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Duplex stainless steels (UNS S32205, UNS S32750) are used in various environments. The potentiody-

namic polarization tests were conducted at 30 oC in order to study the electrochemical corrosion behaviors

of duplex stainless steels under different seawater concentrations (fresh water, seawater, mixed water). The

results of Tafel analysis in seawater showed that UNS S32205 and UNS S32750 had the highest corrosion

current densities at 6.12 × 10-4 mA/cm2 and 5.41 × 10-4 mA/cm2, respectively. The pitting potentials of

UNS S32205 and UNS S32750 were comparable to or higher than the oxygen evolution potential in fresh

water, mixed water, and seawater. The maximum damage depths and surface damage ratio caused by pit-

ting corrosion increased with chloride concentration. The synergy effect of molybdenum and nitrogen

enhances the concentration of Mo, Ni, and Cr at the interface of the metal-electrolyte. In particular, in the

case of nitrogen, NH
3
 and  are formed to compensate for the pH drop in the pitting region, thereby

strengthening the repassivation of the film. The excellent corrosion resistance of UNS S32750 is attributed

to the strengthening effect of the chromium oxide film due to the presence of molybdenum and nitrogen.
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1. Introduction

Since the concentration of chlorine ions (Cl-) in the

marine environment is higher than that of in freshwater,

marine equipment and devices materials under marine

environment are exposed to severe corrosive conditions

[1-4]. Stainless steel forms a passive film (Cr2O3), has

excellent corrosion resistance, and has sufficient

strength, so it is a material widely used in marine

environment. However, local corrosions such as pitting

corrosion, crevice corrosion, and stress corrosion

cracking in neutral salt solutions remain as a problem

of stainless steel [5]. Stainless steels mainly used in

various industrial fields are ferritic and austenitic

stainless steels. Duplex stainless steel has a structure in

which ferritic and austenitic phases are very finely

combined with a ratio of about 50:50, and its yield

strength is 2-3 times higher compared to that of austenitic

stainless steel [6]. In the early stages of development of

duplex stainless steel, the range of use was very limited

due to reduced corrosion resistance and ductility at

welding parts. However, the distribution of chromium

in ferritic and austenitic phases was uniformed by adding

0.15 to 0.25% nitrogen. In addition, the resistance for

stress corrosion cracking, pitting and crevice corrosion

were improved in a chlorine atmosphere [7]. Recently,

duplex stainless steel has been manufactured by

containing 25% or more of chromium to improve

mechanical strength and corrosion resistance compared

to the existing duplex stainless steel having a chromium

content of 22%. Investigations on duplex stainless steels

are changes of phase fractions with heat treatment

temperature and time, comparison of pitting resistance

with temperature, and pitting caused by mixing of non-

metallic inclusions. However, there are few studies on

the corrosion of duplex stainless steels with chlorine ion

concentration. In particular, large ships navigate not only

in marine environments (Pacific, Atlantic, etc.) but also

in freshwater environments (Yangtze River, Panama

NH4
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Canal, etc.) and operate in various environments.

Therefore, in this study, the effects of seawater

concentration on the electrochemical corrosion of duplex

stainless steel were investigated.

2. Experimental method 

The specimens used in this research were duplex

stainless steels UNS S32205 (stainless steel 329J3L) and

UNS S32750 (stainless steel 329J4L) which improved

corrosion resistance by increasing the amount of

chromium. Potentiodynamic polarization tests were

conducted to evaluate the corrosion resistance of UNS

S32205 and UNS S32750 in various seawater

concentrations. In order to figure out the corrosion

characteristics in various chloride concentrations,

seawater, freshwater and mixed water (seawater:

freshwater = 1:1) were used as electrolytes to compare

and analyze the electrochemical behaviors. The

chemical compositions of duplex stainless steels UNS

S32205 and UNS S32750 are listed in Table 1 The

specimens were processed with a size of 10 mm ×

10 mm using a cutting machine supplied with cooling

water to minimize thermal deformation, and mounted

with epoxy resin. After mounting, the specimens were

polished step by step up to SiC paper #600. Thereafter,

the specimens were cleaned with ultrasonic cleaning for

3 minutes in acetone and distilled water, and dried in a

vacuum chamber for 24 hours. The main components

and properties of the experimental solutions are shown

in Table 2 Potentiodynamic polarization experiments

and Tafel analyses were conducted to evaluate the

corrosion resistance in various chloride concentrations,

using the FR/VCP of BioLogic Science Instruments Co.

