia). The main components of the passive films
formed at different potentials on two samples are summarized in
Fig. 4. Only information on the oxides and hydroxides was included,
and that on the metallic components was excluded. In addition,
Table III reports the ratio of oxides to hydroxides for the different
components in the passive films formed at different potentials.

In Fig. 4a, at the applied potential of −0.1 V vs OCP, Cr2O3 and
Cr(OH)3 were detected for Cr and NiO and Ni(OH)2 were detected
for Ni. For the three potentials, the passive films consisted of a
mixed oxide–hydroxide layer. The total oxide/hydroxide ratio was
close to 1.27 for−0.1 V vs MSE, decreased to 0.52 at 0.1 V vs MSE,
and increased to 1 at 0.4 V vs MSE, indicating that more hydroxide
formed in the transpassivation process. For the last two potentials,
the Cr2O3 signal was lower than that at −0.1 V vs MSE. The Ni
hydroxide enrichment was only observed at 0.1 V vs MSE,
corresponding to the dissolution potential. A similar result has
been reported in the literature.12,13 At this potential, the oxide CrO3

was detected, confirming that Cr6+ is generated during polarization
at this potential and partially remains within the film. At the potential

of 0.4 V vs MSE, the signal of the metallic state became more
pronounced (see Appendix a.3), indicating that the layer was thin.40

The passive film was thinner at high anodic potential, and there was
less Cr in the film.

XPS analysis of the ternary Ni–14Cr–8Fe alloy, shown in
Fig. 4b, revealed that the chemical composition of the passive layer
was more complex. The main oxide–hydroxide networks remained
enriched in Cr, Ni, and Fe, contributing to the passive layer in both
oxide and hydroxide forms and at different oxidation states. The
contents of chromium oxide Cr2O3 and hydroxide Cr(OH)3 in the
passive film at 0.4 V vs MSE were lower than those at the other two
potentials. It is worth mentioning that CrO3 was not detected in the
passive film formed at the three potentials. Moreover, Ni hydroxide
was the main component at 0.4 V vs MSE. The overall contribution
of Fe increased from −0.1 V vs MSE to 0.1 V vs MSE. Additionally,
Fe2O3 was not detected at 0.4 V vs MSE, and a higher FeOOH
content was observed. These results indicate that the combination of
Ni and Fe plays a significant role in the passive film behavior at high
anodic potentials by modifying the oxide layer and limiting the
dissolution of the material, especially forming hydroxides at 0.4 V vs
MSE, thus preserving the passivity.

