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The localized corrosion properties of lean duplex stainless steel and 316L stainless steel were compared
using electrochemical testing and angle resolved X-ray photoelectron spectroscopy analysis.
Electrochemical testing at pH 7 revealed that the pitting corrosion resistance of LDSS was superior to
that of 316L, but the crevice corrosion resistance of 316L was better than that of LDSS. In
potentiodynamic polarization testing, as the pH decreased, the pitting potential of 316L did not change
significantly. However, the pitting potential of LDSS sharply decreased with decreasing pH, and was
lower than that of 316L at pH 2. Electrochemical impedance spectroscopy results confirmed that the
passive film of 316L is more stable than that of LDSS at lower pH. Regardless of the pH and film depth,
the passive film compositions of 316L and LDSS were similar, except for Mo compounds. Mo peaks
were not detected in either steel at pH 7, but pronounced spectra of the Mo were detected only for the
316L steel at pH 2. Mo oxides are not formed at a neutral pH, but formed at lower pH. The improved
resistance to crevice corrosion of 316L resulted from the formation of the Mo-enriched passive film at
low pH.
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1. INTRODUCTION

District heating systems provide heat for the inhabitants of large cities, having various advantages
such as reduced air pollution, relatively high energy efficiency and reduced life-cycle costs [1,2]. This
system consists of three parts: a heat source, a distribution system and a customer interface. Between
each part, shell-and-tube type and plate type heat exchangers are installed, which supply the produced
heat to the customer interface. Austenitic stainless steels are mainly used as materials for the plate heat
exchanger installed between the distribution system and the customer interface, due to their good
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corrosion resistance [3-5]. This heat exchanger is usually damaged by high-temperature heating water
containing chloride ions, which can lead to unexpected failure. Damage to the plate heat exchanger
mostly occurs through the tap water on the customer interface side, and failure is usually the result of
pitting corrosion and cracking due to crevice corrosion between the gasket and the heat exchanger
[3,4,6].

Pitting corrosion and crevice corrosion are similar in many respects. For example, the influences
of alloying elements and the environment on corrosion resistance are the same for pitting and crevice
corrosion, and both types of corrosion have critical threshold potential [7,8]. However, there are some
distinct differences, one of which is the initiation mechanism (i.e., the initiation site and change of pH).
For crevice corrosion, hydrogen ions are generated by a hydrolysis reaction involving metal ions inside
the crevice, and a major feature is that the pH decreases continuously until it becomes almost zero [8-
10]. At that point, when the pH inside the crevice reaches the depassivation pH (pHd), the passive film
breaks down and crevice corrosion begins. In the case of crevice corrosion of stainless steel, the
depassivation pH is the pH at which the anodic dissolution rate rapidly increases, and depends on the
alloying element [8]. The pHd is an index demonstrating the resistance of the passive film to breakdown,
and the most important alloying elements determining the pHd are Cr and Mo. If the pH changes, the
pitting and crevice corrosion resistance of stainless steel can be changed in various ways [11].

Duplex stainless steels have recently been drawing interest due to their excellent corrosion
resistance, mechanical properties and weldability in various environments compared with general
stainless steels [12]. Due to these properties, duplex stainless steels have been applied in various
industries for petrochemical equipment, offshore structures, power plants and other similar industries
[13,14]. However, since duplex stainless steels are expensive, they have the drawbacks of being difficult
to implement in places requiring frequent replacement. To deal with these problems, lean duplex
stainless steels (LDSS) were developed. Lean duplex stainless steels not only have the same level of
formability and corrosion resistance as general stainless steels, but are also are inexpensive because the
contents of expensive alloying elements such as nickel and molybdenum are greatly reduced [6,16].
Therefore, the application of lean duplex stainless steel makes it possible to maintain and economically
manage equipment requiring frequent replacement, such as heat exchanger plates or heat exchanger
tubes. Recently, LDSS was developed as an alternative to 304 stainless steel and 316L stainless steel,
and has been applied in various places.

Even though there has been studies on the localized corrosion of austenitic and duplex stainless
steels have been actively installed in chloride-containing environments, the research on lean duplex
stainless steel has been limited. In this study, the localized corrosion behavior of LDSS was investigated
and compared with that of 316L in the operating environment of the plate heat exchanger for a district
heating system.

2. EXPERIMENTAL METHODS

Two types of stainless steel, 316L and LDSS, were used in this study and Table 1 lists the
chemical compositions of the specimens. For the electrochemical test, the surface of the specimen was
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abraded up to #600 with SiC paper, degreased with ethanol and dried with N> gas. The test environment
was chloride-containing synthetic tap water (450 ppm) at various pHs (7, 6, 4, 2) at 60 °C. The pH of
the solution was adjusted using HCI and NaOH. All measurements were carried out in an aerated
condition.

