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The transpassive dissolution mechanism of AISI 321 stainless steel in a 0.5 M sulphate solution was studied using electrochemical
impedance spectroscopy (EIS). On the basis of the experimental results, surface charge approach, and point defect model, a
kinetic model of the transpassive dissolution process is proposed. The transpassive film is modeled as a highly doped n-type
semiconductor—insulator-p-type semiconductor structure. Injection of negative defects at the transpassive film/solution interface
results in their accumulation as a negative surface charge. It alters the nonstationary transpassive film growth rate controlled by
the transport of positive defects (oxygen vacancies). The model describes the process as dissolution of Cr as Cr (VI) and Fe as Fe
(III) through the transpassive film via parallel reaction paths.

1. Introduction

Transpassivation is a phenomenon in which a passivated
metal starts rapid dissolution if the electrode potential of the
metal becomes too positive [1]. Transpassive dissolution of a
metal or alloy can be defined as the formation of chemical
species in a valence state higher than that in the primary
passive film formed on the material [2–7]. Transpassive
dissolution of a range of alloys is closely related to passive
film breakdown and localized corrosion phenomena. It leads
to a depletion of alloying elements such as Cr in the
first atomic layers near the solution, which are the most
susceptible to localized attack by aggressive anions [8–18].
Two main approaches can serve as a basis for a theoretical
treatment of the problem.

The Surface Charge Approach (SCA). The SCA assumes
that transpassive dissolution is a complex process including
several reaction stages: formation and growth of a passive
film via generation, transport and annihilation of ionic point
defects, continuous changes in the stoichiometry of this
film and especially of the first atomic layers adjacent to
the solution, charge transfer reactions at the film/solution

interface, and transport of reaction products in the bulk
solution. According to this model the passive film was
represented as an n-i-p junction structure with injection
of oxygen vacancies from the metal substrate during film
growth and metal vacancies from the solution during film
dissolution. Assuming that the transport of metal vacan-
cies is slower than the rate of their annihilation at the
metal/film interface, they accumulate at the film/solution
interface. This accumulation of negative charge enhances
the nonstationary transport of positively charged oxygen
vacancies, thus explaining the low frequency inductive loop
in the impedance response of a range of passive metals
[19–26].

The Point Defect Model (PDM). The PDM assumes segre-
gation of alloying elements such as Cr in the film as high
valency cations. These cations are assumed to reduce the
concentration and diffusivity of cation vacancies in the film
by means of forming complexes with them. Macdonald et al.
assume that there is an accumulation of oxygen vacancies at
the metal/film interface and a corresponding accumulation
of cation vacancies at the film/solution interface [27–30].
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As transpassivation is a rapid dissolution process, it
is generally regarded as a type of corrosion damage to a
passivated metal. How to prevent transpassivation is an
important topic in corrosion science and engineering. In
general, stainless steels are more widely used in many
corrosive environments and are more likely to suffer from
transpassivation damage. Therefore, it seems that an inves-
tigation into transpassivation mechanism of stainless steels
will be of scientific and practical interest.

2. Experimental

Specimens were fabricated from 1 cm diameter rods of AISI
321 stainless steel; the nominal composition is given in the
Table 1. The samples were placed in stainless steel sacks
and were annealed to eliminate the cold work effect due
to cutting process. The annealing was preformed at 1050◦C
for 90 min followed by water quenching. The working
electrode pretreatment consisted of mechanical polishing on
emery paper up to 1200 grade, degreasing and rinsing with
distilled water. A three electrode cell featuring a Pt counter
electrode and a calomel reference electrode was employed.
The solution (0.5 M H2SO4) was prepared from analytical
grade 97% H2SO4 and distilled water.

All electrochemical measurements were performed using
an EG&G PAR Model 273A potentiostat/galvanostat con-
trolled by a personal computer at ambient temperature (23–
25◦C). A polarization curve was obtained at a potential scan
rate of 1 mV/s. To perform impedance measurements, the
current versus time curve was recorded at each potential until
a steady state current was reached. The impedance spectra
were measured at this steady state in a frequency range
of 10 mHz–100 KHz at an AC amplitude of 10 mV (rms).
The validation of the impedance spectra was performed by
checking the linearity condition, that is, measuring spectra
at AC signal amplitudes between 5 and 15 mV (rms). For
the simulation processing of the impedance data, Zview2
software was employed.