Evolution of EIS parameters determined graphically during
anodic polarization.—The evolution of the graphically determined
CPE exponent α with potential for the Ni–xCr alloys (x = 16, 20,
24, 28 wt%) and pure Cr is shown in Fig. 5a1. Regardless of the
chromium content, the α values were similar with the same
evolution trend with the applied anodic potential. The CPE
parameter remained stable at approximately 0.92 in the potential
range between −0.6 V and −0.25 V vs MSE, followed by a decrease
to 0.85 at 0.05 V vs MSE. In the potential range defined by the
secondary oxidation for Ni–Cr alloys, α increased continuously,
reaching approximately a plateau at 0.89 at 0.3 V vs MSE for 16Cr
and 0.83 for 28Cr. Finally, for more anodic potential, α decreased
again. This evolution provides relevant indications about the
reactivity of the Ni–xCr alloys. First, in the passive domain, the
passive film was modified when the potential increased, even before
the occurrence of the transpassive dissolution, suggesting a contin-
uous alteration of the passive film to breakdown. Then, during the
second oxidation, transpassive dissolution occurred and was fol-
lowed by a novel oxide formation, limiting the current density. The
CPE parameter α is linked with the dispersion of time constants
related to surface heterogeneity or chemical composition distribution
within the passive film. Consequently, both contributions of the
passive film structure and electrochemical reactions modify the
dispersion of time constants during polarization, resulting in the
change of α value. In the potential domain related to second
oxidation, α is dependent of the Cr content in the Ni–xCr alloys,
suggesting that the structure or chemical composition of the oxide
layer is different from that of the original passive film or that the
transpassive dissolution kinetics is affected by the Cr content. For
comparison, α for the pure Cr remained over 0.9 in this passive
potential range but decreased all the time within the transpassive
region. No increase of α was observed because no secondary
passivation was detected during the measurement. The evolution
of the second CPE parameter Qeff with potential for the Ni–xCr
alloys and pure Cr presented in Fig. 5b1 is consistent with a
continuous evolution of the passive layer up to −0.05 V vs MSE,
followed by a slightly different evolution within the second-
oxidation domain. For pure Cr, this second trend was less obser-
vable, as no second passivation occurred. The final increase of Qeff is
related to the complementary contribution of the double-layer
capacitance associated with the reaction of water oxidation. It
assumes that CPE probably consider the capacitance of the passive
layer and double layer capacitance contributions when the water
oxidation reaction occurs. In this potential domain, the fitting model
used previously is no longer valid and another time constant has to
be introduced to consider the water oxidation reaction.
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When Fe was added to the binary Ni–Cr alloy to obtain the
Ni–xCr–8Fe alloys (x = 14, 22, and 30 wt%), the CPE parameter α
showed a similar trend regardless of the tested material (Fig. 5a2).
The value of α remained stable at approximately 0.92 in the
potential range of −0.6 V to −0.25 V vs MSE, followed by a
decrease to 0.85 at −0.05 V vs MSE. In the potential range of
secondary oxidation, the value of α increased again, reaching
approximately 0.89 at 0.3 V vs MSE. When the potential was nobler

than 0.3 V vs MSE, α decreased again. Similar to the observation for
the binary Ni–Cr alloys, the value of Qeff for the Ni–xCr–8Fe alloys
increased with applied potential (Fig. 5b2). These results indicate
that the evolution trends of α and Qeff are quite similar for binary
and ternary alloys, whereas the polarization curves differ, especially
in the domain of the second oxidation potential. However, the values
of α in this potential domain were always higher for Ni–14Cr–8Fe
and Ni–22Cr–8Fe than for the 30%wt Cr-containing alloy,

Figure 4. Main components of passive films formed on (a) Ni–16Cr alloy and (b) Ni–14Cr–8Fe alloys under different potentials in aerated 0.05 M H3BO3 +
0.075 M Na2B4O7 10H2O borate buffer solution (pH = 9.2).
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exhibiting a current-density peak. This finding suggests that Fe plays
a role in the structure and chemistry of the oxide film within this
potential range. When the Cr content was less than 30 wt.%, the
dissolution of the passive film or the second oxidation kinetics of Cr
was limited by the presence of Fe. Moreover, the higher value of α
indicates that Fe contributes to a more homogenous oxide layer in
the high potential region.

The evolution of the evaluated passive film thicknesses with
potential for the Ni–xCr alloys (x = 16, 20, 24, 28 wt%) and pure Cr
is shown in Fig. 6a. The deviation for the calculated thickness was
approximately 9%. The deviation was calculated from the different
estimations from the graphical determination for infinite capacitance.
The evolutions of the passive film thicknesses for the four binary
alloys show the same trend and can be separated into two parts. For

the potentials below 0.0 VMSE, there was no obvious change in
thickness (a slight decrease). During polarization, the continuous
increase of potential resulted in slight thinning of the passive films
within the passive domain. The decrease of the thickness with
applied anodic potential might be linked with the properties of the Cr
oxide semiconductor grown on the Ni–Cr alloys.21 Because the Cr
oxide generally acts as a p-type semiconductor, the generation of
cation vacancies was promoted during the polarization process. In
the more anodic potential range (over 0.0 VMSE), the thickness
decreased rapidly, which could be linked to the transpassive
reaction. The thicknesses were in the range of 3–4 nm for potentials
between the cathodic domain and 0 V vs MSE, whereas that value
for pure Cr was up to 6 nm. This result might have been caused by
the presence of a larger amount of hydroxide in the passive film

Table III. Ratio of oxide to hydroxide for the different metallic elements in passive films formed at different potentials.