Table 1. Chemical compositions of stainless steels (wt%).

C Mn P S Si Cr Ni Mo Cu N
316L 0.028 095 0.045 0.03 0.048 18.74 9.2 1.96 - 0.1
2.50- 19.5- 0.20-
LDSS 0.060 350 0.040 0.030 0.90 290 0.5-15 - 120 0.2-0.3

All electrochemical experiments were performed with a three-electrode electrochemical cell. The
counter electrode was a graphite rod, and a saturated calomel electrode was used as a reference electrode.
The area exposed to the electrolyte was 1 cm?. Before polarization, the specimens were cathodically
polarized at -1.2 Vsce for 5 min to remove air-formed surface oxides. The open-circuit potential (OCP)
was established over the span of 6 h.

Cyclic potentiodynamic polarization (CPP) test and potentiodynamic polarization test were
conducted with a potential sweep of 0.166 mV/s in accordance with ASTM G6117 and ASTM G518,
respectively. The scan direction was reversed at a current density of 103 A/cm?. Based on the standard
guidelines for crevice corrosion testing (ASTM G7819), the modified multiple-crevice assembly (MCA)
was used. In this assembly, the specimen and two crevice formers are tightened with a bolt, nut, and
acetal washer using a torque wrench (8.5 N-m). Potentiostatic polarization tests were carried out at 0.2,
0.3, 0.4 and 0.6 Vsce for 24 hours to examine the tendency of the passive film to break down, as well as
confirm the results of the CPP analysis. Electrochemical impedance spectroscopy (EIS) tests were
performed with an amplitude of 10 mV in the frequency range of 100 kHz to 1 mHz.

The chemical composition of the passive film was investigated via angle resolved X-ray
photoelectron spectroscopy (AR-XPS) with 15°, 45° and 75° take-off angles. For XPS analysis, the
passive film layers on the steel surface were formed under potentiostatic conditions for 1 hour at 0.1
Vsce. After electrochemical preparation, the specimens were rinsed with distilled water, dried and
transferred to the analyzer chamber.

3. RESULTS AND DISCUSSION

3.1 Pitting Corrosion Resistance Measurement

The cyclic potentiodynamic polarization (CPP) curves and results under non-crevice conditions
are shown in Figure 1 and Table 2, respectively. All of the polarization curves exhibited hysteresis. For
316L, a sharp increase in the current density was observed, and the pitting potential (Epit) was obvious.
On the other hand, the current density of LDSS tended to increase constantly at a higher potential than



Int. J. Electrochem. Sci., Vol. 15, 2020 4409

in the passive region; this potential was in a transpassive region in which the protective properties of the
passive films were reduced [8]. In addition, a sharp increase in the current density was observed at 1.27
Vsce. From the curves obtained by this test, the pitting potential of 316L and LDSS were determined to
be 0.45 Vsce and 1.27 Vsce, respectively. This indicates that the pitting corrosion resistance of LDSS is
much better than that of 316L.
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Figure 1. Cyclic potentiodynamic polarization curves for stainless steels in synthetic tap water (pH=7,
60 °C).

Table 2. Cyclic potentiodynamic polarization test results.

Ecorr Epit Eprot Eprot - Ecorr
(mVcg) (mVcg) (mVcp) (mVcp)
316L -112 450 -6 106
LDSS -137 1,273 -95 41

At pH 7 and 60 °C, the equilibrium potential of the oxygen evolution reaction (4OH™ — O, +
2H,0 + 4¢) is approximately 525 mVsce. Thus, the sharp increase of current density at a high potential
can be attributed to the oxygen evolution reaction on LDSS. The oxygen generation reaction on the
surface of the metal promotes the breakdown of the passive film and facilitates the formation of pitting
corrosion. Thus, pitting corrosion is a result of mixed reactions of metal/electrolytes and oxygen
generation, and the measured current density is the sum of these reactions [20-22]. In other words, Epit
of LDSS cannot be absolute values indicating the pitting corrosion resistance.

The protection potential (Eprot) is a potential that measures the tendency of repassivation. The
Eprot Values of the two steels were higher than their corrosion potential (Ecorr) values. This indicates that
both the initiation of new pits and the propagation of already formed pits did not occur [23].

