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The corrosion behavior of 2205 duplex stainless steel (DSS) base metal (BM) and ER2209 weld metal
(WM) in an ash/water suspension composed of deposited ash on the flue gas side of a low-temperature
heat exchanger in a waste-to-energy plant and water was studied by polarization curve analysis,
electrochemical impedance spectroscopy (EIS), localized electrochemical measurements, microscopic
surface morphology observation, and metallographic analysis. The results showed that the corrosion
resistance of both the BM and the WM decreased with the increase in immersion time. After 4 h of
immersion, active sites where the current density increased suddenly appeared on the surface of the
WM, and the surface roughness increased significantly, indicating the beginning of pitting on the WM
surface. However, it took 8 h for the active sites to appear on the BM, and the pitting corrosion on the
BM surface was obviously less than that of the WM surface under the same immersion time. The
pitting corrosion resistance of the 2205 DSS BM was obviously better than that of the WM. According
to the metallographic analysis results, the high proportion of dendritic ferrite in the metallographic
structure of the WM may be the reason for its poor corrosion resistance.

Keywords: waste-to-energy plant; ash/water suspension; pitting; 2205 DSS base metal; ER2209 weld
metal

1. INTRODUCTION

Duplex stainless steel (DSS) has a unique structure formed by a certain proportion of ferrite ()
and austenite (y). The properties of DSS depend on the microstructure ratio of y-austenite (face-
centered cubic, FCC) and 6-ferrite (body-centered cubic, BCC) [1]. The performance advantages of
2205 DSS are mainly attributed to the balance of ferrite and austenite phases [2]. The comprehensive
performance of DSS is excellent. When the content of ferrite is about 51% [3], the high strength of
ferrite stainless steel (FSS) and the good plasticity and uniform corrosion resistance of austenitic
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stainless steel (ASS) enable DSS to exert its optimal performance. Therefore, it has been widely used
in power generation, petroleum, the chemical industry, nuclear energy, the marine industry and other
fields [4]. In some highly corrosive engineering environments, DSS is usually used instead of ASS.
The intercrystalline corrosion resistance of DSS is better than that of ASS [5, 6]. However, if the
wrong welding method or parameters are used, the corrosion resistance of the DSS welded joint may
be reduced [7]. The toughness and corrosion resistance of the DSS weld metal (WM) mainly depends
on the ratio of ferrite phases to austenite phases. Generally, DSS with the same proportion of austenite
and ferrite has the best corrosion resistance [7, 8]. The microstructure of the DSS weld zone depends
largely on the heat input, cooling rate, and composition [9]. If the welding method or parameters are
inappropriate, the joint will form a new metallographic structure at high temperature [10-12], and the
precipitation of intergranular brittle phases will reduce the corrosion resistance of the joint [13].
Changes in the microstructure increase the susceptibility of the welding zone to local corrosion and
stress corrosion cracking [13-15]. The filler metal used for welding 2205 DSS must be similar and
compatible with the base metal (BM) and must have the same proportions of austenite and ferrite [16].
Therefore, 2209 is usually used as a welding wire material [17]. According to the literatures [18], an
incorrect welding process will result in an imbalance of ferrite and austenite phases in the WM, and
excessive ferrite content in the welded joints will reduce the impact toughness and fatigue resistance,
resulting in a large number of cracks. In some special power plants, such as waste-to-energy plants and
biomass incinerators, the operating environment is more complicated than ordinary thermal power
plants [19, 20]. In this environment, the welded joints are required to have better performance to
ensure safe operation of the equipment. In a waste-to-energy plant in China, condensate appears on the
flue gas side at the end of the low-temperature heat exchanger and forms an ash/water mixture with the
ash deposited on the metal surface, which is highly corrosive and causes serious corrosion of the heat
exchanger. In the above environment, various stainless steels, such as 316L SS, are not resistant to
corrosion, and the 2205 DSS welded pipe is ready to be used. In this paper, the corrosion behavior of
2205 DSS BM and ER2209 WM in a deposited ash/water suspension composed of the deposited ash
from this waste-to-energy plant and water was investigated. In addition, the corrosion resistance of the
BM and the WM in this deposited ash/water suspension was compared and analyzed.

