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Abstract: When 2205 duplex stainless steel (DSS) is immersed in simulated seawater under high
hydrostatic pressure, or in an electrochemically hydrogen charged state, a spindle-shaped product
is found in the ferrite phase that seriously deteriorates the mechanical properties of 2205 DSS.
This paper systematically studied the composition, structure, and properties of the hydrogen charging
product. The results of a slow strain rate tensile test show that the hydrogen charging product
evidently reduces the elongation of 2205 DSS, and microcracks mainly initiate at the interface
between the hydrogen charging product and the ferrite matrix at either a low or a high strain rate.
However, the elongation recovers to that of the hydrogen free sample after heating the sample at
300 °C for 0.5 h. The nano-hardness and reduced modules of the product are higher than those of
the ferrite and austenite phases. An element analysis by energy dispersive spectroscopy (EDS) and
secondary ion mass spectrometry (SIMS) indicates that the Ni and H contents in the hydrogen charging
product are higher than in the normal ferrite area, and X-ray diffraction shows the characteristic peak
of iron hydride at 40.07°. Moreover, a differential scanning calorimeter (DSC) test demonstrated that
the phase decomposition temperature of the product is 268 °C, which coincides with the fact that it
dissolves at a high temperature caused by the focused electron beam during transmission electron
microscopy (TEM) analysis. All experimental results indicate that the hydrogen charging product is
a hydride of FeH or (Fe, Ni)H.

Keywords: characterization; thermal analysis; X-ray diffraction; secondary ion mass spectrometry;
mechanical properties; hydride

1. Introduction

With the increasing demand for energy, the focus on oil and gas resource exploitation has
shifted from the land to the deep ocean in recent years, and the exploitation depth has gradually
increased. Submarine pipelines are exposed to harsh environmental conditions [1-4], such as
high hydrostatic pressure, and cathodic protection is often applied during the service process.
However, cathodic protection elevates the hydrogen content in the material [5-9], while high hydrostatic
pressure will also cause a rise in the hydrogen content [10,11]. Does the dual effect lead to any changes
in the microstructure and mechanical properties of the material? Although the surface of the pipeline
steel is always coated by a protective layer in service [12—-17], it is still necessary to understand how
the material itself changes at high hydrogen concentration. Recently, we found that a spindle-shaped
product appeared on the surface when the 2205 DSS was immersed in a 3.5 wt. % NaCl solution under
a hydrostatic pressure of 10 MPa (corresponding to a seawater depth of 1000 m) for a long period
of time. In addition, this product only appeared in the ferrite phase, instead of the austenite phase.
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This phenomenon can also be observed during electrochemically hydrogen charging, causing more
product to be generated. Such an interesting phenomenon arouses great attention. Firstly, does this
product affect the mechanical properties of 2205 duplex stainless steel (DSS)? Secondly, what is it,
and why does it only appear in the ferrite phase? Therefore, the purpose of this paper is to clarify the
above-mentioned issues.

Szummer et al. [18,19] reported that some needle-shaped products appeared on the surface of
ferritic stainless steel after hydrogen charging. Initially, they thought it was micro-twin, but later
proposed that the product could be hydrides. Ornek et al. [20] demonstrated that a hydrogen charging
‘blister” generates on the ferrite phase of the 2205 DSS surface. However, the common consensus is that
the hydrogen blister is usually circular or nearly circular in shape [21,22], but the product morphology
observed by us and Ornek was needle- or spindle-shaped. This proves that this hydrogen charging
product is highly unlikely to be a hydrogen blister. Unfortunately, a systematic characterization on this
product is still absent.

In the present work, the spindle-shaped product was produced in 2205 DSS by electrochemical
hydrogen charging; its effect on the mechanical properties was measured by slow strain rate tensile
(SSRT) and nanoindentation tests. Afterwards, the product was characterized by a series of experiments.
First, the microscopic morphology was observed by atomic force microscopy (AFM) and transmission
electron microscopy (TEM), then the composition and crystalline structure were characterized by X-ray
diffraction (XRD), energy dispersive spectroscopy (EDS) coupled with scanning electron microscopy
(SEM), and secondary ion mass spectrometry (SIMS). Last, the thermal stability of the product was
measured by the differential scanning calorimeter (DSC) method.

2. Materials and Methods

2.1. Hydrogen Charging Product

The material employed in this study was a commercial 2205 DSS with the following chemical
compositions: 0.03 wt. % C, 0.18 wt. % N, 4.83 wt. % Ni, 21.83 wt. % Cr, 0.48 wt. % Si, and balanced Fe.
Block samples with a size of 10 mm X 10 mm X 3 mm were used for electrochemical hydrogen charging
and surface observation. Samples were wet ground with SiC paper up to 5000 grit, mechanically
polished, and then electropolished with nitric acid (50%) at 1.2 V for 30 s. Electrochemical hydrogen
pre-charging was performed in a NaOH solution for 48 h at a current density of 2 mA/cm?.