3. Results and Discussion

3.1. Polarization Behavior. The potentiodynamic polariza-
tion curve of AISI 321 stainless steel in 0.5 M H2SO4 solution
is shown in Figure 1. According to Figure 1, two stages of the
passive process can be distinguished in the curve. The low
potential passive region ranges from about −0.15 to 0.3 V
versus SCE (region I). In region II, the comparatively slow
increase of the current in the potential range 0.3–0.9 V versus
SCE could be connected to the formation of high valency Cr
[31] in the film prior to transpassive dissolution. The steeper
increase in the range from 0.9 to 1.1 V versus SCE (region
III) is most probably related to the onset of the transpassive
dissolution.

3.2. EIS Measurements. Typical experimental impedance
spectra for the transpassive state on AISI 321 stainless steel
are shown in Figure 2, in the form of Nyquist plots, in which
the imaginary component of the impedance is plotted against
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Figure 1: Potentiodynamic polarization curve for AISI 321 stainless
steel in 0.5 M H2SO4. Potential regions: I-:low potential passive,
II-:high potential passive, III-:transpassive dissolution.

the real component for decreasing frequencies. In all cases,
the correlation between experimental data and simulated
data is judged to be acceptable. Two time constants—a
high frequency capacitive and a low frequency inductive—
followed by a capacitive behavior at the lowest frequencies are
observed at E ≥ 1.0 V versus SCE. Thus, the high frequency
capacitive loop reflects the high field assisted migration
of defects in the transpassive film; the inductive loop at
intermediate frequencies is due to the relaxation of the
negative surface charge formed by the accumulation of cation
vacancies at the transpassive film/solution interface and, at
the lowest frequencies, the faradaic pseudocapacitance is
detected.

Based on the polarization curve and the Nyquist plots, it
is clear that the barrier layer in the transpassive region cannot
exist since, as Macdonald mentioned, the current density is
high. Therefore, the transpassive film must be a nonbarrier
layer which has little resistance to current flow [2, 3].

In order to model the transpassive film with electrical
analogs, the equivalent electrical circuit of Figure 3 was
found to be appropriate [32, 33]. In this circuit, CPE is the
high frequency constant phase element of the metal/trans-
passive film/solution system, Rt is the defect migration
resistance, RSC and LSC are elements associated with the
inductive loop observed throughout the investigated poten-
tial range, C is the Faradaic pseudocapacitance, and RS
is the uncompensated solution resistance. These parameter
values characterize the properties of the interface and the
rates of the reaction steps involved and they acquire clear
physical meaning only when related to a specific kinetic
model. The dependences of Rt, RSC, and LSC on the
potential are presented in Figures 4(a) and 4(b). According
to Figures 4(a) and 4(b), a steep decrease of Rt, RSC,
and LSC is observed in the transpassive dissolution region.
A more detailed explanation of the circuit elements will
be presented in the Section 3.3 on the basis of a kinetic
model.
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Table 1: Nominal chemical composition of AISI 321 stainless steel.

Elements Cr Ni Mn Si C Ti Nb S Mo Cu Fe

AISI 321/wt% 19.1 9.85 1.65 0.297 0.086 0.68 0.035 0.05 0.16 0.172 Bal
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Figure 2: Electrochemical impedance spectra for AISI 321 stainless steel in the transpassive region registered after 30-minute polarization
at 0.8 V versus SCE.
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Figure 3: Equivalent electrical circuit of the metal/ transpassive
film/solution interface.

3.3. A Kinetic Model Based on PDM and SCA. Figure 5
summarizes the physicochemical processes that are envi-
sioned to occur within the transpassive film formed on the
AISI 321 stainless steel, according to the PDM [34–39].

