
Vol. 18, No. 1 (2019) 13-26
Revista Mexicana de Ingeniería Química 

 
CONTENIDO 

 
Volumen 8, número 3, 2009 / Volume 8, number 3, 2009 
 

 

213 Derivation and application of the Stefan-Maxwell equations 

 (Desarrollo y aplicación de las ecuaciones de Stefan-Maxwell) 

 Stephen Whitaker 

 

Biotecnología / Biotechnology 

245 Modelado de la biodegradación en biorreactores de lodos de hidrocarburos totales del petróleo 

intemperizados en suelos y sedimentos 

 (Biodegradation modeling of sludge bioreactors of total petroleum hydrocarbons weathering in soil 

and sediments) 

S.A. Medina-Moreno, S. Huerta-Ochoa, C.A. Lucho-Constantino, L. Aguilera-Vázquez, A. Jiménez-

González y M. Gutiérrez-Rojas 

259 Crecimiento, sobrevivencia y adaptación de Bifidobacterium infantis a condiciones ácidas 

 (Growth, survival and adaptation of Bifidobacterium infantis to acidic conditions) 

L. Mayorga-Reyes, P. Bustamante-Camilo, A. Gutiérrez-Nava, E. Barranco-Florido y A. Azaola-

Espinosa 

265 Statistical approach to optimization of ethanol fermentation by Saccharomyces cerevisiae in the 

presence of Valfor® zeolite NaA 

 (Optimización estadística de la fermentación etanólica de Saccharomyces cerevisiae en presencia de 

zeolita Valfor® zeolite NaA) 

G. Inei-Shizukawa, H. A. Velasco-Bedrán, G. F. Gutiérrez-López and H. Hernández-Sánchez 

 

Ingeniería de procesos / Process engineering 

271 Localización de una planta industrial: Revisión crítica y adecuación de los criterios empleados en 

esta decisión 

 (Plant site selection: Critical review and adequation criteria used in this decision) 

J.R. Medina, R.L. Romero y G.A. Pérez 
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Abstract

In this paper the effect of temperature on corrosion crack propagation produced in a stainless steel AISI-410 type was studied.
The previously cracked specimens through a rotatory machine were exposed in seawater during 5 days at two temperatures (25 °C
and 90 °C). The corrosion process was studied using the electrochemical noise technique (EN) and potentiodynamic polarization
curves (PC). The electrochemical noise time series were used to analyze the changes in corrosion activity for AISI-410 under
the mentioned experimental conditions determining the type and corrosion rate. The results show that cracks will grow when
are exposed to seawater, especially at high temperatures. Physical characterization obtained from SEM reveals a great amount of
corrosion products emerging from the cracks as evidence of the oxidation of the material, causing a mixed corrosion type around
the cracks: uniform and pitting. From the results, it is concluded that the corrosion attack in the cracks may influence crevice
corrosion, which eventually leads to stress corrosion cracking and corrosion fatigue.
Keywords: Corrosion, electrochemical noise, cracks, pitting, AISI-410.

Resumen

En este artículo los efectos de la temperatura sobre la propagación de la corrosión en grietas producidas en el acero inoxidable
410 fueron estudiados. Especímenes previamente agrietados usando una máquina rotatoria fueron expuestos en agua de mar
durante 5 días a dos temperaturas (25 ºC y 90 ºC). La corrosión fue estudiada usando las técnicas electroquímicas de ruido
y curvas de polarización potenciodinámicas. Las series de tiempo del ruido electroquímico fueron usadas para analizar los
cambios en la actividad corrosiva del AISI-410 determinando el tipo y la velocidad de corrosión. Los resultados mostraron que
las grietas crecieron al ser expuestas en agua de mar, especialmente a altas temperaturas. La caracterización física obtenida
mediante microscopia electrónica de barrido presentó una gran cantidad de productos de corrosión emergiendo de las grietas
como evidencia de la oxidación del material, causando un tipo de corrosión mixto alrededor de las grietas: uniforme y picaduras.
De esta investigación pudo deducirse que el ataque corrosivo in las grietas puede influenciar la corrosión por hendidura, la cual
eventualmente encamina a la corrosión bajo tensión y a la corrosión por fatiga.
Palabras clave: Corrosión, ruido electroquímico, grietas, picaduras, AISI-410.