MxOy/Mx′(OH)y′ −0.1 V vs MSE 0.1 V vs MSE 0.4 V vs MSE

For Cr in Ni–16Cr 1.36 1.31 0.75
For Ni in Ni–16Cr 0.81 0.32 1.12
Total oxide/hydroxide in Ni–16Cr 1.27 0.52 1
For Cr in Ni–14Cr–8Fe 3.0 7.0 7.0
For Ni in Ni–14Cr–8Fe 1.44 1.26 0.72
For Fe in Ni–14Cr–8Fe 1.5 1.5 0.25
Total oxide/hydroxide in Ni–14Cr68Fe 1.7 1.78 1.13

Figure 5. Evolution of CPE parameters α and Qeff with potential for (a) binary Ni–xCr alloys (x = 16, 20, 24, 28 wt%) and pure Cr, (b) ternary Ni–xCr–8Fe
alloys (x = 14, 22, 30 wt%) in 0.05 M H3BO3 + 0.075 M Na2B4O7 10H2O borate buffer solution (pH = 9.2). Dotted lines represent the beginning of the
transpassive phenomenon and the potential of the current density peak, respectively.
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formed on pure Cr in basic solution41 he calculated thickness of the
passive film for Ni–xCr alloys decreased to 1–1.5 nm at a potential
of 0.5 V vs MSE.

Figure 6b shows the evolution of thickness of the passive films
with the applied potential for the three ternary alloys. Interestingly,
the passive films formed on the different Ni–xCr–Fe alloys were of
similar thickness, which was close to that measured on the binary
alloys. A similar result was also reported in the literature42 and
indicates that Fe is not the major element contributing to the passive
layer. The calculated thickness of the passive films decreased from
3–3.5 nm at a potential near −0.6 V vs MSE to approximately 2 nm
at the potential of 0.5 V vs MSE. The evolution of the passive layer
thickness for the ternary alloys showed the same tendency as that of
the binary alloys. The Fe oxide in the passive film is generally
considered an n-type semiconductor.43,44 As the evolution of the
thickness trend was not changed by adding Fe, it can be considered
that 8 wt.% Fe addition is not significant enough to change the
semiconductor properties of the oxide on the Ni–xCr–Fe alloys. That

is, the Fe oxide is incorporated in the Cr oxide network, which
remains the main structure.

Resistivity profiles during anodic polarization.—The resistiv-
ities at the alloy/passive film interface (ρ0) and passive film/
electrolyte interface (ρδ) were obtained by adjusting the impedance
diagram using the PLM. The evolution of these parameters could be
studied similar to the previously presented parameters or by using a
plot of the resistivity distributions within the passive film as a
function of the potential. For the sake of clarity, monitoring of the
evolution of the resistivity profiles of the Ni–16Cr and Ni–28Cr
alloys was selected to study the effect of Cr content on the
passivation behavior of Ni–xCr alloys. In addition, the resistivity
profiles of Ni–14Cr–8Fe are presented for comparison with those of
Ni–16Cr to study the role of Fe in the passivation behavior. For the
same reason, certain potentials were selected to highlight the trend.
However, it is important to note that regardless of the Cr content,
both limit resistivities, ρ0 and ρδ, follow the same tendency and the
addition of Fe does not modify the trend of the evolution in the
passive range.