Figure 2 shows the results of the potentiostatic polarization tests under non-crevice conditions.
As shown in Figure 2a (Eapp=0.4 Vsce), the increase in current density was doubled (after 2 minutes and
2 hours) in 316L. Generally, pitting corrosion is thought to occur when the current density reaches 100
nA/cm? [24]. Therefore, the increase in current density at the initial stage was due to the formation of a



Int. J. Electrochem. Sci., Vol. 15, 2020 4410

metastable pit by repeated formation and repassivation of a micro-size pit [25-27]. The increase in
current density in the next stage was due to the initiation of pitting corrosion. After the pitting corrosion
was initiated, the current density did not decrease again, indicating that the pit was not repassivated. For
LDSS, an increase in current density was not observed within 24 hours. This is because the applied
potential was lower than Epit and the stability of the passive film was maintained. In Figure 2b (Eapp=0.6
Vsce), the current density of 316L and LDSS increased immediately after potential application. The
applied potential is higher than the E,it of 316L, and belongs to the transpassive region of LDSS. Thus,
the current density of 316L sharply increased as the potential was applied, and repassivation did not
occur. In the case of LDSS, incomplete pitting occurred because the applied potential was in the
transpassive region, and the current density increased and decreased repeatedly. The initiated pits were
repassivated after 7.5 hours.
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Figure 2. Current variation with time at the applied potentials of (a) 0.4 Vsce and (b) 0.6 Vsce for 24 h
in synthetic tap water (pH=7, 60 °C).

3.2 Crevice Corrosion Resistance Measurement
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Figure 3. Cyclic potentiodynamic polarization curves for stainless steels under crevice conditions in
synthetic tap water (pH=7, 60 °C)
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The CPP curves and results under crevice conditions are shown in Figure 3 and Table 3. All the
polarization curves exhibited hysteresis. The current density of both steels increased sharply, and the
crevice potential (Ecrev) Was clearly observed. Ecrev Was higher for 316L than for LDSS. For both stainless
steels, Eprot is lower than Ecorr; thus, new crevice corrosion cannot be initiated, but old ones can still grow
[23].

Table 3. Cyclic potentiodynamic polarization test results under crevice corrosion condition.

Ecorr Ecrevice Eprot Eprot - Ecorr
(mVcg) (mVcp) (mVcp) (mVcp)
316L -136 344 -246 -111
LDSS -177 229 -421 -244

The results of the potentiostatic polarization test for the two steels under crevice conditions are
shown in Figure 4. At the applied potential of 0.2 Vsce, the current density of 316L did not change,
whereas LDSS showed an increased current density. On the LDSS, metastable localized corrosion
occurred. At the applied potential of 0.3 Vsce, the current densities on LDSS are much higher than those
on 316L. Thus, two steels could not be repassivated after crevice corrosion occurred [28,29]. Based on
the CPP and potentiostatic polarization test results, the crevice corrosion resistance of 316L is better than
that of LDSS, unlike the pitting corrosion resistance.

100 1000

— ——316L
(@) e s (b) ——LDSS

——LDSS
80 - 800 |-

700
60
600 [

500
40
400 -

Current (mA)

300 -

200 +
o_u_{lT‘J III k.r IJ . HI I| | 100 |- - -
0 4 8 12 16 20 24
Time (h) Time (h)
Figure 4. Current variation with time for stainless steels under crevice conditions at the applied
potentials of (a) 0.2 Vsce and (b) 0.3 Vsce for 24 h in synthetic tap water (pH=7, 60 °C).
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3.3 Effect of pH on the Passive Film — Electrochemical Analysis

The stability of the passive film with changes in pH was analyzed via anodic potentiodynamic
polarization tests of the two steels at various pHs, and the results are presented in Figures 5 and 6. Ejpit
decreased as the pH decreased in both steels. As the pH decreased, Epit decreased more for LDSS than
for 316L. This is because the LDSS passive film was more sensitive to pH than 316L. In addition, when
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the pH was higher than 2, E,it was higher for LDSS than for 316L, but at pH 2, Epit was higher for 316L
than for LDSS.

The results of electrochemical impedance spectroscopy (EIS) in the form of Bode plots according
to the pH change are presented in Figure 7. In the Bode plot, high-frequency spectra are associated with
defects on the metal surface, whereas low-frequency spectra are related to the surface film and metal/film
interface [30-32].
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Figure 5. Anodic potentiodynamic polarization curves of (a) pH 7, (b) pH 6, (c) pH 4 and (d) pH 2 in
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Figure 6. Variation of pitting potential (Epit) according to changes in pH based on the potentiodynamic
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The phase angle maxima were equal for the two steels regardless of the pH, and decreased
slightly in both steels as the pH decreased. This is due to the existence of a porous passive film [33].
Consequently, degradation of the passive film was accelerated as the pH decreased. The shoulder width
of the phase angle of LDSS was larger than that of 316L at pH 7, whereas that of 316L was larger than
LDSS at pH 2. This indicates that the passive film stability of 316L is superior to that of LDSS at low
pH.