This model provides microscopic description of the growth
and breakdown of the passive film under steady state and
transient condition. PDM is based on the migration of the
point defects under the influence of the electrostatic field in
the film [2–6]. On the basis of PDM for a given potential at
steady state, the continuity equation imposes [7–11]:

iss = im/ f = i f = i f /s. (1)

Therefore, the impedance of the system will be the sum of the
impedances of the two interfaces and the transpassive film
[7–11]

Z = Zm/ f + Zf + Zf /s. (2)
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Figure 4: Potential dependences of (a) Rt and RSC, (b) LSC. These
circuit elements are acquired from equivalent electrical circuit of
Figure 3.

According to the PDM [34–45] at the metal/transpassive film
interface, annihilation of metal vacancies and injection of
oxygen vacancies take place as follows:

M
r1−→ MM +

3
2

V2+
O + 3e,

M + V3−
M

r2−→ MM + 3e.

(3)

The interfacial rate constants are assumed to be potential
dependent in a tafel manner

rx = r0
x exp

(
βxΦm/ f

)
. (4)

Then the balance of fluxes at the interface gives [19, 20]

im/ f = F
[
r2C

′′
V3−

M
+ r1

]
. (5)

Based upon the SCA [20], the small sine perturbation
does not lead to a significant deviation of C′′V3−

M
from its steady

state value. Therefore, the impedance at the metal/trans-
passive film interface is

Z−1
m/ f = R−1

m/ f + jωCm/ f ,

R−1
m/ f = F

[
β1r1C

′′
V3−

M
+

3
2
β2r2

]
.

(6)

According to the SCA [19, 20] in the transpassive film
with a thickness L, oxygen vacancy motion is driven by the
electric field at the metal/transpassive film interface:

i f =
(

2FDV2+
O

2a

)[
C′′V2+

O
−C′V2+

O
exp

(
−L
a

)]
×exp

[
(2Fa/RT)ΦV2+

O

L

]
,

(7)

where [43–45]

ΦV2+
O
= Φm/ f + Φ f + Φ f /s = Ea,

Φm/ f = (1− α)Ea − EaL,

Φ f = EaL,

Φ f /s =
qL

εε0
,

(8)

and q is a negative surface charge accumulated at the
transpassive film/solution interface by the cation vacancies
generated mainly by the transpassive dissolution reaction
[19, 20]. As for most cases, L � a, C′′V2+

O
� C′V2+

O
exp(−L/a),

and

i f =
(

2FDV2+
O

2a

)
C′′V2+

O
exp

⎢⎢⎢⎣
[

2Fa
RT

]
×
[

(1−α)Ea + qL f /s/εε0

]

L

⎥⎥⎥⎦;

(9)

by setting A = (2FDV2+
O
/2a)C′′V2+

O
and B = (2Fa/RT),

i f = A exp

⎢⎢⎢⎣B ×
[

(1− α)Ea + qL f /s/εε0

]

L

⎥⎥⎥⎦. (10)

The time dependence of the surface charge is treated in
analogy to the SCA [19, 20]:

dq

dt
= issS

(
qs − q

)
, (11)

where S is a capture cross section for a positive defect by the
negative surface charge. The steady-state value of the surface
charge is

qs = Φ f /sC f /s = αEaεε0

L f /s
. (12)
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Figure 5: A Scheme representation of the processes in the metal/transpassive film/solution system, according to PDM.

Inserting this in (11) results in the expression [19, 20]

dq

dt
= issS

(
αEaεε0

L f /s
− q

)
. (13)

From (10) and (13) under a small amplitude AC perturba-
tion,

Δi = issB

⎢⎢⎢⎣
[

(1− α)ΔEa + ΔqL f /s/εε0

]

L

⎥⎥⎥⎦,

Δq = issSαΔEaεε0⌊
L f /s

(
jω + issS

)⌋ .
(14)

Accordingly, the faradaic impedance of the transpassive film
is

Z−1
f = Δi

ΔEa
= issB

[
[(1− α) + issSαεε0]/ jω + issS

]

L
(15)

which is equivalent to

Z−1
f = R−1

t +
(
jωLSC + RSC

)−1, (16)

where [19, 20]

Rt = L

issB(1− α)
, (17)

LSC = L

i2ssBSα
, (18)

RSC = L

issBα
. (19)

In order to derive the total impedance, the high frequency
constant phase element of the transpassive film and the
faradaic pseudocapacitance has to be added in the appro-
priate manner. Thus, the experimental impedance spectra

are well described and will be discussed according to the
following transfer function [33]:

Z−1
f =

[
R−1
t +

(
jωLSC + RSC

)−1 + jωC
]−1

+
(

1
Y0

)(
jω
)−n

.

