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Abstract: The corrosion fatigue behavior of a martensitic stainless steel AISI 410 with 12% Cr, used in
the fabrication of steam turbine blades at low pressure (L-P), was studied using the electrochemical
noise technique (EN) under mechanical fatigue (immersion and aired) conditions. The tests were
done in a simulated environment using four levels of mechanical stress (∆σ) in a 3 wt.% NaCl solution
at 90 ◦C. The specimens underwent pitting corrosion when exposed to the corrosive environment;
afterwards, such pits generated mechanical strength sites over the metallic surface, facilitating the
initiation and propagation of cracks, which was already enhanced by the applied cyclic loads. From
scanning electron microscope (SEM) images, it was possible to observe localized plastic deformation.
In such instances, the fatigue damage was caused by the microplasticity (µ), i.e., the shear strength,
resulting from the breakdown of the passive layer that was subjected to mechanical load, which
led to a significant increment of the velocity of crack propagation, and therefore, a decrement of
the useful life of the material. The obtained results show that the fatigue resistance limit in the
corrosive medium was lower than that observed in aerated conditions due to the sum of the effects of
mechanical fatigue and corrosion.

Keywords: corrosion fatigue; crack propagation; pitting; turbine blade

1. Introduction

The blades of a steam turbine are critical components in electric power plants. Turbines
convert the mechanical energy of high temperature, high pressure steam into electrical
energy via the rotary movement of the steam turbine rotor [1,2]. Low-pressure turbine
blades (L-P) are more susceptible to failure compared to high- or intermediate pressure
blades (H-P and I-P, respectively).

These low-pressure blades experience fatigue failure under high and low cycles (HCF
and LCF) due to centrifugal, steam and excitation forces. The latter is known as transitory
resonance, because of the acceleration and deceleration of the rotor during shutdown
and start-up operations [3,4]. These problems affect the useful life of the blades and,
consequently, the performance of the steam turbine. The environment inside the turbine
is another factor that affects the life of the blades, because of the contact of the working
fluid with the surface, resulting in corrosion failure. This type of failure manifests in wear,
dissolution or oxidation of the blades due to the presence of impurities in the fluid or steam,
i.e., dissolved sodium chloride and sulfate. By the blades being in contact with the fluid,
corrosion occurs which is localized and uniform; this involves electrochemical reactions
between the metal surface and the working fluid [5–7].

Various studies have shown that the corrosion of martensitic stainless steel with 12% Cr
can be severe due to the presence of sodium chlorate; such corrosion is typically generated
in localized areas. Corrosion processes develop in different stages: the metastable growth
of the pit; the dissolution of the substratum where the pit occurs; the growth of the pit,
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which will act as a stress concentrator; pit transition to crack nucleation; and finally, the
occurrence of a fracture [8–10]. Damage accumulation due to fatigue not only depends on
the load, but also on the synergistic effect of the stress (∆σ) and the environment inside the
turbine. Therefore, the combined effect of both mechanisms is more severe and limits the
operation of the steam turbines [11–13].

In this work, the corrosion fatigue behavior was evaluated using the electrochemical
noise technique (EN). Similarly, elastic linear fracture mechanic theory was used to evaluate
the influence of corrosion pits on the propagation velocities of cracks based on a cyclic load.
Numerical methods were used to calculate the stress intensity factor (SIF) through finite
elements, based on the results of the corrosion fatigue (CF) experimental tests. To comple-
ment these studies, mechanical fatigue tests were carried out under aerated conditions to
compare the effects of stress amplitude on crack growth and propagation and the effect of
corrosion pitting leading growth on crack propagation using specimens exposed to a 3%
NaCl solution.

2. Materials and Methods

To study the effect of corrosion under mechanical loading, two stages of rotational
bending fatigue tests with center loading were carried out: Stage 1—12 fatigue tests in aer-
ated conditions; and Stage 2—12 fatigue tests following exposure to 3% NaCl. In addition,
scanning electron microscopy (SEM) and spectroscopy (EDX) were used to observe the
surfaces of the samples before and after the appearance of corrosion.

2.1. Specimen Preparation

AISI 410 martensitic type stainless steel was used as the study material; the mechanical
properties and the chemical composition are shown in Tables 1 and 2. The samples were
machined according to the ASTM E466 [14] for corrosion fatigue, as seen in the Figure 1.