The microstructure of the hydrogen-free specimen, immersed in 3.5 wt. % NaCl solution under
10 MPa for 720 h and hydrogen pre-charging specimens are shown in Figure 1. Figure 1a displays the
morphology of the hydrogen-free sample, and the ferrite and austenite phases are marked. As can be
observed from Figure 1b, a spindle-shaped product (indicated by red arrows) appeared in the ferrite
phase after immersion in 3.5 wt. % NaCl solution under hydrostatic pressure of 10 MPa for 720 h.
interestingly, this spindle-shaped product was reproduced in a larger quantity under electrochemical
hydrogen charging conditions (see Figure 1c). It is noteworthy that the product layer was very thin
and disappeared after the surface thickness was reduced by about 5 pm by grinding with SiC paper.
A detailed microstructural characterization of the spindle-shaped product was subsequently done using
AFM (Dimension Icon, Bruker, Billerica, MA, USA) and TEM. The TEM sample was wet-ground to
about 40 pm in thickness and then cut into a small wafer with a diameter of 3 mm. Hydrogen charging
was followed by a twin-jet electrolytic polishing process. FEI (Hillsboro, OR, USA) G2 F20 TEM with
an electron acceleration voltage of 200 kV was used to observe the hydrogen charging product.
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Figure 1. Microstructure of 2205 duplex stainless steel (DSS) for the hydrogen-free sample (a), immersion
in 3.5 wt. % NaCl solution under 10MPa for 720 h (b), and after electrochemical hydrogen charging (c).

2.2. Mechanical Properties

Flat tensile specimens with a gauge length of 20 mm, a gauge width of 5 mm, and a thickness of
0.8 mm were machined with SiC paper to 5000 grit, and all the tensile samples were electrolytically
polished prior to the SSRT tests (L10-1, LETRY, Xi’an, China). Hydrogen pre-charging was subsequently
carried out in a 0.2 mol/L NaOH solution at a charging current density of 2 mA/cm? for 120 h. SSRT
tests of the hydrogen pre-charged specimens were conducted under strain rates of 1073 571, 1074571,
and 107% s7!, and the hydrogen-free sample was under 107 s71.
the cross-head displacement. Finally, SEM was used to observe the sample surface morphology
after fracture.

The micromechanical properties of the hydrogen charging product were also measured. A Hysitron
(Eden Prairie, MN, USA) TI 950 Nano-indenter was utilized to test the nano-hardness and reduced
modulus of the hydrogen charging product and the 2205 DSS matrix at a peak load of 2500 uN. Both the

nano-hardness and reduced modulus tests were repeated at least 10 times.

The strain was recorded from

2.3. Characterization of Composition and Crystalline Structure of Hydrogen Charging Product

The Fe, Cr, Mo, and Ni element ratio in austenite, ferrite, and hydrogen charging product
area was characterized using EDS (Octane SDD, Apollo XLT SDD, EDAX, USA) coupled with SEM
(ZEISS, EVO MA10/LS 10, Oberkochen, Germany). In addition, a SIMS (ToF-SIMS V, ION-TOF, Miinster,
Germany) test was used for the hydrogen atom distribution analysis. Moreover, a SMARTLAB X-ray
diffractometer (XRD, SMARTLAB. 9, Rigaku, Tokyo, Japan) with an angular velocity of 0.2°/s and
a tube voltage of 40 kV was used to determine the phase composition of the 2205 DSS.

2.4. Thermal Stability Analysis

A cylindrical specimen with a radius of 3 mm and a height of 3 mm was prepared for the
DSC (TG-DTA 8121, Rigaku, Tokyo, Japan) tests to measure the phase decomposition temperature.
Hydrogen charging was then carried out under the same conditions as the surface observation sample.
The test temperature interval was from 150 to 400 °C with heating rate of 10 °C/min. The sample was
scanned repeatedly.

2.5. Supplementary Experiment

According to the results of DSC and TEM, the product will decompose at 268 °C. Therefore, in order
to study the reversibility of the mechanical properties after removing the product, the tensile specimen
was heated at 300 °C for 0.5 h to eliminate the product after hydrogen pre-charging, and then SSRT
was done under a strain rate of 1073 s™!. The method of hydrogen pre-charging is the same as in the
previous mechanical properties test used.
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3. Results