2. EXPERIMENTAL
2.1. Experimental medium and materials

2.1.1. Preparation of the deposited ash/water suspension for the experiment

The ash deposit was taken from the flue gas side of the low-temperature heat exchanger of a
waste-to-energy plant in China, and the ash deposit was mixed with deionized water in a ratio of 1:1 to
form a deposited ash/water suspension for the experiment. The experimental temperature was 80 °C.
The main soluble ions of the deposited ash/water suspension were measured and are listed in Table 1.
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Table 1. The main soluble ions of the experimental deposited ash/water suspension.

Conductivity Y K* Ca®* Na* Cl NO3"
ms-cm ! P gLt gLt gLt gLt gLt
125 45 25.74 43.67 5.75 100.78 15.78

2.1.2. Preparation of the experimental materials

The experimental materials came from a welded plate with a thickness of 5 mm, in which 2205
DSS was the BM and ER 2209 was the filler metal, as shown in Figure 1. The chemical compositions
of the 2205 DSS BM and the ER2209 WM are given in Table 2. The white frame area in Figure 1 was
cut to obtain the BM and WM specimens. The dimension of all specimens was 10 mm x 10 mm x 5
mm. All specimens were polished step by step with sandpapers from 800 to 2000 mesh and were then
degreased with ethanol and cleaned with distilled water.

Base metal Weld metal Base metal
(2205 DSS) (ER2209 (2205 DSS)

Figure 1. The welded plate and the sampling location of the base metal (BM) and the weld metal
(WM).

Table 2. Chemical composition of the BM (2205 DSS) and the WM (ER2209) (wt.%).

Element C Si Mn P S Cr Ni Mo N Cu Fe

2205DSS  0.025 0.6 15 0.026 0.001 225 58 30 016 [/ Bal

ER2209  0.023 056 1.57 0.022 0001 23.02 865 3.02 0.15 0.10 Bal.

2.1.3. Etching of the specimen

After grinding, cleaning and degreasing, a specimen polished with 0.5 um diamond paste was
used as the etching anode, and a 304 SS sheet was used as the cathode. The etching medium was 10
wt.% oxalic acid solution. The anodic current density of the etching was controlled at 1 A/cm? by a DC
power supply, and the etching time was 90 s. A new oxalic acid solution was used in each experiment.
After etching, the specimen was rinsed with deionized water and dried.
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2.2. Testing methods

The polarization curve and electrochemical impedance spectroscopy (EIS) of the materials
were measured by an electrochemical workstation (CHI604E). A Pt electrode was used as the auxiliary
electrode, and a saturated calomel electrode (SCE) was used as the reference electrode. A specimen of
BM or WM was soldered on the back with copper wire, and then sealed with epoxy resin to form a
working electrode with a working surface area of 10 mm x 10 mm. Each working electrode was
polished step by step with sandpapers from 800 to 2000 mesh and then degreased with ethanol and
cleaned with distilled water before experiment. The scanning rate of the polarization curve
measurement was 1 mV-s %, The frequency range of EIS was 100 kHz to 0.01 Hz, and the amplitude
was 10 mV. The results of the EIS were fitted by the Zview software.

The pitting sensitivity and localized electrochemical inhomogeneity of the electrode surface
were measured by Princeton Applied Research's M370 Scanning Vibrating Electrode Technique
(SVET). The scanning probe was a Pt-Ir microelectrode with a diameter of 20 um. The distance
between the probe and the sample was adjusted to 100 um. The probe vibrated above the working
electrode in a direction perpendicular to the surface of the working electrode, with an amplitude of 30
um, a vibration frequency of 80 Hz, a scanning step of 100 um, and a scanning area of 4 mm x 4 mm.

The surface micro-morphology and metallography of the materials were characterized by
German ZEISS Axio GSM 700 white light confocal microscope. The area fractions of ferrite and
austenite phases were quantitatively analyzed and evaluated with Axio CSM 700 Software.

Three parallel samples were set for each group of experiments.

3. RESULTS AND DISCUSSION
3.1. Electrochemical analysis

3.1.1. Polarization curve analysis
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Figure 2. Polarization curves of the BM and the WM after immersion in the deposited ash/water
suspension for 1 h at 80 °C.
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Figure 3. Polarization curves of the BM and the WM after immersion in the deposited ash/water
suspension for 12 h at 80°C.