Table 1. Chemical composition of AISI 410 SS at ambient temperature.

C Cr Mn Si Ni Mo Cu S P Fe

0.13 12 0.41 0.22 0.3 0.18 0.009 0.002 0.020 Bal.

Table 2. Mechanical properties of AISI 410 SS.

Tensile Strength (MPa) Yield Strength (MPa) Elongation (A%) Area Reduction (%)

834 721 12 40
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2.2. Corrosion Fatigue Test

For the electrochemical measurements, the specimens were prepared according to
ASTM G01 and ASTM G31 [15,16]. The specimens were ground using 600 grit silicon
carbide paper, rinsed with distilled water, degreased with acetone, and dried under a
warm air stream. The electrochemical cell comprised a two-electrode setup, with one
working electrode (the specimen) and one 0.5 mm diameter/50 mm long platinum wire
as the reference. The two electrodes were electrically connected to an ACM Instruments
potentiostat. The working electrode was spot welded to an 80Cr-20Ni wire, which was
isolated using a 2 mm diameter acrylic tube. The gap between the wire and the tube wall
was filled with epoxy resin. Electrochemical noise has been used to determine the type
of corrosion, especially with localized corrosion; briefly, the potential noise provides data
related to the corrosive activity. The electrochemical noise technique can be used to study
aqueous corrosion during the initiation and propagation of cracks. Corrosion fatigue tests
were performed on a fatigue machine with a rotative flexion type Moore at a frequency of
20 Hz, 1200 RPM and with four stress levels. An overview of all tests is given in Table 3.
The load applied to each test was determined by the following Equation (1):

S =
(M)(c)
(I)

(1)

where M is the moment in the specimen, c the distance from the center to one point of
interest of the specimen, and I is the inertia moment. The loads were applied between
the bearings, i.e., the beam was simply supported to achieve a pure flexion, as shown
in Figure 2. The samples rotated and were submitted to repetitive flexion loads and
compression through the application of constant loads.

Table 3. Stress levels used in the four corrosion fatigue tests.

Stress (MPa) Load (N)

750 47.17

667 41.92

583 40.75

500 34.93
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For the corrosion fatigue tests, a corrosion measurement cell was used that was
designed and fabricated with an inert material, i.e., polymethyl methacrylate and epoxic
resin. The cell had a capacity of 40 mL; it was filled with a 3 wt.% NaCl solution at
90 ◦C. Figure 3 shows the electrochemical cell array for the measurement of potential
electrochemical noise. The array featured three electrodes: the working electrode (AISI 410
SS) and two platinum electrodes as references.
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2.3. Crack Propagation Speed

Linear elastic fracture mechanics theory was used to compare crack propagation in
immersed and aired specimens. The cracks in the specimens were generalized as defects
with semielliptical forms, as is shown in Figure 4.
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The crack propagation was calculated with the Paris Equation (2):

da
dN

= C(∆K)m (2)

where C and m are the dimensional constants of the material, i.e., 1.35 × 10−10 y 2.25,
respectively, based on the crack propagation of AISI 410 SS stainless steel [17]. This
equation is related to the propagation speed of the crack, i.e., da/dN, and the range of stress
intensity factor (∆K); this factor quantitively describes the local stress at the tip of the crack.
It is obtained with the following Equation (3).

K = f (g)∆σ
√

πα (3)

where ∆σ is the range of nominal stress applied in relation to the localization of the crack, α
is the size of the crack, and f (g) is a polynomial factor that takes into account the conditions
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of the crack geometry, in this case, 1.12. Other parameters were obtained for the calculation
of the propagation speed with the following Equation (4):

∫ N1

0
dN =

∫ a f

ai

da

C f (g)∆σ(πα)m/2 (4)

2.4. Numerical Model to Measure Corrosion Fatigue

A numerical model was designed to estimate fatigue life based on a calculation of the
stress intensity factor (K) along a semielliptical crack located on the surface of the specimen.
The semielliptical crack was prolate with its major axis perpendicular due to the direction
of the load application. This was done in the model to simulate observations of cracks due
to fatigue in a corrosive environment.