1 Introduction

Many authors have studied the behavior of pitting
process in components or mechanical parts present
in seashore, petroleum platforms, steam turbines
blades, oil and gas pipelines, bridges, marine and

planes structures, vessels containing corroding fluids
or gases, etc. (Kuviak et al., 2005). The accumulation
of damage due to localized corrosion, pitting, stress
corrosion cracking and corrosion fatigue in low
pressure steam turbines components, such as blades,
discs and rotors has been consistently identified as
the main causes of turbine failure among others. In
recent years, significant efforts have been devoted
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to developing non-destructive techniques for damage
identification with respect to failures of blades in
steam turbines, which represents a serious loss of
availability and reliability.

Kubiak et al. (2005) found that the blades of
the last stage known as “L-0 stage” and localized
in the low pressure zone of a steam turbine of
37.5 MW were exposed to corrosion by sulfates
and erosion by moisture, which reduced the useful
life to 120,000-140,000 hours, being the average
useful life of a steam turbine of 350,400 hours.
In the last stages of condensing steam turbines
low pressures and temperatures near of 90 ºC the
sulfates are present and the phase changes could occur
easily. On the other hand the blades are larger than
in other stages, which lead to high stress due to
centrifugal forces and steam forces. Also if there are
dynamic forces due to vibrations, this could increase
such stress. The blades of the last stage of steam
turbines are subject to corrosive environment and
cyclic load, which could lead to failures due to crack
propagation and corrosion. Such blades with different
mechanisms of corrosion such as localized corrosion,
pitting, stress corrosion cracking and corrosion fatigue
are frequently observed. It is believed that this
corrosion phenomenon is mainly presented due to
the transportation of impurities from the condensate
fluid and from the steam together with the high
concentration of dirt in liquid films on the blade
and disc surfaces, which during shutdown conditions
lead to localized corrosion and pitting. Therefore the
steam turbine blades are simultaneously exposed to
cyclic load and corrosive environments at elevated
temperatures. Crack initiation is present when a small
area is depassivated becoming an anodic area, while
the area around the anodic area becomes cathodic
zones leading to localized galvanic corrosion. Usually
a lack of oxygen in the crack could promote crack
propagation (Turnbull et al., 2011). Some corrosion
reports from corroded steam turbine blades have
indicated the presence of sulfur, chlorine, sodium
and oxygen together with the main elements forming
the alloy (used to design and build the blades) are
present in the corrosion products. The presence of
oxygen evidences the formation of metallic oxides,
since the metallic elements tend to go back to their
original condition in nature becoming oxides, which
presumably protect the surface forming a passive
layer. The passive layer can be broken or dissolved
leaving the material susceptible to corrosion when
exposed to an aggressive environment. The presence
of sulfur and chlorine indicates the probably formation

of secondary compounds such as metallic chlorines
and metallic sulfides. Sulfur together with sodium
may lead to metallic sulfates. Also the presence of
these complex compounds shows that the initially
formed metallic oxides are dissolved, so the alloy is
not protected anymore and the corrosion rate would
be very high. The type of attack can be of different
ways, including pitting as localized corrosion or even
internal corrosion such as intergranular sulfidation,
which inclusively lead to catastrophic corrosion
resulting in a shutdown condition. So that, in order
to understand the corrosion mechanism of localized
corrosion as pitting corrosion or crevice corrosion in
steam turbines blades it is important to study these
possible processes in order to confirm the corrosion
attack and the corrosion rate of AISI-410 and the
influence of an increment of temperature.

Electrochemical techniques are tools for
evaluating the corrosion rate and the type of corrosion
that metals or alloys suffer when they are immersed
in an electrolyte at different temperatures and under
different loads (Baboian, 2002). One of such methods
is the electrochemical noise (EN) in potential and
current. Through this technique, the corrosion activity
is monitored measuring the current or potential as
function of exposure time (Andrade et al. 2010).
Noise signals in current and potential can display low
frequency of high intensity transient, which indicates
rupture of the passive layer formed by metallic oxides
and pitting nucleation as a type of localized corrosion
(Sánchez et al., 2009). The presence of cracks and
its possible modifications by corrosion can also be
studied by EN. EN results can be analyzed using
statistical procedures by determining some parameters
such as the arithmetic mean, median and standard
deviation in the time domain and localized index
(Tristancho et al., 2004; Cuevas, 2006; Cuevas 2008).
Localized index together with the physical evidences
can help to determine the type of corrosion suffered
by the studied materials.