Firstly, the polarization curves of the BM and the WM were measured after being immersed in
the deposited ash/water suspension for 1 h and 12 h. The results are shown in Figure 2 and Figure 3.

The polarization curves in Figure 2 and Figure 3 show that after 1 h of immersion the pitting
potential (En) of the BM and the WM was 0.127 V and 0.034 V, respectively. After immersing for 12
h, the E, of the BM and WM negatively shifted to —0.172 V and —0.240 V, respectively. According to
the above results, under the same immersion time, the Ey of the BM was higher than that of the WM.
Take the passive current density at the polarization value of 0.25 V for comparison. After immersing
for 1 h, the passive current densities of the BM and the WM were 2.01 pA-cm™ and 4.93 pA-cm?,
respectively. However, after 12 h of immersion, the passive current densities of the BM and the WM
increased to 16.37 pA-cm™ and 41.21 pA-cm?, respectively. There are similar reports [21,22] that in
some harsh corrosive media, the corrosion current density of metals increases with time, indicating that
the corrosion damage of materials is intensified. The results in Figure 2 and Figure 3 show that under
the same immersion time the passive current density of the WM and its increase are greater, indicating
that the corrosion resistance of the passive film on the WM surface was relatively poor. The passive
current density of the WM fluctuated greatly after immersion for 12 h, implying poor stability of the
passivation film. It may be that the surface of the WM electrode was in a metastable state [23], and the
passivation film was more susceptible to damaged. By comparing the Ep values for 1 h and 12 h, it is
seen that the Ey of both the BM and the WM gradually decreased with the increase in immersion time,
while the passive current density gradually increased with the immersion time, indicating that with the
extension of the immersion time the corrosion resistance of both the BM and the WM decreased. In
addition, the corrosion potential (Ecorr) Of the two materials shifted negatively with the extension of the
immersion time, indicating the deterioration of the performance of the passivation film on the electrode
surface.
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3.1.2. Analysis by electrochemical impedance spectroscopy (EIS)

To further compare the performance of the passive film on the surface of the BM and the WM,
EIS of the two materials was performed in the deposited ash/water suspension after immersing for 1 h,
4 h, 8 h, and 12 h. The results are shown in Figure 4 and Figure 5.
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Figure 4. Electrochemical impedance spectroscopy (EIS) of the 2205 DSS BM immersed in the
deposited ash/water suspension for different times at 80 °C. (a) Nyquist plot. (b) Bode plot.

The deposited ash/water suspension used in the experiment was a highly corrosive solution,
with a chloride ion concentration of 100.78 g/L, a conductivity of 125 ms-cm™, and a pH of 4.5, as
shown in Table 1. In such a relatively harsh medium, the passivation film on the surface of polished
stainless steel is not easy to form, and the formed passivation film can also be easily damaged. Figure
4 and Figure 5 show that, for both the BM and the WM in the deposited ash/water suspension, the
capacitive arc diameter in the Nyquist plot was reduced with the increase in the immersion time,
indicating that the corrosion resistance of both materials was reduced, as described by Sinhmar et al.
[24].
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Figure 5. EIS of the ER2209 WM immersed in the deposited ash/water suspension for different times
at 80 °C. (a) Nyquist plot. (b) Bode plot.

When the immersion time reached 8 h (for the BM) and 4 h (for the WM), two capacitive arcs
appeared in the Nyquist plot, indicating that the electrode surface was in the developmental stage of
pitting corrosion at this time [25]. The EIS before and after pitting were fitted with the equivalent
circuits in Figure 6(a) and Figure 6(b), respectively, where Rs is the solution resistance, R; is the
interface resistance, Qi is the interface capacitance, Qpit is the electric double layer capacitance in the
corrosion hole, and Rpit is the charge transfer resistance in the corrosion hole. The fitting results are
shown in Table 3.

) Q

Figure 6. Equivalent circuits for fitting.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210717 8

Table 3. Fitting results of EIS.

