
Chapter 2
Establishment of a Kinetics Model

2.1 Introduction

In this chapter [1], a kinetics model for pore channel growth in anodic porous
alumina during anodization is established based on the Laplacian electric potential
distribution within the oxide and a continuity equation for current density within the
oxide body. Both oxygen and aluminum ion current densities governed by the
Cabrera–Mott equation in high electric field theory are formed by ion migration
within the oxide as well as across the oxide/electrolyte (o/e) and metal/oxide (m/o)
interfaces. In contrast with previous well-known oxide flow models as introduced in
Chap. 1, in the present model, the movements of the o/e and m/o interfaces due to
electric field-assisted oxide decomposition and metal oxidation, respectively, are
governed by Faraday’s law. This model can be numerically implemented by a finite
element method in order to simulate the real-time evolution of the porous structure
growth, which will be shown in Chap. 3.

2.2 Electric Potential Distribution Within Anodic Porous
Alumina

As has been reported by Houser and Hebert [2], during anodization, space charge
within anodic oxide may significantly influence the electric field distribution within
the oxide region. Although space charge was considered by Dewald [3, 4] to
successfully explain the experimentally observed temperature-independent Tafel
slope in barrier-type anodic tantalum oxide film formation, Vermilyea [5] found
that Dewald’s consideration was unable to explain another experimental observa-
tion that the average electric field is independent of the anodic oxide film thickness.
Thus, whether space charge should be considered during anodization still needs
further investigations, and here, following Parkhutik and Shershulsky [6], Thamida
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and Chang [7], and Singh et al. [8, 9], we neglect space charge within the oxide.
Thus, the electric potential φ within the oxide obeys the Laplace Equation

r2u ¼ 0 ð2:1Þ

According to Houser and Hebert [2], the potential at the o/e interface
(typically <0.1 V) is far smaller than the anodization voltage, and so in the present
model, the potential there is set to be zero. In addition, as most of the potential drop
happens within the oxide body but not in the metal substrate or in the electrolyte,
the potential at the m/o interface is set to be the same as the anodization voltage V0.
In this chapter, we only investigate anodization under constant voltage conditions.
Moreover, along the right and left edges of a simulation sample (e.g., the vertical
dash dotted lines in Fig. 2.1), a Neumann boundary condition is used. Thus, the
boundary conditions are summarized as

u ¼ 0; at o/e interface, ð2:2Þ

u ¼ V0; at m/o interface, ð2:3Þ

Fig. 2.1 Summary of the reactions assumed during anodic porous alumina growth. Reprinted
from Ref. [1], Copyright 2011, with permission from Elsevier
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n � ru ¼ 0; at both edges of the sample, ð2:4Þ

where n is the outward normal unit vector for each sample edge. The electric field is
given as

E ¼ �ru: ð2:5Þ

The continuity requirement of the steady-state ion current density j within the oxide
bulk can be expressed as follows [6–9]

r � j ¼ 0 ð2:6Þ

From the above equations, we can derive the relationship between the electric
field and current density along the electric field lines across the oxide barrier layer,
which will be used later. Electric field lines are always perpendicular to equipo-
tential contours within the oxide bulk. Consider a very small cylinder with volume
Vc (Vc ! 0), which starts from the m/o interface to the o/e interface along an
electric field line across the oxide barrier layer. The top and bottom surfaces of the
cylinder are elements of the o/e and m/o interfaces with areas represented as So/e
and Sm/o, respectively. So/e and Sm/o are not equal because of the scalloped shape of
barrier layer. The side surface Sside of the cylinder is along the electric field line, so
that its outward normal vector is perpendicular to the electric field line. From
Eqs. (2.1) and (2.5), we get r � E ¼ 0, and with Gauss’s TheoremRRRJ

Vc
r � Eð Þ dV ¼ RRR� Sc E � nð ÞdS, we have

ZZ
So=e

E � nð ÞdSo=e þ
ZZ

Sm=o

E � nð ÞdSm=o þ
ZZ

Sside

E � nð ÞdSside ¼ 0: ð2:7Þ

Since E � n ¼ 0 over Sside, E ¼ nEo=e over So/e, and E ¼ �nEm=o over Sm/o, where
Eo/e and Em/o are the electric field intensities at So/e and Sm/o, respectively, and as
So/e and Sm/o both tend to zero, Eq. (2.7) becomes