In the polarization tests, a silver/silver chloride (Ag/

AgCl) electrode and a platinum (Pt) electrode were used

as the reference electrode and counter electrode. The

electrochemical corrosion characteristics were compared

with natural seawater, fresh water and mixed water at

30 oC as electrolytes. The potentiodynamic polarization

tests after immersion during 3600s were carried out from

0.25 V to 2.0 V (vs. open circuit potential) with scanning

rate of 1.67 mV/s. The pitting potential (Epit) was

calculated through the potentiodynamic polarization

curve. In addition, the corrosion current density (Icorr)

and the corrosion potential (Ecorr) were calculated using

the Tafel extrapolation method. After the experiments,

the surfaces were analyzed using a scanning electron

microscope (SEM, BRUKER, SNE-4500M Plus) and a

3D optical microscope (Motic, PSM-100, I-solution) to

figure out the corrosion tendency. Etching was carried out

in 40% NaOH aqueous solution under DC 6 V, 5s

conditions to observe the phase fractions, microstructures

of the ferritic and the austenitic phases. Thereafter, the

phase fractions were analyzed through image analysis. 

3. Results and discussion

Fig. 1 presented analysis results of the phase fractions

and micro structures. When duplex stainless steels UNS

S32205 and UNS S32750 were etched, an α-ferritic

(dark side) phase and a γ-austenitic (bright side) phase

Table 1. Chemical compositions of UNS S32205 and UNS S32750 (wt%)

C Si Mn S Cr Ni Mo Cu N Fe

UNS S32205 0.026 0.48 1.64 0.001 22.4 5.69 3.03 0.19 0.17 Bal

UNS S32750 0.023 0.48 0.75 0.001 25.3 7.33 3.14 0.155 0.191 Bal

Table 2. Chemical compositions and properties of electrolyte (wt%)

Main component (mg/L) 

pH

Dissolved

oxygen

(mg/L)

Electric

conductivity

(mS/cm)Cl- Na+ K+ Mg2+ Ca2+

Sea water 1746 15721 8401 344 1121 357 7.90 16.1 45.3

Mixed 

water
1073 9989 5367 218 695 237 7.75 16.0 29.10

Fresh water 333 3267 368 77 225 104 7.52 16.0 11.16

SO4

2–
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were observed. Through the results of image analysis,

it could be identified that the ratio of ferrite to austenite

was about 44:56 in UNS S32205, and 45:55 in UNS

S32750, which were almost the same. Experimental

results related to the pitting corrosion of duplex stainless

steels in chloride solutions are diverse. In particular, the

results of investigation on pitting corrosion and

repassivation for duplex stainless steel (UNS S31803

and UNS S32750) with temperatures, the ferritic phase

had a higher pitting resistance equivalent number

(PREN) than the austenitic phase, and pitting corrosion

occurred preferentially in the austenitic phase rather than

the ferritic phase [8]. However, study on the correlation

between the phase fraction and pitting corrosion of UNS

S32101, the PREN of the ferritic phase was lower than

that of the austenitic phase. And, as the phase fraction

of ferritic increases by heat treatment, the pitting

potential moved toward negative potential so that pitting

corrosion occurred preferentially in the ferritic phase. In

addition, as the ferritic phase increased by heat treatment,

the corrosion rate increased due to the increase of current

density by the galvanic couple [9]. Therefore, the phase

fraction becomes an important element in corrosion

resistance. The PREN is a value indicating the resistance

to pitting corrosion of stainless steel in chloride-

containing environments, and it is determined by the

contents of chemical elements. Elements affecting the

PREN are mainly Cr, Mo, W and N. The contribution

degree of these elements to PREN is as shown in the

equation below.