3.1. Mechanical Properties

Figure 2 shows the nominal stress-strain curves and sample surface morphology after fracture of the
hydrogen-free and hydrogen pre-charged specimens. As can be observed from Figure 2a, the hydrogen
pre-charged specimen showed a remarkable elongation loss compared to the hydrogen-free ones.
At high strain rates of 1073 s7! and 10~ s7!, the plasticity was significantly reduced after hydrogen
charging, as shown by the blue and pink lines in Figure 2a. At a strain rate of 107 s7!, the plastic
loss was more serious, as seen by the green line. The elongation loss increased with the decrease in
the strain rate. However, when the sample was hydrogen pre-charged and tensile after holding at
300 °C for 0.5 h, the elongation basically recovered to the same level as the hydrogen-free sample,
represented by the red line. The sample surface after fracture was then observed. Figure 2b exhibits the
sample surface morphology of the hydrogen-free sample, and no micro-cracks appear on the sample
surface. Figure 2c displays no micro-cracks and the hydrogen charging product appeared on the
sample surface after being heated at 300 °C for 0.5 h. Figure 2d—f show the sample surface morphology
of the samples pre-charged and tensile at the strain rates of 1072 s™!, 107 s™! and 107° s7!, respectively.
Several micro-cracks (indicated by red arrows in Figure 2d,e) were initiated at the interface of the
hydrogen charging product and ferrite matrix at a high strain rate. When the tensile rate was decreased
t0107°s71,a large number of micro-cracks (as seen in Figure 2f) were observed in the ferrite phase.
What is more, the micro-cracks initiated not only at the interface between the product and the ferrite
matrix, but within the product.

Figure 3 exhibits the typical load-depth curves of nano-indentation test for the three regions of
the hydrogen charging product, austenite, and ferrite phases. The indention depth of the hydrogen
charging product area is about 120 nm. After calculation, the indentation size was less than 1 um?.
Because the size of the hydrogen charging product is bigger than that of the indentation, the indentation
tip could be completely applied to the product. Therefore, the influence of the ferrite matrix on
the nano-hardness of hydrogen charging products can be neglected. The values of the average
nano-hardness and reduced modulus of the three regions are given in Table 1. The nano-hardness
and reduced modulus of the hydrogen charging product were higher than those of the ferrite matrix.
The average nano-hardness values of the ferrite and austenite phases were found to be 4.94 and
4.76 GPa, respectively. However, the average nano-hardness of the hydrogen charging product was
6.52 GPa. Moreover, the reduced modulus of the product area (232.4 GPa) was greater than that of
the ferrite (190.6 GPa) and austenite (176.7 GPa) phases. Generally, the higher the reduced modules,
the more difficult it is to deform. The reason why micro-cracks initiated at the interface between the
hydrogen charging product and ferrite is that the deformation inhomogeneity effect caused by the
difference of reduced modulus between them. The experimental results of macro and micro mechanical
properties show that this product deteriorated the mechanical properties of 2205 DSS and was the
origin of the hydrogen-induced cracks. Therefore, it is imperative to identify what the hydrogen
charging product is.
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Figure 2. The nominal stress-strain curves of without hydrogen and with hydrogen under different
strain rates (a); Sample surface for the hydrogen-free sample after fracture (b), after heating at 300 °C to
remove the product then tensile at 1073 s71 (), and for the hydrogen charging specimens at 1073571
(d), 1074 s71 (e), and 1070 s~ (f). The microcracks are indicated by the red arrows.
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Figure 3. Typical load-depth curves for the three regions of the hydrogen charging product, austenite,
and ferrite phases of 2205 DSS.
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Table 1. Average nano-hardness and reduced modulus of the different phases of 2205 DSS.

Phase Nano-Hardness, GPa Reduced Modulus, GPa
Austenite 4.76 £ 0.21 176.7 + 14.1
Ferrite 494 +0.32 190.6 +11.4
Hydrogen charging product 6.52 + 0.54 2324 +19.2

3.2. Microscopic Morphology of Hydrogen Charging Product

Figure 4 presents the AFM morphology of 2205 DSS after hydrogen charging. Figure 4a shows the
pattern of the scanning area. The dark region represents the ferrite phase, the white areas in the ferrite
phase represent the hydrogen charging product, and the other regions correspond to the austenitic
phase [23]. The products were spindle-shaped and formed only in the ferrite phase. The length of the
products (about 10 to 20 um) was almost equal to the width of the ferrite phase, while the width of
the products was at least a few micrometers. Figure 4b, c shows the height contours of lines 1 and 2
(in Figure 4a), respectively. The products were convex with a circular arc in the horizontal direction
(Figure 4b), and flat in the vertical direction (Figure 4c). The maximum height of the product was about
200 nm higher than that of the ferrite matrix.

-150.C

“Hei -100 L L L 100
Height 40.0 um 0 0

Figure 4. Atomic force microscopy (AFM) morphology of 2205 DSS after hydrogen charging (a), and the
height contour of lines 1 (b), and 2 (c).

3.3. Composition and Crystalline Structure of Hydrogen Charging Product

Table 2 presents the chemical composition of the hydrogen charging product, ferrite, and austenite
phases. The Fe, Cr, and Mo contents in the product were similar to those in the ferrite phase but higher
than those in the austenite phase. However, the Ni content in the area with the hydrogen charging
product was higher than in the normal ferrite area.

Table 2. Chemical composition of the hydrogen charging product, ferrite, and austenitic phases areas.