Eo=eSo=e ¼ Em=oSm=o; ð2:8Þ

where So/e and Sm/o are connected by the same electric field line. By virtue of
Eq. (2.6) which is of the same form as r � E ¼ 0, the above procedure can be
repeated, for j to give

2.2 Electric Potential Distribution Within Anodic Porous Alumina 25



jo=eSo=e ¼ jm=oSm=o; ð2:9Þ

where jo/e and jm/o are the current density magnitudes at So/e and Sm/o, respectively.
From Eqs. (2.8) and (2.9), we obtain

jo=e
jm=o

¼ Eo=e

Em=o
: ð2:10Þ

The same derivation process actually holds for any point within the oxide bulk with
electric field intensity Ebulk and current density jbulk,

j�
jbulk

¼ E�
Ebulk

; ð2:11Þ

where the subscript “*” represents either “o/e” or “m/o”, and the oxide bulk point
and the o/e or m/o interface point should be connected by the same electric field
line. Equation (2.10) was first cited before by Parkhutik and Shershulsky [6],
without proof, and its significance, together with that of Eq. (2.11), is as follows.
For a given porous structure of anodic porous alumina, the electric field intensities
can be solved directly from Eqs. (2.1–2.5). After that, regardless of whether the
rate-determining step of the anodization process is at the o/e interface, oxide bulk,
or m/o interface, if we can calculate the current density at one location, e.g., the o/e
interface, we can obtain the current density at other two locations using Eqs. (2.10)
and (2.11) directly. The location at which the current density is first evaluated may
not necessarily be the location at which the rate-determining step occurs, but the
calculated current density will be controlled by the rate-determining step through
Eq. (2.11). Here, we assume that ion migration across the o/e interface is the rate
determining step, because the oxygen and aluminum ions are weakly bound under
the effect of the high electric field [10]. It should be noted that ionic migration in the
bulk oxide has been proposed previously as an alternative rate determining step
[11], but recent experiments revealed that an increase in the electrolyte’s acid
concentration, which should play a role directly at the o/e interface, can influence
the anodization process significantly, such as increasing the pore diameter [12], the
current density [13], and the oxide growth rate [14]. These profound changes of the
anodization process should be due to anodization condition changes at the o/e
interface, and this is the basis of the present assumption that the rate determining
step is at this interface. In Sect. 2.3, the current density at the o/e interface is derived
at first, and then the current density at the m/o interface is obtained from Eq. (2.10).
Based on these, the interface movement equations are established from
Faraday’s Law.
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2.3 Ion Migration

In anodic porous alumina formation, Cherki and Siejka’s oxygen transport study
using nuclear microanalyses of O18 and O16 concluded that new oxide forms only at
the m/o interface but not elsewhere [15]. Also, Davies et al. [16, 17] found that Xe
[18] and Rn [19] tracer distributions in barrier-type anodic alumina films formation
did not tend to broaden. These experiments imply that the oxidation reaction within
the oxide body is negligible. On this basis, we assume that the cations and anions
migrating from one interface to another interface are not consumed on their way.
On the o/e and m/o interfaces, as shown in Fig. 2.1, the most possible reactions
based on previous experimental observations are described as follows:

2.3.1 Aluminum Ion Migration

Direct ejection of aluminum ions from the m/o interface into the electrolyte has
been indicated in many experiments, such as coating ratio measurement and tracer
experiments. The coating ratio, defined as the weight of the oxide formed to the
weight of aluminum consumed in the anodization process, will be 1.89 if all of the
consumed aluminum is converted into alumina, or higher if acid anions contaminate
the anodic oxide, e.g., 2.2 if 14 % SO3 contamination exists in the oxide [20]. After
considering the porosity (around 10 %) [21] of the oxide due to its dissolution in the
electrolyte, the coating ratio should be about 1.7 (or 1.98 if 14 % SO3 contami-
nation exists). However, experimentally observed values of the coating ratio are
always lower. For example, Edwards and Keller [22] found that the coating ratio
was smaller than about 1.46. Spooner [23] attempted to obtain a high coating ratio
by increasing the current density and decreasing the dissolution rate in sulfuric acid
(with SO3 contamination in the oxide), but only 1.68 was obtained, and under other
conditions the coating ratio was lower than 1.61. These imply that Al must be lost
by another way beside the loss due to pore growth at the pore base assisted by the
high electric field there, and this cannot be oxide dissolution loss at the pore walls
or top surface, as these dissolution rates were found to be far smaller on the order of
10−8 cm min−1 [15, 24], compared with the dissolution rate of*10−4 cm/min at the
pore base [23]. A similar conclusion was reached by Cherki and Siejka’s O18 tracer
experiments [15], which indicated that direct ejection of Al cations in the solution
without formation of any oxide should take place. Recent experiments by Wu et al.
[25] also support the net ejection of Al3+ cations across the barrier layer into the
electrolyte. Thus, it is reasonable to assume that Al3+ cations formed at the m/o
interface via the reaction
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AlðmÞ ! Al3þðoxÞ þ 3e�; ðR1Þ

would reach the o/e interface under the drive of the high electric field, and are
finally ejected into the solution by the reaction

Al3þðoxÞ ! Al3þðaqÞ; ðR2Þ

without oxide formation. Equation (R1) is the only source of the aluminum ions
migrating through the oxide body from the m/o to e/o interface during the anod-
ization process, and the density of such current is denoted as jAl,ox, where “ox”
means that the corresponding aluminum ions migrate through the oxide body. The
value of jAl,ox at the m/o interface is denoted as jAl,ox|m/o, while at the o/e interface is
denoted as jAl,ox|o/e. For anodic porous alumina formation, we must note that those
aluminum ions which have traveled across the oxide barrier layer do not react to
form new oxide at the o/e interface, because new oxide was found to form only at
the m/o interface but not at the o/e interface [15]. The situation in barrier-type (i.e.,
nonporous-type) anodic alumina film formation is, however, different, since new
oxide was found to form at both the m/o and o/e interfaces [16, 26]. In other words,
a net aluminum current passes through the oxide barrier layer in both cases of
barrier-type and porous-type alumina formation, but whether the aluminum ions
reaching the o/e interface can form new oxide there would determine the type of
alumina finally formed. We surmise that the acid concentration or the pH of the
electrolyte would determine the fate of the aluminum ions migrated to the o/e
interface, and in the model development below, this effect will be incorporated [see
Eq. (2.12) later].

In addition to the direct ejection of aluminum ions, dissolution of the old oxide
to form pores should take place at the o/e interface, which is thought to be also
electric field assisted, because of the extremely fast dissolution rate at the pore base
(*10−4 cm min−1) compared with the rate at the pore walls (*10−8 cm min−1) as
found in experiments [15, 24]. Such a great difference in the dissolution rates
should be mainly due to the large difference in electric field intensities between
these two locations. Furthermore, Siejka and Ortega’s O18 tracer experiments [27]
showed that oxygen loss during pore formation is negligible, which would con-
tradict the dissolution reaction Al2O3ðoxÞ þ 6Hþ

ðaqÞ ! 2Al3þðaqÞ þ 3H2OðaqÞ assumed

in some previous studies [7, 28], since this reaction would involve loss of oxygen
from the oxide into the electrolyte. Instead, the old oxide at pore base is likely to be
consumed by the following decomposition reaction [27]:

Al2O3ðoxÞ ! 2Al3þðaqÞ þ 3O2�
ðoxÞ; ðR3Þ

28 2 Establishment of a Kinetics Model



in which the product oxygen remains in the oxide body, and is then driven by the
high electric field to reach the m/o interface to form new oxide there. Thus, the so-
called “field-assisted dissolution of oxide” referred to by some previous researchers
[10, 29, 30] is interpreted here as the field-assisted decomposition of oxide at the o/e
interface. Let jO,dis and jAl,dis denote the oxygen ion and aluminum ion current
density due to (R3) at the o/e interface. Their values are equal, but the corre-
sponding ion movements are in opposite directions, i.e.,

