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A B S T R A C T   

A mixed potential model (MPM) comprising the Point Defect Model (PDM) and the Generalized Butler Volmer 
Equation (GBVE) was successfully developed to study the passivity of HDSS 2707. The results show that the 
dominant point defect within the passive film is the Mn+

i , thereby rendering n-type semiconductor behavior of the 
barrier layer. The anodic current is independent of the film formation potential whereas it increases with 
increasing temperature and follows the Arrhenius law. The partial cathodic current of hydrogen reaction is 
affected by the applied voltage. The anodizing constant of the passive film is calculated to be 2.91 nm/V.   

1. Introduction 

Hyper-duplex stainless steel 2707 (HDSS 2707) is favored as a 
competitive alternative to expensive super austenitic stainless steels and 
nickel-based alloys, because of its superb corrosion resistance and 
attractive mechanical properties [1–5]. The corrosion resistance of 
HDSS 2707 strongly relies on a balanced two-phase microstructure, and 
the distribution of alloying elements in both the ferrite and austenite [6]. 
Our previous research revealed that a desirable corrosion resistance of 
HDSS 2707 is achieved at the annealing temperature of 1100 ℃ [7]. As 
known, the low corrosion rate of stainless steels in aqueous environment 
arises from the existence of a thin passivating oxide film on their sur
faces [8]. The passive film formed on HDSS 2707 surface is more stable 
than those on other duplex stainless steels [9–11], since its breakdown 
potential (Eb) in 1 M NaCl solution is greater than 0.8 VSCE, which is 
higher than the oxygen evolution potential; and its critical pitting 
temperature (CPT) in 3 M NaCl solution is higher than 98 ℃ [7]. These 
two electrochemical parameters are measured from potentiodynamic 
and potentiostatic polarization experiments, which are the general 
methods that are employed for exploring the pitting performance of 
HDSS 2707, but the data frequently lack direct interpretation with 
respect to the specific characteristics of the passive film. Literature 

reviews indicate that the protectiveness of the passive film and its 
breakdown are critical aspects of pitting corrosion [12–15]. Previously, 
we have interpreted the pitting parameters of HDSS 2707 in terms of the 
Point Defect Model (PDM) [16], whereas the other key corrosion factors, 
including the effect of temperature and applied potential on the oxide 
film properties, such as the defect concentration, the defect type, the 
dissolution current density, the corrosion rate (µm/year), and the 
growth rate of the passive film formed on HDSS 2707 surface are still 
unknown. 

HDSS 2707 is designed to use in petrochemical systems, an aqueous 
solution containing a mass of NH3 [17,18], CO2 [19] and a small amount 
of chloride [20]. The simulant is defined as various mixtures of 
(NH4)2CO3 + NaCl and is employed to reproduce the corrosive envi
ronment for HDSS 2707 in heat exchanger system [21,22]. Therefore, 
the naturally formed passive film on the steel surface protects the sub
strate from localized corrosion and effectively prolongs the life span of 
the equipment. However, aggressive anions, such as chloride, can 
induce passivity breakdown events on HDSS 2707, as well as acceler
ating the corrosion rate of the alloy, and finally result in perforation 
accidents due to pitting. The PDM postulates that the passive film 
formed on the steel surface comprises two layers, i.e., a dense, point 
defective, and protective barrier layer (bl) that grows into the metal 
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substrate and a precipitated porous outer layer (ol) that forms via the 
hydrolysis of cations transmitted through the bl and their subsequent 
reaction with components in the environment. The bl provides a trans
mission path for the point defects including cation vacancies (Vχ’

M), ox
ygen vacancies (V⋅⋅

o), and cation interstitials (Mχ+
i ) that are generated 

and annihilated at the bl interfaces [23,24]. Because of a high electric 
field (ԑ) that exists within the bl (1 ~ 3 MV/cm), these defects are 
transported across the bl by migration rather than by diffusion [25]. 
Focusing on the cation vacancy (Vχ’

M), when the flux rate (Jca) of this 
defect is higher than that of the annihilation rate (Jm) at the metal/bl 
(m/bl) interface, the excess cation vacancies condense on the metal 
lattice or on the cation sublattice of the bl, thereby preventing the 
growth of the bl into the metal at that location. However, the bl con
tinues to dissolve at the bl/solution interface with the result that the bl 
thins and ruptures under the developing growth stresses [26]. That 
marks a passivity breakdown event. 

Many factors play important roles in determining this passive state 
for the stainless steels in aqueous solutions, including the alloying ele
ments (e.g., Mo and Cr), Cl- concentration, temperature, pH and applied 
potential. The interplay of the dynamical properties of the passive film 
formed on the metal surface can be described by the process of point 
defect reactions, such as the rate constants (ki), the standard rate con
stants (k0

i ), the transfer coefficients (αi), the diffusion coefficient (D), Jm, 
and Jca at the m/bl interface [27,28]. These kinetic parameters can be 
determined by optimizing the PDM on electrochemical impedance 
spectroscopic (EIS) data [29], and some of them have been incorporated 
into our previous research related to pitting of HDSS 2707 [16]. 

EIS is a non-destructive, perturbative technique, in which the applied 
perturbation is of small amplitude sinusoidal voltage, ensuring that the 
electrochemical state of the electrode is barely changed [30,31]. Thus, it 
provides the desired electrochemical information about the corrosion 
kinetics of passive film formed on HDSS 2707 surface with minimal 
change of the system [32,33]. An innovative mixed potential model 
(MPM) combining the PDM to describe the partial anodic reactions of 
the metal dissolution at the atomic level, and the generalized 
Butler-Volmer equation (GBVE) to describe the cathodic process has 
been successfully developed and optimized on the experimental EIS 
data, which allows us to interpret the passivation properties of the oxide 
film [34,35]. The optimized parameters include the concentrations of 
the vacancies (C0

i , C0
V0

), the bl and ol resistance (Ω⋅cm2), the net anodic 
current density (iss), cathode current density (ic), the film thickness (Lss) 
and the rate constants (ki) of the defect reactions as mentioned above. 
The obtained data are used here to understand the correlations between 
the corrosion resistance of HDSS 2707 and the characteristics of the 
passive film. 

2. Experimental 

HDSS 2707 plate, provided by Sandvik company, was cut into 
specimens with a dimensions of 12 × 6 × 2 mm. The chemical compo
sition is listed in Table 1, which was determined by chemical analysis. 
The as-received coupons were first annealed under the atmosphere of 
pure N2 at 1100 ℃ for half an hour to achieve homogeneity before 
quenching in water [7]. The samples were mounted in epoxy resin, and 
were abraded to 2000 grit with emery paper, then polished with 1.5 µm 
diamond paste, followed by ultrasonic cleaning in acetone, alcohol, and 
deionized water. 

The simulated buffer solution used in this study is 0.2 M (NH4)2CO3 
+ 0.1 M NaCl, adjusting with 0.1 M NaOH to yield pH = 13 ± 0.2 at 
30 ℃. The measured pH in the solution at different temperatures are 
listed in Table 2. The temperature of the electrolyte ranging from 30 ℃ 
to 60 ℃ was controlled by a water bath. Before each experiment, the 
solution was purged with ultrahigh purity N2 + 4% H2 (UHP; 99.999%) 
for at least 3 h to expel oxygen. The hydrogen was added to establish a 
known, fixed value for the equilibrium potential for the hydrogen 
electrode reaction (HER), which represents the partial cathodic process 
and which is used in the optimization analysis. The concentration of 
hydrogen in solution after bubbling with N2 + H2 (4%) is approximately 
6.83 × 10-4 cm3/g (3.0 × 10-5 M) at 30 ℃. 