Fig. 1. Metallographic analysis and phase fraction of UNS S32205 and UNS S32750
CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024 257
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PREN =%Cr + 3.3%(Mo + 0.5%W) + 16%N (1)

According to this formula, stainless steels with a

PREN index of 40 or more are called super stainless

steel. Super stainless steels have excellent corrosion

resistance in harsh environments such as marine

environments and petrochemical industries. Table 3 is

the result of EDS analysis and PREN values for ferritic

and austenitic phases of UNS S32205 and UNS S32750.

In both specimens, the contents of Cr and Mo (ferrite

stabilizing elements) in the ferritic phase were higher.

And the contents of Ni and N (austenite stabilizing

elements) in the austenitic phase were higher. The PREN

values of ferritic phase for UNS S32205 and UNS

S32750 are 35.91 and 40.50, and those of austenitic

phase are 33.03 and 37.60, respectively.

Fig. 2 presented surface morphologies of UNS S32205

and UNS S32750 after potentiodynamic polarization

experiment in freshwater. The pitting corrosion at all

specimens occurred selectively in the austenitic phase.

This is consistent with the results of studies in which

the austenitic phase of 2205 duplex stainless steel was

selectively corroded in 0.01 mol/L NaCl solution [10].

According to various investigations on pitting corrosion

of duplex stainless steel, the selective corrosion of

ferritic and austenitic phases is affected by the contents

of Cr, Mo, N and solution parameters. In the case of

stainless steel with high contents of Cr and Mo (ferrite

stabilizing elements) and a low N content, selective

corrosion occurred at the austenitic phase in a neutral

chloride solution. However, selective corrosion at the

ferritic phase occurred when the content of Ni and N

(austenite stabilizing elements) was high and Cr and Mo

content was low. 

Fig. 2. Selective corrosion of UNS S32205 and UNS S32750 after potentiodynamic polarization in fresh water

Table 3. The chemical composition (wt%) and PREN of the two phases in UNS S32205 and UNS S32750

Materials Phase Cr Ni Mo N PREN

UNS S32205

Austenite 20.61 8.46 1.92 0.38 33.03

Ferrite 24.52 5.31 3.21 0.05 35.91

Both phases 22.40 5.69 3.03 0.17 35.17

UNS S32750

Austenite 23.21 9.86 2.42 0.40 37.60

Ferrite 27.47 6.22 3.72 0.05 40.50

Both phases 25.30 8.04 3.07 0.19 38.47
258 CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024



EFFECT OF SEAWATER CONCENTRATION ON ELECTROCHEMICAL CORROSION OF DUPLEX STAINLESS STEEL
Fig. 3 and Fig. 4 displayed the results of potentiodynamic

polarization experiments for duplex stainless steels UNS

S32205 and UNS S32750 in fresh water, seawater and

mixed water at 30 oC. The passivation was observed

where the increase of current density was stagnant due

to the passive film (Cr2O3) formed at the initial stage of

immersion. The pitting potentials of UNS S32205 and

UNS were not clearly determined by oxygen evolution

in fresh water, mixed water, and seawater. The oxygen

evolution (4OH– → O2 + 2H2O + 4e) reaction in a neutral

solution at pH 7 is about 1000 mV when Ag/AgCl

(saturated KCl) reference electrode is used. As a result of

potentiodynamic polarization, the exact value of the

pitting potential cannot be confirmed due to the increase of

current density by oxygen evolution, but it can be confirmed

that it has a similar or higher value than the oxygen evolution

potential. As a result of the potentiodynamic polarization

of duplex stainless steel in a neutral chloride solution,

there are many researches that did not measure exact

pitting potential due to oxygen evolution [11,12]. It

means UNS S32205 and UNS S32750 have a higher

pitting resistance compared to UNS S30400 and UNS

S31603 which are common austenitic stainless steel

widely used commercially. Since pitting corrosion

begins at Epit (pitting potential), the value of Epit

represents a measure on the pitting corrosion resistance.