jAl;dis ¼ jO;dis: ð2:12Þ

The experimentally established field-assisted ejection of aluminum ions into the
electrolyte, the current density of which is denoted as jAl,o/e hereafter, is contributed
by aluminum ions produced by oxide decomposition at the o/e interface [of current
density jAl,dis in (R3)], as well as ions migrated from the m/o interface [of current
density jAl,ox|o/e in (R2)], i.e.,

jAl;o=e ¼ jAl;ox
��
o=eþjAl;dis: ð2:13Þ

At the o/e interface, although the aluminum ions ejected into the electrolyte come
from two sources, the actual ejection process which is reaction (R2) has no dif-
ference from an electrolyte point of view. Physically, this process is governed by
the high-field theory [31–33] in which the aluminum ions are assumed to jump
across a potential barrier WAl at the o/e interface, the effective value of which is
reduced by an amount αAlaAlqAlEo/e in the jumping direction along the electric field
Eo/e, and increased by (1 − αAl)aAlqAlEo/e in the opposite direction. Thus, the jAl,o/e
can be expressed as the Cabrera–Mott equation [32],

jAl;o=e ¼ nAlqAlmAl exp �WAl � aAlqAlaAlEo=e

kT

� �
� nAlqAlmAl exp �WAl þ ð1� aAlÞqAlaAlEo=e

kT

� �� �
Êo=e;

ð2:14Þ

where nAl is the surface density of mobile aluminum ions at the o/e interface which
is dependent on electric intensity [4], qAl is the charge of one aluminum ion, νAl is
the vibration frequency of aluminum ions, αAl is a transfer coefficient related to the
symmetry of the potential barrier (e.g., if the potential barrier is symmetrical, then
αAl = 0.5), aAl is the jump distance (twice the activation distance) of aluminum ions,
Eo/e is the electric field at o/e interface, Eo/e = |Eo/e| is the electric field intensity,
Êo=e is the unit vector Eo/e/Eo/e, k is the Boltzmann constant, and T is the absolute
temperature. The Cabrera–Mott equation above contains terms that describe jumps
in both the forward and backward directions, but in practice, the backward current
density (the second term in Eq. 2.14) is far smaller than the forward one (the first
term in Eq. 2.14) [33], and so to save computation time only the forward current
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was considered in the present numerical simulations. Furthermore, following
Diggle [30] and Vermilyea [34], to describe the fact that the dissolution process
is strongly influenced by the acid concentration CHþ , the current density is scaled by
the factor ðCHþÞg, where η = α/ς 2[0, 1] is the ratio of the number of protons α
involved in the dissolution process to the stoichiometric number ς appropriate to the
dissolution mechanism [30]. This power term ðCHþÞg was also used in previous
reports [6–9]. Diggle [30] stated that only the current of the ion species involved in
the rate determining process should be scaled by ðCHþÞg, and here we believe that
aluminum ions rather than oxygen ions are more likely the rate controlling species,
since, as discussed above, aluminum ions need to jump across a high potential
barrier at the o/e interface to enter the electrolyte, while oxygen ions migrate within
the oxide body toward the m/o interface, and such migration can take place along
some easy paths such as microchannels [15, 35, 36] or by vacancy motion [28].
Thus, after neglecting the backward current density and scaling the current density
by the acid concentration in Eq. (2.14), the total aluminum ion current which goes
into the electrolyte is given as

jAl;o=e ¼ nAlAAl expðkAlEo=eÞÊo=e; ð2:15Þ

where AAl ¼ Cg
HþqAlmAl exp �WAl=kTð Þ and kAl ¼ aAlqAlaAl=kT .

2.3.2 Oxygen Ion Migration

According to Cherki and Siejka’s oxygen transport study [15], new oxide is only
formed at the m/o interface, but not at the electrolyte/barrier layer interface or at the
outer surface of the porous film. This means that O2− ions have to migrate from the
o/e interface to the m/o interface across the barrier layer under the high electric
field. Once the oxygen ions reach the m/o interface, the following reaction may take
place:

2AlðmÞ þ 3O2�
ðoxÞ ! Al2O3ðoxÞ þ 6e�: ðR4Þ

Equation (R4) accounts for the entire migration of oxygen ions through the oxide
body, the current density of which is denoted as jO,ox, where “ox” again means that
the current goes through the oxide body, and the local value of jO,ox at the m/o
interface is denoted as jO,ox|m/o, while that at the o/e interface is denoted as jO,ox|o/e.
In turn jO,ox|o/e is contributed by two sources of oxygen ions: one is from water
decomposition at the o/e interface [37]
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H2OðaqÞ ! 2Hþ
ðaqÞ þ O2�

ðoxÞ: ðR5Þ

the current density of which is denoted as jO,o/e, and the other source is from
decomposition of old oxide at the o/e interface by reaction (R3), the current density
of which is jO,dis which is equal to jAl,dis (Eq. 2.12). Thus,

jO;ox
��
o=e¼ jO;o=e þ jO;dis: ð2:16Þ

As stated in Sect. 2.3.1, after oxide decomposition according to (2.14), the
product aluminum ions will jump across the o/e interface to enter the electrolyte,
while the oxygen ions will not cross that potential barrier but will migrate toward
the m/o interface by some easy paths. Thus, only those oxygen ions coming from
water decomposition [with current density jO,o/e from (R5)] need to jump across the
potential barrier at the o/e interface, and this current density should also follow the
Cabrera–Mott equation [32]. By neglecting the backward current density which is
small, jO,o/e is given as

jO;o=e ¼ nOAO expðkOEo=eÞÊo=e; ð2:17Þ

where AO ¼ qOmO exp �WO=kTð Þ and kO ¼ aOqOaO=kT , and the parameters in
these expressions have similar meanings as in Eq. (R3) albeit now for oxygen ions.
From Eqs. (2.15) and (2.16), the total ion current density which will go across the o/
e interface is

jtotal;o=e ¼ jAl;o=e þ jO;o=e ¼ nAlAAl exp kAlEo=e
	 
þ nOAO exp kOEo=e

	 
� �
Êo=e:

ð2:18Þ

It should be emphasized that in the present model, the oxide body is assumed to
be the channel for ion migration, and ions are assumed not able to accumulate or be
neutralized. As mentioned above, we also assume that jumps of ions across the o/e
interface is the rate determining step for their entire migration across the oxide
body, where the oxygen and aluminum ions are weakly bound under the effect of
the high electric field, in accordance with O’Sullivan and Wood’s field-assisted
dissolution theory [10].
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2.3.3 Relationship Between Aluminum Ion Current Density
and Oxygen Ion Current Density Within the Oxide
Body

According to the discussion in Sects. 2.3.1 and 2.3.2, continuous growth of porous
alumina depends on the outward migration of aluminum ions (with current density
jAl,ox) and inward migration of oxygen ions (with current density jO,ox) across the
oxide barrier layer. We propose that these two current densities should have a fixed
relationship because of the following reason. During anodization, many
experiments have proven that the metal substrate and the oxide barrier layer are in
good contact with each other [10], although the theoretical volume expansion ratio
(the Pilling–Bedworth ratio) [28, 38, 39] equals to 1.7 at the m/o interface. This
implies that the oxygen ions must be provided with enough spaces at the m/o
interface to form new oxide without influencing the close contact between metal
and oxide. These spaces can only be due to the ejected aluminum ions from the m/o
interface which will migrate across the oxide barrier layer. As the volume expan-
sion accompanying the oxidation reaction at the m/o interface is fixed under a
certain anodization condition, the required spaces to accommodate such volume
expansion for maintaining good metal oxide contact is then fixed, and so the ratio
between the outward amount of aluminum ion current density and the inward
amount of oxygen ion current density,

b ¼
jAl;ox

��
m=o

jO;ox
��
m=o

¼
jAl;ox

��
o=e

jO;ox
��
o=e

; ð2:19Þ

should also be fixed during anodization, where jAl,ox|m/o = |jAl,ox|m/o|, jO,ox|m/o = |jO,
ox|m/o|, jAl,ox|o/e = |jAl,ox|o/e|, and jO,ox|o/e = |jO,ox|o/e|. In Eq. (2.19), “ox” means that
the corresponding ions migrate across the oxide, and |m/o and |o/e mean that the
values of the corresponding current densities are at the m/o or o/e interfaces,
respectively. In achieving the second step in Eq. (2.19), a continuity condition