(20)

According to the PDM [34–45] at the transpassive film/
solution interface, reaction of oxygen vacancies with water
and production of metal vacancies take place as follows:

V2+
O + H2O

r3−→ Oo + 2H+, (21)

MM
r4−→ V3−

M + M3+
aq . (22)

At higher potentials, passivity is observed to break down
on many metals and alloys, and the dissolution rate of the
substrate increases dramatically as the system transitions into
the transpassive state. This process is postulated to be due to
the oxidative dissolution of the barrier layer; for example, in
the case of stainless steels, which form chromic oxide barrier
layers, the onset of transpassive dissolution is due to the
reaction [2, 3]

Cr2O3 + 5H2O → 2CrO2−
4 + 10H+ + 6e′. (23)

It is noticed that transpassive film on the stainless steels
in the transpassive region are assumed to be covered by
a mixed Cr (VI) and Fe (III) oxide film and some Mo-
containing species. Also it is assumed [46–49] that the
amount of Ni in the transpassive film on stainless steels is
negligible, and no separate reaction path for the dissolution
of Mo from the transpassive film as Mo (VI) is included
in the present approach. Rather, it is assumed that Mo in
the alloy substrate has a catalytic effect on the transpassive
dissolution of Cr via the formation of soluble molybdate or
Cr–Mo-containing species that accelerate the abstraction of
Cr (VI) from the outermost layer of the transpassive film
[12]. Therefore, the transpassive dissolution reaction results
in an accumulation of cation vacancies near the transpassive
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film/solution interface in a layer with a thickness L f /s and to
a depletion of this layer in Cr positions in the transpassive
film. The balance of fluxes at the transpassive film/solution
interface gives [19, 20]

i f /s = 6r5F exp
(

3Fαα5Ea
RT

)
+ r3C

′
V2+

O
+ r4. (24)

Assuming that the small sine perturbation does not change
significantly C′V2+

O
, the impedance of that interface becomes

Z1−
f /s = R1−

f /s + jωC f /s. (25)

The impedance response of the system in the transpassive
dissolution exhibits only two time constants (one capacitive
and one inductive) and a series capacitive features at low
frequencies, which is consistent with the impedance defined
by (16)–(20). In order to explore these dependences within
the frames of the present model, the transpassive film
thickness versus potential relationship is taken from the
PDM [6] with the assumption that the applied potential is
expressed versus the potential of zero film thickness:

L =
(

1− α− αα5

(
χ/δ − 1

)
/α1

)
Ea

E
. (26)

In transpassive dissolution δ = 3 and χ = 6,

L = (1− α− αα5/α1)Ea
E

. (27)

Inserting (26) in (16)–(18), it follows that

Rt = (1− α− αα5/α1)Ea
(EissB(1− α))

,

LSC = (1− α− αα5/α1)Ea(
Ei2ssBSα

) ,

RSC = (1− α− αα5/α1)Ea
(EissBα)

.

(28)

The numerators of (28) increase linearly with the
potential whereas their denominators increase exponentially
with the same parameter. Thus Rt, Rsc, and Lsc all decrease
which is found experimentally in Figures 4(a) and 4(b). From
(28)–(36), two important characteristics of the system could
be derived, namely [19],

α = (Rt/RSC)
[1 + (Rt/RSC)]

,

S = LSCiss
RSC

.