In this paper the effect of temperature and
corrosive environment on the crack growth in
samples of AISI-410 was studied. The cracks were
previously achieved through a mechanical fatigue
process according to the standard ASTM E 647-88A
(2011) using a rotary cylinder machine for testing
fatigue at a frequency of 28 Hz. The cracked samples
were immersed in natural sea water during 5 days
at 25 ºC and 90 ºC. The corrosion parameters were
determined using the electrochemical noise technique
and potentiodynamic polarization curves. The main
contribution of this work was to determine the
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Fig. 1. Specimen dimensions of AISI-410 exposed to
sea water at 25 and 90 ºC.

corrosion rate and the corrosion mechanism of AISI-
410 stainless steel in presence of cracks and the way in
which such previously induced cracks may influence
pitting and crevice corrosion in time.

2 Materials and methods

The studied material was the stainless steel AISI-410
used as a standard material for steam turbine blades
of the last stage at low pressure. Several specimens
with the following dimensions as shown in Fig. 1 were
exposed to seawater at two temperatures (25 ºC and
90 ºC).

Before the exposure to fatigue the specimens
were cut from the same material AISI-410. Then
the specimens were subjected to fatigue according
to ASTM E 647-88A (2011) using a rotary cylinder
machine for testing fatigue Moore model RBF-200
(See diagram of Fig. 2). Table 1 shows the
frequency values and the load to which the specimens
were subjected to fatigue testing, whose results are
expressed in terms of the number of cycles and the
cracks size (Cuevas et al., 2013). This technique
involves fatigue cycles through which the crack
occurs. The crack length was measured by means of
a Scanning Electron Microscopy (SEM) before being
exposed to the corrosive environment as shown in
Fig. 3a and 3b. The sample presented in Fig. 3a was
used for the experiment at room temperature (25 ºC)
whereas the sample presented in Fig. 3b was used for
the experiment at 90 ºC.

Sample A presented a crack of 3160 µm long
and 7.95 µm width corresponding to 5.0382 × 104

cycles; whereas sample B presented a crack of
2320.8 µm long and 8.57 µm width corresponding
to 6.0216 × 104 cycles. The specimens with the
cracks such as explained in the above paragraph
were used for making the working electrodes for the
electrochemical cells when applying the current and
potential noise technique and the potentiodynamic
polarization curves.

 2 

 

 

Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Diagram of the rotary cylinder machine for
testing fatigue.
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Figure 3.  

 

 

 

Fig. 3. a) Micrograph of the specimen A with a
crack length of 3160 µm and a width of 7.95 µm. b)
Micrograph of the specimen B with a crack length of
2320.8 µm and a width of 8.57 µm.

One specimen was analyzed by EDX obtaining
its chemical composition (See Table 2). It is possible
to anticipate that the presence of chromium can be a
helpful factor to improve the corrosion resistance of
this material, nevertheless the great amount of iron can
make it susceptible to suffer localized corrosion since
its oxides are easily dissolved becoming porous and
non-adherent.

www.rmiq.org 15



Cuevas-Arteaga et al./ Revista Mexicana de Ingeniería Química Vol. 18, No. 1 (2019) 13-26

Table 1. Frequency values and loading cycles of
samples A and B used in corrosion tests at 25 and

90 ºC.
Sample Frequency N (Cycles) Load (MPa)

A 28 5.0382× 104 0.1310
B 28 6.0216× 104 0.1241

Table 2. Chemical composition of AISI 410 stainless
steel before exposure to corrosion.

