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2205 duplex stainless steel (DSS) has been widely used in the marine environment because of its
excellent corrosion resistance. The moist and hot environment of the ocean is suitable for the growth and
reproduction of microorganisms, especially mold, which cause serious corrosion problems. In this paper,
the seawater extracted from the South China Sea with abundant microorganisms was used as a test
medium, and mold isolated from the Xisha Sea area of China was added. The microstructure and
corrosion behavior of 2205 DSS were studied by using EBSD, 3D optical microscopy, electrochemical
workstation, and SEM. The corrosion mechanism of 2205 DSS with different textures and grain
orientation in seawater containing microorganisms was systematically analyzed.
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1. INTRODUCTION

Corrosion is the main factor leading to facility failure [1, 2]. Various corrosion control
technologies have been developed, such as coatings, corrosion inhibitors, and cathodic protection, as
well as alloys with excellent corrosion resistance[3-6]. Stainless steel and acid-resistant steel have been
widely used in the field of corrosion prevention. Stainless steel is a kind of steel with high corrosion
resistance in weakly corrosive media such as air and freshwater. Acid resistant steel refers to the steel
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with corrosion resistance in harsh corrosive media, such as acid, alkali, salt, and seawater. The results
show that the corrosion resistance of steel increases with the increase of the content of Cr. When the
content of Cr exceeds 12%, the corrosion resistance of steel in the atmosphere changes from weak to
strong. The corrosion resistance of stainless steel is due to the formation of a passivation film on its
surface. The chemical composition, structure and properties of passivation film vary with the chemical
composition and treatment methods of stainless steel and the medium environment. Chrome stainless
steel is equivalent to the AISI400 series in the United States. Chromium stainless steel includes ferritic
stainless steel, representative grade 409, 430, etc. Elements that enable the steel to form ferrite include
Cr, Mo, Si, Al, W, Ti, Nb and so on. In the 1880s, people found austenite in middle and high carbon
steel at high temperature, after fast cooling to get a steel hardening and strengthening of the organization,
later developed martensitic stainless steel, on behalf of 410,431 and so on. The main alloying elements
of chrome-nickel stainless steel are chromium and nickel, which is equivalent to the AISI300 series in
the United States. The elements that enable the steel to form austenite include Ni, C, N, Mn, Cu, etc.,
representing grades 304, 316, etc. The development and application of DSS began in the 1930s, and
France obtained the first patent in 1935. In the solid solution structure of DSS, the ferrite phase and
austenite phase account for about half respectively, and generally the content of the small phase also
needs not less than 30%. DSS combines the excellent toughness and weldability of austenitic stainless
steel with the high strength and resistance to chloride and stress corrosion of ferritic stainless steel [7-
9]. The first generation of DSS steel is represented by 329 steel developed in the 1940s in the United
States. The widespread and extensive application of N in stainless steel is the most important progress
in the field of stainless steel. In addition to ferritic stainless steel, almost all types of stainless steel,
especially austenitic and DSS are commonly alloyed with N. N was added to the DSS to develop the
second generation (representative grade 2205) and third-generation ( Super duplex stainless steel,
representative grade SAF2507) of DSS. It not only significantly improves the corrosion resistance of
austenitic and duplex stainless steels in oxidizing acid and reducing acid media, but also improves their
resistance to local corrosion such as intergranular corrosion, and pitting corrosion, and crevice corrosion.
In stainless steel, N improves pitting and crevice corrosion resistance by about 16-30 times that of
chromium. Stainless steel is currently being used in more extreme environments, such as ultra-
supercritical high temperature and high-pressure environments, stainless steel for nuclear power, and
ultra-high pressure deep-sea environments [10, 11].

