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This work presents a study of the initial instants in the pitting corrosion of AISI 1040 steel, analyzed by
temporal series micrographs coupled to an open circuit potential (Eoc) and polarization curves. During the
Eoc measurement, the pit induction time and the initial pit growth in MnS inclusions was detected in
alkaline sulfide solution. The pit area behavior has two distinct rate of area changes in specific regions
directly associated to current slope changes. Finally, it was possible to create a three-dimensional model
of the pit depth evolution on the metal, using Faraday’s law and the bullet-shaped geometry.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

During the steel pipeline corrosion, an iron sulfide film is formed
which can both inhibit or accelerate corrosion depending on the
experimental conditions [1,2]. When the corrosion process is accel-
erated, the most aggressive corrosion form on metal surfaces is the
pit corrosion [3,4]. In agreement to the literature [5,6], this corro-
sion occurs in specific regions such as the grain boundary, defects
or MnS inclusions. In this sense, few papers use in situ techniques
to study the pit formation [7,8], but many papers use an electro-
chemical approach together with ex situ techniques [6,9–14] to
study this corrosion type. The disadvantage of this last approach is
the lack of experimental information that preserves the spatial coor-
dinates, i.e., that allows the analysis of on which point of the surface
the pit starts to grow. This occurs because the current and the po-
tential are associated with the sum of all events occurring on the
surface at a given period of time [15].

In this sense, using in situ images of metal surface, Rybalka et al.
[16], have studied pit corrosion on 20Kh13 steel and have shown
that there are specific regions where pit nucleation and evolution
take place. The pit nucleation and metastable growth on microelec-
trodes of aluminum and Fe–Al binary alloys below the pitting po-
tential was studied by Speckert and Burstein [17]. The authors
described mixed anodic/cathodic current transients due to pit
nucleation, and the localized attacks are nucleated preferentially
at intermetallic sites [18]. Gonsález-García et al. [19] detected
these transients in situ by scanning electrochemical microscopy
(SECM). The authors propose a mechanism to pit evolution under
open circuit and potentiostatic control, and metastable pitting
has been imaged for them, for the first time using SECM. Gahahari
et al. [20] presents a in situ X-ray microtomography study of pitting
corrosion in stainless steel. 3D microtomography revels how pits
evolve and how the shape of pits becomes modified by MnS inclu-
sions. Besides nucleation sites of pit formation, its number depends
on many experimental factors. Rueter and Heusler [21] showed
that the number of pits increases with polarization and with chlo-
ride concentration, but decreased with the increase of pH solution.
It was also shown in their work that close to an active pit no other
new pits were observed. The radius of the protected area for new
pits increases as the concentration of chloride ions decreases and
the pH solution increases [21]. In recent papers, our group, using
in situ images, demonstrated the usefulness of following color
changes on the corroding surface and associated it to sulfide films
dissolution and precipitation mechanism [22]. In that paper [22],
monitoring both the current and the surface image changes during
a polarization experiment, we observed the influence of chloride in
this type of corrosion and concluded that there is a competitive
adsorption between HS� and Cl� species leading to a cyclic process
in the sulfide film formation, as suggested in the literature [23]. In
other work [24], using temporal series micrographs obtained
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Fig. 1. Flowchart used in the digital image processing of the corroded samples using all pits and selecting just one pit (a). Bidimensional localized information of a temporal
series micrograph together with a tridimensional delocalized information, from polarization curve. Fraction of Qt to estimate the Vpit and the pit depth (Lpit) (b).

Fig. 2. Flowchart describing the algorithm employer to calculi the pit parameters.
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Fig. 3. Inclusion analysis of recent polished surface of AISI 1040 steel (a) binarized
image to select the defects or inclusions (b). Dotted circle highlight some defects or
inclusions on steel surface.
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during in situ experiments and Faraday’s law, it was possible to
estimate the mean pit depth. Thus, some processes, such as the
transient nature of corrosion products [22] or even an estimation
of the pit depth [24] cannot be investigated using only electro-
chemical methods.