Element Weight %

Iron 80.108
Chromium 14.014

Silicon 1.212
manganese 1.131

molybdenum 0.589
nickel 0.403
carbon 2.543

Specimens used as electrodes in the
electrochemical cells were metallographically
prepared according to the standard ASTM G1-03
(2017) before exposing to corrosion and EDX
analysis. Then the samples A and B were cleaned
according to standard ASTM G31-72 (2004) utilizing
distilled water and acetone and eventually dried with
hot air. To get an electrical connection between the
electrodes and electrochemical measuring equipment
each specimen was welded to a wire of nicromel
(80% wt. Ni-20% wt. Cr) 1mm in diameter and
150 mm long. The conductor wire was insulated
by inserting it into a glass tube of 5 mm inner
diameter. The space between the conductor wire and
the walls of the glass tube was sealed with an epoxy
resin. The tests were conducted at two temperatures
25 ºC and 90 ºC. The next step was to set up the
electrochemical cells for the EN technique composed
of three electrodes of the same material in accordance
with the ASTM G199-09 (2014), two of them in the
form of rectangular parallelepipeds with no cracks
and the third one presenting the crack as shown in
Figure 4a. The corrosive medium was 250 ml of
natural seawater contained in a flask. The cracked
specimen A was exposed to 25 ºC whereas the cracked
specimen B was exposed to 90 ºC accordingly to
Table 3. Polarization curves were obtained using
an electrochemical cell constituted by a working
electrode (AISI-410 sample with crack) a reference
electrode and an auxiliary electrode both prepared of
platinum wires. Polarization curves were obtained by

applying an over-potential from −200 mV to 1500 mV
with a scan rate of 1 mV/s.

Table 3. Nomenclature of the specimens.

Cracked Specimen Temperature

A 25° C
B 90° C
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Fig. 4. Photographs of the experimental set up of the
electrochemical tests.

Table 4. Chemical composition of natural seawater.
Element ppm (100ml) Element ppm (100 ml)

Cr 0.91 Fe 0.57
Cu 0.074 K 400.0
Ni 0.74 Na 9361.0
Pb 0.62 Ca 645.0
Zn 0.20 Mg 1420.0
Cd 0.16 Sulfates 7390.0
Mn 0.069 Chlorides 20940.0

For both electrochemical measurements an ACM
Instruments potentiostat/galvanostat model 1120
was used (Figure 4b). In order to determine the
composition of the natural sea water as the corrosive
medium, 100 ml of the solution were analyzed trough
the atomic absorption technique which results are
presented in Table 4 in parts per million. The pH of
the solution was measured as 8. The presence of high
content of sulfates and especially of chlorides makes
the corrosive solution very aggressive especially for
stainless steel, which is susceptible to suffer localized
corrosion. After exposing the sample A at 25 ºC and
sample B at 90 ºC during five days applying the EN
technique both samples with and without corrosion
products were analyzed by SEM. In order to determine
the type of corrosion products generated during the
corrosion process, EDX analyses were also made to
the corrosion products covering the metallic surface
after the immersion.
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Figure 5.  

 

 

 

 

Fig. 5. Micrographs of sample A after exposure at
25 ºC in natural sea water with corrosion products.

3 Results and discussion

3.1 Physical characterization

Fig. 5 and Fig. 6 show SEM images of AISI-410 of
cracked samples after exposure to natural sea water
at 25 and 90 ºC respectively. These images show the
presence of a significant amount of porous corrosion
products at both temperatures especially at the higher
temperature.

The cracks with corrosion products around them
are clearly seen. From the cracks corrosion products
also emerge as evidence of the oxidation process
inside the cracks (Flores and Cuevas, 2017). The
generation of corrosion products inside the cracks
produces the growth of such cracks increasing
their depth and thickness and producing a major
degradation of the material.

An EDX analysis has been done to the corrosion
products at both temperatures. EDX at 25 ºC shows
the presence of iron, chromium and manganese (see
Fig. 7.a). It is important to note that one of the peak of
manganese is shared with iron and the other one with
zinc and sodium. Besides taking into account that the
concentration of manganese in the alloy is

 6 

 

 

 

 

 

Figure 6.  

Fig. 6. Micrographs of sample B after exposure at
90 ºC in natural sea water with corrosion products.

very low, it is concluded that this element appears
in a low concentration as corrosion product. It is
clear that iron and chromium are the most important
elements together with oxygen, chlorine, potassium,
sodium and magnesium all of them present in the
seawater in high concentrations. It is possible that
during the first corrosion stage iron and chromium
oxides were formed being the chromium oxide the
most protective one (Zakowski et al., 2013). Then a
dissolution process was carried out forming porous
oxides as shown in Fig. 5. The formation of chromium
and iron chlorines is highly probably. In the case at
90 ºC some differences could be seen in the corrosion
products (see Fig. 7.b): the presence of sulfur besides
chlorine and silicon. The formation of silicon oxide
additionally to chromium and iron oxides and the
formation of chromium, iron and silicon sulfides and
chlorines could have been the main corrosion products
at the higher temperature (Mendoza et al., 2016). It
could be stated that a thermal effect in the corrosion
mechanism was observed producing the additional
formation of silicon oxide and metallic sulphides
compared to the process observed at 25 ºC (Caines et
al., 2013).