j;ox m=o

�� ¼ j;ox o=e

�� Em=o

Eo=e
ð2:20Þ

linking the current densities j,ox|m/o and j,ox|o/e at two points on the m/o and o/e
interfaces connected by the same electric field line is used for both ion species,
noting that the electric field intensities at the two points Em/o = |Em/o| and Eo/e = |Eo/

e| are common for both species. Equation (2.20) comes from Eq. (2.10) derived in
Sect. 2.2. From Eqs. (2.12), (2.13), (2.16), and (2.19), and noting that jAl,ox|o/e, jO,
ox|o/e, jAl,o/e, jO,o/e, jAl,dis, and jO,dis have the same direction Êo=e at a given point on
o/e interface,
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jAl;dis ¼
jAl;o=e � b jO;o=e

1þ b
Êo=e; ð2:21Þ

where jAl,dis = |jAl,dis|. Strictly speaking, under different anodization conditions such
as voltage, electrolyte type, concentration, or substate grain orientation, β may
change a little because the volume expansion ratio may change, but the change is
expected to be small as the oxide density is usually around 3 g/cm3 from experi-
ments [4, 40]. An example of substrate grain orientation dependence of β will be
shown in Chap. 5. As a typical condition, we set β to be 3/7 in accordance with
Siejka and Ortega’s experimental results [27]. It should also be noted that the
β defined in Eq. (2.19) is not the same as the current efficiency µ = jO,o/e/(jO,o/e + jAl,
o/e), and so a constant β does not mean that the current efficiency is also a constant.

2.4 Interface Movement Equations

From Faraday’s law [1], the change in volume V of the oxide caused by a passed
charge Q carried by ions is

V ¼ MQ
zFq

¼ MAjt
zFq

; ð2:22Þ

where M is the molecular weight of oxide AlxOy, z = xy, ρ is the oxide density, j is
the amount of current density corresponding to the reaction, A is the area of oxide
surface, t is time and F is Faraday’s constant. Thus, the moving velocity v of the
oxide thickness D = V/A at a given point at the interface is proportional to the
current density as

v ¼ � dD
dt

Ê ¼ � M
zFq

jÊ: ð2:23Þ

where Ê ¼ E=E is the unit vector of the electric field at that given point on the
interface. Equation (2.23) is not only suitable for the m/o interface where the
oxidation reaction R4 takes place but is also suitable for the o/e interface movement
where the oxide decomposition reaction (R3) takes place. The moving velocity
direction is in the opposite direction of the electric field at a given point on the
interface. More specifically, at the o/e interface, the interface movement velocity is
vo/e = −jAl,disM/zFρ, and substituting in Eq. (2.21), and replacing jAl,o/e and jO,o/e by
Eqs. (2.15) and (2.17), respectively, we obtain

mo=e ¼ � M
zFqð1þ bÞ ½nAlAAl expðkAlEo=eÞ � b noAo expðkoEo=eÞ�Êo=e: ð2:24Þ
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Similarly, the m/o interface movement velocity is vm/o = −jO,ox|m/oM/zFρ, and
from Eqs. (2.12), (2.16), (2.15), (2.17), (2.20), and (2.21), this is given as

vm=o ¼ � M
zFqð1þ bÞ

Em=o

Eo=e
nAlAAl exp kAlEo=e

	 
þ nOAO exp kOEo=e
	 
� �

Êm=o:

ð2:25Þ

where Êm=o ¼ Em=o


Em=o. In Eq. (2.25), as in Eq. (2.20), the two electric field

intensities Em/o and Eo/e are those at two points on the m/o and o/e interfaces
connected by a given electric field line. It should also be noted that, although
Eq. (2.25) is for the velocity of the m/o interface, the present formalism is such that
the parameters nAl, nO, AAl, AO, kAl, and kO all refer the o/e interface where the rate-
determining energy barrier exists.

2.5 Summary

In this chapter [1], a kinetics model for pore channel growth in anodic porous
alumina has been established based on the Laplacian electric potential distribution
within the oxide and the high electric field transport theory for ions. In contrast with
the previous oxide flow model [41–51] in which pores were assumed to form by
oxide flow from the pore bases to pore walls driven by mechanical stresses, in our
model, pores are formed by electric field-assisted oxide decomposition at the o/e
interface and oxide formation at the m/o interface.
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