Figure 7 shows the evolution of the resistivity distribution
through the passive film for a selection of applied potentials for
Ni–16Cr (Fig. 7a), Ni–28Cr (Fig. 7b), and Ni–14Cr–8Fe (Fig. 7c).
For the three presented cases, the resistivity distribution profiles
consist of two segments. The first segment is a plateau, where the
resistivity is equal to ρ0, starting from the alloy/passive film
interface. The second segment corresponds to power-law decay of
the resistivity, reaching the passive film/solution interface resistivity
ρδ. This dual evolution of the resistivity can be linked with the dual
structure of the passive film with an inner dense oxide layer and an
outer hydrous layer. The length of the resistivity plateau can be
considered the thickness of the inner dense chromium oxide,
whereas the decay can be considered the electrolytic modified
oxide–hydroxide.

The resistivity distributions for Ni–16Cr (Fig. 7a) and Ni–28Cr
(Fig. 7b) present similar evolution trends. Both binary alloys have
similar plateau lengths (up to 0.20), indicating that the interfaces
between the passive film and alloys are similar and that the thickness
of the inner layer is not affected by the Cr content. With increasing
potential up to −0.07 V vs MSE, the length of the plateau decreases.
There is a thinning effect of the inner layer even in the passive
potential range. Concomitantly, ρ0 also evolves. It decreases when
the potential increases up to −0.22 V vs MSE. Then, between
potentials of −0.22 V and −0.07 V vs MSE (corresponding to the
plateau in the polarization curve in Fig. 3a), the limit resistivity ρ0
remains stable. Finally, it decreases again close to the transpassiva-
tion potential. This evolution of ρ0 suggests that this parameter is
closely related to the anodic electrochemical reaction. Conversely,
for both binary alloys, the resistivity ρδ at the passive film/solution
interface shows an increasing tendency with applied anodic poten-
tial. The evolution of the resistivity ρδ indicates a continuous
modification of the outer layer with the applied potential, suggesting
the likely variation of the oxide/hydroxide ratio or the densification
of this outer layer. This behavior might be caused by the consump-
tion of more defects, which are present at the interface between the
passive film and electrolyte. Moreover, it is also worth noting that
the shape of the resistivity decay is smoother within the stable
passivation domain, suggesting that the passive film is modified in
depth during the anodic polarization and that the transition of the
inner–outer layer is smoother. These evolution trends did not change
with increasing Cr content.

In the resistivity profile of the ternary Ni–14Cr–8Fe alloy
(Fig. 7c), the length of the plateau (up to 0.15) was shortened
compared with that of the Ni–16Cr alloy (Fig. 7a). Similarly, as for
the Ni–16Cr alloy, the length of the plateau decreased with
increasing applied anodic potential and decreasing resistivity ρ0
until the potential of 0.0 V vs MSE. In addition, ρδ at the interface
between the passive film and electrolyte for the Ni–14Cr–8Fe alloy
at the initial potential was 102 Ω cm, which is much lower than that

Figure 6. Evolution of calculated passive film thickness as a function of the
applied potential for (a) Ni–xCr alloys (x = 16, 20, 24, 28 wt%) and pure Cr
and (b) Ni–xCr–8Fe alloys (x = 14, 22, 30 wt%) in 0.05 M H3BO3 +
0.075 M Na2B4O7 10H2O borate buffer solution (pH = 9.2). Dotted lines
represent the beginning of the transpassive phenomenon and the potential of
the current density peak, respectively.
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of Ni–16Cr of 104 Ω cm. These findings suggest that Fe contributes
to the outer layer of the passive film (likely in the hydroxide form)
and acts as a defect, decreasing the local resistivity, but also that the
presence of Fe plays a role in the passive film composition and
structure by thinning the inner layer and inducing a more defective
outer layer. However, the current density measured during polariza-
tion was similar, indicating that the inner layer acts as the barrier and
that the electrochemical reaction at the metal/passive film interface is
the limiting factor. Furthermore, ρδ for the Ni–14Cr–8Fe alloy
reached a maximum of 105 Ω cm at the potential of 0.0 V vs MSE,
which is close to that obtained for the Ni–16Cr alloy. With
increasing applied potential, the consumption of defects occurs at
the interface between the passive film and electrolyte, as for binary
alloys. Because the passivation region of Ni–14Cr–8Fe has a longer
passivation potential range than that for the Ni–30Cr–8Fe or Ni–xCr
binary alloys, the evolution of the resistivity and resistivity profiles

could be monitored over a wider potential range. When the applied
potential increased up to 0.35 V vs MSE, ρ0 remained constant
(slight increase), whereas the length of the plateau decreased again.
Concomitantly, a rapid decrease in ρδ was observed, indicating
another possible change of the composition of the passive film in this
potential range, corresponding to the XPS results presented in Fig. 4.