(29)

α and S versus the transpassive potential are plotted in
Figures 6 and 7. The obtained dependences are consistent
with the physical picture given in Figure 5. Due to the
accumulation of CrO2−

4 at the transpassive film/solution
interface and the simultaneous Cr depletion of the interface
[50], the rate of the transpassive dissolution is slowed down.
This leads to a gradual dissipation of the surface charge q.
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Figure 6: Potential dependences of the polarizability of the trans-
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(29).
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As a consequence, the parameter α characterizing the
part of the applied potential consumed at the transpassive
film/solution interface decreases (Figure 6). Similar spec-
ulations could explain the potential trend of the capture
cross section per charge carrier S (Figure 7). This quantity
is related to the surface excess of negative carriers by the
following equation [20]:

S = (2Fσ)1−. (30)

The observed decrease of S (Figure 7) is caused by the
increase of the surface excess of negative carriers σ due to the
gradual dissipation of the surface charge.

4. Conclusions

This study reports an EIS study of transpassive dissolution of
AISI 321 stainless steel in 0.5 M H2SO4 solution. The overall
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impedance of the system was described using the electrical
equivalent circuit, Figure 3, and by the corresponding
transfer function, (22). Based on the Nyquist plots and
the polarization curve, it is clear that the transpassive film
must be a nonbarrier layer which has little resistance to
current flow. On the basis of the experimental results, SCA,
and PDM, a generalized model of the transpassivity is
proposed. This model represents the transpassive film as a
highly doped n-i-p junction structure. Injection of negative
defects at the transpassive film/solution interface results in
their accumulation as a negative surface charge. It alters the
nonstationary transpassive film growth rate controlled by the
transport of positively charge defects. On the basis of the
results obtained, a kinetic model including the dissolution of
Cr from the outermost cation layer of the transpassive film in
parallel reaction paths is deduced.

Nomenclature

a: Atomic jump distance, cm

α: Polarizability of the transpassive
film/solution interface

A: Constant in the high field migration
equation, Acm−2

B: Field coefficient in the high field equation,
V−1 cm

βx: Tafel coefficients of the interfacial reactions
(x = 1–5), V−1

C′V2+
O

: Concentration of oxygen vacancies at the
transpassive film/solution interface, mol
cm−3

C′′V2+
O

: Concentration of oxygen vacancies at the
metal/transpassive film interface, mol cm−3

C′V3−
M

: Concentration of metal vacancies at the
transpassive film/solution interface, mol
cm−3

C′′V3−
M

: Concentration of metal vacancies at the
metal/transpassive film interface, mol cm−3

DV2+
O

: Diffusivity of oxygen vacancies, cm2s−1

Ea: Applied potential, V
E: Electric field strength, Vcm−1

im/f : Current density at the metal/transpassive
film interface, Acm−2

if: Film formation current density, Acm−2

if/s: Current density at the transpassive
film/solution interface, Acm−2

iss: Steady state current density, Acm−2

j: Imaginary unit
L: Thickness of the transpassive film, cm
Lf/s: Thickness of the metal vacancy

accumulation layer, cm
M: Metal atom in the metal phase
MM: Metal position in the transpassive film
Oo: Oxygen position in the transpassive film
q: Negative surface charge at the transpassive

film/solution interface, C cm−2

Rt: Charge transfer resistance, Ωcm2

RS: Uncompensated solution resistance, Ωcm2

rx: Rate constants of the interfacial reactions
(x = 1–5) mol cm−2s−1

S: Capture cross section for a positive defect,
cm2C−1

Vm: Molar volume of the phase in the
transpassive film, cm3 mol−1

V2+
O : Oxygen vacancy in the transpassive film

V3−
M : Metal vacancy in the transpassive film

Zm/ f : Impedance of the metal/transpassive film
interface, Ωcm2

Zf : Impedance of the transpassive film, Ωcm2

Zf /s: Impedance of the transpassive film/solution
interface, Ωcm2

σ: Maximum surface excess, mol cm−2

ε: Dielectric constant of the transpassive film
ε0: Dielectric permittivity of vacuum
Φm/ f : Local potential drop at the

metal/transpassive film interface, V
Φ f /s : Local potential drop at the transpassive

film/solution interface, V
χ: Valency of transpassive dissolution
δ: Valency of the cation in the transpassive film.
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