The calculation was made through finite element analysis using the “Static Structural”
module of ANSYS WORKBENCH. Figure 5 shows the crack geometry used to calculate the
factor of stress intensity.
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The geometry of the specimen, designed with SOLIDWORKS, is shown in Figure 6.
The solid was meshed using tetrahedral elements; 16,513 nodes and 7645 elements were
used to determine numerically the stress intensity factor (K) in order to predict the behavior
of fatigue crack growth and estimate its useful life under aerated conditions and in a
corrosive environment. Cracks with different size dimensions, determined from experi-
mental tests on the geometry, were achieved. In the numerical analysis, they were also
taken as boundary conditions: loads (N), rotational speed (rad/s), and material fatigue
properties. Once the cracks of different sizes had been achieved, we sought to determine
the stress intensity factor that exceeded the fracture toughness (KIC) of the material in order
to visualize corrosion fatigue degradation.
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Table 4 shows the properties of the fatigued material [18,19], which was introduced to
ANSYS to calculate the stress intensity factor (K).
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Table 4. Fatigue properties of AISI 410 SS.

Property Magnitude

Fatigue strength coefficient, σf 1655 MPa
Fatigue ductility coefficient, ε′f 0.73

Fatigue strength exponent, b −0.076
Fatigue ductility exponent, c −0.62

Cyclical deformation hardness exponent, n′ 0.14
Cyclical resistance coefficient, K′ 750 MPa

3. Results
3.1. Curve in Corrosion Fatigue

The stress vs. cycle number (S-N) curves were obtained in immersed and aired
specimens, as shown in Figure 7. According to the obtained results, the fatigue resistance
of the steel exposed to NaCl at 3% was reduced because of localized corrosion which was a
consequence of the chloride ions that penetrated the surface of the material, causing the
rupture of the passive layer of the surface of the specimen in some areas. Additionally, the
mechanical load weakened the structure of the AISI 410 stainless steel. A passive layer
was generated in some areas of the material but was mechanically damaged because of the
fatigue load. A reduction of the lifespan of the specimen exposed to sodium chloride was
also observed compared to that of the samples that had not been submerged in the solution.
Through linear adjustment of the experimental data, the ratio of lifespan to fatigue in a
corrosive and aired environment was determined:

Air : log S = 3.6863− 0.2026× log N (5)

NaCl al 3% : log S = 3.6058− 0.1885× log N (6)
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Figure 7. Geometry S-N curve for 410 SS in air and in 3% NaCl under a maximum cycles stress of
∆σ = 750.6 MPa, 667.2 MPa, 583.8 MPa, and 500.4 MPa. Load frequency f = 20 Hz.

3.2. a-N Curve in Corrosion Fatigue

The life prediction relative to fatigue was determined analytically through the a-N
curve. Using this method, it is possible to determine if the blades can still operate even
though there are cracks. By knowing the growth rate of cracks in blade materials, such
blades can remain in service as long as the cracks do not surpass the critical size (ac) [20,21].
In order to produce a crack growth curve, it was necessary to subject the cracked PA2 and
PE3 samples to cyclic loads of constant amplitude of 750.6 MPa; the two cracked specimens
are shown in Figure 8. The data for the growth of a crack of constant amplitude (∆σ) are
shown in Figure 9. The length of the crack (a) was determined relative to the corresponding
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cycle number (N) in which the crack was measured, obtained from experimental data for
each specimen exposed to immersion and an aired environment. As shown in the a-N
curve, a bigger propagation of crack occurred and a reduction in the number of cycles
was observed for the specimen exposed to the NaCl solution. The loads on the tip of the
crack and the pits caused the damage accumulation to be much greater once the crack had
been initiated.

Metals 2023, 13, x FOR PEER REVIEW  7  of  15 
 

 

Figure 7. Geometry S‐N curve for 410 SS in air and in 3% NaCl under a maximum cycles stress of 

∆σ = 750.6 MPa, 667.2 MPa, 583.8 MPa, and 500.4 MPa. Load frequency f = 20 Hz. 

