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Abstract

This work presents a study on the duplex stainless steel UNS S32101 and ferritic AISI 430 when subjected
to cathodic hydrogenation, to ascertain their behavior under the action of hydrogen. Throughout the
research, with the aid of optical (MO), scanning electronics (SEM) and atomic force (AFM) microscopy,
both hydrogen embrittlement and pitting corrosion after hydrogenation and degassing in UNS S32101
duplex stainless steel became evident. Subsequently, the X-ray diffraction performed to verify the phase
transformations confirmed the transformation of the austenitic phase into the martensitic phase in the
duplex steel and confirmed the formation of Cr23C6 precipitates in the ferritic steel. And so, it
corroborated with the SEM images, proving the transformation of c-phase agent of pitting corrosion in
duplex steel.

Keywords: Hydrogen Embrittlement, Duplex Stainless Steel, Ferritic Stainless Steel, Phase Transformation,
Precipitates, Corrosion.

1. Introduction

Due to the rise in nickel prices, since 1990, duplex stainless steels are extensively researched, as explained
by Mei and Guimardes [1], Verma et al [2] and Manova and Méndl [3]. Such steels have a favorable
combination of the properties of both austenitic and ferritic stainless steels, that is, they have high
mechanical strength, good toughness, very good resistance to corrosion in various means and excellent
resistance to fatigue and corrosion under stress.

However, hydrogen has a unique ability to penetrate several solid metals directly, due to its “ordinary”
gaseous state, when this metal is in a susceptible state.

In such a way, the use of materials, without processing the transformation of oil into its derivatives is of
concern, since the exposure to hydrogen is high. So knowing the behavior of these steels is of paramount
importance. It is noteworthy that the hydrogen penetration ability is improved by ionization or by the
dissociation of atoms, in this way the hydrogen is able to penetrate materials that were previously
impenetrable. Thus, due to the great risk of catastrophic failures caused by hydrogen, the appropriate choice
of material to work in hydrogenated environments must be very careful, in order to know its mechanical-
metallurgical behavior in these environments rich in hydrogen. Since, depending on the material, hydrogen
transforms the phase, as well as causing the embrittlement in the form of an intense surface cracking. Once,
microstructural analyzes show that; according to Gavriljuk et al [4], Yang et al [5] and Carter and Cornish
[6]; hydrogen induces phase transformations, that is, austenite becomes unstable giving rise to two
martensitic phases, one called [] phase, and another called denomin a’phase. Thus, hydrogen induces the
appearance of delayed fracture, as a consequence of the appearance of numerous surface cracks, which
occur during degassing at room temperature, according to Matsuoka, Yamabe and Matsunaga [7], Rao et al
[8] and Hardie , Charles and Lopez [9]. Therefore, studies of materials and surface treatments are constant to
prevent the entry of hydrogen into the material in use.
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2. Experimental Procedure

For broad understanding, duplex and ferritic stainless steels were machined to a smooth surface. Then, with
a cutting disc, 1.0 cm2 samples were cut, then the samples were embedded, mechanically sanded in paper
sandpaper (with 220 [Om and 1200 [Om grain sizes), polished with felt cloth and aluminum alumina.
granulometry 0.30 [Jm, in the sequence neoprene cloth and 0.1 um colloidal silica, to guarantee (smooth)
surfaces that can be analyzed through optical microscopy, electron microscopy and X-ray diffraction. After
polishing, samples of duplex steel were subjected to cathodic hydrogenation for four hours at a temperature
of 30 ° C and those of ferritic steel were also subjected to cathodic hydrogenation, but for less time - 30
minutes - at a temperature of 30 ° C, since this type of steel is more susceptible to the harmful effects of
hydrogen.

The solution was prepared as follows: dilution of 1g of As203 in 1L of distilled water at 80 ° C. The
hydrogenation solution: consisted of diluting 100 ml of the arsenic trioxide solution in a 0.5 mol L-1
solution of H2SO4. 27ml of H2SO4 was applied in 1 liter of solution. In this solution, arsenic trioxide was
applied to avoid the loss of hydrogen to the atmosphere. A platinum anode and a current density of 1000
A/m2 were used. Figure 1 shows a representative diagram of the hydrogenation process.
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Figure 1: Schematic of the hydrogenation process. Source: The author.