The length and width of the cracks free
of corrosion products were obtained from the
SEM images presented in Fig. 8, which shows a
mixed corrosion processes as localized and uniform
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Fig. 7. EDX analysis of corroded samples at 25 ºC (a)
and 90 ºC (b).
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Figure 8. 

Fig. 8. Micrographs f the cracked specimens after
exposing to natural sea water. a) at 25 ºC and b) at
90 ºC.

corrosion. At 90 ºC the localized corroded areas are
bigger than that at the smaller temperature showing
that temperature enhances localized corrosion of AISI-
410. In fact at 25 ºC few small pits in a small area are
presented. Being the images at the same magnification
it is possible to appreciate that the width of the crack
at 90 ºC is clearly longer. At the smaller temperature
it seems to be that the uniform corrosion is less
severe, since some evidences of ground lines are still
observed.

3.2 Potentiodynamic polarization curves

Polarization curves are important to obtain some
mechanistic aspects about the corrosion behavior of
metallic materials. Also from polarization curves it
is possible to determine some corrosion parameters
such as corrosion potential (Ecorr), corrosion current
density (Icorr) and Tafel slopes ba and bc. Ecorr and Icorr
values indicate the corrosion activity from the point of
view of thermodynamics and kinetics and not always
a comparison of Ecorr and Icorr are congruent (Flitt and
Schweinsberg, 2005).

From polarization curves (Fig. 9) it is observed
that both curves have a similar behavior. From
their corrosion potential the anodic curves have an
active corrosion at high scan rate, increasing the
corrosion rate until to change to up to 3 mA/cm2

at 90 ºC and 20 mA/cm2 at 25 ºC, showing the
susceptibility of AISI-410 to be corroded. Afterward
the material exposed at 25 ºC presents a limit current
and a decrease to 2 mA/cm2 stating that AISI-410
was passivated. After the passivation, an activation
behavior is presented until the end of both anodic
curves showing a trend to get a constant current of
400 mA/cm2 at 25 ºC and 600 mA/cm2 at 90 ºC.

It is important to note that after the passivation, the
slope of both anodic curves are different. At 90 ºC the
slope is smaller than that at 25 ºC indicating the major
depassivation and therefore the major susceptibility of
AISI-410 to be degraded at the higher temperature.
Hence the corrosion products initially more protective
dissolve easily leaving the materials more exposed to
be corroded, expecting that eventually the corrosion
rate at the higher temperature be longer than that at the
lower temperature, even though thermodynamically
speaking the corrosion potential at 90 ºC resulted
less negative than that at 25 ºC (Uhlig and Revie,
2008). The corrosion current density (Icorr) is higher
at 25 ºC, nevertheless from 300 mV to the end of the
experiment the corrosion current density at 90 ºC is
much higher especially at 600 mV. From the physical
characterization and taking into account that the crack
at 90 ºC became wider, it is expected that corrosion
rate be higher at the higher temperature, which would
be in accord with the results from EDX analysis due
to the additional presence of sulphides and the major
amount of corrosion products seen in the micrographs
after the exposure to the corrosive medium (See Fig.
6). The parameters from the polarization curves at both
experimental temperatures are presented in Table 5.
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Table 5. Parameters of AISI 410 stainless steel from potentiodynamic polarization curves.

Specimen ba anodic Tafel bc cathodic Tafel Icorr (mA/cm2) Ecorr (mV)
slopes (mV/dec) slopes (mV/dec)

A (25 ºC) 57 53 0.088 -151.0
B (90 ºC) 81 122 0.06039 -73

In general Tafel slopes present small values
especially from the anodic branch, which means that
charge transfer processes control the corrosion activity
and diffusion processes are relatively fast. Tafel slopes
lower than 100 mV/dec are typical for activation
controlled systems whereas Tafel slopes with larger
values are typical for systems which are not purely
activation or diffusion controlled (Skinner, 1987).