A traditional three-electrode, double-wall cell with a capacity of 
300 ml was used for this study. The cell contained a platinum foil as the 
counter electrode (CE), a saturated calomel electrode as the reference 
electrode (RE), and a HDSS 2707 specimen as the working electrode 
(WE). For all the electrochemical measurements, the working electrode 
was initially cathodically polarized at − 1.2 VSCE for 120 s to remove air- 
formed oxidation products and to improve the reproducibility. Then, the 
open circuit potential (OCP) was monitored for 10 h to indicate the 
existence of the necessary quasi-steady state of the system before initi
ating the EIS measurements. The stable OCP values after 10 h of expo
sure are presented in Table 2. The EIS data were recorded twice by 
stepping the frequency from 10,000 to 0.01 Hz in 10 steps/decade, and 
then immediately stepping the frequency back to 10,000 Hz with an 
excitation voltage of 10 mV. The potentiodynamic polarization (PDP) 
measurements were conducted after half an hour rest at the OCP at 
30 ℃, scanning from − 0.55 VSCE (around − 0.2 V lower than OCP) to the 
pitting potential (Ep) or the oxygen evolution potential at a sweep rate of 
0.5 mV/s to determine the passive range of HDSS 2707 in the simulated 
solution. Based on the passive region obtained from the PDP curve, films 
were formed at potentials of − 0.5 VSCE, − 0.2 VSCE, − 0 VSCE, + 0.2 VSCE 
and + 0.4 VSCE and these potentials were selected to conduct potentio
static polarization studies. Each potentiostatic polarization lasted for 5 h 
in order to stabilize the passivation of HDSS 2707 surface, and to achieve 
a steady-state of the electrochemical system before EIS measurements. 
Mott-Schottky (M-S) plots were measured by recording the imaginary 
component of the impedance at 1 kHz while stepping the potential in the 
positive direction every 16 s in increment of 50 mV from − 0.4 VSCE to 
+0.4 VSCE. The capacitance and hence the barrier layer thickness were 
then calculated from the measured imaginary component of the 
impedance. This procedure was adopted to maintain the bl thickness and 
the point defect structure voltage independent during the M-S mea
surement, which brings the system into better compliance with M-S 
theory. Note that the bls generally dissolve very slowly (of the order of 
10-2 to 10-4 nm/s) and, because the point defect diffusivity is very small 
(10-18 to 10-20 cm2/s) the relaxation time for the defect structure is very 
long. In this way, the bl thickness and the defect structure are “frozen-in” 
during the M-S measurement at any formation voltage. All the 

Table 1 
Chemical composition of HDSS 2707.  

Element Cr Ni Mo N C Mn Cu S P Fe 

wt%  26.99  6.48  4.89  0.36  0.017  1.00  0.13  0.001  0.017 bal  

Table 2 
Composition of the test solution and its measured pH and OCP, and the calcu
lated equilibrium potential of the HER at different temperatures.  

Solution T/ 
℃ 

Measured 
pH 

OCP/ 
VSCE 

Veq 

(VSHE) 
Veq 

(VSCE) 

0.2 M (NH4)2CO3 + 0.1 M 
NaOH + 0.1 M NaCl  

30  13.19 -0.383 -0.751 -0.995  
40  12.87 -0.402 -0.756 -1.000  
50  12.69 -0.445 -0.769 -1.013  
60  12.52 -0.479 -0.783 -1.027  
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electrochemical measurements were carried out using a Gamry PC4 
potentiostat. 

3. Mixed potential model (MPM) 

In this paper, for modeling the passive film formation on HDSS 2707, 
the mixed potential model (MPM) that was previously proposed by 
Macdonald et al., was used [35,36]. According to the PDM, the passive 
film on the steel surface is sensitive to the kinetics of the point defects, 
which are generated and annihilated at the metal/film (m/f) and film/ 

solution (f/s) interfaces, as shown in Fig. 1 [37,38]. Therefore, the 
passive film is postulated to comprise a bilayer structure of a 
highly-defective barrier layer that grows into the metal, and a precipi
tated, porous layer that grows into the solution [8,39,40]. The barrier 
layer (bl) is based on the framework of Cr oxide and is protective for the 
metallic matrix because Cr oxide grows inwards via oxygen vacancy (V⋅⋅

o)

generation and transmission (cation vacancy transport is relevant only 
in the transpassive regime), see reaction 3 in Fig. 1. Interstitial cations of 
Fe, Ni, and Cr migrate through the barrier layer to be ejected at the bl/s 
interface and subsequently hydrolyze to form a porous outer layer (ol) 
by transporting via an interstitial mechanism. It is worth noting that 
while the model is written in terms of Cr, because that element forms the 
structure of the barrier layer, it is recognized that Fe and Ni are lumped 
together with Cr in producing interstitials. We simply do not have suf
ficient data to distinguish between them. That would require measure
ment of the component of the current that is attributable by each 
element. Thus, the rate constants for Reactions 2 and 5 in the PDM are 
best regarded as composite vales covering all metals in the alloy. The 
value of rate constant (ki) for the ith reaction in Fig. 1 is defined by the 
constant parameters including the standard rate constants (k0

i ), the base 
rate constants (k00

i ), transfer coefficients (αi) and exponential co
efficients (ai, bi, ci), as shown in Table 3. 

Based on the seven fundamental point defect reactions in Fig. 1, the 
bl thickness in the steady state can be expressed by Eq. (1), while the 
current under any set of conditions, including the non-steady state is in 
the form of Eq. (2) [29]: 

Lss =

(
1 − α

ε

)

V +

(
c7 − c3

b3

)

pH +
1

α3εχγ
ln

[
k0

3

k0
7

]

(1)  

and 

i = F
[
χk1CL

v + χk2 + χk3 +(δ − χ)k4 +(δ − χ)k5C0
i +(δ − χ)k7

]
(2) 

Under steady-state conditions, k1CL
v = k4, k2 = k5C0

i , andk3 = k7 and 
the steady-state current density becomes 

iss = δF[k2 + k3 + k4] (3)  

where α is the polarizability of the bl/solution (bl/s) interface, ԑ is the 
electric field strength within the bl, δ and χ are the oxidation states of the 
metal cation in the outer layer and in the barrier layer, respectively. The 
quantity [1-α]/ԑ is the anodizing constant. CL

V is the concentration of 
cation vacancies at the m/bl interface, C0

i is the concentration of cation 
interstitials at the bl/ol interface, and ki, ai and bi are parameters as 
defined in Table 3. By taking the derivative of i with respect to V, the 
faradaic impedance, ZF, of the corrosion system can be derived as 
follows: 

ZF = YF
− 1 =

δi
δV

(4)  

YF =
Y0

F

1 + RolY0
F

(5)  

where Y0
F is the faradaic admittance of the barrier layer, while YF is the 

faradaic admittance of the entire passive film including the outer layer. 
It is seen that YF→Y0

F as Rol→0, and YF→ 1
Rol 

for Y0
F→∞ i.e., the interfacial 

impedance becomes controlled by the outer layer in the limit of an 
infinite outer layer specific resistance or an infinitely small barrier layer 
admittance. 

As follows from Eq. (4) and reactions in Fig. 1, we have in the linear 
form [29]: 

Y0
F = IU + IL

ΔL
ΔU

+ IL
V

ΔCL
V

ΔU
+ Io

i
ΔC0

i

ΔU
(6)  

Fig. 1. Point defect interface reactions in the growth of anodic barrier oxide 
films according to the PDM. Cr is chromium atom in metal; Vχ−

cr is chromium 
vacancy in barrier layer; CrCris chromium cation in normal cation sublattice in 
barrier layer; VCr is vacancy of chromium atom in metal; Crχ+

i is chromium 
cation interstitial in barrier layer; V⋅⋅

o is oxygen vacancy in barrier layer; Crδ+

(aqueous ions) is chromium cation in solution; Oo is oxide ion in anion sub
lattice in barrier layer; CrOχ/2 is stoichiometric barrier layer oxide; χ is oxida
tion states of chromium in barrier layer; δ is oxidation states of chromium in 
solution [8,41]. 