Material t Rs Qi Ri Qpit Rpit Ritotal
type 7 Ynoq = L 7 YE*] = L 7 z
h  kQ-cm® pF-s" -cm kQ-cm® mF-s"'-cm kQ-cm® kQ-cm
1 0.0037 137.10 0.79 25.33 / / / 25.33
2205 4 0.0035 168.20 0.76 15.84 / / / 15.84
DSS 8 0.0022 197.10 0.80 11.62 6.02 0.84 2.37 13.99
12 0.0041 188.90 0.77 553 13.76 095 154 7.07
1 0.0023 342.40 0.72 19.81 / / / 19.81
ER2209 4 0.0041 188.90 0.77 5.53 13.76 0.95 1.54 7.07
8 0.0043 153.50 0.79 2.49 8.77 0.88 1.31 3.80
12 0.0039 145.90 0.79  2.40 18.62 0.97 0.87 3.27

The total resistance, Riwotal (Rtotal = Ri + Rypit), was used to compare and analyze the fitting results.
The Riwtal Value of the BM and the WM in Table 3 decreased with the increase in immersion time.
When the immersion time increased from 1 h to 12 h, the Rt of the BM decreased from 25.33
kQ-cm? to 7.07 kQ-cm?, and the Rt of the WM decreased from 19.81 kQ-cm? to 3.27 kQ-cm?. Under
the same immersion time, the Rital Value of the BM electrode was always higher than that of the WM
electrode. After immersing for 12 h, the Riwtar Value of the WM dropped by 6.05 times, while that of the
BM electrode dropped by 3.58 times, indicating that the weld metal suffered more severe corrosion
than that of the BM. Zhai et al. [26] also found the lower impedance value of the WM electrode, and
believed that the surface film on WM was less protective.

3.2. Scanning Vibrating Electrode Technique (SVET) analysis
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Figure 7. Scanning Vibrating Electrode Technique (SVET) results of the 2205 DSS BM after
immersion in the deposited ash/water suspension for different times at 80 °C. The immersion
times were (a) 1 h, (b) 4 h, (¢) 8 h, (d) 12 h.

SVET measurements were carried out on specimens immersed in the deposited ash/water
suspension for different times to obtain the pitting corrosion sensitivity and the localized
electrochemical inhomogeneity of the 2205 DSS BM and the WM. The results are shown in Figure 7
and Figure 8.

Figure 7 shows that the surface current density of the BM gradually increased with the increase
in immersion time. After immersing for 1 h, the surface current density distribution of the BM was
comparatively uniform, most of which remained between 5.2 and 5.6 pA-cm™, indicating that there
was no obvious pitting corrosion at this time. When the immersion time was 4 h, most of the surface
current density remained between 6.8 and 7.4 pA-cm?. As the immersion time in the deposited
ash/water suspension increased from 4 h to 8 h, most of the surface current density reached 15.0 — 16.0
nA-cm?. However, there were several active sites on the metal surface where the current density
suddenly increased to about 17.0 pA-cm™[27]. According to Mena et al. [28], these active sites with a
sudden increase in current density are anode sites where the nucleation of a corrosion pit begins. As
the immersion time was extended to 12 h, the surface current density increased to 19.0 — 20.0 pA-cm™,
and the current density of those active sites increased to 20.5 — 21.0 pA-cm™. After immersing for 12
h, the number of active sites on the electrode surface did not increase significantly, but the current
density of the active sites increased markedly, indicating that the pits became deeper and no obvious
new pits appeared on the surface of the BM.
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Figure 8. SVET results of the WM after immersion in the deposited ash/water suspension for different
times at 80 °C. The immersion times were (a) 1 h, (b) 4 h, (c) 8 h, (d) 12 h.

The SVET results of the WM in the deposited ash/water suspension in Figure 8 show a similar
trend as that of the 2205 DSS BM. With the increase in immersion time, the surface current density
and the number of active sites gradually increased. However, the surface current density of the WM
increased faster than that of the BM, and the active sites appeared earlier. After immersing for 4 h,
most of the surface current density of the WM electrode increased to 8.5 — 9.5 pA-cm, and the current
density of the active sites increased to 10.0 — 10.5 pA-cm™. However, there was no obvious active site
on the surface of the BM under the same immersion time. After immersing for 8 h, the surface current
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density of the WM increased to about 21.0 pA-cm, which was higher than that of the BM that of
immersed for 12 h. After 12 h of immersion, the current density of the active sites on the WM surface
increased to about 25.0 nA-cm™, and the number of active sites was significantly more than that for the
8 h immersion, indicating that the density and depth of the pits further increased [29]. Compared with
the BM under the same immersion time, there were more active sites on the WM surface and the
current density was higher, indicating that the pitting corrosion resistance of the WM was obviously
poorer than that of the BM in the deposited ash/water suspension.

