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In this study, the effect of tempering temperature on the corrosion behavior of a low carbon steel (F1272) was
analyzed by means of electrochemical tests: linear polarization resistance, potentyodinamic polarization and
electrochemical impedance spectroscopy (EIS) in freely aerated 3.5% NaCl solution, at room temperature.
The results show that corrosion resistance of the steel increases with elevating tempering temperature from
200 to 500 °C and finally, to 680 °C. Additionally, a severe shot peening (SSP) treatment was applied in the
sample with the best corrosion behavior (TT680), in order to modify the grain structure. Results evidence that

corrosion resistance of the TT680 sample decreases after the applied SSP treatment (10A and 5000% coverage).
Corrosion behavior is discussed through the different microstructural singularities induced both the heat treat-

ments and the SSP.

1. Introduction

For contributing to the development of the impending new green
economy society, based on the use of CO,-free alternative energy
sources, world energy industry must be decarbonized [1,2]. Harness-
ing the energy resources provided from the marine energy can play
an important role in planet decarbonization [3,4]. At this respect,
the development of structural steel grades able to work in aggressive
marine environments is also a crucial factor.

Although structural steels are frequently used in quenched and
tempered condition when a good combination of strength and tough-
ness is required [5,6], other requirements such us corrosion resistance
must be addressed. At this respect, steel composition and microstruc-
ture are well known to influence corrosion behavior.

In this sense, Katiyar et al. [7] have studied the corrosion behavior
in 3.5%NaCl solution of annealed steels with different carbon con-
tents. They reported that corrosion rate increases notably from the
ultra-low carbon steel (0.002%C) to the low carbon steel (0.17%C)
due to the pearlite appearance. When carbon content increases (i.e.
increase in the pearlite content), the cementite to ferrite area ratio
in pearlite also increases what contributes to increase corrosion rate
[7,8]. Micro-electrochemical cells are produced between FesC that acts
as cathode (due to the higher carbon content) and the ferrite matrix,
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which would act as the anode [9,10]. Nevertheless, the increase in cor-
rosion rate seems to be negligible with the increase in the carbon con-
tent from low carbon (0.17%C) to medium (0.43%C) and high carbon
(0.7%C). Therefore, although carbon content continues to increase,
interlamellar spacing is reduced, contributing now to limit corrosion
rate. In this same context, Osorio et al. [11] have also observed that
the fine pearlite lamellae, with lower interlamellar spacing, are less
sensitive to corrosion in comparison to the coarser pearlite. Regarding
the effect of other alloying elements such as Cr, Mo and Ni on the cor-
rosion behavior of high strength low alloy steels, some researchers
[12,13] have reported that chromium, molybdenum and nickel pro-
mote the formation of compact protective layer, which contributes
to improve the corrosion resistance of steel, resulting in a lower corro-
sion rate.

Katiyar et al. [14] also studied the corrosion behavior, in 3.5%
NaCl solution, of a high carbon steel (0.7%C) with five different
microstructures. Corrosion behavior was mainly attributed to the
shape, size and the distribution of the ferrite and cementite. Steels cor-
rosion resistance decreased according to the following sequence:
pearlitic — bainitic — spheroidised — martensitic — tempered marten-
sitic steel. The worst corrosion behavior observed on the martensitic
structures might be also adscribed to the higher dislocation level
[15]. On the other hand, S. Zhang et al. [16] analyzed the effect of
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three different tempering temperature on the corrosion resistance of a
low carbon steel (0.22%C) in artificial seawater. They reported that
corrosion resistance can be enhanced by increasing tempering temper-
ature, since increasing tempering temperature, the grain boundary
area decreases, contributing to limit the active sites for corrosion
attack. At this respect, the grain boundary features should be analyzed
to know the contribution of the low and high angle grain boundaries
on the corrosion behavior [17].

Additionally, cold plastic deformation, induced by mechanical sur-
face treatments, has been also used to try to improve corrosion resis-
tance. At this regard, mechanical shot peening (SP) treatments can
induce grain refinement/nanocrystallization due to the transmitted
energy onto the steel surface [18-20] what directly affects corrosion
behavior. However, there are conflicting views and theories on the
corrosion behavior of the shot-peened layers on the steel surface. After
cold-plastic deformation, low angle grain boundaries (LAGBs) and
occasionally, high angle grain boundaries (HAGBs) increase [17,21].
Some authors [17,21] have reported that corrosion of the material
can mainly occur along HAGBs, whilst low angle grain boundaries
(LAGBs) have limited effect on the corrosion behavior [21]. D. Zhang
et al. [22] studied the effect of tempered martensite and ferrite/bainite
on corrosion resistance of a low alloy steel (API 5L X80 steel). The pro-
portion of high-angle grain boundaries of tempered martensite
increased respect to ferrite/bainite steel and consequently, corrosion
rate increased from 0.06 mm/year (ferrite/bainite) to 0.11 mm/year
(tempered martensite). M. Quiao et al. [23] studied the influence of
shot peening on the corrosion behavior of a low alloy steel (0.08%
C). They reported that grain refinement, induced by shot peening,
improved corrosion resistance. Nevertheless, the influence of the grain
boundary features (HAGBs, LAGBs) on corrosion resistance was not
reported.

T. Wang et al [24] anlyzed the effect of surface nanocrystallization
(grain size 18 nm) induced by shot peening on corrosion resistance of
1Cr18Ni9Ti stainless steel. SP induced a considerably enlarged passive
region and raise the breakdown potential of passive film. According to
this, some authors [25,26] have reported that nanocrystalline surfaces
could increase the density of diffusion paths available for alloying ele-
ments to migrate and rapidly form a protective passive layer, what
contributes to improve corrosion resistance. Although, HAGBs can
increase due to the cold-plastic deformation, the increase in diffusion
paths (mainly for Cr in austenitic stainless steel) induced by means of
SP can also contribute to balance the negative effect caused by the
presence of HAGBs in corrosion resistance. This fact must be addressed
depending on the studied steel grade.

On the other hand, A.A. Ahmed et al. [27] indicated a reduction in
corrosion resistance after applying SP in an AISI 316L. SP increased
corrosion current density from 4.2 to 30.5 pA/cm® At this respect,
high-roughness induced by SP increases the practical area for corro-
sion per unit area. In addition, C. Aparicio et al. [28] revealed that
the presence of surface compressive stresses influenced the corrosion
behavior of metals after sandblasting. Similar to SP treatments, sand-
blasting causes more reactive surface, which subsequently decreases
the corrosion resistance of metals.