Microbiologically influenced corrosion (MIC) refers to the process of metal material corrosion
accelerated directly or indirectly by microbial life activities and their metabolites [12]. The annual global
cost of corrosion is about us 4 trillion dollars, of which microbial corrosion accounts for 20% [13, 14].
The resistance of stainless steel to MIC has been widely studied. Dec et al. [15] observed that sulfate-
reducing bacteria could destroy the passive film of 2205 DSS by forming different sulfides, thus causing
pitting corrosion. Liu has conducted a series of studies on MIC of carbon steel, stainless steel, and
titanium alloys[16-20]. The hot and humid conditions of the ocean are ideal for the growth and
reproduction of microorganisms, especially molds. 2205 DSS is widely used in the marine environment.
However, the corrosion behavior of 2205 DSS in seawater medium with microorganisms has not been
fully studied. In this paper, the microstructure and grain orientation of stainless steel 2205 was studied
by EBSD. Then the seawater with mold was used as the test medium. The electrochemical corrosion
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behavior of 2205 DSS for 14 days was tested by the electrochemical workstation. Finally, the
morphology after corrosion was characterized by SEM. The corrosion mechanism of different textures
and orientation grains in 2205 DSS in seawater containing microorganisms was analyzed.

2. EXPERIMENTAL PROCEDURE

2205 commercial rolled plate (purchased from Baowu Tai Steel Group, the plate thickness of
10mm) is cut into corrosion coupons with a size of 10*10*10 mm for electrochemical testing and surface
morphology characterization. The seawater containing marine microorganisms is obtained from the
surface sea of Yangjiang, China. Aspergillus terraeus isolated from Xisha sea area of China, and were
used in this work [21]. The mold was cultured in a potato glucose liquid medium, and the composition
(9/L) was glucose 20, NaCl 30, and potato juice 200. The medium was sterilized at 121°C for more than
20 minutes before use and used to activate the mold after cooling. The mold needs to be cultured for 24
hours before the experiment.

The microstructures of the samples were examined by 3D Optical Microscopy (OM, LEICA
DVMS6), scanning electron microscope (SEM, JSM-7800 F, JEOL, Japan), Oxford electron backscatter
diffraction (EBSD) system and energy dispersive spectrometer (EDS). The electrochemical corrosion
process was studied using an electrochemical workstation (Model CS350, Corrtest, China).

3. RESULTS AND DISCUSSION

Fig. 1 is the EBSD characterization of the 2205 DSS rolled plate. Grain orientation mapping in
Fig. 1a shows that grains are distributed in all orientations, among which there are more grains in the
plane (001) and plane (111), which is mainly the result of base rolling and preferred orientation.
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Figure 1. EBSD analysis of 2205 rolled plate: (a) Grain orientation mapping. (b) grain size distribution.
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It can be seen from Fig. 1b that there are many grains with a diameter of fewer than 10 um, and
a few with a diameter of more than 30 pum, indicating that the material has a mixed crystal structure. The
uneven grain distribution results in uneven corrosion resistance of materials. In the presence of
microorganisms, corrosion occurs first at the grain boundaries of larger grains, cracking the metal grain
boundaries and leading to failure.

Fig. 2 shows that austenite and ferrite phases are evenly distributed, with austenite accounting
for 40% and ferrite for 60%. This uniform structure distribution combines the high strength of ferrite
with the good plasticity of austenite, while reducing the cost of stainless steel by reducing the Ni content.
The seawater corrosion resistance of the material is better than 316L SS [22], which is great progress in
the field of seawater corrosion resistant stainless steel. As can be seen from Fig. 1, ferrite is mainly (001)
plane grain, which is mainly due to the strong texture of the base plane, which is caused by the poor
plasticity of ferrite. The austenite is mainly (111) plane grain, which is mainly caused by better plasticity
and preferred orientation of austenite.

Figure 2. (a) SEM of 2205 rolled plate (b) Different types of grains in the alloy; blue and red color
represent austenite, and ferrite grains, respectively.

Fig. 3 shows grain frequency of 2205 rolled plate orientation Angle. It can be seen from the
images that the distribution proportion of small angle grain and large angle grain is similar, which is
related to the isotropy of austenitic stainless steel and ferritic stainless steel polycrystal, indicating that
the grains of duplex stainless steel is below 70 degrees, and the proportion is similar.
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Figure 3. grain frequency of 2205 rolled plate orientation angle: (a) Kernel average misorientation (b)
grain frequency of orientation angle.

Fig. 4 shows grain frequency of 2205 rolled plate orientation Angle. It can be seen from the
figure that (001) has the highest strength of 14.426, which is caused by the base surface of ferritic
stainless steel in the rolled surface. The strength of plane (111) and plane (110) is also unevenly
distributed due to different grain orientations. The strength of (111) is mainly contributed by austenitic
stainless steel, which corresponds to the microstructure of Fig.1 and Fig.2.

max= 14426 ’7";6"“732

9248 g

02 Al 504 e
— 3276

2206

1485

1000
0673

111

Figure 4. Pole figure analysis of 2205 rolled plate.