Table 3 
Functional forms of the rate constants for reactions (1)–(7) and the exponential 
coefficients for these rate constants. ki = k0

i eaiVebiLss ecipH [8,41].  

Reactions (1)–(3) 
i = 1, 2, 3 

ki
0
= ki

00e− χαi γφ0
fs ai
(
V− 1) = αi(1 − α)γχ; bi(cm− 1) = − χαiγε; 

ci = − χαiγβ 
Reaction (4)–(6) 

i = 4, 5, 6 
ki

0
= ki

00e− δαiγφ0
fs a4

(
V− 1) = α4αγδ; a5

(
V− 1) = α5αγδ; 

a6
(
V− 1) = 2α6αγ; bi

(
cm− 1) = 0; c4 = α4βδγ; c5 = α5βδγ; 

c6 = 2α6βδγ 
Reaction (7) k0

7 = k7
00e(δ− χ)α7γφ0

fs ; a7
(
V− 1) = α7αγ(δ − χ); b7

(
cm− 1) = 0; 

c7 = α7γβ(δ − χ)

Note：ki is the rate constants for reaction i; k0
i is the standard rate constant; k00

i is 
the base rate constant; ai, bi, ci is the exponential coefficients; V is the applied 
external potential; Lss is the barrier layer thickness; φ0

fs represents the standard 
potential of film/solution interface; α is the polarizability of the film/solution 
interface; αi is the transfer coefficients; γ = F/RT, F is Faraday’s constant; β is the 
effect of pH on the potential drop across the film/solution interface.  

Fig. 2. Schematic of the equivalent electrical circuit for the whole electro
chemical reaction system of HDSS 2707. 
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and 

IU = F
{

χa1k1CL
v + χk2a2 + χk3a3 +

(
δ − χ

)
k4a4

+ (δ − χ
)
k5a5C0

i +
(
δ − χ

)
k7a7

}
(7)  

IL = − F
(
χb1k1CL

e + χk2b2 + χk3b3
)

(8)  

IL
V = Fχk1 (9)  

Io
i = F(δ − χ)k5 (10)  

ΔL
ΔU

=
Ω(k3a3 − k7a7)

jω + Ωk3b3
(11)  

where Ω is the molar volume of the barrier layer cation. If δ = χ, or the 
changes of the cation vacancy concentration can be neglected, which are 
a minority defect for a n-type semiconductor and we then have Y0

F 
= IU +IL ΔL

ΔU [35]. In the MPM, the cathodic reaction, O+ne− ↔ R is 
described in terms of the Generalized Butler-Volmer equation as: 

ic =
eαa ⋅ F

RT (V − Veq) − e− αc ⋅ F
RT (V − Veq)

1
i0
+ eαa ⋅ F

RT (V− Veq)

il,a
− e− αc ⋅ F

RT (V− Veq)

il,c

(12)  

where αa and αc are the anodic and cathodic transfer coefficients for the 
reverse and forward directions of O + ne− ↔ R, il,a and il,c are the cor
responding mass-transfer limiting currents, i0 is the exchange current 

density, and Veq is the equilibrium potential (Table 2) [42]. 
The prevailing cathodic reaction for HDSS 2707 in the simulated 

buffer electrolytes ((NH4)2CO3, pH = 13 ± 0.2) is the water reduction, 
and the cathodic limiting current (il,c) is infinite as water is the solvent 
[27]. Thus, setting il,c = ∞, the cathodic current density, ic is expressed 
by [27,35]: 

ic =
eαa ⋅ F

RT (V − Veq) − e− αc ⋅ F
RT (V − Veq)

1
i0
+ eαa ⋅ F

RT (V− Veq)

il,a

(13) 

Therefore, the currents for the partial hydrogen oxidation and the 
water reduction reactions of HER on the surface of the passive film can 
be written as: 

ic, a =
eαa ⋅ F

RT (V − Veq)

1
i0
+ eαa ⋅ F

RT (V − Veq)

il,a

(14)  

ic, c =
− e− αc ⋅ F

RT (V − Veq)

1
i0
+ eαa ⋅ F

RT (V − Veq)

il,a

(15) 

In order to obtain the accurate partial current densities, a correction 
for i0, related to the presence of the passive film on a metal surface due to 
the need for charge carriers (electrons and electron holes) to quantum 
mechanically tunnel (QMT) across the bl is used, as follows [42,43]: 

i0 = î0exp( − β̂Lss) (16) 

Fig. 3. Impedance plots of the measured EIS data in the Nyquist planes for two frequency step directions for passive film formed on HDSS 2707 at OCP in (NH4)2CO3 
solution containing 0.1 M Cl- at different temperatures. The OCP values for each temperature are summarized in Table 2. 
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where β̂ is the tunneling constant, which is calculated by solving 
Schrodinger’s equation for the appropriate barrier [44], î0 is the ex
change current density of the reaction on the bare metal (Lss = 0). 
Substitution of Eq. (1) into Eq. (16) yields: 

i0 = î0exp

[
− β̂(1 − α)

ε V

]

exp( − β̂G
)

(17)  

where 

G =

(
c7 − c3

b3

)

pH +
1

α3εχγ
ln

[
k0

3

k0
7

]

(18) 

Substitution of Eq. (17) into Eq. (13) is yields: 

ic =
eαa ⋅ F

RT (V − Veq) − e− αc ⋅ F
RT(V − Veq)

1

î0exp[ − β̂(1− α)
ε V]exp(− β̂G)

+ e
αa ⋅ F

RT(V− Veq)
il,c

(19) 

By taking the derivative of ic with respect to V, the charge transfer 
impedance, Zct, is obtained. To avoid repetition, the details of the deri
vation of Zct can be found in Ref. [27,28]. 

Zct = (Yct)
− 1

=

(
dic

dV

)

(20) 

Thus, the total current density produced by the system is then the 
sum of iss and ic, 

itotal = iss + ic (21) 

What needs illustration here is that when the applied potential is 
higher than the equilibrium potential of the HER (Table 2), V ＞ Veq, 
hydrogen oxidation dominates the cathodic reaction, so that ic is posi
tive. The above calculated faradic impedance (Eq. (4)) and the cathode 
impedance (Eq. (20)) can combine with other impedance components in 
the corrosion system to simulate the measured impedance of HDSS 2707 
in (NH4)2CO3 solution, and the Equivalent Electrical Circuit (EEC) is 
shown in Fig. 2. The total impedance of the corrosion system is written 
as: 

Z =

[
1

ZF + Zw
+

1
ZCg

+
1

Ze,h

]− 1

+

(
1

ZCdl

+
1

Rct

)− 1

+

[
1

ZCol

+
1

Rol

]− 1

+Rs

(22)  

where ZW is the Warburg impedance associated with the transport of 
defects through the barrier layer in Fig. 1, and is expressed as: 

ZW =
σ̅
̅̅̅
ω

√ − j
σ̅
̅̅̅
ω

√ (23)  

where ω is the angular frequency and σ is the Warburg coefficient, 
ZCg is the impedance of the geometric capacitance of the dielectric 
barrier layer, and Ze,h is the electronic impedance due to the movement 
of the electrons and/or electronic holes. The quantity Cdl is the capaci
tance of the double layer, ZCol is the impedance arising from the geo
metric capacitance and the parallel specific resistance of the outer layer, 
Rol, and Rs is specific resistance of the electrolyte (Ω cm2). Note that the 
CPE is used to represent a distributed geometrical capacitance. Thus, on 
a polycrystalline surface, the barrier layer on each exposed grain face 
has a unique barrier layer thickness because of slight differences in the 
rate constants for Reactions (3) and (7) of the PDM. On any given face, 
the geometric capacitance is given by C = єє0A/L where є and є0 are the 
dielectric constant and the vacuum permittivity, respectively. A is the 
area, and L is the thickness of the barrier layer. With both A and L 
varying from grain face to grain face resulting in distribution in C, which 
appears to be effectively represented by a CPE. 