Figure 8 shows the equivalent circuit used to determine the optimized values for the capacitance
and resistance parameters [34,35]. Rs is the solution resistance, and CPEL and Rrim are the passive film
capacitance and resistance, respectively. CPE2 is the double-layer capacitance generated by the
dissolution of the metal and the charge separation between the metal and the electrolyte interface, and
Rt is the charge transfer resistance [33,34]. The impedance of CPE is expressed by the following
equation:

Zepp = A7 (iw) ™" (1)

where Z is the impedance, A is the coefficient of proportionality, i is the imaginary number, ® is

the angular frequency, and n is an empirical exponent (0<n<1) measuring the deviation from the behavior
of an ideal electric capacity [36,37].
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Figure 7. Bode impedance plots of EIS data of (a) pH 7, (b) pH 6, (c) pH 4 and (d) pH 2 in synthetic tap
water (60 °C).
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Figure 8. Equivalent circuit for stainless steel in synthetic tap water.

Table 4. Electrochemical impedance spectroscopy results according to pH.

CPE1 CPE2
pH Material Qsiim R 2 Q. Re 2
’ n, (MQ/cm)) 2 n, (MQ/cm))
(nF/em)) (nF/em))
. 316L 38.9 0.92 45.05 17.39 0.62 42.12
LDSS 8.75 0.91 48.43 2.83 0.72 3.67
316L 36.2 0.94 32.94 7.463 0.54 51.91
° LDSS 36.6 0.94 38.94 15.09 0.72 60.33
316L 50.83 0.92 39.85 27.42 0.56 70.61
: LDSS 56.25 0.91 32.80 2,664 0.90 16.28
5 316L 105.8 0.87 37.33 296.8 0.70 27.30
LDSS 8.559 0.87 8.67 925.7 0.92 0.16

Table 4 presents the optimized values for the capacitance and resistance parameters according to
pH change from the EIS test results. The Rfim of 316L did not change significantly with pH change,
whereas the Rsiim of LDSS decreased as the pH decreased. At the lower pH, the Rsiim of LDSS was much
lower than that of 316L. In other words, the passive film of LDSS lost its protective properties more
easily than that of 316L as the pH decreased. This result is in agreement with that of the potentiodynamic
polarization test. Thus, the pitting corrosion resistance of LDSS is better than that of 316L, while the
reverse is the case under crevice conditions.
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3.4 Effect of pH on the Passive Film — AR-XPS Analysis

The composition of the passive film with a film depth that formed potentiostatically at 0.1 Vsce
was analyzed via angle-resolved X-ray photoelectron spectroscopy (AR-XPS). Figures 9 and 10 show
the XPS spectra of the passive films on 316L and LDSS at different pHs with various take-off angles.
The binding energies of the peaks for the same elements in each passive film were unchanged regardless
of the take-off angle. However, the intensity of the XPS spectra weakened as the take-off angle become
smaller. This is because a small amount of signal was collected from the more horizontally-oriented
take-off angle.

Figure 11 displays the atomic concentration of elements analyzed from the AR-XPS results for
different passive films. Even if the take-off angle changes, the concentration of Fe and Cr oxide is
similar. In other words, the internal and external compositions of each passive film are almost the same.
However, the main component of the passive film in each specimen is different depending on the pH.
Fe oxide is dominant in both steels at pH 7, but Cr oxide is more dominant at pH 2. In particular, the
amount of Mo oxide at pH 2 increased significantly compared to pH 7.

Figure 12 presents the XPS spectra of Cr, Fe, O, Mo, Mn and Ni obtained at the take-off angle
of 45°. In Figures 12a-c, the passive film components of 316L and LDSS were the same regardless of
the pH. However, the intensities of the obtained peaks differed according to the pH in both steel types.
Because the peak intensity is proportional to the concentration of constituents, these results indicate that
the concentrations of the passive film components differed according to the pH [38].
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Figure 9. AR-XPS spectra of (a) Cr 2pss2, (b) Fe 2pas, (¢) O 1s, (d) Mo 3d, (e) Mn 2p, and (f) Ni 2pz»2
of the passive film formed at 0.1 Vsce for 1 h with various take-off angles (pH=7).
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Figure 12. AR-XPS spectra of (a) Cr 2pss2, (b) Fe 2pss, (c) O 1s, (d) Mo 3d, (¢) Mn 2p, and (f) Ni 2pz.2
of the passive film formed at 0.1 Vsce for 1 h with 45° take-off angle.