3.2. a‐N Curve in Corrosion Fatigue 

The life prediction relative to fatigue was determined analytically through the a‐N 

curve. Using this method, it is possible to determine if the blades can still operate even 

though there are cracks. By knowing the growth rate of cracks in blade materials, such 

blades  can  remain  in  service as  long as  the  cracks do not  surpass  the  critical  size  (ac) 

[20,21]. In order to produce a crack growth curve, it was necessary to subject the cracked 

PA2 and PE3 samples to cyclic loads of constant amplitude of 750.6 MPa; the two cracked 

specimens are shown in Figure 8. The data for the growth of a crack of constant amplitude 

(∆σ) are shown  in Figure 9. The  length of  the crack  (a) was determined relative  to  the 

corresponding cycle number (N) in which the crack was measured, obtained from exper‐

imental data  for  each  specimen  exposed  to  immersion  and  an  aired  environment. As 

shown in the a‐N curve, a bigger propagation of crack occurred and a reduction in the 

number of cycles was observed for the specimen exposed to the NaCl solution. The loads 

on the tip of the crack and the pits caused the damage accumulation to be much greater 

once the crack had been initiated. 

 

Figure 8. Crack samples: PA2 (62 102 cycles) and PE3 (43 560 cycles). 

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

0.00007
 

 

 Air
 3% NaCl

C
ra

ck
 le

n
gt

h
 a

 (
m

)

Number of cycles (N)

 

Figure 8. Crack samples: PA2 (62,102 cycles) and PE3 (43,560 cycles).
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Figure 9. Data of crack size with constant amplitude. a-N curve for 410 SS in air and 3% NaCl under
a maximum cycle stress of ∆σ = 750.6 MPa. Load frequency f = 20 Hz.

3.3. Curve da⁄dN-∆K

Data for the crack propagation speed evaluation were obtained under experimental
conditions R = −1 y (σmax) = 750 MPa. Figure 10 shows that the fatigue crack growth
in a corrosive environment was bigger than that in aired conditions because, with each
increase in mechanical load, a new surface was exposed to the NaCl solution, resulting in
the accumulation of damage with each cycle and a reduction in the lifespan of the specimen.
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3.4. Stress Intensity Factor

The stress intensity factor (K) was determined analytically and numerically along the
cracks, as shown in Figure 11. The critical K was obtained based on the fracture toughness
(KIC). The obtained stress intensity factor range (∆K) was used to predict the behavior of
crack growth due to fatigue/corrosion fatigue. Figure 12 shows (K) vs. crack length with
stress values σ = 750 MPa, 667 MPa, 583 MPa, and 500 MPa in air and NaCl [22,23].
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The results showed a bigger growth of (K) in the NaCl solution because of the interac-
tion of the solution at the tip of the crack with the surface of the potential, which produced
pitting corrosion, i.e., the main initiator of cracks.

3.5. Scanning Electron Microscopy

The influence of the sodium chloride solution on AISI 410 SS in terms of material
surface degradation, as consequence of the electrochemical processes between the steel and
the corrosive solution, involves the charge transfer reactions that initiate the instability of
the steel. The material exposed to the corrosive medium forms a chromium oxide protective
layer, also called a passive layer. This layer can act as a barrier, protecting the material from
the NaCl solution and limiting the oxidation and reduction corrosion reactions. However,
the resistance of the passive layer is dependent on the environmental conditions to which
the steel is exposed, as well as factors such as the chemical composition of the metal,
the temperature, the concentration of the NaCl solution, and as the mechanical strength
of the material. Figures 13–16 present some images of samples that obtained the result
more representative after being exposed to corrosion fatigue conditions in NaCl 3 wt.%
at different load cycles; 750 MPa, 667 MPa, 583 MPa, 550 MPa. During the beginning of
the load cycles, the initiation of cracks manifests in the formation of fine cracking lines on
the metallic surfaces, called dislocations. Dislocations form due to localized stress which
exceeds the tensile strength, as show Figures 13c, 14d, 15a and 16b.
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583 MPa. (a) Crack in the neck of the sample, (b) Microcracks on sample surface, (c) Microcracks on
sample, (d) Crack on sample surface and pitting corrosion, (e) EDS of corrosion products.
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Figure 16. Evaluation of the corrosion fatigue of AISI 410 SS during cyclic stress in NaCl up to
500 MPa. (a) Crack in the neck of the sample, (b) End of crack, (c) Localized corrosion, (d) Corrosion
pitting on sample surface, (e) EDS of corrosion products.