In Fig. 2, it is illustrated that the passive film is divided into two 
layers with the barrier layer being a dense, point-defective, protective 

Fig. 4. Kramers-Kronig transforms of the real component (a) and imaginary 
component (b) of the impedance data of HDSS 2707 at OCP in (NH4)2CO3 so
lution containing 0.1 M Cl- at different temperatures. The OCP values for each 
temperature are summarized in Table 2. 

Fig. 5. Potentiodynamic polarization curve for HDSS 2707 in 0.2 M (NH4)2CO3 
+ 0.1 M NaOH + 0.1 M NaCl, at the scan rate of 0.5 mV/s. 
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layer on the metal surface, and thus is the main object of this study. 
Recognizing that, the potential that exists at the barrier layer can be 
expressed as [45]: 

Vbl = V − iRol (24)  

where V is the applied voltage. Substitution of Eq. (2) into Eq. (24), the 
resistance of the barrier layer, Rbl, can be written as [26]: 

Rbl =
V − iRol

F
[
χk1CL

v + χk2 + χk3 +
(
δ − χ

)
k4 +

(
δ − χ

)
k5C0

i +
(
δ − χ

)
k7
] (25)  

and the steady-state barrier layer thickness in Eq. (1) can be modified to 
[26]: 

Lss =

(
1 − α

ε

)(

V − issRol

)

+

(
c7 − c3

b3

)

pH +
1

α3εχγ
ln

[
k0

3

k0
7

]

(26) 

Fig. 6. Impedance plots of the measured EIS data in the Nyquist planes for two frequency step directions for passive film formed on HDSS 2707 in (NH4)2CO3 
solution containing 0.1 M Cl- at 30 ℃ at different applied potentials. 
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In the steady-state condition, the passive current density is also 
written as [45]: 

iss =
V

Rol + Rbl
(27)  

4. Results and discussion 

4.1. Validity of impedance data 

Since the stability of the electrochemical system during the EIS 
measurement is critical to obtain viable data for MPM optimization, the 

quality of the EIS data was checked both experimentally and theoreti
cally, with latter being performed using the Kramers-Kronig transforms 
[30]. Fig. 3 show the EIS plots of HDSS 2707 measured in the 
high-to-low and low-to-high frequency stepping directions at the OCP 
(after OCP for 10 h) in Nyquist planes, respectively. The reliability of the 
data can be ascertained when the same responses were obtained at 
equivalent frequency in the two directions. Obviously, the recorded 
impedance data in the two different frequency stepping directions are 
coincident, implying the high stability of the passive film during the 
measurement, which means that the thickness and dissolved current 
density at the OCP are independent of time [35]. 

In order to further assure the quality of the EIS data, Kramers-Kronig 
(K-K) transforms were used to theoretically verify the linearly, stability, 
finiteness, and causality constraints of the measured system [46,47]. 
The K-K transforms calculate the real part from the imaginary part (or 
vice versa) of the response function (impedance or admittance) based on 
the interrelationship between analyticity and causality. Because of its 
purely mathematical origin from the definition of causality (via Cau
chy’s theorem), and since it does not assume any physical properties of 
the system, it is an ideal tool for examining data that originates from 
experiments under various circumstances that may result in violation of 
the constraints of Linear System Theory (LST). Fig. 4 exhibits the 
transformation results of the impedance data obtained at OCP, where 
the real and imaginary components calculated by K-K transformation are 
compared with experimental components. It is seen that a good agree
ment between the experimental and transformed data exists within the 
entire frequency range, demonstrating that the electrochemical system 
conforms to LST at the OCP, thereupon the passive film formed on the 
HDSS 2707 surface is at a steady state. Therefore, the corrosion kinetic 
parameters of HDSS 2707 obtained from MPM optimization and their 
correlation with the partial anodic reactions based on the PDM are 
discussed in the next section. 

To determine the effect of the applied potential on the characteristic 
of the passive film, a typical polarization curve of HDSS 2707 in 
(NH4)2CO3 solution containing Cl- (pH = 13) measured with a potential 
sweep rate of 0.5 mV/s, at 30 ℃ was recorded and is presented in Fig. 5. 
It is seen that the passive current density is almost independent of 
applied voltage over a wide voltage range from − 0.2 VSCE to 0.4 VSCE, 
followed by a transpassive dissolution behavior at above 0.5 VSCE 
because of the oxidation of Cr (III) to Cr (VI) [48,49], with the final limit 
of the current being determined by the onset of oxygen evolution 
(0.8 VSCE). No current transient and therefore no meta-stable pitting is 
observed over the entire potentiodynamic polarization measurement. 
The zero-current potential (Ezc) is about − 0.38 VSCE; therefore, a 
compilation of potentiostatic polarization experiments at different po
tentials of − 0.5 VSCE (in cathode region), − 0.2 VSCE, 0 VSCE, 0.2 VSCE, 
and 0.4 VSCE were performed to study the passive state on HDSS 2707. 
The potentiostatic polarization at the above, selected five potentials 
each lasted for 5 hrs before commencing the EIS measurements in the 
resulting quasi-steady-state. 

Similarly recorded EIS data in the Nyquist planes in the high-to-low 
and low-to-high frequency stepping directions for HDSS 2707 at 
different applied potentials are analyzed, as displayed in Fig. 6. It is clear 
that the EIS data measured in the two-directions show excellent coin
cidence, again implying that the electrochemical testing system is under 
steady state conditions. It is important to note that the potentiostatic 
polarization runs at the different potentials had to be held constant for 
5 hrs to confirm the stability of the barrier layer, thereby assuring 
reproducibility of the data. Additionally, the quality of the EIS data were 
examined via the K-K transforms in Fig. 7. The calculated K-K transforms 
of the real and imaginary components of the EIS results obtained after 
5 h of polarization from − 0.5 VSCE to +0.4 VSCE in the simulated solu
tions are in good agreement with the experimental EIS spectra. This 
demonstrates that the electrochemical testing system satisfies the line
arity, stability, and causality constraints of LST. Therefore, the electro
chemical response of the system to a small-amplitude potential 

Fig. 7. Kramers-Kronig transforms of the real component (a) and imaginary 
component (b) of the impedance data of HDSS 2707 in (NH4)2CO3 solution 
containing 0.1 M Cl- at 30 ℃ at different applied potentials. 

Table 4 
The parameters that are held constant in optimization.  