Role of the alloy composition on the passive and transpassive
behaviors.—Figure 8 presents schematic representations of the
evolution of the passive film grown on Ni–16Cr and Ni–14Cr–8Fe
with the applied potential. The representation takes into account the
XPS results and the previous discussion on the parameters obtained
by analyzing the impedance diagram during polarization. A duplex
representation of the passive film with inner oxide layer and outer
hydroxide layer was selected, although it is important to mention
that a transition model from a dense oxide to a completely hydrated
outer layer would be more accurate.

For Ni–16Cr, the passive film formed in the passive potential
domain was composed of Cr oxide and hydroxide, with the
contribution of Ni oxide and Ni hydroxide (Fig. 4a). During
polarization from OCP to transpassive potential, the thickness of
the passive film remained almost stable and was not significantly
affected. The thickness of the inner dense layer decreased, and the
decay of resistivity through the passive film was smoother. These
findings indicate that even if the inner dense layer is thinner, the
oxide form in the passive film remains significant. The evolution of
the resistivity profiles may be associated with the migration of cation
vacancies and cations that progressively modify the inner and outer
layers as the applied potential increases. The motion and release of
Cr and Ni cations are both involved in governing the steady state.
For Ni–14Cr–8Fe, the chemical composition of the passive layer is
more complex. The contribution of Fe within the oxide–hydroxide
network is non-negligible. During polarization within the passive
domain, the impedance parameters obtained for Ni–14Cr–8Fe
showed the same evolution as for Ni–16Cr, indicating similar
evolution of the passive films. Moreover, if ρ0 is similar for both
materials, ρδ is lowest for Ni–14Cr–8Fe, suggesting that the addition
of Fe promotes the generation and accumulation of point defects in
the outer layer.

When the second oxidation occurs, the dissolution of Cr in the
passive layer (according to Eq. 1) is clearly evidenced for Ni–16Cr
by the current density peak in the polarization curves (Fig. 3a) and
the presence of CrO3 in the passive film at 0.1 V vs MSE.
(Figure. 4b). Note that the contribution of the Ni hydroxide also
increases between the passive film grown at −0.1 V and 0.1 V vs
MSE. This evolution of chemistry within the passive film is
correlated to a decrease of the passive film thickness (Fig. 6a).
These results suggest that Ni plays a crucial role in the modification
of the passive film during the second oxidation. Indeed, for pure Cr,
the thickness and α dramatically decrease, proving that the second
oxidation of Cr governs the interface reactivity and causes the
thinning of the passive layer. For binary alloys, the presence of Ni
compensates the second oxidation of Cr due to the stability of the
nickel oxide in this potential range and This effect is greater when
the Ni content is higher. Analysis of the XPS data reveals a slight
modification of the oxide layer between 0.1 and 0.4 V vs MSE.
Increases of the total oxide/hydroxide ratio and of the Ni(OH)2
contribution are observed. The presence of Ni, which remains
passivated in this potential range, delays the dissolution and
oxidation of Cr or Cr2O3 from the alloy or passive film. This
prevention effect is assisted by the presence of the underneath metal
layer affected by the preferential oxidation of Cr during the
passivation process and Ni enrichment. However, this second
passivation was not sufficient to prevent degradation of the alloys:
this layer was thin, the current density was rather high, and the metal
grain boundaries were etched, suggesting that preferential diffusion
and oxidation occurred there.