Definitely, although SP treatments might be used to improve corro-
sion resistance, the mentioned studies evidence that the effect of grain
refinement/nanocrystallization induced by SP on corrosion resistance
depends on material and its structure. Many parameters such as grain
size scale, grain boundary feature, surface roughness, residual stresses
or even texture [29,30] play an important role on the corrosion
performance.

In this paper, the influence of three different tempering tempera-
tures on the corrosion resistance of an AISI 4340 steel were analysed
by means of different electrochemical techniques, in freely aerated
3.5% NaCl solution at room temperature (~22 °C). Besides, in order
to study the influence of grain refinement/nanocrystallization on cor-
rosion behavior, a severe shot peening treatment was also applied in
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the grade with the best corrosion behaviour (TT680 series). Results
show that corrosion resistance is directly related to the microstructural
singularities and mechanical features.

2. Experimental procedure
2.1. Material and heat treatments

F1272 steel grade, that is a low-alloyed ferritic steel from the Ni-Cr-
Mo family, was selected in this study. The chemical composition of the
steel, in weight %, is shown in Table 1.

F1272 steel grade was austenitized at 850 °C for 45 min, quenched
in water and tempered for two hours at three different temperatures:
200, 500 and 680 °C, respectively. The sequence of heat treatments
and the nomenclature of the obtained grades (based on the tempering
temperature, TT) are shown in Table 2.

TT680 steel grade, which revealed the best corrosion resistance,
was also severely shot peened (SSP) in order to study the impact of
grain refinement (induced in the surface layer of the material) on
the corrosion behavior. Hence, four different series have been ana-
lyzed in this study: TT200, TT500, TT680 (no-peening series) and
finally, TT680 + SSP.

2.2. Microstructural characterization

2.2.1. Scanning electron microscopy

Microstructural characterization was carried out by means of a
SEM-Jeol-JSM5600 microscope using an acceleration voltage of
20 kV. Previously, the samples were ground and finally polished with
diamond paste of 1 ym and etched with Nital-2%.

2.2.2. Hardness analysis

After applying the heat treatments mentioned in Table 2, Brinell
Hardness (HB) was measured by means of a Hoytom hardness tester,
using a load of 187.5 kg and a ball of 2.5 mm diameter, according
to [31]. Three measurements were performed by sample, and the aver-
age value was taken.

2.2.3. Phase analysis by X-ray diffraction

In order to quantify phase changes caused by the different treat-
ments, X-ray diffraction analysis was performed on the surface of the
steel samples by means of a Seifert XRD 3000 TT diffractometer (Sei-
fert, Massillon, OH, USA).

Parfocal Bragg-Brentano optical configuration was used with a cou-
pled Theta-Theta movement and with the specimen fixed in the center
of the goniometer. Furthermore, the radiation is emitted by a thin line
molybdenum focus working at 40 kV X 40 mA, and it is then
monochromatized to the Ka doublet (A1 = 0.7093 A and
22 = 0.7136 A) by means of a primary filter of zirconium and a sec-
ondary monochromator of highly oriented pyrolytic graphite (HOPG).
Finally, the collimation of radiation is achieved by the following fixed
slit set: 1°-divergence, 2°-antichatter, and 0.1 mm-receiving slits. On
the other hand, patterns were registered by a scintillation detector
(Nal (T1)) between 7° y 37° in 2 Theta on fixed mode, with steps of
0.02° and 30 s per point. A fraction of present microstructural phases
was calculated by means of the analysis of the different diffractograms
obtained by X-ray analysis, using Rietveld structural refinement
method [32].

2.2.4. Dislocation density estimation by X-ray diffraction

Dislocation density (p) was experimentally measured on the TT200,
TT500, TT680 and TT680 + SSP series by using the full width half
maximum parameter (FWHM), according to the Williamson-Hall
method [33]. The measurements were carried out using the X-ray
diffractometer Stresstech 3000-G3R, with Chromium Cr K, radiation
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Table 1
Chemical composition (weight %).
Steel grade Fe C Mn Si Cr Mo Ni Cu
F1272 balance 0.41 0.71 0.26 0.87 0.24 1.92 0.21
Table 2 up to 1200 grit size. After this, samples were cleaned in an ultrasonic

Heat treatment sequence applied on cylindrical bars with 16 mm diameter.

Steel grade Heat treatment sequences

D
TT200 850 °C/45 min + water quenched + 200 °C/2h tempered + air
cooling
TT500 850 °C/45 min + water quenched + 500 °C/2h tempered + air
cooling
TT680 850 °C/45 min + water quenched + 680 °C/2h tempered + air
cooling

at 30 kV and 6.7 mA. To characterize dislocation density, the ‘FWHM’
parameter was determined in three different 20 (°) positions, corre-
sponding to the martensite/ferrite diffraction planes:

{211}26-156.4> {200}26-106.1° and {110}20-60c-

Experimental data were analyzed using the Williamson-Hall equa-
tion (equation (1)) in the diffraction planes (20).
cos(®) K; sen(@)

7 D +287/1 (1)

FWHM, corrected

where ‘kg’ is a shape factor taken equal to 0.9 [34], ‘O’ is the diffraction
angle, ‘A’ the X-ray wave-length (0.229 nm for Cr), ‘D’ is the average
particle size and ‘FWHM_ qrected’ iS the corrected total full width at half
maximum. The dislocation density was calculated using the equation
(2), where: ‘K’ is a constant equal to 14.4 [35] for Body Centered Cubic
metals, ‘b’ represents the Burgers vector with b = 0.248 nm [35] and ‘¢’
can be calculated from the slope of FWHM_ g recteq-COS(O)/A versus sen
(©)/x plot, by equation (1).

) g

The FWHM_orected> @voiding the strain induced by fine grain sizes,
is calculated according to equation (3). To do this, an estimation of the
instrumental broadening (FWHMj,strumenta) Must be done to correct
the initial width (FWHM,casureq) Of the different peaks, in order to
avoid the broadening caused by fine grain sizes [36]. ‘FWHMinstrumental’
was determined in a sample with a large grain size. Consequently, a
sample of the F1272 steel grade was austenitized at 850 °C for
45 min and then, it was slowly cooled into the furnace.