The number of papers using in situ image acquisition during
electrochemical experiments is small. In such experiments, on or-
der to use images, first they must be converted into the appropriate
coordinates. For example, to study the color texture and shape of a
corrosive surface, the images can be characterized as colored (32
bits) [25], or gray scale (8 bits) [26]. If only local phenomena are
studied, such as pit corrosion, binarized (1 bit) images can be used
to separate the background from the object (a pit itself, in this
case). Of course, the amount of information to be manipulated
and, as consequence, the computational effort, decreases consider-
ably for binarized images. In those papers, Choi and Kim [25] inves-
tigated the morphological change and classified the types of
surface corrosion damage using color digital image processing,
and Kapsalas et al. [26] for his turn, detected black spots in order
to quantify the damages caused by corrosion.

Considering what is exposed above, this work used in situ opti-
cal microscopy aiming to get local information about the initial
steps of pitting corrosion, during open circuit potential and polar-
ization curve experiments, under conditions where there is sulfide
film formation. This approach was applied in the investigation of
pitting corrosion of AISI 1040 steel in aqueous basic solution, con-
taining HS� species.

2. Experimental

2.1. Preparation of electrolytic solution

A solution of 31 � 10�3 mol dm�3 was prepared by the dissoci-
ation of Na2S�9H2O (Synth) in a phosphate buffer, pH 7.9. The pH-
sulfide equilibrium diagram shows that the main species presented
at 5.5 < pH < 10 is the hydrogen sulfide ion, HS� [27].

2.2. Sample preparation

The cylindrical AISI 1040 steel (Sanchelli), with 9.5 mm diame-
ter, was embedded in epoxy resin and used as working electrode
(WE). The material composition was determined by Atomic Absorp-
tion Spectrocopy (AAS) analysis: 0.419% C, 0.703% Mn, 0.018% S,
0.007% P, 0.035% Ni, 0.132% Cu and 98.686% Fe, wt%. Prior to use,
the disk electrodes (A = 0.709 cm2) were abraded with sandpaper
of up to 2000-grit and then polished with diamond paste of 1 and
1/4 lm, and degreased in acetone, for 3 min, in an ultrasonic bath.

2.3. Equipments

The electrode surface was observed by an inverted optical micro-
scope (Opton – mod. TNM-07T-PL) and the images were collected
using the Scope Photo� 1.0 software and MCDE (AMCAP). All electro-
chemical measurements were carried out using an Autolab model
PGSTAT 30. An Ag/AgCl/KCl (Sat.) was used as the reference elec-
trode (RE) and a Pt wire was used as the auxiliary electrode (AE).
Two electrochemical experiments were performed. The first one
was to follow the open-circuit potential (Eoc) during 3600 s, which
is the necessary period of time for its stabilization. The second exper-
iment was a polarization curve which started at Eoc and went up to a
200 mV more positive value at a scan rate of 0.1 mV s�1.

2.4. Image data acquisition and quantification procedure

To perform the in situ image acquisition, the steel electrode was
immersed in the corrosive solution in a homemade flat-bottom cell
[22]. The surface electrode area of 340 � 272 lm2 was recorded
using an acquisition rate of 0.1 and 0.2 frame s�1, during the Eoc

and polarization curves measurements, respectively. In both cases,
image data quantification was performed using the procedure de-
scribed in a previous paper [24]. Fig. 1a shows the flowchart used
to convert the images into information. At the end of the experi-
ment, the binarized images, Fig. 1a, correspond to a three-dimen-
sional matrix of F � C � R, where: F = number of frames obtained
during time series micrograph (F =

P
F1 + F2 + F3 + . . . + Fn); C = hor-

izontal resolution (number of columns); and R = vertical resolution
(number of rows). This matrix contains all temporal information of
the regions analyzed in the determined experimental conditions
for multiple or single pit analysis. For the single pit analysis, a
three-dimensional matrix of F � c � l is used to select only one
pit, however it keeps all temporal information of the matrix.