Area Fe, wt% Cr, wt% Ni, wt% Mo, wt%
Austenite 64.04 23.10 6.27 3.26
Ferrite 63.06 25.67 3.81 4.68
Hydrogen charging 62.03 23.89 5.62 427
product

Figure 5 shows hydrogen atom distribution in the hydrogen charging product area. The total
element content of the SIMS experiment is given in Figure 5a, while Figure 5b shows the corresponding
hydrogen atom distribution in the test area. The light blue rectangles in Figure 5a,b represent the areas
with the hydrogen charging product. The brighter the color, the higher the hydrogen concentration.
As seen in Figure 5b, the light blue area is brighter than the other areas. That is to say, the hydrogen
concentration of the hydrogen charging product is higher than that of the other region.
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Figure 5. Hydrogen distribution in the hydrogen charging product area. (a) Total element content of
secondary ion mass spectrometry (SIMS), and (b) hydrogen distribution map.

The XRD results of hydrogen-free and hydrogen charging specimens are given in Figure 6.
The hydrogen pre-charged specimen showed an additional peak (indicated by the blue arrowhead)
between 40 and 41°, as illustrated in Figure 6a. Figure 6b shows an enlarged region near the additional
peak. It can be observed that the hydrogen pre-charged specimen showed two additional characteristic
peaks at 38.7° and 40.07°, which corresponds to the characteristic peak of iron hydride (FeH) [24],
marked in Figure 6b. In connection with the EDS and SIMS analysis, this product is likely to be

a hydride of FeH or (Fe, Ni)H.
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Figure 6. X-ray diffraction (XRD) results of 2205 DSS with and without hydrogen; (a) for 26 ranging
from 10° to 90°; (b) enlarged region of 38°to 40.5°.

3.4. Decomposition of Hydrogen Charging Product

A DSC analysis was carried out to study the thermal stability of the hydrogen charging product.
Figure 7a shows the DSC curves and local enlarged graph for the sample after hydrogen pre-charging.
The phase transition peak was observed at 268 °C during the first scan. However, no phase transition
peak was observed during the second scan. This indicates that the product was completely decomposed

during the first scan test.
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Figure 7. Differential scanning calorimeter (DSC) curves of hydrogen charging specimen, the insert

is the local enlarged graph (a); in situ transmission electron microscopy (TEM) morphology of the

specimen with hydrogen charging product (b) which disappeared after the electron beam focusing

during TEM observation (c).

The TEM experiment was originally designed to observe the microstructure of the hydrogen
charging product, but the product had decomposed during the electron diffraction focusing process.
Figure 7b and c shows the in situ morphology of the specimen with hydrogen before and after
irradiation with the TEM-focused electron beam. Prior to the focused electron beam irradiation, as seen
in Figure 7b, the hydrogen charging product was distributed uniformly in the ferrite phase, but the
product was incomplete, which can be attributed to the hydrogen charging on the thin film sample.
However, Figure 7c shows that all the hydrogen charging product disappeared after the electron beam
focusing. This is because of the high temperature caused by the focused electron beam. The TEM results
demonstrated that the charging product decomposed easily and coincided with the DSC analysis.
Therefore, all the experimental results demonstrated that the hydrogen charging product formed in the
ferrite phase of 2205 DSS is hydride.

4. Discussion

4.1. Effect of Hydride on the Mechanical Properties

As shown in Figure 2a, the mechanical properties of 2205 DSS obviously deteriorated after
hydrogen pre-charging. The micro-cracks generated during the SSRT test were mainly initiated at
the interface of the hydride and ferrite matrix or within the hydride itself, as shown in Figure 2d—f.
Previous studies suggest that the formation of hydride could result in brittle cracking [25,26]. On the
one hand, the hydrides and matrix are incoherent; their bonding strength with the matrix is low and
therefore micro-cracks are initiated under stress. On the other hand, the hydride is a brittle phase itself.
Hence, the micro-cracks will also initiate inside the product itself. At high strain rates, the material
fractured rapidly, and the effect of hydrogen accumulation is not reflected. In this case, the impact of
hydride on mechanical properties is the main factor. At slow strain rates of 10/s, the effect of hydrogen
atoms on elongation loss is more significant, and the elongation is smaller than that at high strain
rates, which illustrates that the role of hydrogen atoms is not negligible, in addition to the influence
of hydride. The reduction of elongation is caused by the coupled effect of hydride and hydrogen
atoms. After removing the hydride and then tensile at 1073 s7!, no micro-cracks were observed on the
sample surface that are exhibited in Figure 2c, and the elongation basically recovered to the level of the
hydrogen-free sample. In the presence of hydride, the mechanical properties of 2205DSS decreased,
and the mechanical properties recovered when the hydride disappeared. As a result, it can be stated
that this hydride directly deteriorated the mechanical properties of 2205 DSS at 1073 s71.