3.3 Electrochemical noise measurements

The electrochemical noise time series were used to
analyze the changes in corrosion activity for AISI-
410 under the experimental conditions taking into
account the physical characterization of corroded
samples at both temperatures (Mansfeld, 2005). Fig.
10 and 11 show the electrochemical current density
and potential noise signals spectrum at different times
of immersion during the five days of exposure at 25 ºC
and 90 ºC respectively. The EN technique was carried
out obtaining current and potential measurements each
3 h. In this work some current and potential series
are presented showing the most significant patterns in
order to determine the corrosion activity of AISI-410.
In general the current noise exhibits high amplitude
transients accompanied with random oscillations in
both cases, nevertheless interesting differences are
observed at each temperature. From the quantitative
point of view it is possible to observe that the
magnitude of the current density is in the same range
in both cases, but in the case of potential the values
become more active with temperature. Therefore the
major corrosive activity at 90 ºC is observed and
the major frequency in noise events is clearly seen,
finding a great concordance between the current and
the potential signals (Loto, 2012).

Also the noise pattern at both temperatures
is distinct, indicating that electrochemical noise
can monitor the different aspects of corrosion
phenomenon. In order to describe the evolution of the
noise pattern, the time series from 0 to 23 hours at each
studied temperature during the indicated days will be
interpreted and analyzed.
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Fig. 9. Polarization curves of AISI 410 stainless steel
exposed to natural sea water at 25° C and 90° C.

To deduce the corrosion mechanism of AISI-410
exposed in seawater at 25 ºC and 90 ºC, the noise
pattern will be analyzed taking into account the three
typical forms of electrochemical noise generated by
different types of corrosion processes, which was
processed without trend removal (Sánchez et al., 2005;
Cuevas, 2005).

a) Type I (localized): Consist of transients of high
intensity with a high repetition rate.

b) Type II (Mixed): It is a combination of transients
of type I and oscillations of short amplitude.

c) Type III (Uniform): the pattern noise is formed
by oscillations of low amplitude (white noise).

According to the behavior of the current and
potential time series under the exposure at 25 ºC it can
be inferred that AISI-410 suffered a kind of uniform
corrosion with isolated localized events or the rupture
and recovery of the passive film. In fact only at the
first and fifth days some transients of low amplitude
are presented. At the third day the current time series
show white noise (high frequency/low amplitude).
The potential noise showed a trend to become more
negative in time and at the end of the experiment
oscillations were presented. This behavior is typical
of a system that increases its corrosion activity and
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instability. The potential noise pattern presented at the
third and fifth days is not very common in metallic
materials with no cracks (Cuevas et al., 2012; Cuevas,
2012, Cuevas, 2006) since these noise pattern must
reveal the presence of the corrosion inside the cracks
together with the uniform and localized corrosion
around the cracks. It is noted that the oscillations of
potential are made over a baseline and each cycle has
different frequency, which is decreasing in time at the
third day and is more or less constant at the end of
the exposure time. In that cases where the frequency is
smaller the localized corrosion mechanism is slower
and it would be state that the passivation/activation
process is changing in time too slowly becoming
more stable. Each potential oscillation at the third and
fifth days show a slower increase in potential and a
rapid decrease. The slower increase shows that the
material forms a passive layer, but the rapid decrease
indicates that such passive layer dissolves or breaks.
This behavior is characteristic of a localized corrosion
mechanism such as it was observed physically in
Fig. 8. When the corrosive environment present the
chlorine and sulfide species this kind of mechanism
is expected (France et al., 1970; Strehblow, 1976;
Strehblow et al. 1976).

The noise pattern together with the physical attack
and the presence of cracks suggest that the localized
corrosion is pitting/crevice, both considered to have
the same mechanisms of growth and propagation
(Fontana et al., 1978). In both types of localized
corrosion exist an occluded anode or crevice whose
site is free of dissolved oxygen, where metallic cations
such as Fe2+, Cr3+ or Ni2+ are accumulated due to
the restricted mass transport to the bulk solution with
anions as Cl1− or S2− (these species are present in
seawater and also in the corrosion products of this
study) which migrate into the crevice to neutralize the
positive cations. The same process occur in a pit, but
crevice corrosion is often thought as a special case of
pitting with a ready-made initiation site. The oxidation
reactions within the occluded anode liberate electrons
that are consumed by the reduction reactions of some
dissolved species at the surrounding cathode surfaces,
which accordingly to the physical characterization are
that zones around the cracks (see Fig. 8.a and 8.b)
(Genesca and Ávila, 2002). The deepest sites of the
existing cracks must be the anodic areas, that is why
the great amount of corrosion products emerging from
them. It is possible that the periodic oscillations be the
result of the sum of the localized corrosion presented
inside the cracks and the pitting process over the planar
metallic surface, so that a very special corrosion noise