Once the fine cracking lines start to appear, the corrosive solution can enter the small
cracks, and when the propagation of cracks develops, the depth and the width of the cracks
increase, allowing the NaCl solution to penetrate more deeply inside the enlarged cracks
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as shown in Figures 13a, 14a, 15a and 16a. As a consequence, the exposure surface of the
AISI 410 SS also increases, and the degradation of the material accelerates. The relationship
between the mechanical strength due the applied load and the subsequent formation of
cracks directly affects the corrosion activity.

From the SEM images, it was possible to observe the localized plasticity on the material
surface where the corrosion fatigue damage was caused by the micro-plasticity that was
enhanced by the shear strength [22,23], as shown in Figures 13a and 15d. At the beginning
of the tests, AISI 410 SS formed a metallic oxide film via interaction with the corrosive
medium; however, when the specimens were subjected to the load cycles, the protective
film was mechanically damaged because of crack growth, causing some areas to undergo
localized corrosion, a phenomenon that could be monitored by electrochemical potential
noise measurements. The pits over the metallic surface intensify the stress in a localized
way, causing additional damage to the material structure and generating a repetitive micro-
deformation process, which is enhanced by the mechanical load as shown in Figure 13b,d

Figures 13c and 14c show the cracking of the material due to the mechanical load
and exposure of the corrosive medium. This was attributed to the localized attack of the
aggressive medium in areas of the material where there was a concentration of stress, such
as pits or ends of cracks, where intense attacks occurred, i.e., in anodic (dissolution) and
cathodic (reduction) zones. On the other hand, Figure 13b,d show the corrosion products
derived from the sodium chloride solution (protuberances and lighter areas), i.e., metal
oxides. Figure 14d shows localized corrosion confined to an area in the form of cavities; the
main cause of this was the rupture of the passive layer on the surface due to the presence
of aggressive species and the concentration of chloride ions [24].

The zones marked as b, c and d in the Figures 15 and 16 show fine lines parallel to the
crack due to the initial fatigue loading conditions. The slip lines on the surface were due to
dislocations (linear defects) in the material structure that could move and multiply under
the action of shear stress, leaving permanent microstrains which resulted in the formation
of new slip bands through the accumulation of stress in the grains of the material. All of
this resulted in the initiation of a crack. Consequently, slip bands are associated with the
breakdown of the passive layer, allowing the stainless steel surface to come into contact
with the NaCl solution and facilitating the formation of pits and cracks [25–27].

3.6. Electrochemical Noise during Corrosion Fatigue

Figure 17 shows the electrochemical noise pattern (ENP) at different magnitudes of
the studied load cycles. The ENPs were obtained under conditions of mechanical fatigue
and following exposure to an aqueous solution of NaCl 3% (wt.%). In general terms, the
electrochemical potential noise pattern of the four studied cases shows a periodical behavior
of negative and positive transients, indicating localized corrosion and the recovery of the
passive layer, respectively. The recurrence of the negative transients occurred because of
the microcrack growth resulting from the applied mechanical loads. However, the highly
negative potential transients may have indicated the propagation of larger cracks. The
presence of larger cracks results in significant exposure of the metallic surface, since the
corrosive solution can penetrate deep inside the cracks, exacerbating the anodic oxidation
process and propagating cracks [28].
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Figure 17. Time series of the electrochemical potential noise for AISI 410 SS exposed to a 3% NaCl
solution under maximum stress of: σmax = (a) 750 MPa (90 % Sult); (b) 667 MPa (80% Sult); (c) 583 MPa
(70% Sult), and (d) 500 MPa (60% Sult), with load frequency f = 20 Hz y R = −1.

The presence of larger cracks increases the exposure of the metallic surface. The
potential time series obtained from the electrochemical noise measurement under a load
cycle of 750 MPa at 90% (Sult) showed a similar pattern in the three experimental tests
with different load cycles. In the first test at 7344 cycles, a sequence of positive potential
transients was observed up to 120 s, with an intensity of up to 70 mV. Afterwards, small
magnitude oscillations appeared up to 200 s. This behavior showed the mechanism by
which the material protects itself, i.e., through the formation of a passive oxide layer.
Later, a negative transient of −150 mV was observed which remained stable for up to
245 s, indicating the formation of a crack and the propagation thereof, mainly as a result
of the applied load. As stated above, when cracks appear and propagate, the exposed
area of the material increases. Subsequently, a recovery of the potential was observed at
265 s, indicating the formation of metallic oxides around and inside the cracks. After 300 s,
two positive transients were observed, indicating the repassivation of the material; however,
the new passive layer subsequently broke and the metallic surface under mechanical load
was again exposed to the corrosive solution, resulting in the formation of another crack, as
evidenced by the negative transient that occurred at 326 s. The other two load cycles of
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6492 and 7080 presented similar behavior, showing some drops in potential that indicated
crack growth. However, the negative transients were not as intense as in the first case; this
may have been due to the fact that material did not have a homogeneous microstructure,
even though the specimens were obtained from the same commercial bar, or to the fact that
the load cycles were smaller.