4.2. The Formation of Hydride in Ferrite Phase

The SIMS, XRD, and DSC results reveal that the hydrogen charging product formed in the
ferrite phase was hydride. Hydride can be found easily in metals such as titanium, zirconium,
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and vanadium after hydrogen charging at room temperature, as hydrogen dissolves in these metals
in an exothermic reaction; thus, the hydrogen solubility of these metals increases with a decrease
in the temperature [25,27]. However, for some metals, such as iron and copper, the absorption of
hydrogen causes endothermic reactions, which means there is no critical hydrogen concentration
for the formation of hydride at room temperature. Therefore, it is difficult for the hydride to be
generated in ferritic steel. Researchers have also found that hydrogen damage similar to a hydrogen
bubble occurs in ferritic steel under high temperature and pressure. However, this is different from
our study, which was carried out at room temperature [28]. Reed and Holzworth [29,30] claim that
hydride appears in the austenite phase of steel materials, such as Fe-Ni systems, but this hydride
transforms into the martensite phase at room temperature. Unfortunately, there are no experimental
reports on the formation of hydrides in the ferrite phase of steel material under normal temperature
and pressure. In particular, computational simulations have revealed that FeH formed at the stress
concentration locations [31,32]. In addition, it has been reported that FeH with a double hexagonal
close-packed structure is formed in pure iron under extreme conditions such as at hydrogen pressure
higher than 3.5 GPa [33]. According to the Sievert equation, hydrogen pressure also exists on the
surface of a material during hydrogen charging [25]. The relationship between the hydrogen content
and the hydrogen pressure can be expressed as follows:

Cy = AVPe AH/RT )

A= EAS/R (2)

where Cp is the surface hydrogen content, P is the surface hydrogen pressure during hydrogen
charging, R is the ideal gas constant, and AH and AS correspond to the enthalpy change and entropy
change of the hydrogen dissolved in the metal, respectively. For solid materials, AS ~ 0 and A = 1.
According to Dagbert’s study [34], for Fe-Ni-C (face-centered cubic) systems, the Sievert equation can
be simplified as follows:

Cy =20 VPe /T 3)

The hydrogen diffusion coefficient of the 2205 DSS is in the range of 10712 to 1071° em?/s [35].
It is calculated that the hydrogen diffusion distance was tens of micrometers after hydrogen charging
for 48 h. Due to the high hydrogen solubility and slow diffusion coefficient of the austenite phase,
all hydrogen atoms would accumulate in the tens of microns zone beneath the sample surface. When the
Cpy reaches 100 ppm, the surface pressure p can be as high as 1 GPa. Kiuchi [36] calculated the surface
hydrogen pressure of several types of steel under various conditions and found that a surface pressure
of 5 GPa was obtained when the steel was charged in a HySO4 solution with As;Oj3 as the promoter.
Hence, under electrochemical hydrogen charging conditions, the hydrogen pressure level could reach
the criteria for FeH formation. Moreover, the solubility of hydrogen in the ferrite phase is lower than
that in the austenite phase. It is also found that the ferrite phase is encapsulated by the austenite phase
(as seen in Figure 1), so that the small hydrogen diffusion coefficient of the austenite phase hinders the
diffusion of hydrogen from ferrite into the austenite phase and then promotes the supersaturation of
hydrogen in the ferrite phase. Hydride is produced when the hydrogen content of the ferrite phase
exceeds the ultimate solubility limit for hydride formation. As seen in Figures 5 and 6, and Table 2,
H and Ni accumulated in the hydrogen charging product region. The additional characteristic XRD
peak observed in the hydrogen-charged specimen corresponds to the FeH phase. Thus, it can be
deduced that this hydride was FeH or (Fe, Ni)H. Moreover, the height of the hydrogen-charging
product was about 200 nm higher than that of the ferrite phase, as shown in Figure 3. This can be
attributed to the incoherence of the hydride and the metal matrix [37]. Hydride is a phase that is
easy to decompose [26]. In this study, the hydride decomposition temperature is 268 °C. Due to the
instability of FeH, this hydride decomposed under electron beam focusing, as presented in Figure 7c.
An earlier report recognized the hydrogen charging product in the ferrite phase as micro-twins [18].
However, the formation of twins is related to the stacking fault energy (SFE), and twins are hardly
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generated in the high SFE phase. The SFE of the austenite phase of DSS is in the range of 20 to
40 mJ/m?, while that of the ferrite phase is greater than 200 mJ/m? [38]. Therefore, it is difficult to form
twins in the ferrite phase. Silverstein et al. [39] also observed the same kind of hydrogen charging
product. However, neither of them devoted attention to characterizing this product. In this study,
we not only obtained evidence to certify that the product produced in the ferrite phase of 2205 DSS
is hydride, but also demonstrate such hydride seriously deteriorated that the mechanical properties.
Thus, our future work will focus on this hydride induced hydrogen embrittlement of 2205 DSS.