This matrix can be correlated to the polarization curve data in
order to create a three-dimensional model of the pit depth evolu-
tion, i.e., the ‘‘bidimensional localized information’’ of a temporal
series micrograph, from a fraction of the observed surface, together
with the ‘‘tridimensional delocalized information’’ from the polar-
ization curve, Fig 1b. The Faraday’s law and some considerations
were used to do this: (i) the current only flows through pits with
a faradaic current efficiency of 100% [24]; and (ii) the current flow-
ing through each pit is proportional to the mouth’s pit area. To the
three-dimensional model of the pit, the bullet-shaped geometry
[28] was chosen because the pit’s radii are smaller than depth



Fig. 4. In situ optical microscopy observation of AISI 1040 steel during the Eoc, in 31 � 10�3 mol dm�3 of HS� species in phosphate buffer (pH 7.9) immediately after the
immersion in solution (a) and in the exposition times: 800 (b), 1080 (c), 1400 (d), 2000 (e), and 2500 s (f). Dotted square indicates one defect or inclusion on steel surface and
his evolution along with the grain-boundary corrosion (insets).
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and it is present a hemispherical bottom. For this last one, the
depth (Lpit) was also determined by a micrometer coupled to an
optical microscopy in order to compare it with the estimated pit
depth.
Using the molar mass of iron (55.874 g mol�1), and the AISI
1040 steel density (7.8 g cm�3), the volume, in cm�3, can be
determined (or in pixel3 because each pixel corresponds to
265 nm in the observed image). In the final frame (Fn), one pit
is marked and its centroid is fixed to create its three-dimensional
model evolution in order to predict its depth. A flowchart to de-
scribe the algorithm is presented in Fig. 2. The starting point uses
data as function of the time, called vectors, from polarization
curve: time, potential, current and charge. Finally, several param-
eters are calculated for the chosen pit: pit radius, pit volume,
fraction from total charge (associated to the chosen pit), and,
the most important, the pit depth at each time of the polarization
measurement.

where t is the time, E(t) is the applied potential, i(t) is the cur-
rent, Q(t) is the charge, im(t) is the binarized image, A(t) is the area
of the analyzed pit, Q_pit(t) is the associated charged with the cho-
sen pit growth, V(t) is the volume of the pit, L(t) is the pit depth,
and R(t) is the pit radius.
3. Results and discussion

The metallographic study of AISI 1040 steel was presented in a
previous work [22] and it was observed that the microstructure of
the carbon steel is composed of both ferrite and pearlite grains
with inclusion of MnS. The number of inclusions in the metal
sample employed in this study was measured following the ASTM
E 1382-97 [29]. As can be observed in Fig. 3, the number of
inclusions greater than 1 lm2 was determined as 25 ± 10
inclusion per unit of the observed area, i.e., 340 � 272 lm
(Aobs = 9.24 � 104 lm2).

Fig. 4 shows the temporal series micrographs at open-circuit
potential, Eoc, immersed in 3.1 � 10�3 mol dm�3 of HS� at
pH 7.9. As shown in the insets of Fig. 3 the pits start to grow in



Fig. 6. In situ optical microscopy observation of AISI 1040 steel during the polarization curve, in 31 � 10�3 mol dm�3 of HS� species in phosphate buffer (pH 7.9). Micrographs
obtained at potential of E = Eoc (a), and in E = �645 (b), �556 (c), �544 (d), �525 mV vs. Ag/AgCl/KCl (e). Dotted square focalize just one stable pit with the presence of a
cathodic halo more visible in sulfide film (inset).
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Fig. 7. Polarization curve of AISI 1040 steel in 31 � 10�3 mol dm�3 of HS� species in
phosphate buffer (pH 7.9) (a). Total pit area and total pit number as function of
potential applied during polarization curve (b). E vs. Ag/AgCl/KCl.

Table 1
Rate of area change of pit in Region 1 (where the pit starts to increase in area) and
Region 2 (where the pit number increases) for one selected pit in each experiment. E
vs. Ag/AgCl/KCl.

Solutions Measurements

Eoc/mV (E
vs. Ag/
AgCl/KCl)

Rate of area
change of pit.
Region 1
(lm2 s�1)

Rate of area
change of pit.
Region 2
(lm2 s�1)

Comparison
between the
ratesb

aHS� 715 0.20 ± 0.04 0.70 ± 0.33 3.5�

a 31 mol dm�3 of HS� species at pH 7.9.
b Rate of area changes of pit: Region 2/Region 1.
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the inclusions, in agreement with the literature [25,26]. In those
papers [30,31], a local pH fluctuation was observed near the
MnS inclusions as a result of the metastable pits initiation in these
regions. For a clear visualization, one surface defect was focused
on a fresh polished surface (t = 0 s), inset of Fig. 4a. In this inset,
the localized dissolution, which characterizes the beginning of
the pit formation, can be observed, as well as its growth in
Fig. 4b and e. It is important to emphasize that in Fig. 3, during
the inclusion analysis, it was easier to detect such inclusions once
there is no solution layer between the lens and the metal surface,
as occurs in Fig. 4.