For Ni–14Cr–8Fe, the transpassive behavior was different. First,
no anodic peak appeared on the polarization curve (Fig. 3b). Instead,

Figure 7. Distribution of resistivity within dimensionless thickness for (a)
Ni–16Cr, (b) Ni–28Cr, and (c) Ni–14Cr–8Fe alloys in 0.05 M H3BO3 +
0.075 M Na2B4O7 10H2O borate buffer solution (pH = 9.2).
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a singularity followed by a plateau was observed. Moreover, at 0.1
and 0.4 V vs MSE, CrO3 was not detected by XPS in the passive film
at these potentials. These findings indicate that the second oxidation
of Cr is inhibited by the presence of Fe. Moreover, Palotta et al.45

suggested that if CrO3 is not detected by ex situ XPS analysis, a
redox reaction may arise within the passive film between Fe (II) and
Cr(VI) when the polarization is performed (reaction 10).

( ) + ( ) → ( ) + ( ) [ ]3Fe II Cr VI Cr III 3Fe III 10film film film film

The XPS analysis also revealed some differences between the
passive films grown at 0.1 and 0.4 V vs MSE. The passive film
grown at 0.4 V vs MSE was depleted in Cr (oxide and hydroxide
forms) but enriched in Ni hydroxide. These results suggest that Fe
within the passive film plays a complementary role, hindering the
second oxidation peak and limiting the dissolution of Cr in basic
solution. Then, the 8 wt.% Fe in the alloy may have a synergetic
effect with Ni to limit the dissolution of the substrate and maintain a
second passivation layer at potential higher than the Cr second
oxidation potential. However, for Ni–30Cr–8Fe, the amount of Fe
was not enough to prevent the anodic dissolution in the transpassive
domain (Fig. 3b), resulting in a critical current density of
7 μA cm−2, which is larger than the passive current density of
1 μA cm−2 on the Ni–14Cr–8Fe and Ni–22Cr–8Fe alloys.

Conclusions

The goal of this study was to highlight the role of the chemical
composition of Ni-based alloys, essentially the Cr content and the
addition of Fe, on their passive and transpassive behaviors in borate
buffer solution. The electrochemical characterization was performed
using successive impedance measurements over a wide potential

range with the incorporation of recent advances in impedance
diagram analysis. This innovative and in situ approach enabled
monitoring of the evolution of the electrochemical parameters,
physical parameters, and XPS data to better understand the
modification within the passive film during polarization.

The polarization curves and parameters extracted from the
impedance diagrams indicate that the Cr content in the alloy has
no obvious effect on the passivation behavior of Ni–xCr in the
passive potential domain. The normalized resistivity profiles showed
the same duplex distribution and evolution despite the increased Cr
content. However, the Cr content straightforwardly affects the
electrochemical behavior of the alloys when transpassive dissolution
occurs. A higher Cr content in the Ni–xCr alloys results in a higher
current density peak in the transpassivation–second passivation
processes. The Ni oxide or hydroxide could limit the oxidation of
Cr to some extent.

Similarly, the addition of 8 wt.% Fe can diminish the current
density peak related to the secondary passivation in the polarization
curves. However, the dissolution peak cannot be completely reduced
when the Cr content is high. The presence of Fe within the passive
film tends to limit the dissolution of the alloys at high anodic
potential by maintaining a passive layer at the surface of the alloy.
XPS analysis also revealed an enrichment of Ni hydroxide in the
passive film composition, indicating a synergetic effect of Fe and Ni
to compensate the secondary oxidation of Cr.

With the help of successive impedance measurements and the
power-law model, it was possible to obtain more information about
passive films within the passivation domain, namely the evolution of
the CPE parameters, thickness of the passive film, and resistivity
profiles with applied potential. This measurement method might also

Figure 8. Schematic representation of the evolution of the passive film on Ni–16Cr and Ni–14Cr–8Fe alloy during polarization (from cathodic to anodic
domains).
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be employed for the study of commercial alloys or to design new
alloys.
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