The time series from the electrochemical potential noise measured during the experi-
mental test at a load cycle of 667.2 MPa (80% Sult) showed a higher white noise behavior
with interesting positive and negative transients. The potential time series at a cycle of
18,576 showed continuous oscillations of small magnitudes at different times (white noise),
indicating the formation of protective layers; however, at 210 and 415 s, large negative
potential transients were observed, indicating the generation of microcracks over the metal
surface. At 620 s, a potential recovery was observed, indicating the formation of a protective
oxide on the surfaces of the cracks. After 14,532 load cycles, the behavior was similar to
that at 18,576 cycles; however at 13,680 cycles, the white noise presented a much smaller
magnitude, and only at 500 s was a potential transient of low intensity observed, indicating
the possible generation of a micro-crack. This decreased noise pattern was probably due to
the lowest magnitude of the load cycles. The electrochemical noise measurements for the
583.8 MPa (70% Sult) showed a similar noise pattern for the tests at 31,500 and 32,640 cycles,
revealing a negative potential transient of −20 mV at 1500 s; this was probably associated
with microcracks like those shown in Figure 13c. At 32,640 cycles, the potential increased;
this was indicative of the trend of the material to form a protective oxide layer. With regard
to the test with 27,972 cycles, the noise pattern, with several positive and negative transients
of significant magnitude, clearly shows the corrosive activity and mechanical fracture of
the AISI 410.

The positive transients were associated with the passivation of the material, whereas
the negative transients indicated the formation of microcracks or/and the nucleation of
pits. The potential time series obtained from the electrochemical noise measurement for a
load of 500 MPa (60% Sult) showed a saw tooth pattern; this was related to crack growth.
The negative potential transients of such a pattern evidence a characteristic corrosion
fatigue mechanism, in which the rupture of the passive layer followed by the nucleation
of pits and the parallel initiation and propagation of cracks occurred [29]. The recovery
of the potential, especially at 59,400 cycles, was due to the passivation of the material;
nevertheless, the aggressiveness of the corrosive solution and the applied load enhanced
the localized corrosion, as shown in Figure 13d, where significant cracks and several pits
are visible.

4. Conclusions

• The S-N curves for AISI 410 SS, used in the manufacture of steam turbine blades, in
an inert and corrosive environment (3% NaCl solution) were obtained considering
a fatigue limit of 1 × 105 cycles. It was found that the sodium chloride solution
exacerbated material fatigue by up to 40% at room temperature. A fatigue limit was
estimated at 345.65 MPa for the corroded specimens.

• A better understanding was gained of the variation of the mechanisms behind the
initiation and propagation of cracks when specimens are exposed to a corrosive
medium and an inert environment. The a-N curves were determined together with
the crack growth (da/dN) of AISI 410 SS under fatigue conditions. The mechanical
performance of AISI 410 stainless steel was determined from these curves, indicating
that the mechanical performance was affected by the corrosion process, decreasing
the mechanical resistance despite the short duration of exposure to the corrosive
environment. The crack lengths varied depending on the magnitude of the load to
which the specimens were subjected during the tests.

• From the electrochemical potential noise measurements, it was possible to monitor
the corrosion fatigue activity of the AISI 410 SS at 90 ◦C. The noise pattern showed
positive and negative transients, with the high intensity negative transients indicating
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the presence of pits on the material surface. This behavior was due to the damage of
the passive layer resulting from its dissolution by the corrosive species, in addition
to the applied loads which, in turn, enhanced the micro-deformation and led to the
initiation of micro-cracks. These cracks then propagated due to the oxidation of the
interior surfaces.
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