— FWHM?

instrumental ( 3 )

FWHM? FWHM?

corrected — measured

2.3. Roughness

Surface roughness measurements were performed on all the series,
using a Diavite DH-6 roughness tester. Measurements were done in
three random positions and directions over a length of 5.6 mm using
a cut-off length of 0.8 mm following the UNE EN ISO 4287 standard
[37].

2.4. Corrosion analysis

In order to study the corrosion behavior of the mentioned series,
linear polarization resistance measurements, potentyodinamic polar-
ization tests and electrochemical impedance spectroscopy (EIS) mea-
surements were performed in freely aerated 3.5% NaCl (with pH 6.6
+ 0.2) solution at room temperature (~22 °C).

Initially, for electrochemical measurements, all the specimens
(TT200, TT500 and TT680) were polished using silicon carbide paper

bath for five minutes with isopropyl alcohol and dried in air.

In a second batch, the SSP treated series (TT680 + SSP) was also
carefully polished (only with 1200 SiC paper) to remove the highest
peaks on the surface of the samples, in order to attain a similar surface
roughness to that obtained in the no-peened series (TT200, TT500 and
TT680), Table 9. In this way, it is possible to evaluate the microstruc-
tural influence on the corrosion behaviour, avoiding the surface rough-
ness interference. Consequently, TT680 + SSP samples were cleaned
in an ultrasonic bath for ten minutes, also with isopropyl alcohol, to
remove contaminant particles from the severe shot peening and polish-
ing process.

Once samples were prepared and before starting the electrochemi-
cal measurements, the open circuit potentials (OCPs) were monitored
for one hour until stable OCPs were achieved. In order to ensure repro-
ducibility of results, all the experiments were repeated three times.

All the electrochemical tests were carried out in a flat bottom cell
with the help of an IVIUM PocketSTAT potentiostat. The specimens
were fitted in the electrochemical cell as working electrode (WE),
and platinum mesh was used as a counter electrode (CE). A saturated
Ag/AgCl electrode was employed as a reference electrode (RE). A sche-
matic diagram of the electrochemical tests is given in Fig. 1. A circular
area of approximately 1.1 cm? was exposed to the electrolyte solution.

2.4.1. Linear polarization resistance

The linear polarization (R;,) was conducted at electrode potential
ranging *+ 0.02 V with respect to OCP at a scan rate of 0.6 V/h
[38]. The slope of the overvoltage and current density at corrosion
potential provides the value of linear polarization resistance according
to equation (4).

R, — <dAE

— 4)
di ) i0(E=Ecorr)

2.4.2. Potentyodinamic polarization tests

Open circuit potential (OCP) was registered for 1 h on the surface
of the different steel series, until attaining potential stabilization.
Thereupon, potentyodinamic polarization tests were conducted in
the range + 0.2 V from the OCP at a scan rate of 0.6 V/h [38].

Potential

3.5% NaCl

e Luggin capillary tube to connect RE to solution near WE b

Fig. 1. Schematic diagram of the electrochemical tests.
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The polarization curves evidence activation polarization with pos-
sibly diffusion-controlled mechanism. Therefore, corrosion is diffu-
sion-controlled where the limiting current density of the oxygen
reduction reaction is considered as the corrosion current density in
free aerated condition. Oxygen reduction is the main cathodic reaction
in freely aerated neutral NaCl solution, O, + 2H,0 + 4e~ = 4 OH".
Hydrogen bubbling was not observed during the polarization tests. As
shown later, it seems diffusion that is dominant, on the notion of
cathodic Tafel slope is notably greater than the overall Tafel slope
(0.12 V/dec) when hydrogen ions are in the activation control. In
equation (5), Baifr.control 1S the Stern-Geary coefficient and f , repre-
sents the anodic slope taken from the potentyodinamic polarization
curves. Hence, Bgifrcontror and the polarization resistance (R,
~Ryz, + R from the impedance data modelling were used to estimate
corrosion current density (icor) by equation (6) [15,39].

Pa
Bliff—controt = 5303 (5)

B
icorr _ dy‘chonD'ol (6)
P

Once, corrosion current density (icor) Was calculated, corrosion
rate (CR) of the different series was obtained by equation (7), where
“eorr’ is the corrosion current density in pA/cm?, ‘EW’ is the equivalent
weight of iron considering the oxidation number to be 2 and ‘p el is
the density of the steel (7.86 g/cm®).

-corr -EW

CR|mm/year] = 3.27 - 10~ l/)—z ™)
steel

2.4.3. Electrochemical impedance spectroscopy

Initially, the stabilization of open circuit potential (OCP) was per-
formed for 1 h in each series. Then, an electrochemical impedance
spectroscopy (EIS) test was carried out in a range of frequency varying
from 10° to 102 Hz with =10 mV (potential amplitude, E,.) sweep
from the OCP value [40]. The impedance data were analyzed with
the help of Ivium software and fitted to the appropriate equivalent
circuit.

2.5. Severe shot peening treatment

Severe plastic deformation methods are well known to be able to
induce grain refinement in metallic materials. Severe Shot Peening
(SSP) applied with high energy parameters has been recognized to pro-
vide notable grain refinement to ultrafine and nano-regime on the sur-
face top layer of the treated samples [18,41,42]. Accordingly, steel
series with the best corrosion resistance (TT680 steel in this study)
was severely shot peened in order to study the influence of grain
refinement on corrosion behavior. In our study, SSP was applied under
5000% coverage to refine the grain structure (Fig. 8d). Therefore,
TT680 steel series was shot peened at room temperature in an air blast
Shot Peening machine (Guyson Euroblast 4 PF laboratory machine).

Firstly, shot peening treatment was characterized to obtain the
Almen intensity according to SAE J443 standard [43]. A plates were
shot peened with Z300 shots (Table 5) from different time periods
under the conditions listed in Table 3.

Table 3

Almen Intensity characterization on ‘A’ plates. *Peening flux rate is controlled
by means of the peening valve opening in the aforementioned Guyson Euroblast
4PF laboratory machine.

Pressure (bar) *Peening flux rate Peening height (mm) Peening angle (°)

4 2 turns 230 920
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The obtained Almen intensity curve is displayed in Fig. 2. Almen
intensity corresponds to the Almen saturation point ( 237 pm). Almen
saturation point is related to the arc height that satisfies ‘ten percent
rule’, where the first point of the curve for which doubling the peening
time increases the arc height by 10% [43].