5. Conclusions

A spindle-shaped hydrogen charging product was found in the ferrite phase of 2205 DSS.
The following conclusions are drawn from this work:

(1) Once the hydrogen charging product is formed, the elongation of 2205 DSS will decrease severely.
The microcracks were initiated at the interface of the hydrogen charging product and ferrite
matrix and the hydrogen charging product itself.

(2) The hydrogen charging product can be observed by TEM but will be decomposed due to the
high temperature caused by electron beam focusing. A DSC test shows that the decomposition
temperature of the hydrogen charging product is 268 °C.

(3) The hydrogen charging product only appears in the ferrite phase, which is related to the
supersaturation of hydrogen in the ferrite phase. The hydrogen charging product is a hydride of
FeH or (Fe, Ni)H.

Author Contributions: J.L. and B.K. conceived and designed the experiments; B.K. and Z.Y. performed the
experiments; B.K. and ].L. analyzed the data; B.K. wrote the paper.

Funding: This research was funded by the National Natural Science Foundation of China under grant 51571029
and U1760203.

Acknowledgments: The authors are grateful to the Institute of Advanced Science & Technology for the offering
of the experimental equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, X; Zhao, Y,; Qi, W,; Xie, ].; Wang, ].; Liu, B.; Zeng, G.; Zhang, T.; Wang, F. Effect of extremely aggressive
environment on the nature of corrosion scales of HP-13Cr stainless steel. Appl. Surf. Sci. 2019, 469, 146-161.
[CrossRef]

2. Cheng, X.Y.; Zhang, X.Y.; Zhang, H.X. The influence of hydrogen on deformation under the elastic stress in
mooring chain steel. Mater. Sci. Eng. A 2018, 730, 295-302. [CrossRef]

3. Kang, D.-H.; Kim, S,; Lee, C.; Lee, ].-K.; Kim, T.-W. Corrosion fatigue behaviors of HSB800 and its HAZs in
air and seawater environments. Mater. Sci. Eng. A 2013, 559, 751-758. [CrossRef]

4.  Ma, H,; Liu, Z; Du, C,; Wang, H.; Li, C.; Li, X. Effect of cathodic potentials on the SCC behavior of E690 steel
in simulated seawater. Mater. Sci. Eng. A 2015, 642, 22-31. [CrossRef]

5. Meinhardt, C.P; Scheid, A.; dos Santos, J.F.; Bergmann, L.A.; Favaro, M.B.; Fortis Kwietniewski, C.E.
Hydrogen embrittlement under cathodic protection of friction stir welded UNS 532760 super duplex stainless
steel. Mater. Sci. Eng. A 2017, 706, 48-56. [CrossRef]

6. Moro, L; Briottet, L.; Lemoine, P.; Andrieu, E.; Blanc, C.; Odemer, G. Hydrogen embrittlement susceptibility
of a high strength steel X80. Mater. Sci. Eng. A 2010, 527, 7252-7260. [CrossRef]

7. Carrasco, J.P; Silva Diniz, D.D.; Andrade Barbosa, J.M.; Silva, A.A.; Antonio dos Santos, M.
Numerical simulation of the hydrogen trapping effect on crack propagation in API 5CT P110 steel under
cathodic overprotection. Int. . Hydrog. Energy 2019, 44, 3230-3239. [CrossRef]

8.  Zhang, L.; Cao, W,; Lu, K,; Wang, Z.; Xing, Y.; Du, Y.; Lu, M. Effect of the cathodic current density on the
sub-surface concentration of hydrogen in X80 pipeline steels under cathodic protection. Int. J. Hydrog. Energy
2017, 42, 3389-3398. [CrossRef]


http://dx.doi.org/10.1016/j.apsusc.2018.10.237
http://dx.doi.org/10.1016/j.msea.2018.06.001
http://dx.doi.org/10.1016/j.msea.2012.09.019
http://dx.doi.org/10.1016/j.msea.2015.05.109
http://dx.doi.org/10.1016/j.msea.2017.08.117
http://dx.doi.org/10.1016/j.msea.2010.07.027
http://dx.doi.org/10.1016/j.ijhydene.2018.12.022
http://dx.doi.org/10.1016/j.ijhydene.2016.09.214

Materials 2019, 12, 1682 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kim, Y.S.; Lee, S.K,; Chung, H.J.; Kim, J.G. Influence of a simulated deep sea condition on the cathodic
protection and electric field of an underwater vehicle. Ocean Eng. 2018, 148, 223-233. [CrossRef]