It can be seen that the pitting corrosion resistance of

UNS S32205 and UNS S32750 are nobler than

commonly used austenitic stainless steels because the

contents of Cr, Mo, and N that affecting the PREN are

higher.

Fig. 5 presented a schematic diagram of the passive

film applied with bipolar model.  acts as an

electron acceptor on the surface of passivation film due

MoO
4

2–

Fig. 3. Potentiodynamic polarization curves of UNS S32205
in various solutions

Fig. 4. Potentiodynamic polarization curves of UNS S32750
in various solutions

Fig. 5. Schematic diagram of enhanced passive film formation by Molybdenum [13](Positive charge : + , Negative charge : -) 
CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024 259
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to addition of Mo. Thus, the strengthening of metal and

oxygen combination reinforces lattice structure of the

passive film [13]. With bipolar model of passive films,

the absorption of  in the film due to addition of

Mo forms a cation selective layer, and promotes

dehydrogenation of the film [14]. The passive film is

strengthened with production of chromium oxide film

(Cr2O3) as the O2
− formed by dehydrogenation is

transferred to the metal surface. The passive film is

strengthened by this mechanism. In addition, the cation

selective layer in the outer layer of film inhibits the

ingression of OH− and Cl− so that the rehydration can

be efficiently stopped [13,15]. The dehydrogenation

reaction starts when chromium hydroxide (Cr(OH)3) is

decomposed into chromium oxide (Cr2O3), hydroxyl

ions (OH−) and hydrogen ions (H+). The formed OH−

are decomposed into O2
−
 and H+. The H+ move through

the cation selective layer and outside of film. The O2
−

are combined with Cr to form chromium oxide films

(Cr2O3), and corrosion resistance is improved [16]. The

entire dehydrogenation reaction is as follows. 

Cr + Cr(OH)3 → Cr2O3 + 3H (2)

Fig. 6 displayed results of analysis of polarization

curves and Tafel analysis after the potentiodynamic

polarization experiments for UNS S32205 and UNS

S32750. It is considered that Cl- ions were replaced by

oxygen or hydroxyl groups in the part where passive

film is somewhat unstable. This results lead to the local

dissolution of the film [17]. In seawater, it has the highest

electrical conductivity, the corrosion potentials (Ecorr) of

UNS S32205 and UNS S32750 showed the most

negative potentials of -0.248 V and -0.223 V, and the

corrosion current density (Icorr) presented the highest

values of 6.12 × 10-4 mA/cm2 and 5.41 × 10-4 mA/cm2,

respectively. This is considered to be because the

influence of Cl− ions on the corrosion characteristic in

seawater is greater than in freshwater. The corrosion

potential shifted to the negative direction potentials and

the corrosion current density increased with chloride

concentration raise. However, pitting potential showed

to be comparable to or higher than the oxygen evolution

potential despite the increase of chloride concentration.

The reason is considered to be the synergy effect of Mo

and N. Synergy effect of Mo and N enhances the

concentration of Mo, Ni and Cr at the metal-electrolyte

interface of initiated pitting. The N reacts with H+ to

form NH3 and  and is expected to compensate for

pH drop of pitting region. The repassivation of the film

by this mechanism is enhanced by increased pH. In

MoO4

2–

NH
4

+

Fig. 6. Results of polarization curves analysis and Tafel
analysis after potentiodynamic experiments for each
specimen in various solutions
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addition,  species enhances the cation selectivity

of passive film. Therefore, the oxide content and the

density of the film is increased. The  acts similarly

to a potent inhibitor in passive film at active site to

promotes the formation of chromium oxide. Consequently,

 reacts with Mo to produce more molybdate and

nitric oxide, which helps improve corrosion resistance

[18]. 

Fig. 7 displayed the analysis results of surface

morphologies and maximum damage depths using a 3D

microscope after potentiodynamic polarization experiment.