Once the Almen intensity was determined, the coverage factor (C)
was also estimated by means of the Avrami equation (equation (8)).

C (%) = 100-[1 —exp(—A; - t)] (8)

here: ‘C’ represents the coverage factor, ‘A,’ is the ratio of total ident
area to the target area and ‘t’ is the impact time (in ‘s’). To estimate
‘A, parameter, a TT680 sample was shot peened for 1 s and the cover-
age factor (C~ 90%) was obtained by optical analysis (Fig. 3). Once ‘A,’
is known (A; ~ 2,3), the time necessary to obtain 100% of coverage was
obtained by equation (8) ( 1,70 s). The exposure time for obtaining
5000% coverage was determined multiplying by 50 (Table 4).

2.5.1. Residual stresses and FWHM trend

In order to characterize mechanical features induced by the afore-
mentioned severe shot peening treatment, residual stresses and the full
width at half maximum (FWHM) parameter were analysed by means
of a Stresstech 3000-G3R X-ray diffractometer. The Ka chromium
wavelength (0.2291 nm) was employed onto the {211} ferrite/-
martensite planes under a 26 angle of 156.4°. The residual stress
was determined using the sin?y technique [44] by means of equation

(9).

E 1 adw,,k,>
— i 9
7e <1 + V) (i) (d®0hkl> (a"inzl/’ ®)

where: ‘E’ and ‘v’ represent the elastic modulus and Poisson coefficient
of the F1272 steel grade in the measured crystallographic plane, taken
as 211000 MPa and 0.3, respectively; ‘d’ is the interplanar distance of
the selected diffraction plane (hkl), ‘¢’ the tilt angle and ‘@’ the angle
in the sample plane. The detection of the diffraction peak was carried
out at nine positions of the tilt angle, between —45 and +45°, using
an exposure time of 40 s in each position. The working parameters used
for the measurement of residual stresses are shown in Table 6.

In order to define the in-depth residual stress profiles, thin layers of
material were progressively removed by electropolishing, in a Buehler
PoliMat machine using a solution of 94% acetic acid and 6% perchloric
acid under a voltage of 4 V. The width of the removed layer after each
electropolishing stage was measured using a Mitutoyo micrometer,
and this procedure was repeated until the residual stress became
inexistent.

Additionally, the ‘FWHM’ parameter (full width at half maximum)
of the diffraction peaks was simultaneously measured. This parameter
is related to grain distortion, dislocation density, and residual micros-
trains. The ‘FWHM’ parameter can be considered as a work hardening
index [45].

2.5.2. Microhardness profile

A Vickers microhardness profile was obtained on the cross section
of the TT680 + SSP treated sample in order to determine the depth
and magnitude of the hardening, due to the plastic deformation
induced by SSP treatment (10A and 5000% coverage). Measurements
were performed by means of a microhardness tester Buehler Micromet
2100 applying a force of 25 gf during 15 s, following [46]. The mea-
surements were carried out from the sample surface to the core of
the sample until attaining hardness stabilization. The diagonals of
the indentation marks were measured by optical microscope.

2.5.3. Light mechanical polishing
A slight mechanical polishing process was carefully conducted on
the TT680 + SSP samples, by 1200 SiC paper, without altering the
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Figure 2. Almen intensity curve on ‘A’ plates.
Almen saturation point equal to 237 um or 104 (0,237 mm multiply by 40)

Fig. 2. Almen intensity curve on ‘A’ plates. Almen saturation point equal to 237 um or 10A (0,237 mm multiply by 40).
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Fig. 3. Coverage factor estimation on TT680 steel series.

Table 4 Table 6
Shot peening parameters. TT680 steel series. Working parameters used for residual stress measurements.
Almen Intensity Coverage (%) Exposure time (s) Measurement mode Modified
10A (237 um) 5000 85
Maximum voltage (kV) 30
Exposure time (s) 40
Tilt w (°) 9 points between —45°/+45°
Table 5 Noise reduction Parabolic
Characteristics of the peening media. Filter of the K, radiation Vanadium
Maximum intensity (mA) 6.7
Shot type Material Nominal diameter (um) Hardness (HV) Collimator diameter (mm) 1
. . Goniometric rotation 0
2300 zirconia 300 700 (measurement direction) @ (°)
Peak adjustment Pseudo-Voigt

refined surface layer (i.e. grain refinement structure) induced by

means of the SSP treatment.
. ) . 3. Results
As mentioned above, to analyze the effect of grain refinement

(without the surface roughness interference) induced by SSP (10A X X X X X X i
. . . . 3.1. Microstructural analysis and dislocation density estimation
intensity and 5000% of coverage) on corrosion resistance, surface
roughness must be mitigated. At this respect, several studies have . X . . X

. . Fig. 4 displays the microstructural observations carried out after
reported that corrosion rate increases as surface roughness also . .
increases [19,47] the heat treatments described in Table 2. The phase change of the trea-
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Fig. 4. Microstructures (5000x): (a) TT200, (b) TT500, (c, d) TT680 and (e) XRD patterns of the steel samples.

ted samples was investigated by X-ray diffraction (XRD) analysis
(Fig. 4e). The estimated mean prior austenite grain size (PAGS) was
around 10 pm.

Series tempered at 200 °C for 2 h (TT200) is mainly composed by
lath-like martensite comprising packets, blocks and sub-blocks
(Fig. 4a). Retained austenite (approximately 8%) was also identified
by means of the XRD analysis (Fig. 4e). Here, carbides precipitation
was not observed, presumably due to the low tempering temperature.
This series presents high dislocation density level (p = 6-10'° sites/
cm?, Table 7), estimated by means of Williamson-Hall method.

With increasing tempering temperature from 200 °C to 500 °C and
680 °C, microstructure acicularity decreased, dislocation rearrange-
ment/annihilation (Table 7) and substructure recovery takes place
[48]. At 500 °C, retained austenite is transformed to lower bainite. It
is a heterogeneous mixture composed by supersaturated a solution
and Fe carbides (i.e. in this transformation, the residual austenite
becomes tempered martensite). TT500 series microstructure corre-
sponds to tempered martensite, which is mainly formed by very small
precipitated carbides, embedded in a ferrite matrix (Fig. 4b). Finally,
by increasing tempering temperature to 680 °C, profuse carbide pre-
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Table 7
Dislocation density estimation according to the Williamson-Hall method.