3.3. Surface morphology analysis

Figure 9 and Figure 10 show the surface morphology of the BM and the WM specimens
immersed in the deposited ash/water suspension for different times. The surface roughness (Ra) of
various specimens is summarized in Table 4.
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Figure 9. Surface morphology of the 2205 DSS BM immersed in the deposited ash/water suspension
for different times at 80 °C. The immersion times were (a) 1 h, (b) 4 h, (c) 8 h, (d) 12 h.
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Figure 10. Surface morphology of the WM immersed in the deposited ash/water suspension for
different times at 80 °C. The immersion times were (a) 1 h, (b) 4 h, (¢) 8 h, (d) 12 h.

Table 4. Surface roughness (Ra) of the BM and the WM immersed in the deposited ash/water
suspension for different times at 80 °C.

t/h 1 4 8 12
BM 0733 0775  0.875 0.957
Ra/um WM 0739  0.830  0.980 1.094

The results in Figure 9, Figure 10, and Table 4 show that as the immersion time increased
pitting corrosion gradually occurred on the surfaces of the BM and the WM, and the Ra value
gradually increased. Corrosion can lead to an increase in the roughness of the metal surface, and the
occurrence of pitting can cause a rapid increase in the Ra value [20, 30, 31]. After immersion in the
suspension for 1 h and 4 h respectively, no obvious pits appeared on the BM surface, and the Ra value
increased from 0.733 um to 0.775 um. After immersing for 8 h, pitting corrosion appeared on the BM
surface, and the Ra value increased to 0.875 um. When the immersion time reached 12 h, the Ra value
increased to 0.957 um, and the pit width increased from 15 um (8 h) to about 50 um, and the pit depth
increased from about 12 um (8 h) to about 20 pm.

The change in the surface morphology of the WM in the deposited ash/water suspension with
time was similar to that of the BM, and pitting corrosion gradually appeared with the increase in
immersion time. After immersing for 1 h, there were no obvious pits on the WM surface, and the value
of Ra was close to that of the BM. As the immersion time increased the corrosion severity of the WM
was significantly greater than that of the BM. After 4 h of immersion, pits appeared on the WM
surface, and the Ra value increased from 0.739 um to 0.830 um. After immersing for 8 h, the pitting
corrosion of the WM surface was more serious, and the Ra value was close to that of the BM
immersed for 12 h. The pitting corrosion and roughness of the WM surface further increased when
immersed for 12 h. The above results were consistent with the EIS and SVET results.
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3.4. Metallographic analysis

The microstructure of the etched BM and WM was observed, and the results are shown in
Figure 11. In addition, the surface microstructure of the WM after the measurement of polarization
curve was also observed. The result is shown in Figure 12.

Figure 11. Surface morphology after etching for the (a) 2205 DSS BM and (b) ER2209 WM.

Figure 11(a) shows the metallographic structure of the 2205 DSS BM, which presents a typical
two-phase structure. The dark grey ferrite was the matrix, and the light grey part was austenite. The
two phases have clear grains and boundaries.

Figure 11(b) shows the metallographic structure of the WM, which was also composed of
ferrite and austenite phases. However, compared with the BM, its metallographic structure was very
different. In the metallographic structure of the WM, the phase area of ferrite with dendrites was much
larger than that of the austenite, covering almost the entire surface. Through analysis software, it was
calculated that the austenite content was 49.9% in the BM, which was very close to the optimal
corrosion resistance ratio of DSS [3]. The austenite content in the WM was only 39%, that is, the WM
had a high proportion of ferrite. However, the good corrosion resistance of DSS welded joints mainly
depends on the equal area proportion of ferrite and austenite phases [7]. The area proportion of the
austenite phase and ferrite phase in the WM was quite different, which should reduce its corrosion
resistance.