pattern is revealed.
The localized process is exacerbated at 90 ºC

observing some kind of different noise pattern. In
this case the current and potential time series provide
the same corrosion behavior, seeing medium to high
intensity transients presented in a sequential way.
The time series at the first hours (until 3 hours) is
still of high frequency but very low intensity (white
noise) indicating uniform corrosion (Loto, 2012).
Even though from the first day carried out the localized
corrosion process, noting that the transients at this
day have lower amplitude than that presented to the
following days (the current and potential scales are
the same in all the graphs). At the third and fifth
days most of the current time series present transients
in a periodic way each 25-30 seconds, which it
is interpreted as a constant and repetitive localized
corrosion process inside and along the crack but
also nearby the crack. Also it is probable that the
lagoons of corrosion presented around the crack at this
temperature be the union of many small pits since each
transient represent the nucleation of a localized point
of corrosion (Bertocci et al., 1998). Inside the cracks
the corrosion process must be alike than that over the
metallic surface: the formation of pits (or crevice such
as it has been explained in the above paragraph for
25 ºC) together with uniform corrosion producing a
great amount of corrosion products emerging from the
cracks. It is important to note that the surface inside
the cracks is very different since it is not grounded
and therefore must present a very heterogeneous and
rough surface, which represent more susceptibility
to be corroded especially in a localized way. This
must be the reason for which the particular type
of noise pattern, where a sudden and significant
increase of current (anodic) is presented followed
by the decrease (cathodic) and then a recuperation
over a baseline having between each transient random
oscillations of very low amplitude (Cottis, 2001).
The intensities of the current transients show the
susceptibility of the cracks to suffer localized attack
due to the heterogeneous surface inside the cracks and
the presence of less resistant to corrosion elements
such as iron and manganese. The negative values of
current density observed at 90 ºC show the preferential
dissolution of that electrode connected as the cathodic
electrode hence the direction of the current has been
changed (Carmel et al., 2000), demonstrating that
AISI-410 is susceptible to be corroded in a localized
way even with no cracks.

With respect to the potential time series a general
behavior is observed: periodic cathodic transients
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having their correspondence with the anodic current
transients, representing the susceptibility of AISI-410
of corroding in a localized way. A decrease of potential
to more negative or less positive values indicates the
major activity in the corrosion process in localized

points of the material either inside the crack or over
the surface around the crack. The cathodic potential
transients are presented in a repetitive way at certain
time observing that at the first day is more frequently
than that at the last days.
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Fig. 10. Current and potential time series of AISI-410 exposed in natural sea water at 25 ºC.
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Fig. 11. Current and potential time series of AISI-410 exposed in natural sea water at 90 ºC.
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At the fifth day the cathodic potential transients
are presented each 100-150 seconds, so the localized
process was slow at the end of the exposure time.
The corrosion mechanisms presented through the
current and potential electrochemical noise allows
us to conclude that the presence of cracks in AISI-
410 exposed in seawater especially at 90 ºC (normal
condition in blades for steam turbines) can leads
to stress corrosion cracking and corrosion fatigue
(Cuevas et al., 2013), since the cracks grow due to
the effect of a pitting/crevice process. Under operation
conditions of blades turbines the stress is also
presented, therefore in extreme localized corrosion as
shown in this work a catastrophic condition could be
seen in this steam systems.

In order to validate the behavior of the
electrochemical noise signals with respect to the
corrosion process the localization index (LI) was
calculated as the ratio between the current noise
standard deviation σi over the root-mean-square
current value Irms (Cottis et al., 1999; Mansfeld et
al., 1998; Alawadhi et al., 1999, Scully, 1995) which
is presented as indicator of localized corrosion activity.
The analysis took into account the different ranges of
LI values, which lie between 0.0 and 1.0. For larger
current fluctuations compared to the mean current,
LI will have values close to 1.0; while for small
current fluctuations LI will be close to 0.0 (Fontana
et al. 1978, France et al. 1970). The values of the
localization index are shown in Fig. 12. LI values were
calculated from each time series records obtained from
the electrochemical noise measurements. LI values are
mainly positioned in the mixed corrosion zones at both
temperatures observing just few points in the localized
zone at 25 ºC and some more at 90 ºC.
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Fig. 13. Cumulative corrosion rate of AISI-410
exposed in natural sea water at 25 and 90 ºC.