Observing the micrographs as the time increases, it was possi-
ble to conclude that the pit number increases between 1080 and
1400 s, Fig. 4c and d. After 1400 s the number of pits becomes con-
stant. Punckt et al. [32], proposed that this behavior is related to
the fact that there is a limited number of defects for pit nucleation
on the metal surface, leading therefore to a restricted total number.
Besides, in inset of Fig. 4e (2000 s), the grain boundary corrosion is
revealed. This corrosion type is characterized by reveal pearlite
grains (see darker grains marked with dot lines in inset of
Fig. 4e) and ferrite grains (whiter grains), as showed in previous
paper [22]. After this point, Fig. 4f (2500 s), a dark FeS [27] film
is formed over the surface and it is no longer possible to follow
pit growth. It has been proposed that pit corrosion, as the ones ob-
served in Fig. 4, occurs due to the presence of the hydrogen sul-
phide ion (HS�), which are quite aggressive and, therefore,
accelerate the metal dissolution [33]. Organ et al. [34], proposed
that pit formation depends on three sources: (i) aggressive ions
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in the solution; (ii) defects on surface and on the passive film; and
(iii) ohmic potential drop in the solution. Analyzing the Eoc mea-
surement presented in Fig. 3, it is possible to observe that (i) and
(ii) conditions appear on the surface during the beginning of pit
corrosion and, of course, the third condition is not associated in
this figure.

Another important point to highlight in Fig. 4 is that the pit
ceased to grow during the Eoc measurement. Therefore, the pits
have a maximum average size during the Eoc measurements.
Fig. 4e shows a pit mean diameter of 6 ± 2 lm. Rybalka et al. [16]
observed a maximum pit diameter of 10 lm on the 20Kh13 steel,
under Eoc conditions, and the authors proposed that this maximum
diameter is related to pit passivation. For this last one, we believed
that besides the pit passivation, a redistribution of all surface sites
can occur, as can be observed in Fig. 4e (see inset), when we have
both the pit corrosion and the grain boundary corrosion on a metal
surface.

Fig. 5 presents Eoc as a function of the time, as well as the quan-
titative image analysis of the complete time sequence presented in
Fig. 4. This procedure allows us to quantify the number of pits and
their total area. The initial region observed in Fig. 5a is character-
ized by a smooth variation in the open circuit potential value,
which is known as the induction period [35]. In this step, the initial
stages of pitting corrosion begun at the defects. Such behavior can
be correlated with the data presented in Fig. 5b where, until 800 s,
it is not possible to observe any new formed pits (see also Fig. 4a
and b). After this point, in 1080 s, there is an important transition
in the Eoc values that fall to more negative ones, which Davydov
[35] classified as a typical behavior for pit corrosion. At the same
Table 2
Individual rate of area changes of five pits in different potential regions during the
polarization curve of Fig. 6. E vs. Ag/AgCl/KCl.

Pits Rate of area changes of pits (lm2 s�1)

Region A (�587 to
�548 mV) E vs. Ag/
AgCl/KCl

Region B1 (�542 to
�526 mV) E vs. Ag/
AgCl/KCl

Region B2 (�526 to
�518 mV) E vs. Ag/
AgCl/KCl

1 0.172 ± 0.05 0.44 ± 0.19 1.5 ± 0.58
2 – 0.14 ± 0.05 0.38 ± 0.16
3 – 0.10 ± 0.16 0.48 ± 0.31
4 – 0.12 ± 0.05 0.31 ± 0.09
5 – 0.14 ± 0.05 0.46 ± 0.28
time, in Fig. 5b, the pit area starts to increase continuously until
1400 s. During the Eoc measurement approximately 17 pits appear.
This value is close to the number of inclusions, which were deter-
mined before (see Fig. 3), indicating a possible correlation between
them, as suggested in the literature [27]. The number of pits with
the increase of time shows a small fluctuation in their number,
after 1400 s, which could be related to the noise during the binari-
zation process. Therefore, some pits were not counted in some
frames from time series micrograph during the abrupt transition
of Eoc, leading, as consequence, to the small fluctuation in the num-
ber of pits.