Parameters Values 

Polarizability of film/solution interface (α) 0.22 [16] 
Dependence of ϕf/s on pH (β) -0.0105 [16] 
Kinetic order of Reaction 7 (n) 0.5 (Assumed) 
Dielectric constant of the film (ε̂) 30 [55] 
Tunneling constant (β̂) 4 × 107 (Assigned) 
Oxidation state of cation in bl (χ) + 3 (Assigned) 
Oxidation state of cation in ol/solution (δ) + 3 (Assigned) 
Solution resistance (Rs) 25 Ω⋅cm2 (Measured) 
Molar volume of oxide per cation (Ω) 14.59 cm3/mol (From density)  
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Fig. 8. Nyquist (a, c, e, g) and Bode (b, d, f, h) planes of HDSS 2707 at OCP at different temperatures in the (NH4)2CO3 solutions containing Cl-. Points represent 
experimental data; lines represent the simulated results by the MPM. 
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perturbation can be described by linear response theory including 
linearized electrochemical models [50–52]. Again, the passive film 
formed on the HDSS 2707 surface after potentiostatic polarization lasted 
for 5 hrs was confirmed to reach the steady-state. 

4.2. MPM optimization 

Optimization of the MPM on the above qualified experimental EIS 
data was performed to extract values for the various model parameters 
and to ascertain the effects of temperature and applied potential on the 
passive films formed on HDSS 2707. As noted above, the MPM contains 
the PDM for the anodic dissolution of the passive metal, which describes 

Fig. 9. Nyquist plots of HDSS 2707 in the (NH4)2CO3 solutions containing Cl- at different potentials at 30 ℃. Points represent experimental data; lines represent the 
simulated results calculated by the MPM. 
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the stationary characteristics of the passive film, and the generalized 
Butler-Volmer equation (GBVE) for the cathodic reaction. 

Optimization of the MPM on the EIS data is a process of obtaining a 
representation of a multivariate data set for an objective function [the 
impedance, Z, Eq. (22)] that describes a physical-electrochemical 
properties of the system [53,54]. The Igor Pro software (Version 6.37, 
WaveMetrics, Inc.) employing a genetic algorithm was used in this study 
for data fitting and parameters optimization. The resulting optimized 
parameters satisfy the following six requirements [29]: (a) All the 
parameter values are physically realistic and should exist within known 

bounds; (b) The calculated Z′(ω) and Z′′(ω) should agree with the 
respective experimental results in both the Nyquist and Bode planes, and 
the tolerance value used in this work is 1 × 10-7; (c) The EIS data satisfy 
the K-K transforms; (d) The values of the rate constants recovered by 
optimization must be consistent with the known electronic character of 
the bl as established by M-S analysis; (e) The predicted Lss of bl and the 
iss, as a function of the appropriate independent variables (V and T) 
should agree within reasonable uncertainty with the experimental data; 
(f) The optimization process was carried out three times and the average 
parameters were reported. We should note that our optimization has 

Fig. 10. Bode plots of HDSS 2707 in the (NH4)2CO3 solutions containing Cl- at different potentials at 30 ℃. Points represent experimental data; lines represent the 
simulated results by the MPM. 
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been demonstrated to be reliable by calculating EIS spectra from the 
MPM using selected values for all parameters and then optimizing the 
MPM on the synthetic EIS data to successfully recover the assumed pa
rameters from different sets of initial values for the unknowns. 

Table 4 contains the parameter that are held constantly during the 
optimization based on our previous work for HDSS 2707 [16]. Fig. 8 
displays the impedance data of HDSS 2707 at different temperatures at 
OCP, obtained from the optimization of MPM on experimental EIS data. 
Good agreement is observed between the simulated and measured re
sults, indicating the rationality of the PDM. Similarly, Figs. 9 and 10 
show the Nyquist and the Bode planes of the optimized impedance data 
of HDSS 2707 at different applied potentials at 30 ℃, respectively. The 
simulated results by MPM are coincident with the experimental mea
surements. What should be emphasized here is that the optimization 
results obtained from the low frequency regions are much more accurate 
than those obtained from the high frequency regions. This is important, 
because the rate constants have much greater impact on the impedance 

at low frequencies that do passive elements such as geometric capaci
tance, and we are primarily interested in defining the kinetic aspects of 
the passive film. 

4.3. Effect of temperature on the passive film 

Based on the above analysis, the parameters of the passive film 
formed on HDSS 2707 at OCP at different temperatures are extracted 
with minimized error (optimization) as listed in Table 5. It is observed 
that both the Warburg coefficient (σ) and the rate constants (ki) increase 
with the increasing of temperature, while the charge transfer impedance 
(Rc), the resistance of the outer layer (Rol), and the geometric capaci
tance (Cg) decrease. Based on Table 5, Fig. 11 shows that the reaction 
rates (k2, k3 and k7) of the point defects increase with the temperature 
because the generation and annihilation of the interstitial defects are 
thermally activated. It is also found that, in all cases, k2 is higher than k3, 
manifesting that the cation interstitial (Cr3+

i ) rather than the oxygen 

Table 5 
Values of the parameters extracted from the optimization of the MPM on the experiment EIS data for passive film formed on HDSS 2707 in 0.2 M (NH4)2CO3 + 0.1 M 
NaOH + 0.1 M NaCl at different temperatures.  

Temperature/ ℃ 30 40 50 60 Method 

pH 13.19 12.87 12.69 12.52 Measured 
χ/ δ/α 3/3/0.22 3/3/0.22 3/3/0.22 3/3/0.22 Assumed 
α2, α3, α7 0.42, 0.53, 0.48 0.58, 0.47, 0.49 0.52, 0.56, 0.52 0.48, 0.55, 0.47 1st stage 
k2

00 (mol cm-2 s-1) 2.34 × 10-11 5.11 × 10-11 8.41 × 10-11 4.28 × 10-10 2nd stage 
k3

00 (mol cm-2 s-1) 7.78 × 10-9 1.03 × 10-8 2.85 × 10-8 5.62 × 10-8 2nd stage 
k7

00 (mol cm-2 s-1) 9.73 × 10-11 3.76 × 10-10 6.18 × 10-10 9.78 × 10-10 2nd stage 
k2 (mol cm-2 s-1) 5.67 × 10-13 8.43 × 10-13 4.17 × 10-12 7.85 × 10-12 2nd stage 
k5 (cm s-1) 2.71 × 10-10 3.45 × 10-10 8.54 × 10-10 1.34 × 10-9 2nd stage 
k3 (mol cm-2 s-1) 5.23 × 10-15 7.86 × 10-15 1.08 × 10-14 3.28 × 10-14 2nd stage 
k6 (cm s-1) 2.66 × 10-11 3.21 × 10-11 5.63 × 10-11 8.31 × 10-11 2nd stage 
k7 (mol cm-2 s-1) 9.73 × 10-11 3.76 × 10-10 6.18 × 10-10 9.78 × 10-10 2nd stage 
σ 1622 2142 2241 2560 2nd stage 
ԑ (V/cm) 2.00 × 106 1.60 × 106 1.30 × 106 1.00 × 106 2nd stage 
Lss (nm) 1.98 2.52 3.04 3.43 3rd stage 
iss (A/cm2) 8.13 × 10-8 1.52 × 10-7 4.74 × 10-7 6.36 × 10-7 3rd stage 
ic (A/cm2) -7.81 × 10-8 -1.41 × 10-7 -3.53 × 10-7 -5.08 × 10-7 3rd stage 
C0

i = k2/k5 (mol cm-3) 2.12 × 10-3 2.44 × 10-3 4.88 × 10-3 5.92 × 10-3 3rd stage 
C0

V0̈
= χk3/2k6 (mol cm-3) 2.83 × 10-4 3.67 × 10-4 2.88 × 10-3 5.85 × 10-3 3rd stage 

Rct (Ω cm2) 5.39 × 105 4.26 × 105 3.09 × 105 1.24 × 105 3rd stage 
Rol (Ω cm2) 9.20 × 104 7.31 × 104 6.45 × 104 3.51 × 104 3rd stage 
CPE-Yg (µF cm-2 sn-1) 3.82 × 10-6 2.41 × 10-5 4.71 × 10-6 3.68 × 10-5 3rd stage 
CPE-Yol (µF cm-2 sn-1) 1.51 × 10-5 1.86 × 10-5 1.92 × 10-5 1.83 × 10-5 3rd stage 
CPE-Ydl (µF cm-2 sn-1) 1.87 × 10-4 3.25 × 10-4 5.95 × 10-4 8.64 × 10-4 3rd stage  

Fig. 11. The rate constant ki as a function of temperature obtained by PDM on 
the EIS data at OCP. 