Figure 12 displays the microstructure of the WM etched after measurement of the polarization
curve. It can be seen that pitting corrosion mainly occurred in the phase boundary between austenite
and ferrite phases, and some of the pitting corrosion occurred in ferrite. The above results indicated
that pitting corrosion was prone to occur on the two-phase boundary and preferentially developed
along the ferrite. Other researchers have obtained similar results [32, 33], and have proposed that this
type of corrosion is caused by the electrochemical difference between austenite and ferrite phases [33].
In the corrosion process, the ferrite was the anode and the austenite was the cathode [34]. The ferrite
content of the WM was about 61%, which was obviously higher than that of the BM. This may be why
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the corrosion resistance of the WM is lower than that of the BM. Geng et al. reached a similar
conclusion [35].

e - \
\ .\ ) PR - N\
> " ¥ ) A N =~ o -
oy VAL \ o AN Pa Ny % - o
:_\ ’ o .\\ g S, Pe \ ‘ ¥ . ;’«;
- } DA, N \ N\ o 9% l.\\ ;‘.» . 3
\ —~ . 552 W NN A
r 0% 3 12 N N DA -
N v S - BN BaN - NS
A\ A > ; ™" > B0 X
. ' )1 o e I T05 & ?/J‘ a \ <
[ s - o
A é o LR O assy ¢ ™
a1 47) ; A 2\
d’ - {;* \ \ ( ‘;;\‘ \\ 7 _\/
’ \ “t |\ L)
- AT © T Y Mas | .
A Ny o T TS AL £
&~ . & v ¢V V2 e
3 \ , M s N Vo e a
. \ - P o
-~ S A ’ ‘\ 2~
. B -~ ’ | oM N
& > N = [ R TRMEK
\ - | ¥} S - T8 ('J' S e o7 P
\ s / s 0 (AF AN
\ 2 BN e
; a2 &3'- U \:z‘,”'
L S
> g - Ph A~ -
y o~ >
NATAS all CTAET e

Figure 12. The etched microstructure of the WM after measurement of the polarization curve.

4. CONCLUSION

With the increase in the immersion time, the corrosion resistance of the 2205 DSS BM and the
WM decreased in the deposited ash/water suspension composed of deposited ash from a waste-to-
energy plant and water at 80 °C. The results of the electrochemical measurements showed that for both
the BM and the WM, with the increase in immersion time, the passive current density increased and
the pitting potential decreased. The total resistance (Riwtal) Of the two metals also decreased with the
immersion time. Compared with the BM, the passive current density of the WM was higher, and the
pitting potential and the Rwta were lower under the same immersion time. The localized
electrochemical measurement results showed that the surface current density of the BM and the WM
increased with the increase in immersion time. The time for active sites to appear on the surface of the
WM was shorter (4 h) than that of the BM (8 h). The surface roughness (Ra) of both the BM and the
WM gradually increased with the immersion time, and the Ra value of the BM was smaller than that of
the WM under the same immersion time. Pitting corrosion appeared on the surface of the BM and the
WM after immersion for 8 h and 4 h, respectively. The results of metallographic analysis showed that
the proportions of ferrite and austenite phases were almost equal in the BM, but the ferrite content in
the WM was obviously higher than the austenite content. Pitting corrosion mainly occurred in ferrite
phase and the two-phase boundary. After comparing the corrosion behavior of the BM and the WM in
the deposited ash/water suspension, it was found that the WM was more prone to pitting corrosion than
the BM.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210717 18

ACKNOWLEDGEMENTS
This work was financially supported by Science and Technology Commission of
Shanghai Municipality (19DZ2271100, 18DZ2204500) and Natural Science Foundation of Shanghai
(Grant Nos. 20ZR1421500).

References

1. R. N. Gunn, Duplex stainless steels—Microstructure, Properties and Applications, Abington

Publishing, (1997) Cambridge, United Kingdom.

G. N. Ahmad, M. S. Raza, N. K. Singh and H. Kumar, Opt. Laser Technol., 126 (2020) 10617.

H. Y. Ha, M. H. Jang, T. H. Lee. and J. Moon., Corros. Sci., 89 (2014) 154.

H. Tan, Y. M. Jiang, B. Deng, T. Sun, J. L. Xu and J. Li., Mater. Charact., 60 (2009) 1049.

K. D. Ramkumar, P. S. Goutham, V. S. Radhakrishna, A. Tiwari and S. Anirudh, J. Manuf. Process,

23 (2016) 231.