Yang, Z.X.; Kan, B,; Li, ].X.; Su, Y.J.; Qiao, L.]. Hydrostatic pressure effects on stress corrosion cracking of X70
pipeline steel in a simulated deep-sea environment. Int. |. Hydrog. Energy 2017, 42, 27446-27457. [CrossRef]
Xiong, X.L.; Tao, X.; Zhou, Q.J.; Li, ].X,; Volinsky, A.A.; Su, Y.J. Hydrostatic pressure effects on hydrogen
permeation in A514 steel during galvanostatic hydrogen charging. Corros. Sci. 2016, 112, 86-93. [CrossRef]
Narozny, M.; Zakowski, K.; Darowicki, K. Application of Electrochemical Impedance Spectroscopy to
evaluate cathodically protected coated steel in seawater. Constr. Build. Mater. 2018, 181, 721-726. [CrossRef]
Venugopal, A.; Srinath, J.; Rama Krishna, L.; Ramesh Narayanan, P.; Sharma, S.C.; Venkitakrishnan, P.V.
Corrosion and nanomechanical behaviors of plasma electrolytic oxidation coated AA7020-T6 aluminum
alloy. Mater. Sci. Eng. A 2016, 660, 39-46. [CrossRef]

Sui, J.H.; Cai, W.; Liu, L.H.; Zhao, L.C. Surface characteristics and electrochemical corrosion behavior of NiTi
coated with diamond-like carbon. Mater. Sci. Eng. A 2006, 438, 639—-642. [CrossRef]

Tsuchiya, K.; Ifuku, N.; Koyama, Y.; Numata, K. Development of regenerated silk films coated with fluorinated
polypeptides to achieve high water repellency and biodegradability in seawater. Polym. Degrad. Stab.
2019, 160, 96-101. [CrossRef]

Li, C.L.; Zhao, H.X,; Takahashi, T.; Matsumura, M. Improvement of corrosion resistance of materials coated
with a Cr203/NiCr dilayer using a sealing treatment. Mater. Sci. Eng. A 2001, 308, 268-276. [CrossRef]
Hsu, C.-H.; Chen, M.-L.; Lai, K.-L. Corrosion resistance of TiN/TiAIN-coated ADI by cathodic arc deposition.
Mater. Sci. Eng. A 2006, 421, 182-190. [CrossRef]

Szummer, A.; Jezierska, E.; Lubliriska, K. Hydrogen surface effects in ferritic stainless steels. J. Alloys Compd.
1999, 293, 356-360. [CrossRef]

Lublinska, K.; Szummer, A.; Kurzydlowski, K.J. An in situ investigation of the effect of hydrogen on ferritic
stainless steel. Int. |. Nucl. Hydrog. Prod. Appl. 2008, 1, 324-333. [CrossRef]

Ornek, C.; Reccagni, P; Kivisikk, U.; Bettini, E.; Engelberg, D.L.; Pan, ]. Hydrogen embrittlement of super
duplex stainless steel—Towards understanding the effects of microstructure and strain. Int. . Hydrog. Energy
2018, 43, 12543-12555. [CrossRef]

Laureys, A.; Van den Eeckhout, E.; Petrov, R.; Verbeken, K. Effect of deformation and charging conditions
on crack and blister formation during electrochemical hydrogen charging. Acta Mater. 2017, 127, 192-202.
[CrossRef]

Tiegel, M.C.; Martin, M.L.; Lehmberg, A K.; Deutges, M.; Borchers, C.; Kirchheim, R. Crack and blister
initiation and growth in purified iron due to hydrogen loading. Acta Mater. 2016, 115, 24-34. [CrossRef]
Guo, L.Q.; Lin, M.C.; Qiao, L.].; Volinsky, A.A. Duplex stainless steel passive film electrical properties studied
by in situ current sensing atomic force microscopy. Corros. Sci. 2014, 78, 55-62. [CrossRef]

Antonov, VE.; Cornell, K.; Fedotov, VK.; Kolesnikov, A.L; Ponyatovsky, E.G.; Shiryaev, V.I; Wipf, H. Neutron diffraction
investigation of the dhcp and hep iron hydrides and deuterides. J. Alloys Compd. 1998, 264, 214-222. [CrossRef]
Chu, W.Y,; Qiao, L.J.; Li, ].X,; Su, YJ.; Yu, Y,; Bai, Y.; Ren, X.C.; Huang, H.Y. Hydrogen Embrittlement and Stress
Corrosion Cracking; Science Press: Beijing, China, 2013.

Setoyama, D.; Matsunaga, J.; Muta, H.; Uno, M.; Yamanaka, S. Mechanical properties of titanium hydride.
J. Alloys Compd. 2004, 381, 215-220. [CrossRef]

Chen, C.Q.; Li, S.X;; Lu, K. The deformation behaviors of gamma hydrides in titanium under cyclic straining.
Acta Mater. 2003, 51, 931-942. [CrossRef]

Thygeson, ].R.; Molstad, M.C. High Pressure Hydrogen Attack of Steel. J. Chem. Eng. Data 1964, 9, 309-315.
[CrossRef]

Reed, R.P. Accommodation faulting in Fe-Ni martensitic transformation. Acta Metall. 1966, 14, 1392-1394.
[CrossRef]

Holzworth, M.L.; Louthan, M.R. Hydrogen-Induced Phase Transformations in Type 304L Stainless Steels.
Corrosion 1968, 24, 110-124. [CrossRef]