Fig. 12. The steady-state anodic current density and the thickness of the barrier 
layer on HDSS 2707 as a function of temperature at OCP in 0.2 M (NH4)2CO3 
+ 0.1 M NaOH + 0.1 M NaCl. 
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vacancy (V⋅⋅
o ) is the dominant point defect, and that the interstitial is 

responsible for the n-type semiconductor characteristic of the bl [24,26, 
56]. This is probably due to the larger radius of oxygen vacancy (V⋅⋅

o) as 
compared to Cr, Fe and Ni interstitial, which requires a higher vacancy 
formation energy [34]. The parameter k1 controls the annihilation of the 
minority defect, the cation vacancy at m/bl interface (Fig. 1), and the 
value is negligible when compared with k2 and k3 [26]. Thus, while 
cation vacancies are important is accounting for passivity breakdown, 

they are nevertheless a minority defect and exert little influence over the 
electronic character of the bl on HDSS 2707. Note that k00

i , the base rate 
constant for each kinetic reaction, does not reveal the actual reaction 
rate, and it is ki that directly reflects how fast the reactions proceed. 

Fig. 12 displays the thickness (Lss) of the barrier layer as a function of 
temperature, which is approximately 2 ~ 3.5 nm on HDSS 2707 surface 
in (NH4)2CO3 solution, and increases with the increasing of temperature. 
Such variation for Lss is associated with the increment of the anodizing 
constant [(1-α)/ԑ] (Eq. (1)) with temperature, which is the direct 
consequence of the decrement of the electric field strength ԑ (as revealed 
in Table 5), possibly ascribed to the thermal excitation of electron/ 
electron hole pairs which in turn suppress the electric field strength 
[36]. As expected, it is apparent that both the electric field strength and 
the rate constants are temperature-dependent. 

Additionally, the effects of temperature on the steady-state anodic 
current density of HDSS 2707, obtained from MPM optimization are 
shown in Fig. 12. It is clear that the anodic current density, iss, increases 
with increasing temperature. As mentioned above, the passive film is an 
n-type semiconductor, i.e., (k2 + k3) " k1 due to the cation vacancy being 
the minority point defect, and no change occurs in the oxidation state of 
the cation upon ejection from the barrier layer (δ = χ, in Table 4) within 
the passive region. Thus, the Eq. (2) can be simplified to: 

iss = F[χk2 + χk3] (28) 

Evidently, the anodic current density is determined by k2 and k3, and 
increases with the increasing of the rate constants. To further confirm 
the above conclusions, M-S measurements were conducted, as shown in 
Fig. 13. The basic M-S equation for an n-type semiconductor is shown as 
follows: 

C− 2 =
2

eND ε̂ε0

(

V − Vfb −
kT
e

)

(29)  

where C is the space charge capacitance, e is the elementary charge 
(1.6 × 10-19 C), ԑ0 is the vacuum permittivity (8.85 × 10-14 F/cm), ԑ̂ is 
the dielectric constant of the passive film (assumed as 12 for the chromic 
barrier layer), Vfb is the flat band potential of the film, k is Boltzmann’s 
constant (1.38 × 10-23 J/K), T is the Kelvin temperature (K), and ND is 
the charge carrier density. It is clear that the slope of all the C-2 versus 
potential curves are positive, implying an n-type semiconductor char
acteristics of the barrier layer, which is in accordance with MPM pre
diction. The charge carrier density, ND, of the passive film formed at 
different temperatures was calculated from the slope of the linear region 
(Fig. 15) based on Eq. (29). The value of fitted slopes of M-S plots at 
30 ℃, 40 ℃, 50 ℃ and 60 ℃ are 1.29 × 1011, 1.06 × 1011, 
8.87 × 1010, and 4.80 × 1010, respectively. The corresponding calcu
lated ND are 9.15 × 1019, 1.11 × 1020, 1.33 × 1020 and 2.45 × 1020 

(cm-3), illustrating a significant increase in the concentrations of the 
dominant point defects (Cr3+

i and V⋅⋅
o) with increasing temperature. 

Based on the MPM optimization of the rate constant ki (in Table 5), the 
concentrations of the cation interstitials C0

i = k2/k5, and of the oxygen 
vacancies C0

V0̈
= χk3/2k6 inside the barrier layer are obtained. Hence, the 

charge carrier density, ND is equal to the sum of the two defects indi
cated by PDM. Thus, the calculated defect density is (C0

i × NA + C0
V0̈

×

NA) around～1021 cm-3, where NA is Avogadro constant (6.02 ×1023). 
Note that the optimization of donor density of MPM represents the 
theoretically maximum defect density, which should be higher than that 
M-S measurement because the concentration of the metal interstitial 
within the barrier layer is limited. 

Based on the PDM, and recognizing that considerable amounts of 
iron and nickel also exist in the bl on stainless steel, the principal point 
defect is the metal interstitial (i.e., Cr3+

i , Fe3+

i ,andNi2
+

i ) because the rate 
of formation of Mn+

i is much greater than that of V⋅⋅
o . The interstitials 

migrate from the m/bl interface towards the bl/s interface, driven by the 
existing electric field (ԑ) inside the barrier layer [37]. For all 

Fig. 13. Mott-Schottky plots of the passive film on HDSS 2707 at OCP at 
different temperatures. 

Table 6 
The effect of temperature on the steady-state anodic current density and 
corrosion rate of HDSS 2707 at OCP in the solution of 0.2 M (NH4)2CO3 + 0.1 M 
NaOH + 0.1 M NaCl.  

T/ ℃ Iss /A.cm-2 CR (µm/year) 

30 8.13 × 10-8  0.64 
40 1.52 × 10-7  1.19 
50 4.74 × 10-7  3.72 
60 6.36 × 10-7  5.52  

Fig. 14. Arrhenius linear plots of the logarithm of the steady-state anodic 
current density (iss) of HDSS 2707 in the solutions versus the reciprocal of 
temperature (1/T). 
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temperatures, k2＞k3 (Fig. 11), so that the dominant point defect is 
referred to as Cr3+

i even though it is recognized that considerable sub
stitution of Fe and Ni may exist in the bl, as is found to be the case for 
many other, if not all, chromium-containing alloys [28,49]. Therefore, 
the diffusivity (D) of the interstitial defect within the barrier layer can be 
estimated from the expression [57]: 

D = 2σ2(1 − α)2iss
2/ε2 (30)  

where σ, α, iss and ԑ are listed in Tables 4 and 5. The calculated values of 
D of at 30 ℃, 40 ℃, 50 ℃ and 60 ℃ are 5.29 × 10-21 cm2/s, 5.34 × 10- 

20 cm2/s, 8.12 × 10-19 cm2/s and 3.22 × 10-18 cm2/s, respectively, 
which are in keeping with the findings in our previous research on HDSS 
2707 [16]. Thus, the relaxation time of the defects, for example at 30 ℃, 
is L2

ss/D = (1.98 × 10-7)2 / 5.29 × 10-21 = 7.41 × 106 s. The time be
tween capacitance measurements (16 s) is much smaller than the 
relaxation time, and hence the defect concentration established in the 
barrier layer at the OCP is “frozen in” during M-S analysis, thereby 

fulfilling the important assumptions underlying M-S theory, as noted 
above. 