These results are due to the fact that at 25 ºC
there were few transients at low intensity while at
90 ºC several significant transients could be seen as
an indicative that the localized process was more
evident at the higher temperature. From EN results
it concludes that the localization index is considered
as an indicator of the prevailing corrosion mechanism
(Mansfeld, 1999).

Fig. 13 shows the experimental cumulative
corrosion rate (Ccorr) in time obtained from the
electrochemical noise data for AISI-410 stainless steel
exposed to seawater at the two test temperatures.
In order to calculate the mass loss in time, the
noise resistance Rn was evaluated as the ratio of the
potential noise standard deviation over the current
noise standard deviation (Cottis et al., 1999; Mansfeld
et al., 1998; Alawadhi et al., 1999, Scully, 1995;
Mansfeld et al., 1997). Then Rn data were used in the
Stern-Geary equation to obtain the corrosion current
density Icorr (mA/cm2). Subsequently the Faraday’s
Law (Mansfeld et al., 1998; Scully, 1995; Mansfeld
et al., 1997; ASTM G102-89, 2015) was utilized to
obtain the mass loss as described elsewhere (Cuevas
et al. 2006; Cuevas and Porcayo 2006). It was
necessary to obtain the Tafel slopes to calculate the
Tafel constant B present in the Stern-Geary equation.
Tafel slopes were determined from the experimental
polarization curves at the test temperatures (see Table
5). The behavior of the corrosion kinetics at 25 ºC
showed that the corrosion rate had a tendency to
increase in time, observing that at the last day had
a tendency to get a constant value. The corrosion
rate at 25 ºC had the smallest values compared to
that at 90 ºC. This result is also in accord with the
visual characterization obtained from SEM analysis
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since the crack has minor growth and the localized
corrosion seemed to be smaller than that at 90 ºC.
The trend to get constant values at the end of the
experiment at 25 ºC is an indication that AISI-410
at this temperature could be protected such as it was
also shown through the potentiodynamic polarization
curve where passivation was observed tending to get
a current limit at the highest potential. The corrosion
kinetic at 90 ºC tended to increase in time along the
experimental time, observing a major slope at the last
day as an indicative that the corrosion is more active
due to the great localized corrosion and the major
growth of the crack, which was monitored congruently
with the electrochemical noise technique noting that
the noise pattern at 90 ºC presented a typical behavior
of a very severe localized corroded system. The
presence of sulfur as corrosion product may lead
the formation of metallic sulphides in combination
with the porous oxide layer, which interferes with the
passivation process.

Conclusions

Through the application of potentiodynamic
polarization curves and the electrochemical noise
techniques it was possible to carry out a study of
pitting/crevice corrosion in AISI-410 stainless steel
immersed in seawater at 25 ºC and 90 ºC. The current
and potential time series showed a noise pattern typical
of a mixed corrosion process with a severe localized
process, showing the repetitive presence of transients
of significant intensities especially at the highest test
temperature. The presence of high intensity transients
at high frequency was a response of a localized
process mainly presented inside and around the cracks
producing an important growth of the cracks. The
pitting corrosion was also seen outside the crack
in minor extent together with uniform corrosion.
According to the behavior of the noise pattern the
cracks and its heterogeneous surface in AISI-410 were
the preponderant reason to encourage localized pitting
and crevice corrosion.

Results from physical characterization of corroded
samples and polarization curves were in agreement
with the electrochemical current and potential time
series, where the corrosion phenomenon of AISI-410
exposed to seawater was observed thermally active.
The localization index parameter for this corrosive
system can be considered as a complement to conclude
that current and potential noise signals represent in a

great extent the corrosion mechanism carried out when
AISI-410 with cracks is immersed in seawater at 25
and 90 ºC. From the results of this study it appears
that AISI-410 used in blades turbines could suffer
a catastrophic damage due stress and pitting/crevice
corrosion under such operation conditions.

Nomenclature

ba Anodic Tafel slope, mV/dec
bc Cathodic Tafle slope, mV/dec
Ccorr Cumulative corrosión rate, mg cm−2

Ecorr Corrosion Potential, mV
f Load frequency, cpm
Icorr Corrosion current density, mA cm−2

LI Localization index, adim
L Stress load, MPa
N Cycles
T Time, s, h, d
W Weight, %

Greek Simbols

σi Current noise standard deviation, adim
∆k Stress intensity at the crack tip, MPa
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