Journal of Electroanalytical Chemistry 932 (2023) 117207

Steel grade FWHM_orrectea (rad) 2e R? p(sites/cm?)
{211}56.4 {200}06.1° {110}60:
TT200 0.096 0.032 0.022 0.0031 0.98 6-10'°
TT500 0.043 0.014 0.009 0.0024 0.95 3.10'°
TT680 0.022 0.007 0.005 0.0014 0.90 1.10'°
TT680 + SSP 0.065 0.021 0.014 0.0040 0.94 9-10'°

cipitation (mainly cementite carbides -Fe;C- identified by EDX analysis
in Fig. 4d and XRD analysis in Fig. 4e) can be clearly seen. At this tem-
perature, FesC carbides precipitate, globulize and finally grow to yield
a more uniform distribution (Fig. 4c). Here, tempered sample at 680 °C
is assumed closer to conventional ferrite and cementite particles than
that of martensite. As expected, TT680 series showed the lowest dislo-
cation level (p = 10'° sites/cm?, Fig. 5 and Table 7). However, after
severe shot peening treatment, dislocation density on the
TT680 + SSP series increased to 9-10'° sites/cm? (Fig. 5 and Table 7),
due to the energy transmitted onto the steel surface.

3.2. Hardness

The aforementioned microstructural differences give rise to the
hardness level showed in Fig. 6. In the same figure, the Hollomon-Jaffe
parameter (P) evolution is also given depending on the tempering time
(‘t’ in hours) and tempering temperature (‘T in K), according to equa-
tion (10).

P=T-(20+1log t) (10)

Fig. 7 presents the FWHM parameter as a function of the tempering
temperature. This parameter is consistent with the hardness measure-
ments. It decreases with increasing tempering temperature and
increases after the SSP treatment (TT680 + SSP series) due to the dis-
tortion induced in the lattice.

3.3. Severe shot peening

After applying the aforementioned SSP treatment (10A and 5000%
coverage) in the TT680 series, residual stresses and FWHM parameter
were measured in depth, by means of the XRD technique. To go in-
depth, thin layers of the TT680 + SSP samples were progressively
removed by an electropolishing method (section 2.5.1). SP treatment
induced residual stresses field and work hardening in the upper layer
of the material (over 250 um thickness). Results are respectively
shown in Fig. 8a and b.

A microhardness profile was performed in a cross-sectioned sample
(Fig. 8c) where SEM observations were also conducted (Fig. 8d). In
Fig. 8d, two different areas can be appreciated: the upper layer is char-
acterized by a finer microstructure related to the grain refinement and
formation of subgrains induced by the SSP. However, in the inner area,
the coarser original microstructure can be observed. In order to deter-
mine the grain size (GS) after applying the SSP treatment, the Scher-
rer’s equation [49] (equation (11)) might be used when a
nanocrystalline grain size is expected to be obtained [25,42]. Similar
SP parameters were previously employed in [18] to obtain a nanocrys-
talline grain size.

09-1

GS = FWHM - cosf

(11)

here: ‘4’ is the radiation wavelength (1 chromium = 0.2291 nm) and
‘FHHM’ is the full width at half maximum. The most intensive first-
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Fig. 5. (a) Dislocation density estimation using the Williamson-Hall method and (b) dislocation density (p) evolution versus the tempering temperature (TT).
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order peak {211}59-156.4- of the XRD patterns was taken (0.065 rad in
Table 7 for the TT680 + SSP series). ‘0’ represents the diffraction angle
(0 = 1.36 rad in {211}59—156.4-)- Based on these values, a nanocrys-
talline grain size, in the order of 16 nm, was obtained. The grain size
corresponding to the original microstructure (inner part) was analyzed
by SEM analysis ( 10 pm) (Fig. 8d).

On the other hand, shot peening induces high surface roughness
level onto the surface of the material. Hence, surface roughness was
also characterized. The results, after applying the SSP treatment, are
given in Table 8.

It should be recalled that before conducting corrosion analysis, a
slight mechanical polishing was carried out in order to reduce the
highest roughness peaks, without removing the refined surface layer
(Fig. 8d). Despite of this, it is also important to mention that surface
grinding involves mechanical deformation and consequently, residual
stresses and FWHM parameter were slightly modified (Fig. 9). In this

case, to mitigate the surface roughness, 30 um were approximately
removed from the surface of the SSP + TT680 series. Table 9 displays
the roughness values determined before conducting the different elec-
trochemical measurements.

3.4. Corrosion analysis

Fig. 10 shows the evolution of the Open Circuit Potential (OCP) as a
function of the immersion time in 3.5% of NaCl solution. TT200 series
and the severe shot-peened (TT680 + SSP) series exhibited the noblest
open circuit potentials, which become more negative with increasing
tempering temperature.

With increasing tempering temperature, Cr (0.87%), Mo (0.24%)
and Ni (1.92%) can diffuse to carbide precipitation (Fig. 4) and the
OCP response becomes more negative what has been also referenced
in [15].
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treatment (SSP).

Table 8
Roughness parameter after SSP (TT680 + SSP), following UNE EN ISO 4287
standard.

R, (um) R, (um) Riax (um)

4 + 0.27 20 = 1.67 26 = 1.28

3.4.1. Linear polarization resistance (LPR) measurements

Fig. 11 shows the linear LPR curves of all the treated samples. ‘R’
values extracted from the polarization curves analysis are given in
Table 10. The results reveal that ‘R, values of the different series
(TT200, TT500 and TT680) increase when tempering temperature also
increases. TT680 series has the highest polarization resistance (2221
Ohm, Table 10) among all the other series, and it corroborates well
with the lowest corrosion rate obtained by the potentyodinamic polar-
ization method ( 119 um/year, Table 11). Nevertheless, polarization
resistance decreases to 1505 Ohm after applying the aforementioned
SSP treatment on the same steel grade (TT680 + SSP series).