By applying Faraday’s law to the optimized net anodic current 
density (iss), the general corrosion rate (CR) of HDSS 2707 at different 
temperatures is calculated below: 

CR =
isstM
nFρ (31)  

where F is Faraday constant (96,485 C/mol); n is the number of equiv
alents exchanged, here assumed to be 3; M is the atomic weight of iron 
(56.5 g/mol); iss is the anodic current density; and ρ is the density of the 
steel (7.98 g/cm3). The CR values are listed in Table 6. It is found that 
the value of CR of HDSS 2707 increases with the increasing temperature. 
The linear Arrhenius plot of the CR of HDSS 2707 versus the reciprocal 
of temperature (1/T) is shown in Fig. 14. By linear fitting, the rela
tionship between the logarithm of the CR and the temperature is 
expressed as follows: 

Table 7 
Values of the parameters extracted from the optimization of the MPM on the experiment EIS data for passive film formed on HDSS 2707 in solution containing 0.2 M 
(NH4)2CO3 + 0.1 M NaOH + 0.1 M NaCl at 30 ℃ at different potentials.  

Potential/VSCE -0.5 -0.2 0 +0.2 + 0.4 Method 

α 0.21 0.21 0.21 0.21 0.21 Measured 
χ / δ 3/3 3/3 3/3 3/3 3/3 Assumed 
α2, α3, α7 0.32, 0.58, 0.28 0.46, 0.63, 0.22 0.43, 0.58, 0.22 0.56, 0.57, 0.20 0.43, 0.51, 0.23 1st stage 
n 0.54 0.53 0.52 0.51 0.53 1st stage 
σ 2415 2386 2126 2434 2673 2nd stage 
k2

00 (mol cm-2 s-1) 3.50 × 10-10 5.49 × 10-10 4.33 × 10-10 3.77 × 10-10 4.29 × 10-10 2nd stage 
k3

00 (mol cm-2 s-1) 6.05 × 10-11 5.62 × 10-11 5.90 × 10-11 5.93 × 10-11 6.37 × 10-11 2nd stage 
k7

00 (mol cm-2 s-1) 2.32 × 10-10 2.04 × 10-10 1.81 × 10-10 1.94 × 10-10 1.89 × 10-10 2nd stage 
k2 (mol cm-2 s-1) 3.88 × 10-12 3.37 × 10-12 4.31 × 10-12 3.70 × 10-12 3.72 × 10-12 2nd stage 
k3 (mol cm-2 s-1) 3.13 × 10-14 2.43 × 10-14 2.87 × 10-14 2.93 × 10-14 2.64 × 10-14 2nd stage 
k7 (mol cm-2 s-1) 2.32 × 10-10 2.04 × 10-10 1.81 × 10-10 1.94 × 10-10 1.89 × 10-10 2nd stage 
αc 0.20 0.19 0.18 0.19 0.19 3rd stage 
Lss (nm) 1.42 2.36 2.90 3.42 4.08 3rd stage 
iss (A/cm2) 8.42 × 10-8 2.90 × 10-7 3.07 × 10-7 2.92 × 10-7 3.03 × 10-7 3rd stage 
ic (A/cm2) 2.30 × 10-7 5.16 × 10-7 9.20 × 10-7 1.23 × 10-6 2.38 × 10-6 3rd stage 
ic,a (A/cm2) 2.95 × 10-7 5.32 × 10-7 9.19 × 10-7 1.24 × 10-6 2.38 × 10-6 3rd stage 
ic,c (A/cm2) -6.47 × 10-8 -1.67 × 10-8 -3.27 × 10-9 -6.49 × 10-10 -1.36 × 10-10 3rd stage 
î0 (A/cm2) 3.01 × 10-7 3.58 × 10-7 3.17 × 10-7 2.84 × 10-7 3.61 × 10-7 3rd stage 
Rct (Ω cm2) 9.43 × 104 3.55 × 105 6.90 × 105 9.75 × 105 1.49 × 106 3rd stage 
Rol (Ω cm2) 1.85 × 104 1.68 × 104 1.50 × 104 9.80 × 103 6.78 × 103 3rd stage 
CPE-Yg (µF cm-2 sn-1) 4.16 × 10-6 5.04 × 10-5 1.10 × 10-5 1.51 × 10-5 2.09 × 10-5 3rd stage 
CPE-Yol (µF cm-2 sn-1) 5.41 × 10-6 2.05 × 10-5 7.43 × 10-6 1.28 × 10-5 2.47 × 10-5 3rd stage 
CPE-Ydl (µF cm-2 sn-1) 3.40 × 10-5 2.55 × 10-5 2.12 × 10-5 2.00 × 10-5 1.46 × 10-5 3rd stage  

Fig. 15. The rate constant ki as a function of potential obtained by MPM 
calculation on the measured EIS data at 30 ℃. 

Fig. 16. The steady-state anodic current density and the thickness of the barrier 
layer on HDSS 2707 as a function of potential at 30 ℃ in the solution of 0.2 M 
(NH4)2CO3 + 0.1 M NaOH + 0.1 M NaCl. 
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ln(CR) = 10.75 -3825.54/T (32) 

The decrease in the corrosion resistance of the specimen, corre
sponding to the increase in the CR with increasing temperature indicates 
that the defect density within the passive film plays a more important 
role than the film thickness in determining the corrosion resistance of 
HDSS 2707 in (NH4)2CO3 solution. 

From Table 5, we can see that the absolute values of iss (positive) and 
ic (negative) are nearly equal, corresponding to the charge conservation 
condition, corresponding to the fact that the measured net current 
density at OCP is always zero (Eq. (19)). 

4.4. Effect of applied potential on the passive film 

Similarly, the parameters of the passive film formed on HDSS 2707 
surface at different applied potentials at 30 ℃ based on MPM optimi
zation are extracted with minimized error (optimization) as listed in 
Table 7. Fig. 15 shows the optimization values of the rate constant (ki) as 
a function of the film formation potential, based on Table 7. It is 
observed that all the rate constants (k2, k3 and k7) are essentially inde
pendent of the applied potential. According to the PDM, the rate con
stant for the generation and annihilation of the point defects at the 
interfaces in the steady-state can be written as ki = k0

i eaiVebiLss ecipH, 

where ai (V-1), bi (cm-1) and ci are defined in Table 3 in terms of 
fundamental quantities. From these definitions, together with Eq. (1), 
we find that aiV + biLss = -G (Eq. (18)) is a constant, thereby rendering 
the rate constant of k2 and k3 potential independent. In the case of Re
action (7) in Fig. 1, the rate constant k7 is also potential independent 
since δ = χ (Table 4), resulting in a7 and c7 are zero in Table 3. 

Fig. 16 shows that the anodic current density, iss, is also independent 
to the applied potential in the passive region, because iss is determined 
by k2 and k3 (Eq. (28)), which is a constant at the steady state. On the 
other hand, on the basis of the PDM, by taking the derivative of iss with 
respect to V, the steady state current density is related to the applied 
potential by [24]: 
(

∂ ln iss

∂V

)

pH,Cδ+
Cr

= kα7

(

δ − χ
)

γ (33)  

where k is a constant, γ = F/RT. For which δ = χ, the passive current 
density is calculated to be independent to the applied potential, 
implying n-type semiconductor properties of the passive film as pre
dicted by the PDM [36,58–60], which is in agreement with M-S mea
surements (Fig. 13). From the optimization results, the average anodic 
current density at 30 ℃ is 0.31 µA/cm2. Thus, the CR of HDSS 2707 in 
(NH4)2CO3 solution at 30 ℃ is calculated (Eq. (31)) to be 2.36 µm/year. 