J. S. Pan. Front. Mater., 7 (2020) 133.

7. M.F.Wu, F. Liu, J. Pu, N. E. Anderson, L. J. Li and D. S. Liu, J. Mater. Eng. Perform., 26 (2017)
5341.

8. A. Moteshakker and I. Danaee, J. Mater. Sci. Technol., 32 (2016) 282.

9. S.S.Hu, D.R, Zheng, G. L, Zhao, G. L, Li and H. Q, Tang, Adv. Mech. Eng., 10 (2018)
1687814018797449.

10. A. F. Ciuffini, S. Barella, C. Di. Cecca, A. Gruttadauria, C. Mapelli and D. Mombelli, Metals, 7
(2017) 368.

11. C. Garcia, M. P. D. Tiedra, Y. Blanco, O. Martin and F. Martin, Corros. Sci., 50 (2008) 1184.

12. K. Ogawa and T. Osuki, ISIJ Int., 60 (2020) 1016.

13.Y. D. Han, Y. K. Zhang, H. Y. Jing, Z. Q. Gao, L. Y. Xu, Z. Q. Zhang and L. Zhao, Front. Mater., 7
(2020) 251.

14. P. Luchtenberg, P. T. de. Campos, P. Soares, C. A. H. Laurindo, O. Maranho and R. D. Torres, Surf.
Coat. Tech., 375 (2019) 688.

15.J. Verma and R. V. Taiwade, J. Manuf. Process, 25 (2017) 134.

16.J. M. G. de. Salazar, A. Soria and M. I. Barrena, J. Mater. Sci., 42 (2007) 4892.

17. R. Sridhar, K. D. Ramkumar and N. Arivazhagan, Acta. Metall. Sin-Engl., 27 (2014) 1018.

18.Y.Y. Ma, S. Yan, Z. G. Yang, G. S. Qi and X. Y. He, Eng. Fail. Anal., 47 (2015) 162.

19. C. Yongtie, T. Kunlin, Z. Zhimin, W. M. Yang, W. Hui, Z. Guang., Z. W. Li, S. K. Boon and P.
Subbaiah, Appl. Energ., 230 (2018) 1447.

20. X. J. Wang, H. H. Ge, K. Sheng, S. Y. Xie, J. H. Yao, F. Ge and Y. Z. Zhao, Mater. Corros., 71
(2020) 1091.

21. A. V. Jebaraj, T. S. Kumar, M. Manikandan, T. Indian. I. Metals, 71 (2018) 2593.

22. M. Tumer, T. Mert and Tuba Karahan, Weld. World, 65 (2021) 171.

23. P. Reccagni, L. H. Guilherme, Q. Lu, M. F. Gittos and D. L. Engelberg, Corros. Sci., 161 (2019)
108198.

24. S. Sinhmar and D. K. Dwivedi, Corros. Sci., 133 (2018) 25.

25. C. N. Cao and J. Q. Zhang, An Introduction to Electrochemical Impedance Spectroscopy, Science
Press, (2002) Beijing, China.

26. X. W. Zhai, F. R. Chen, R. L. Jiaand X. D. Wang, Int. J. Adv. Manuf. Tech., 314 (2011) 918.

27.J. Izquierdo, B. M. Fernandez-Perez, J. J. Santana, S. Gonzalez and R. M. Souto, J. Electroanal.
Chem., 732 (2014) 74.

28. E. Mena, L. Veleva and R. M. Souto, Int. J. Electrochem. Sci., 11 (2016) 5256.

29. J. V. D. Araujo, U. Donatus, F. M. Queiroz, M. Terada, M. X. Milagre, M. C. de. Alencar and 1.
Costa, Corros. Sci., 133 (2018) 132.

agblrwn

o



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210717 19

30. C. M. Lin, H. L. Tsai, C. D. Cheng and C. Yang, Eng. Fail. Anal., 21 (2012) 9.

31. L. Zhang, Y. K. Zhang, J. Z. Lu, F. Z. Dai, A. X. Feng, K. Y. Luo, J. S. Zhong, Q. W. Wang, M. Luo,
and H. Qi, Corros. Sci., 66 (2013) 5.

32. T. Bellezze, G. Giuliani, A. Vicere and G. Roventi, Corros. Sci., 130 (2018) 12.

33. S. Wang, Q. Ma and L. Yan, Mater. Design, 2011, 32(2):831-837.

34. C. Ornek and D. L. Engelberg, Corros. Sci., 99 (2015) 164.

35. S. Geng, J. Sun, L. Guo and H.Wang, J. Manuf. Process, 19 (2015) 32.

© 2021 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