The slope in the total pit area vs. time plot of Fig. 5 can be used
to calculate the pit area growth rate, where two different rates
were detected. The first one, between 1080 and 1400 s is of
1.3 lm2 s�1, and the second one, in the range from 1400 s until
1800 s, is of 0.62 lm2 s�1. The reduction in pit growth rate can
be related to pit passivation [16] and to the redistribution of all
corrosion sites during the initial grain-boundary corrosion. From
a different point of view, the pit growth rate can be reduced due
to the increase on the quantity of pits in the first region, which re-
main constant in the second one. An inflection point during the
accentuated fall of Eoc can also be observed in Fig. 5a, which occurs
at 1400 s and is possibly associated to the change in the pit growth
behavior described above.

Finally, after 2000 s, as shown in Fig. 5b, it was not possible to
follow the occurrence of pit numbers since there is a dark sulfide
film growing on the metal surface (see Fig. 4f) and it causes an
abrupt increment in the total pit area. The Eoc decrease is also an
indication of the passivation process, since it is associated with a
large amount of Fe2+ dissolved into the solution, which favors the
FeS formation, as confirmed by EDS measurements (results not
shown).

In a second set of experiments, the electrodes were evaluated
during the polarization curve and the results are presented in
Fig. 6.

As can be observed in Fig. 6, when the applied potential is dis-
placed to positive values, the quantity of pits begin to rise. The in-
set of Fig. 6 shows an active pit and its cathodic halo during its
polarization. Fig. 7 quantifies the data presented in Fig. 6. The
polarization curve is shown in Fig. 7a and the total pit area and
the number of pits is presented in Fig. 7b, as a function of the ap-
plied potential. The total pit area curve reveals the presence of two
regions. Vertical lines mark the limit of these regions. In the first



Fig. 9. Three dimensional model using a bullet-shaped geometry to a single pit to estimate the pit depth (Lpit) as function applied potential showing his evolution: E = Eoc (a),
�625 (b), �585 (c), �550 (d), �535 (e), and �521 mV (f). E vs. Ag/AgCl/KCl.
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one, only the pit areas increase and in the second region both the
pit number and pit area increases. In this last region we also have
a higher pit area increment.

From the slopes of the total pit area plot (Fig. 7b) it is possible to
calculate the pit evolution rates, in the first and second regions.
The second rate is higher than the first one, but occurs in the same
region where an explosion in the number of pits is observed,
Fig. 7b. Then, in fact, the second rate could be related to new pits,
which are formed in this region and therefore contribute more
expressively to the corrosion process. To remove this doubt, a sin-
gle pit was selected (see centric pit of Fig. 6, detached at inset) and
the pit evolution rate were calculated in these two regions, see Ta-
ble 1 to HS� solution. The second rate in Table 1 is higher than the
first one by 3.5 times, corroborating with this proposition (Fig. 7b).
Therefore, one possible explanation for the pit rate increase in the
second region is related to the reached critical potential, i.e. the
Epit, where new pits are formed.

In a previous published paper [24], our group performed also
experiments in 31 � 10�3 mol dm�3 of HS� species in phosphate
buffer (pH 7.9), but in the presence of Cl� ions (3.5 wt.% or
0.6 mol dm�3). The same behavior presented in Fig. 7 was found
for those experimental conditions. In that case, the second rate of
area change of pit that occurs in the region of the new growing pits
is 27 times higher than in the first one. Therefore, that result could
mean that the corrosion pits in the chloride solution depassivate
the surface, and, therefore make it more dangerous to mechani-
cally stabilize the material. This proposition is also supported the
data collected by Veloz and Gonsález data [23], which proposes
that the Cl� ions are able to prevent the formation of sulfide films
due to their competitive adsorption with the HS� ions.

To characterize this last experimental fact, analysis of the
growth behavior for the 5 different pits were carried out using
the data presented in Fig. 6, and they are shown in Fig. 8. In this
Figure, the dotted line shows when a new pit arise.