The pitting corrosion damages in UNS S32205 and UNS

NOx

 –

NO
x

 –

NO
x

 –

Fig. 7. 3D analysis results of UNS S32205 and UNS S32750 after potentiodynamic polarization experiment in various solutions
CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024 261
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S32750 were observed in all solutions, and pitting

corrosions were formed wider and deeper in mixed water

and seawater than in freshwater. The maximum pitting

depths of UNS S32205 in mixed water and seawater

were 45.340 µm and 65.080 µm, which were 1.80 and

2.59 times higher than that of fresh water. The maximum

pitting depths of UNS S32750 in mixed water and

seawater were 23.790 and 31.951, which were 1.68 and

2.26 times higher than those of fresh water. The

distribution and size of pitting corrosion increased with

chloride concentration. This is consistent with the result

of the investigation that the higher chloride

concentrations accelerates the internal electron transfer

of Cl− which is favorable for micropits to maintain

growth and can lead to faster growth [19]. 

Fig. 8 displayed the surface scan and pitting corrosion

damage ratio after potentiodynamic polarization experiment.

The pitting corrosion damage of UNS S32205 and UNS

S32750 could be hardly identified in fresh water but

could be found in mixed water and seawater. The UNS

S32750 which has excellent pitting resistance, presented

high damage ratio by pitting corrosion than UNS S32205.

This result is also consistent with the surface morphologies

observed with SEM after the potentiodynamic polarization

test in Fig. 9. The pitting corrosion damage in fresh

water, which was not observed at the result of surface

scan, was found, and it could be seen that the size and

number of pits increased with chloride concentration.

At the analysis results of 3D micrography and pitting

corrosion damage ratio, the pitting corrosion grows to

depth direction in UNS S32205 while the distribution

of pitting corrosion increased in UNS S32750. The sizes

and depths of pitting corrosion in UNS S32750 are

smaller than those in UNS S32205. In addition, the

distribution of pitting corrosion in UNS S32750 is larger

than that of UNS S32205. It is presumed to be the

difference in current density after oxygen evolution

potential.

Fig. 10 compared the current density values   a t

+1.5 V (vs. Ag/AgCl) after oxygen evolution. The

difference of the current density values in fresh water is

little. The current density values of UNS S32750 in

mixed water and seawater presented 14.59 mA/cm2 and

16.10 mA/cm2, respectively, which are 2.29 and 1.34

times higher than those of UNS S32205. Despite the

high current density, pitting resistance of UNS 32750 is

Fig. 8. Appearance of UNS S32205 and UNS S32750 after potentiodynamic polarization experiment in various solutions
262 CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.4, 2024
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Fig. 9. Surface morphologies after potentiodynamic polarization experiment of UNS S32205 and UNS S32750 in various
solutions
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excellent because pits do not grow to the depth direction

but are widely distributed on the surface.

4. Conclusion

Through the electrochemical experiments of duplex

stainless steels UNS S32205 and UNS S32750 with

seawater concentration, following conclusions were

obtained.

1. The phase fractions of the ferritic phase and the

austenitic phase were α:γ=44:56 in UNS S32205 and

α:γ=45:55 in UNS S32750, respectively. Therefore, no

significant difference was shown in phase fractions.

2. At the result of potentiodynamic polarization

experiments, UNS S32205 and UNS S32750 showed

the pitting potential were comparable to or higher than

oxygen evolution potential in fresh water, mixed water

and seawater.

3. At the result of Tafel analysis, seawater presented

the highest corrosion current density followed by mixed

water and fresh water in order. And the lowest corrosion

current density (1.96 × 10-4 mA/cm2) was presented at

the freshwater condition of UNS S32750, indicating

excellent corrosion resistance.

4. The maximum damage depth of UNS S32205

increased from 25.06 to 65.08 with chloride

concentration increment. Pit grew to the depth direction

and the distribution presented a smaller tendency than

UNS S32750.

5. The maximum damage depths of UNS S32750 are

smaller than those of UNS S32205, but the distribution

of the pitting is larger. Corrosion resistance of UNS

S32750 is excellent in various environment from the

perspective of depth growth of pit.
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