Hirth, J.P; Carnahan, B. Hydrogen adsorption at dislocations and cracks in Fe. Acta Metall. 1978, 26, 1795-1803.
[CrossRef]

Cui, Y,; Xie, D.; Yu, P; Guo, Y;; Rong, Y.; Zhu, G.; Wen, M. Formation of iron hydride in «-Fe under dislocation
strain field and its effect on dislocation interaction. Comput. Mater. Sci. 2018, 141, 254-259. [CrossRef]


http://dx.doi.org/10.1016/j.oceaneng.2017.11.027
http://dx.doi.org/10.1016/j.ijhydene.2017.09.061
http://dx.doi.org/10.1016/j.corsci.2016.07.001
http://dx.doi.org/10.1016/j.conbuildmat.2018.06.033
http://dx.doi.org/10.1016/j.msea.2016.02.045
http://dx.doi.org/10.1016/j.msea.2006.02.126
http://dx.doi.org/10.1016/j.polymdegradstab.2018.12.016
http://dx.doi.org/10.1016/S0921-5093(00)01976-6
http://dx.doi.org/10.1016/j.msea.2005.12.014
http://dx.doi.org/10.1016/S0925-8388(99)00401-6
http://dx.doi.org/10.1504/IJNHPA.2008.023106
http://dx.doi.org/10.1016/j.ijhydene.2018.05.028
http://dx.doi.org/10.1016/j.actamat.2017.01.013
http://dx.doi.org/10.1016/j.actamat.2016.05.034
http://dx.doi.org/10.1016/j.corsci.2013.08.031
http://dx.doi.org/10.1016/S0925-8388(97)00298-3
http://dx.doi.org/10.1016/j.jallcom.2004.04.073
http://dx.doi.org/10.1016/S1359-6454(02)00495-0
http://dx.doi.org/10.1021/je60021a056
http://dx.doi.org/10.1016/0001-6160(66)90260-4
http://dx.doi.org/10.5006/0010-9312-24.4.110
http://dx.doi.org/10.1016/0001-6160(78)90092-5
http://dx.doi.org/10.1016/j.commatsci.2017.09.032

Materials 2019, 12, 1682 12 of 12

33.

34.

35.

36.

37.

38.

39.

Ponyatovskii, E.G.; Antonov, V.E,; Belash, L.T. Properties of high pressure phases in metal-hydrogen systems.
Soviet Phys. Uspekhi 1982, 25, 596-619. [CrossRef]

Dagpbert, C.; Sehili, M.; Jerome, M.; Galland, J.; Hyspecka, L. Behaviour of hydrogen in Fe-Ni-C alloys.
Acta Mater. 1996, 44, 781-787. [CrossRef]

Zheng, C.B.; Cai, L.; Tang, Z.].; Shen, X.L. The inhibition effect of the molybdate on hydrogen permeation of
2205 duplex stainless steel. Surf. Coat. Technol. 2016, 287, 153-159. [CrossRef]

Kiuchi, K.; McLellan, R.B. The solubility and diffusivity of hydrogen in well-annealed and deformed iron.
In Perspectives in Hydrogen in Metals; Pergamon Press: Oxford, UK, 1986; pp. 29-52.

Cermdk, J.; Kral, L. Hydrogenation of Mg and two chosen Mg-Ni alloys. Int. ]. Hydrog. Energy 2008, 33, 7464-7470.
[CrossRef]

Kim, Y.; Kim, Y.M.; Koh, J.-Y.; Lee, T.-H.; Woo, W.C.; Han, H.N. Evaluation of single crystal elastic constants
and stacking fault energy in high-nitrogen duplex stainless steel by in-situ neutron diffraction. Scr. Mater.
2016, 119, 1-4. [CrossRef]

Silverstein, R.; Sobol, O.; Boellinghaus, T.; Unger, W.; Eliezer, D. Hydrogen behavior in SAF 2205 duplex
stainless steel. J. Alloys Compd. 2017, 695, 2689-2695. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1070/PU1982v025n08ABEH004589
http://dx.doi.org/10.1016/1359-6454(95)00194-8
http://dx.doi.org/10.1016/j.surfcoat.2015.12.077
http://dx.doi.org/10.1016/j.ijhydene.2008.09.042
http://dx.doi.org/10.1016/j.scriptamat.2016.03.013
http://dx.doi.org/10.1016/j.jallcom.2016.11.184
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Hydrogen Charging Product 
	Mechanical Properties 
	Characterization of Composition and Crystalline Structure of Hydrogen Charging Product 
	Thermal Stability Analysis 
	Supplementary Experiment 

	Results 
	Mechanical Properties 
	Microscopic Morphology of Hydrogen Charging Product 
	Composition and Crystalline Structure of Hydrogen Charging Product 
	Decomposition of Hydrogen Charging Product 

	Discussion 
	Effect of Hydride on the Mechanical Properties 
	The Formation of Hydride in Ferrite Phase 

	Conclusions 
	References