3.4.2. Potentyodinamic polarization tests

Fig. 12 shows the potentyodinamic polarization curves for the dif-
ferent steel series in 3.5% of NaCl solution. Polarization parameters
such as the corrosion potential (E.), corrosion current density (icorr)

and anodic slope (f,) obtained from the analysis of Fig. 12, are dis-
played in Table 11. On the same table, the Byjt.controi Parameter (as-
suming diffusion-controlled cathodic kinetics, equation (5)), the
corrosion rate (CR) calculated by equation (7) and the stabilized
OCP value (from Fig. 10) are also given.

It is important to note that corrosion rate (i.e. corrosion current
density) decreases as tempering temperature increases from 200 to
680 °C (Table 11). The anodic curves are similar and their Tafel slopes
span between 60 and 70 mV/dec [15,16]. The cathodic slope of the
polarization plots increases gradually (—0.24 V/dec in TT680 to
—0.34 V/dec in TT200) with decreasing the tempering temperature
(Fig. 12), and it also causes an increase in the corrosion rate. With
decreasing the tempering temperature or even, after the peening pro-
cess, substructure is more stressed and distorted. Therefore, the cat-
alytic activity of the steel surface on enhancing the oxygen reduction
reaction is notably associated to the matrix heterogeneity after
quenching (mainly in the TT200 series) or after cold-peening (in the
case of the TT680 + SSP series). This causes the corrosion rate to
increase.

The Tafel slopes, in the cathodic range, are in the order of —0.3 V/
dec, clearly above the —0.12 V/dec, what convey that reaction mech-
anism mainly comes under diffusion control [50,51]. Hence, in our
study, we assume corrosion mechanism is under diffusion control
(Buif.control, Table 11) of oxygen reduction reaction (O, + 2H,-
O + 4e” = 40H") and ‘i.o, Was calculated by equation (6).
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Regarding the influence of the SSP treatment on the corrosion resis-
tance, corrosion rate increases to 238 um/year (TT680 + SSP,
Table 11). A similar trend was observed in the evolution of ‘R, As
expected, the ‘R’ values (Table 10) of the different steel series are
observed to be inversely proportional to their corrosion rates (CR).
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3.4.3. Electrochemical impedance spectroscopy

In order to confirm the results of the potentyodinamic analysis,
electrochemical impedance spectroscopy (EIS) measurements were
also carried out. Nyquist plots results are exhibited in Fig. 13a while
Fig. 13b and c show the Bode diagrams.

The diameter of the semicircle increases with increasing tempering
temperature (Fig. 13a), which implies that the corrosion resistance of
the TT680 series is the best among the studied steel series. As shown
later by means of the EIS data fitting, polarization resistance (R, ~
Ry + Red) decreases in the following order:
TT680 > TT500 > TT200 > TT680 + SSP. From Fig. 13b, phase
angle maxima oscilates from —66 to —69 deg in the mid-frequency
range of the Bode magnitude plots, for all the series. Similar results
have been found in [14] for a quenched and tempered microstructure
(tempered martensite). In the Bode magnitude plot (Fig. 13c) the
impedance modulus |Z| increases with elevating tempering tempera-
ture in the low frequency range whilst, it decreases after applying
the mentioned SSP.

In a first step, in order to estimate the global corrosion resistance
from EIS data, the EIS study was initially limited to a simple resis-
tor—capacitor circuit, Fig. 14. This equivalent circuit was previously
proposed in [14,52] to study corrosion behavior of carbon steels in
freely aerated 3.5% of NaCl solution. In [14,52], a extensive cathodic
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0.02
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Fig. 11. Linear polarization curves of the samples in 3.5%NaCl. (a) LPR of all the treated samples and (b) LPR results obtained in the TT680 series, with and

without SP.

10
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Table 9
Roughness parameters in the different series, following UNE EN ISO 4287
standard.

Sample ID R, (um) R, (um) Riax (um)
TT200 0.042 + 0.010 0.39 + 0.062 0.54 + 0.092
TT500 0.045 + 0.005 0.53 = 0.122 0.66 *+ 0.182
TT680 0.048 + 0.004 0.61 *= 0.082 0.80 = 0.152

TT680 + SSP 0.075 + 0.003 1.40 = 0.017 2.87 + 0.860
Table 10
Values of the linear polarization resistance (R;).
Sample R, (Ohm)
TT200 1917 + 88
TT500 2096
TT680 2221 + 200
TT680 + SSP 1505

scanning was performed, considering the fact that electrochemical
event was also under diffusion-controlled mechanism of oxygen reduc-
tion reaction. However, and as discussed later, the use of this equiva-
lent circuit might be discussed because of the lack of a diffusion-
bounded impedance.

In the equivalent circuit proposed in Fig. 14, ‘Ry’ is the electrolyte
resistance, ‘Qq represents the constant phase element (CPE) parame-
ters related to the double layer of film electrolyte interface and ‘R
is the charge transfer resistance. CPE is commonly used to explain
the non-ideal capacitance response in the electrochemical process
and ‘n’ is an exponential factor that represents the deviation
(0 < n < 1) from the ideal capacitance.

Table 11
Values of OCP and potentyodinamic polarization parameters.

Journal of Electroanalytical Chemistry 932 (2023) 117207

The impedance (Zcpg) of a constant phase element is defined by
equation (12), where ‘Q’ is a proportional factor, ¢j’ represents the com-
plex operator with j = (—1)%°, w = 2xf is the angular frequency and
‘n’ is the aforementioned exponential factor.

Zcpr = Q71 (J.W)in (12)

The value of ‘n’ is also associated with the non-uniform distribution
of current as a result of the surface defects, microstructure and film for-
mation [53]. According to the ‘n’ values, mixed behavior between
ideal resistor and ideal capacitor is established [14,16]. Electrical
parameters, obtained after using the equivalent circuit proposed in
Fig. 14, are displayed in Table 12.

The effective interfacial capacitance (Ces, Table 12) can be calcu-
lated by equation (13), using ‘Qq/’, its exponent ‘n’, and the resistance
of solution (R,) and charge transfer (R as described in [54]. These
values are similar to those obtained in [55] where values for interfacial
capacitance, varying from 50 to 200 uF/cm?, are representative of cor-
roding iron surfaces. ‘Csf values, reported in Table 12, are compatible
with the observed rough surfaces in Fig. 19. Interfacial capacitance
decreases from 233 to 167 uF/cm? with increasing tempering temper-
ature. The drop in interfacial capacitance seems to correlate with the
increase in the charge transfer resistance, as a result of increasing tem-
pering temperature. This fact was also reported in [15].