In Fig. 8a, a vertical line in �545 mV vs. Ag/AgCl/KCl shows
that after this point new pits start to appear on the metal surface.
Fig. 8b (at �556 mV) and Fig. 8c (at �525 mV vs. Ag/AgCl/KCl)
shows micrographs retired respectively before and after this ver-
tical line. This first potential range was called region ‘‘A’’, and the
second one as region ‘‘B’’. The more positively potential region is
then subdivided into two new regions, ‘‘B1’’ and ‘‘B2’’. Such choice
was necessary since potentials higher than �525 mV vs. Ag/AgCl/
KCl have accelerated the rate of area changes of pit. Only pit
number 1 is observed in all regions, therefore, it is the only con-
tribution to Region A (Table 2). The results are summarized in
Table 2.

The pits which arise (appear) in region B (2, 3, 4, and 5), have
approximately the same rates of area changes of pit, being of
0.13 lm2 s�1 and 0.4 lm2 s�1, in region B1 and B2, respectively.
This means that they grow at the same rate, and therefore the
changes in pit growth rates have the same value for all new pits
investigated. With this information it is possible to build a three
dimensional model to estimate the pit depth and then apply it to
a single pit as a representation of all the pits.
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In an earlier paper [24], the normalized charge for the total pit
area occupied in the observed area was used to predict the mean of
the pit depth of all the pits during the in situ experiment. In the
present case, we present the growth of only one pit, using a tridi-
mensional representation based on Faraday’s law, supposing that
the fraction of the total dissolution current associated with the
chosen pit area. With the experimental approach here developed
it is possible to estimate the growth of a pit during a polarization
curve measurement. To estimate the pit depth, it is necessary to
propose a given geometry for this pit. It is known that a pit can
have various geometries, such as: hemispherical, saucer-like (shal-
low disk), flat-walled, polished, etched, covered or uncovered pits
[36], and bullet-shaped (‘‘U-shape’’) [28]. The allocation of the
hemispherical pit geometry has been widely used in the literature
for many years [9,16,28,36–39]. The pit’s geometry depends on the
aggressiveness of the solution and the nucleation sites. This last
one depends on the metal or alloy composition [36]. In the present
work, it was observed by ex situ optical microscopy that the pits in
sulfide solution have geometry close to bullet-shaped, where the
pit’s radii are smaller than depth during the pit growth, and an
external cathodic halo (see inset of Fig. 6). Therefore, the pit’s esti-
mated depth is based on the bullet-shaped geometry and a fraction
of the total charge (Qt) were used to estimate the pit volume (Vpit)
using this geometry.

Fig. 9 shows the growth of pit 1 during the polarization curve
measurement of Fig. 7a (also see inset of Fig. 8a). In this Figure, a
three-dimensional model of the surface shows the evolution of
the pit at different potential values in order to estimate the pit
depth, Fig. 9a–f. The pit observed in Fig. 9 has a maximum depth
of 25 lm until the end of the anodic polarization measurement
(200 mV more positive than the Eoc). To confirm this value, a
micrometer was coupled to the optical microscope, and then it
was possible to measure the pit depth, which is, in this case, close
to 20 ± 10 lm which indicates a good correlation between the opti-
cal measurements and its estimative.

In summary, using bidimensional localized information of a
temporal series micrograph, from a fraction of the observed sur-
face, together with tridimensional delocalized information from
the polarization curve, it was possible to associate a fraction of this
total current to the amount of dissolved iron ions that was loos-
ened during the corrosion process. This approach allows us to esti-
mate the progress of pitting corrosion on metallic materials, in
agreement to Faraday’s law.

4. Conclusions

The method presented here described the study of localized
corrosion in real time conditions, using temporal series micro-
graphs coupled to electrochemical techniques. The initial stages
of corrosion pitting, such as the induction time and growth, were
detected and quantified. The Eoc measurement presents an accen-
tuated decrease towards more negative values, while simulta-
neously, the quantity of pits and its area increases. During the
polarization curves measurements, two distinct regions were ob-
served. During the first one, a total pit area change is observed
without any increase in their number. In the second one, news pits
appear in regions adjacent to the stable pits earlier detected. It is
interesting to observe that all the investigated pits grow with
approximately the same rate in both regions. Finally, based on
the normalized charge of one of the pits, and using Faraday’s
law, it was possible to propose a three-dimensional model to fol-
low the pit growth. From this model, the pit depth can be esti-
mated. Therefore, the approach used here allowed us to use 2D
localized information (micrographs) with non localized 3D infor-
mation (current during a polarization curve experiment), in order
to follow the corrosion process with a 3D localized method.
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