The partial cathodic current density, ic listed in Table 7, increases 
with the increasing of applied potential, where ic = ic,a + ic,c (Eqs. (14) 
and (15)). Since applied potential is greater than the equilibrium po
tential of the HER (Veq, in Table 2), the hydrogen oxidation is the 
dominant reaction in (NH4)2CO3 solution purged with ultrahigh purity 
N2 + 4% H2, and the trend of ic is in keeping with ic,a. It is worth noting 
that the passive current density measured by polarization curve in Fig. 5 
is higher than (iss + ic), because under potentiodynamic polarization 
conditions the surface is not at a steady state, and the faster the scan rate, 
the higher the passive current density [61]. 

The Tafel constant for HER between the passive film surface (i.e. ba 

and bc) and the film-free surface (i.e. b̂a and b̂c) satisfy the following 
relationships [42]: 

2.303
b̂a

=
2.303

ba
+

β̂(1 − α)
ε (34)  

2.303
b̂c

=
2.303

bc
−

β̂(1 − α)
ε (35)  

Fig. 17. Tafel plot for HER, (a) hydrogen oxidation and (b) water reduction, on passive HDSS 2707 based on the optimization of the MPM from Table 7.  

Fig. 18. The Rct and Rol values of the passive film formed on HDSS 2707 surface 
in the solution of 0.2 M (NH4)2CO3 + 0.1 M NaOH + 0.1 M NaCl at 30 ℃ from 
optimization of the MPM. 
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where ba = 2.303RT
αaF and bc = 2.303RT

αcF . As shown in Fig. 17, the Tafel slopes 
for the current density of hydrogen oxidation (ic,a) and of water reduc
tion (ic,c) for the HER on the surface of the passive film are ba = 904 mV/ 
dec, and bc = − 324 mV/dec, respective. Based on the Eqs. (34) and (35), 
the b̂a and b̂c for the hydrogen evolution on the film-free HDSS 2707 
surface are calculated to be 127 mV/dec and﹣101 mV/dec, where α and 
β̂ are listed in Table 4, and ε is 2 × 106 at 30 ℃. This demonstrates that 

the quantum mechanical correction (Eq. (16)) effectively remove the 
impact of the barrier layer on the kinetic of the HER, which is in 
consistent with the anodic and cathodic Tafel constants on the bare 
metal surface reasonably approximate those for the Heyrovsky mecha
nism on a noble metal like platinum [42]. 

The steady state thickness (Lss) of the barrier layer calculated from 
Eq. (24), based on the extracted parameters from MPM is shown in 
Fig. 16. It is seen that Lss increases linearly with the applied potential, 

Fig. 19. Sensitivity analysis for the effect of the model parameters on calculated impedance. The default values for other parameters are given in Table 5.  
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which is in accordance with our previous predictions [34,35]. The co
efficient ∂Lss/∂V = 2.91 nm/V in Fig. 16, is higher than that of 
(2.36 nm/V) carbon steel in the SCPS solution (pH = 13.5) [62], sug
gesting that the passive film formed on HDSS 2707 is more dependent 
upon the electric field strength. Based on Eq. (30), as expected, the 
diffusivity, D, of the point defects at 30 ℃ at different applied potentials 
is constant, as well as is the transfer coefficient for the cathodic reaction, 
αc, which is calculated to be 0.19 (Table 7), because both of them are 
materials properties. 

Fig. 18 exhibits that the charge transfer resistance, Rct, increases with 
the applied potentials as a result of the increasing of the barrier layer 
thickness (Lss, in Fig. 16), while the outer layer resistance, Rol decreases 
in values. From Eq. (24), it is seen that the current density times the 
outer layer resistance, [iss × Rol] decreases with the applied potential in 
the passive region, thus giving rise to an increasing potential (Vbl) at the 
bl, thereby leading to the thickening of bl (Eq. (26)), as shown in Fig. 16. 

4.5. Sensitivity studies 

The importance of the kinetic parameters in controlling the imped
ance of the interface and hence the corrosion rate is illustrated in Fig. 19 
(a)–(f). The changes in k00

7 , k00
3 , k00

2 , α, α2, and α3, respectively, are 
indicate in the figures and the values for other parameters are the default 
values given in Table 5. The EIS spectra calculated using the optimized 
parameter values correspond to the red points in all figures. Note that no 
variation in α7 is includes because χ = δ renders k7 potential- 
independent, regardless of the value of α7. The kinetic parameters are 
found to have their greatest effect on the phase angle at frequencies 
below 1000 Hz and to become increasingly impactful as the frequency is 
lowed. This emphasizes the need to obtain accurate EIS data to as low a 
frequency as possible and it also illustrates the impact that the point 
defect structure has on the interfacial properties of a passive substrate. 

5. Summary and conclusions 

In this paper, the formation kinetics of the passive layer on HDSS 
2707 in (NH4)2CO3 solution containing Cl- at different temperatures and 
applied potentials were investigated. The optimization of the impedance 
model based on the mixed potential model (MPM) on the experimental 
EIS data has resulted in determination of the nature of the passive state 
of HDSS 2707. The main conclusions are summarized as follows: 

1. From both experimental measurements and Kramers-Kronig trans
forms, the electrochemical system was verified to reach a quasi- 
steady state after the measurements of the initial 10 h open circuit 
potential and the later 5 h potentiostatic polarization. According to 
the MPM analysis based on the quasi-steady status of system, the 
thickness and dissolved current density of the passive film formed on 
HDSS 2707 surface are independent of time.  

2. The MPM combining the point defect model (PDM) to describe the 
partial anodic reactions of the metal dissolution, and the generalized 
Butler-Volmer equation (GBVE) to describe the cathodic process has 
been successfully optimized on the measured EIS data, and the ki
netic parameters extracted from optimization to illustrate the passive 
film characteristics of HDSS 2707.  

3. The dominating point defects within the passive film of HDSS 2707 
are the cation interstitial (Mn+

i ), M = Cr, Fe, and Ni, rendering the 
barrier layer n-type electronic character, which is in accordance with 
M-S measurements.  

4. Both the diffusion coefficient (D) and the rate constant (ki) of point 
defects are potential-independent at a given temperature, with latter 
being a constant, as determined by aiV + biLss = -G, based on PDM; 
but both increase with the temperature.  

5. Both the passive current density and the thickness of the barrier layer 
increase with the increasing of temperature. The increment of barrier 

layer thickness is attributed to the suppression of the electric field 
strength by the thermal excitation of electrons and electron hole 
pairs. While the passive current density is independent of the 
quantum mechanically tunneling of charge carriers through the 
barrier layer; the kinetics of the partial cathodic reaction of hydrogen 
evolution is affected because of the voltage dependence of the barrier 
layer thickness and hence of the tunneling probability. Modeling of 
this process as part of the optimization of the MPM on the experi
mental EIS data yields corrected exchange current density and Tafel 
constant for the HER on the hypothetical bare metal surface.  

6. The variation of anodic current density and the corresponding CR 
with temperature obey the Arrhenius law, i.e., ln(CR) =

10.75 -3825.54/T, implying that the corrosion is a thermally acti
vated process.  

7. The passive current density of HDSS 2707 is found to be independent 
to applied voltage, while the thickness of the barrier layer increases 
linearly with the film formation potential (Lss = 2.89 +2.91 VSCE), as 
predicted by the PDM, for the case where no change in cation 
oxidation state occurs upon barrier layer dissolution or cation 
ejection. 
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