Y 1 1 (n-1)/n
Cyp =Qi" |+ +5 13
v =& (R x) (13)

The equivalent circuit consisting of Rs(QprR.y) (Fig. 4d) shows good
fit for different series having least chi-square (y?) value below 0.01.
Nevertheless, it seems reasonable to consider a second relaxation
(i.e. two time constants) that has not previously been considered in
the mentioned equivalent circuit (Fig. 14).

Sample Eoce (V) Ecorr (V) pa (V/dec) Buift.control (V) icorr (LA/cm®) CR (um/year)
TT200 ~0.640 ~0.63 0.066 0.029 16 173
TT500 ~0.656 ~0.65 0.064 0.028 13 141
TT680 ~0.650 ~0.66 0.061 0.026 11 119
TT680 + SSP ~0.626 ~0.62 0.067 0.029 22 238
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Fig. 12. Potentyodinamic polarization curves of the samples in 3.5%NaCl.
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Fig. 14. Resistor-capacitor equivalent circuit.

As mentioned above, through the research work, we have
highlighted the cathodic control of the corrosion process (Fig. 12, f.
> —0.12 V/dec). Hence, for a better understanding of the results, in
terms of the exposed in the direct current (DC) experiments (diffusion
control mechanism, chapter 3.4.2), the presence of a diffusion related

12

impedance should be introduced in the equivalent circuit. The number
of time constants can be employed in order to know the number of
state variables included in the surface reactions of the corrosion pro-
cess. From Fig. 13a, two distinct domains seem to be noted. Hence,
we propose to use two-time constants; the high-frequency-one associ-
ated with the charge transfer resistance and double layer capacitance
and the low-frequency-one corresponding to a diffusion-bounded
impedance, also known as finite length Warburg (W;). The impedance
parameters are modeled by means of the electrical equivalent circuit
proposed now in Fig. 15.

The corroding interface is characterized by a parallel combination
of a double layer capacitor Qg and a finite-length impedance of diffu-
sion, W, which represents the cathodic process. The charge transfer
resistance is considered small and the system is mainly under mass
transport controlled. Analysis of equivalent circuit elements indicates
that the contribution of the charge transfer resistance to the impe-
dance of the system is <5% in comparison to the contribution of
the impedance (Ry,) associated with diffusion of cathodic active spe-
cies. The cathodic process on the steel surface is described by the
finite-length Warburg impedance since diffusion of the electrochemi-
cally active species (oxygen) is thought to be a limiting stage of the
cathodic process. Finite-length Warburg impedance (equation (14))
is characterized by three parameters:
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Ry,: finite length Warburg diffusion resistance.
Tw,: the time-constant parameter.
ny,: the exponential parameter.

A Ry,

= ey (W)™ (14)
The data, which has been extracted from the model proposed in
Fig. 15, show an excellent fit (42 < 0.002) with the finite-length War-
burg element. Results are listed in Table 13. Nyquist plots and data fit-
ting are shown in Fig. 16. The fitting values of ny, are in the range of
0.6-0.8 (Table 13). These values are higher than those commonly asso-
ciated to an usual diffusion impedance. Anyway, the values of ny, do
not strictly adhere to 0.5 to define the diffusion impedance for hetero-
geneous systems [56].
Additionally, it is important to mention that in the case of the
TT680 series, some deviations were evidenced in the data fit, espe-
cially, for experimental points at the lower test frequencies (Fig. 16).
One of the reasons for this scatter was that the surface scale can change
during the EIS measurements and then, affected the low-frequency
impedance readings, which take a much longer time to measure.
Another possible reason for the low-frequency deviation was the fre-
quency dispersion introduced by Cole et al. [57] which might be
caused by variation in surface heterogeneity, scale thickness and
roughness. Anyway, data analysis, performed by the circuit proposed
in Fig. 15, gave a reasonable estimation of the electrochemical param-
eters. Besides, the use of this electrical circuit, to fit the EIS data, is in

Table 12
The parameters of equivalent circuits for the treated series.
TT200 TTS500 TT680 TT680 + SSP
R, (Q-cm?) 5.3 5.4 5.9 5.0
Qa (@ -em*s™) 7.010* 6.010™ 5.010" 9.8-10"
ng 0.84 0.84 0.84 0.8
Ceff (pF/cmZ) 233 203 167 259
R (Qcm?) 1788 2036 2146 1297
x*(error) <0.01 <0.01 <0.01 <0.01
-2000
3.5% NaCl Steel ® TT680 = = TT680 Fit
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TT500 TT500 Fit
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Fig. 16. Data fitting by means of the equivalent circuit proposed in Fig. 15.

agreement with what was previously evidenced in the direct current
(DC) experiments.

Further investigations are needed to orient the choice of the opti-

mal number of time constants, for instance, modifying the stirring rate
of the electrolyte. In this case, it would be possible to define more con-
cisely the influence of each relaxation state in the diffusion-controlled
cathodic kinetics and/or activation-controlled kinetics. In this study,
we have evidenced corrosion process with possibly diffusion-con-
trolled mechanism. Definitely, regarding corrosion rate calculations,
a higher capacitive arc diameter implies a lower corrosion rate. The
diameter of the semicircle increases by elevating the tempering tem-
perature from 200 to 680 °C (Fig. 13a and Fig. 16) while, it decreases
when the SSP was applied to TT680 series (with R, =
Rws + R = 1295 Ohm). This fact suggests that the corrosion resis-
tance of the TT680 grade (without shot peening) is the best among
the steel series (the polarization resistance, R, & Ry; + R, is biggest
for TT680 steel, with R, = 2312 Ohm). Polarization resistance
(Rw; + R¢p results obtained in the EIS measurements are consistent
with those found in the LPR experiments (DC). These results are also
aligned with corrosion behavior determined from the potentyodinamic
polarization measurements (Fig. 17).

Table 13
The parameters of equivalent circuits for the treated series.
TT200 TT500 TT680 TT680 + SSP
R, (Q-cm?) 4.3 2.5 2.5 2.9
Qa (@™ L-cm?s™) 8.210* 1.010°% 9.3.10* 8.7.10™
ng 0.78 0.78 0.76 0.77
Re (Q-cm?) 8 12 42 45
Ry, (Q-cm?) 1840 2120 2270 1250
7w, (s) 0.30 0.53 0.48 0.14
ny, 0.81 0.70 0.62 0.63
% (error) 1.3.10° 5.6-10* 1.1-10° 5.6:10

13
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4. Discussion

Corrosion resistance is discussed in terms of the different
microstructural singularities and mechanical features.