The electrochemical results of 2205 DSS tested continuously for 14 days in surface seawater
containing mold are shown in Fig. 5. It can be seen from Fig. 5 that the impedance value of DSS
increased and then decreased on the second day, indicating that the corrosion of DSS was a process of
corrosion and repair at the same time and that the seawater containing mold and other microorganisms
had strong corrosion ability. MIC is a long-term and complex process. Generally, microorganisms first
attach to the surface of the material and then release acidic metabolites to accelerate the corrosion. Then,
the metabolites form biofilms, resulting in a large area of electrochemical corrosion galvanic cells to
further accelerate the corrosion of the alloy [23-26]. Therefore, the impedance value of 2205 DSS begins
to decrease after soaking for2 days. However, it is still seen that the impedances changed little with time,
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and the impedance values were big. So, this suggests that 2205 DSS has higher corrosion resistance in
the seawater due to the good passive film [27, 28].
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Figure 5. Electrochemical Impedance Spectroscopy (EIS) plots obtained on seawater containing mold.
The figure below demonstrates the equivalent circuits applied to fit EIS plots.

Table 1. The EIS data from Figure 5 are fitted using the fitting circuit

Rs CEP-T CEP-P Rt
1d 10.4 5.66x10° 0.80 6.38x10®
2d 10.22 4.51x10° 0.82 7.92x10°
4d 11.1 2.91x10° 0.85 2.94x10°
7d 10.09 5.07x10°® 0.83 5.38x106
10 d 11.15 6.08x10° 0.80 9.59x106
14 d 10.97 6.03x10° 0.80 7.53x10

Fig. 6 shows Optical Microscopy images of 2205 rolled plate after corrosion in seawater
containing mold. It can be seen from Fig. 6a and Fig. 6b that 2205 stainless steel has a small amount of
white microbial products on its surface after corrosion in seawater. Combined with the THREE-
DIMENSIONAL morphology of Fig. 6¢ and Fig. 6d, it can be seen that there are tiny corrosion holes on
the surface, indicating that the corrosion type of 2205 stainless steel within 14 days is localized corrosion.
It has been reported that the corrosion resistance of austenitic stainless steel in seawater is poor [29], so
the corrosion holes occur in the austenite area. In general, the 2205 stainless steel showed strong
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corrosion resistance in the seawater containing microorganisms for 14 days, but the mold promoted
localized corrosion, forming corrosion holes on the surface and leading to the failure of the stainless

steel.
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Figure 6. Optical Microscopy images of 2205 rolled plate after corrosion in real seawater containing
mold. (a) and (b)is the optical microscopy image. (c) and (d) are the 3D reconstruction of figure

(b).

The morphology and phase composition of the corrosion products were further studied. The
morphology of 2055 stainless steel in seawater containing mold after corrosion was characterized by
SEM image and EDS. Fig. 7a and Fig. 7b obviously showed that there were many corrosion pits. This
is consistent with the results in Fig. 6. Combined with EDS, it can be found some inclusions. The
presence of inclusion can easily cause pitting corrosion, and the growth location of corrosion pits is
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usually around the inclusion [30]. Fungi, such as the molds, have been considered as one of the key
reasons for accelerating the steel corrosion, especially for the localized corrosion [31, 32]. So, it can be
speculated that the localized corrosion of 2055 stainless steel can be caused by the multi-factors.
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Figure 7. SEM image and EDS of 2205 rolled plate after corrosion in real seawater containing mold.

4. CONCLUSION

1. Ferrite is mainly (001) plane grain, which is mainly due to the strong texture of the base plane,
which is caused by the poor plasticity of ferrite. The austenite is mainly (111) plane grain, which is
mainly caused by better plasticity and preferred orientation of austenite.

2. 2205 stainless steel has demonstrated strong corrosion resistance in the seawater environment
containing mold for 14 days, but mold will promote the localized corrosion intensification, forming
corrosion holes on the surface to make the stainless steel failure.

3. The main components of corrosion holes are Si and O, indicating that the main factor causing
corrosion holes is mold.
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