In Figure 12a, Cr (metal), Cr.O3 and Cr(OH). peaks were presented and their intensities were
higher at pH 2 than at pH 7. In Figure 12b, although oxidized Fe 2ps/> spectra were deconvoluted to
multiple peaks matching individual chemical states in many studies, we considered oxidized Fe 2p3; as
a single chemical state because the peak positions of the reported individual components were different
depending on the literature [39-44]. The dashed lines in Figure 12b are the peak positions of the metallic
and oxidized elements. Fe (metal) and various Fe oxide peaks are shown in Figure 12b. The Fe oxide
peak was predominant at pH 7, while the Fe (metal) peak was predominant at pH 2. The O 1s spectra
can deconvolute into three elements: 0%, OH" and H2O. This indicates that the principal components in
the passive layer are metallic oxides and hydroxides. In Figure 12c, the peak intensity of O? was greater
than that of OH" at pH 7, whereas the peak intensity of O% was weaker than that of OH" at pH 2. This
indicates that Fe oxide was the main component of the passive film at pH 7, while Cr oxide and hydroxide
were the main components at pH 2. In the case of Mo, no peaks were detected for LDSS at pH 2 and in
both steels at pH 7, but all the peaks were detected for 316L at pH 2. Mo is well known as an element
that greatly improves the localized corrosion resistance of stainless steel in chloride-containing
environments [43-47]. Thus, the difference in protective properties of the passive films of the two steels
as the pH varied can be attributed to the difference in Mo content. This is clear evidence that Mo
contributes to the stability of the passive film on 316L at low pH. In the case of Mn and Ni, atomic
concentration signals are collected by Mn (metal) and Ni (metal) from the substrate, not oxides, as shown
in Figures 12e and f. Mn (metal) peak was observed on both steels regardless of pH. Since the XPS
signal of the Mn ion inside the oxide was too small to be analyzed, it is assumed that the Mn ion did not
exist or that a very small amount was present in the passive film. A Ni (metal) peak was observed on
316L regardless of pH, while significant peaks were not detected for LDSS due to the small amount of
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Ni. Since the XPS signal of the Ni ion inside the oxide was too small to be analyzed for 316L, it is
assumed that the Ni ion did not exist or that a very small amount was present in the passive film. In
general, it has been reported that Ni ions in oxides are rarely observed, even when the Ni content is 8%
or greater [48,49].

4. CONCLUSIONS

In this study, the localized corrosion properties of lean duplex stainless steel and 316L were
compared in chloride-containing synthetic tap water at various pHs via electrochemical tests, and the
characteristics of the passive film were analyzed by XPS. The conclusions based on the above
investigation are as follows:

o The pitting corrosion resistance of LDSS is better than that of 316L, but the crevice
corrosion resistance of LDSS is lower than that of 316L. Under non-crevice conditions, LDSS exhibits
transpassive behavior and Epit is greater than the oxygen evolution potential. The Eprot Values of both
steels are higher than Ecorr. On the other hand, under crevice conditions, Eprot is lower than Ecor for both
steels. Comparative analysis of the localized corrosion resistance by potentiostatic polarization testing
agreed with the results of CPP testing.

o Epit tends to decrease as the pH decreases for both steels. The Epir of LDSS sharply
decreases below pH 4, and the Epit of LDSS is lower than that of 316L at pH 2. The Rfim of 316L remains
similar even as the pH changes, whereas that of LDSS decreases as the pH decreases. Thus, regardless
of the pH, the passive film of 316L maintains its stability, while that of LDSS easily loses its protective
properties as the pH decreases.

o Regardless of the pH and film depth, the passive film compositions of the two steels are
similar, except for Mo. Fe oxide is the main constituent of the passive film at pH 7, but Cr oxide and
hydroxide are the main components at pH 2. And the amount of Mo oxide at pH 2 increased significantly
compared to pH 7. For both steels, the peaks of Mo are detectable only at pH 2 and not at pH 7. The Mo
peak intensities are much smaller for LDSS than for 316L at pH 2. Thus, the difference in the passive
film stability of two steels during pH variation can be attributed to the difference in Mo content.

o Mo oxides are not formed at a neutral pH, but instead at a lower pH. The Mo oxide can
easily act as a passive film under the crevice condition. Although pitting and crevice corrosion are similar
in many respects, the tendencies of pitting and crevice corrosion resistance can change depending on the
concentration of Mo oxide in the passive film.
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