Based on the results, as tempering temperature decreases from 680
to 200 °C corrosion resistance decreases (i.e. corrosion rate increases).
Accordingly, with decreasing tempering temperature, the dislocation
density increases (Fig. 18). Hence, it is suggested that dislocations
are active sites for corrosion [58], what contributes to increase corro-
sion rate (Fig. 18). A greater plenty of dislocations encourage iron dis-
solution, via direct oxidation or driven by reduction.

On the other hand, some authors [14,15,59] have reported that fer-
rite matrix act as anode while the Fe;C particles would act as the cath-
ode due to its more positive potential than ferrite. Based on this,
TT680 grade with higher FesC particles (Fig. 4c, d, e) could be
expected, a priori, to exhibit the worst corrosion behavior as more
micro-electrochemical cells (ferrite-FesC couple) might exist, in terms
of its microstructure. However, the different microstructural singular-
ities seem to play a different competitive role on the corrosion behav-
ior. Although, on the one hand, the increase of the tempering
temperature from 200 to 680 °C promotes the precipitation of Fe;C
particles, which might initially contribute to decrease corrosion resis-
tance; on the other hand, with increasing tempering temperature, the
lattice distortion released (i.e. FWHM parameter decreases, Fig. 7) and
the density of dislocation also decreases (Fig. 5b). These last two
effects prevail, contributing to increase corrosion resistance as the
tempering temperature increases, regardless of the Fes;C particles
precipitation.

Furthermore, the worst corrosion behavior observed in the TT200
grade, it is not only explained due to its high dislocation level
(6-10'° sites/cm?) and lattice distortion but also by the formation of
the microgalvanic contribution between ferrite/martensite and
retained austenite ( 8%, Fig. 4e), promoting ferrite/martensite dissolu-
tion [60].

Additionally, to study the influence of the SP treatment on the cor-
rosion resistance, the TT680 series, that initially had showed the best
corrosion resistance, was also severe shot-peened (TT680 + SSP).
Plastic deformation, induced by the SSP, results not only in grain
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refinement and formation of subgrains but also in high dislocation
density (Fig. 5b). Hence, dislocations cause highly localized stress,
leading to the preferential dissolution of metal atoms. A similar effect
was also reported in [15]. In addition, plastic deformation induced by
means of the high energy created during the SSP (10A and 5000% cov-
erage) increases the volume fraction of grain boundaries. According to
this, it is well known that the grain boundaries are very high energy
active sites, which led to the increasing the current density. As a result,
the formation of the galvanic couple between the anodic grain bound-
ary and the cathodic interior grain also contribute to increase the cor-
rosion rate. Besides, some authors [28] have also argued that the
presence of surface compressive stresses decreases the corrosion resis-
tance of metals because of the induced large density of crystal defects
and lattice distortion. In our study, after applying the aforementioned
SSP treatment, the FWHM parameter, related to the lattice distortion,
notably increased to 4° near the surface layer (Fig. 8b), whilst com-
pressive residual stresses, in the range of —500 MPa (Fig. 8a), were
induced. Definitely, these facts contribute to justify the worst corro-
sion behavior observed in the TT680 + SSP series, when compared
to the un-peened TT680 series.

Additionally, SEM observations have been also carried out. A outer
rust layer structure, composed of granules of corrosion products (i.e.
flaky particles), was observed. In artificial seawater, containing chlo-
ride ions, the formation of these corrosion products, including Fe;04
and y-FeOOH, has been widely reported in the literature [16]. Corro-
sion products of the outer layer were easily removed with a soft brush
and vibration in an ultrasonic bath. After this, different features were
noted among the surfaces of the treated series. In the TT680 + SSP
series, micro-pits were observed (Fig. 19b and c). The quantity of man-
ganese inside the pits was notably higher than that outside the corro-
sion pits. This fact is because pitting corrosion, motivated by the SSP
treatment (with high energy delivered onto the steel surface), takes
place at the manganese inclusions [61,62]. However, pitting corrosion
was not observed in the TT680 un-peened series (Fig. 19a).

Despite the different conflicting theories on the corrosion behavior
of the shot-peened layers, in this study, the SSP treatment performed
under the mentioned conditions has not contributed to increase the
corrosion resistance of the studied low carbon steel when grain refine-
ment or even nanocrystalline structures (~16 nm) are created. Never-
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theless, by increasing the tempering temperature, the corrosion resis-
tance was considerably improved.

5. Conclusions

The present study has evaluated the corrosion behaviour of three
different series (one of them submitted to SP, TT680 + SSP series)
of a low carbon steel (F1272) after different tempering treatments
(200, 500 and 680 °C for 2 h) in freely aerated 3.5% NaCl solution,
by means of different electrochemical techniques.

The results evidence the relationship between tempering tempera-
ture and corrosion resistance. Corrosion behaviour improves with
increasing tempering temperature. This fact seems to be strongly influ-
enced by the dislocation density (varying from 6-10'° to 10° sites/
cm? as tempering temperature increases from 200 to 680 °C). The pres-
ence of Fe3C on the microstructure of the TT680 series could suggest
the existence of preferred zone for corrosion, but results demonstrate
the predominant effect of dislocation density. Corrosion rate decreases
in the following order: TT200 (slightly tempered martensite) - TT500
(tempered martensite) — TT680 (highly tempered martensite). This
trend corroborates well with the increase in the polarization resistance
(Rp) determined from the LPR and EIS measurements.

The severe shot peening treatment (10A and 5000% coverage) per-
formed on the TT680 series induced grain refinement and formation of
subgrains (grain size varies from 10 pm in the core to 16 nm near the
surface layer). TT680 + SSP series (followed by slight polishing in
order to avoid surface roughness effects) showed the lowest corrosion
resistance. The increase in the volume of grain boundaries fraction due
to the grain refinement, the lattice distortion caused by the induced
plasticity and the areas with high level of dislocations (9-10'° sites/
cm?) seem to interfere the exposed electroactive surface, with higher
surface reactivity, encouraging corrosion. In the surface of the
TT680 + SSP series, pitting corrosion was observed at the Mn
inclusions.
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