The samples were kept at room temperature after the hydrogenation was interrupted to degass and
subsequently observed for damage caused by hydrogen. The damage caused by optical, electronic and
atomic force microscopy was evaluated, as well as analyzed by X-ray diffraction.

3. Results and discussions

In order to verify the microcracks, generated in the degassing process after cathodic hydrogenation, optical
microscopy (OM) images were sought. Because this hydrogen embrittlement in this type of steel was
expected, especially in austenitic grains, as, as already discussed in other works, there is an intense surface
cracking of austenitic stainless steel after hydrogenation [10-13].

Figures 2 and 3 are optical micrographs of the UNS S32101 duplex stainless steel. Figure 2 of this steel is
only sanded, polished and attacked (Murakami) to reveal the ferritic ([]) and austenitic ([]) grains. Figure 3
is of the UNS S32101 duplex stainless steel sanded, polished, hydrogenated for 4 hours and degassed for a
week.
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Figure 2: optical microscopy image of sanded, polished UNS S32101 duplex stainless steel, with
Murakami attack to reveal austenitic ( 0 ) and ferritic (1) grains, with 200x magnification.
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Figure 3: optical microscopy image of UNS S32101 duplex stainless steel sanded, polished, hydrogenated
for 4h and degassed for 7 days, with a 200x magnification.

In figure 3 the difference was noted, as the ferritic grains appear darker, showing the damage caused by the
entry and exit of hydrogen in the steel.In order to know an explanation capable of elucidating the destruction
caused by hydrogen in the ferritic grains, the samples of the ferritic stainless steel AISI 430 were
hydrogenated and analyzed. Figure 4 is an optical microscopy image of 430 ferritic stainless steel just
sanded and polished. Figure 5 is an optical microscopy of ferritic stainless steel 430 after hydrogenation for
30 min and degassing for one week. In this it is possible to see that the surface was damaged after the
insertion and disinsertion of the hydrogen. Note the appearance of innumerable cavities, as if the hydrogen
transformed the ferrite into precipitates and those on the surface were detached, showing only the cavity at
the site.
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Figure 4: optical microscopy image of sanded and polished AISI 430 ferritic stainless steel, with a 200x
magnification.

for 30 min and degassed for 7 days, with a 200x magnification.

Due to the limitations of optical microscopy, scanning electron microscopy images were sought to better
clarify the damage caused by the entry and exit of hydrogen from the material. Thus, figures 6 and 7 are
SEM images of duplex stainless steel of the type UNS S32101 hydrogenated for 4h and degassed for a
week. With greater/magnifications, as in the micrographs shown in figures 6 and 7, the microcracks in the
austenitic and ferritic grains became evident, in addition to localized corrosion, in the form of pitting
corrosion in the ferritic grains. Since, this corrosion is characterized by pits that are formed in the material,
and these normally penetrate the interior of the metal from the surface. This type of corrosion is common to
go unnoticed, because very often, it is not detected until the failure occurs. Figures 8 and 9 are SEM images
of ferritic stainless steel of the AISI 430 type. In figure 8, with a 300x magnification, there are some cracks
inside the cavities left at the outlet of the hydrogen. Figure 9 is an enlargement - 1500 x - of this area,
making it possible to observe that they are really cracks within the cavity. In this way, it is demonstrated that
there is the formation of precipitates and that the hydrogen that is below these precipitates to leave the metal,
pushes them, detaching them from the material and thus, not only leaving a cavity, but also cracks within
them.
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Figure 6: Scanning electron microscopy image of UNS S32101 duplex stainless steel sanded, polished,
hydrogenated for 4 hours and degassed for 7 days, with a 1500x magnification.

Figure 7: scanning electron microscopy image of UNS S32101 duplex stainless steel sanded, polished,
hydrogenated for 4 hours and degassed for 7 days, with a 3000x magnification.
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Figure 8: scanning electron microscopy image of sanded, polished, polished, hydrogenated AISI 430
ferritic stainless steel for 30 min and degassed for 7 days, with a 300x magnification.
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Figure 9: scanning electron microscopy image of sanded, polished, polished, hydrogenated AISI 430
ferritic stainless steel for 30 min and degassed for 7 days, with a 300x magnification.

The atomic force microscopy technique was used to verify the depth of cracks and pits that were generated
after hydrogenation in the UNS S32101 duplex stainless steel. Figure 10 shows the atomic force microscopy
image of UNS S32101 duplex stainless steel without hydrogenation, only polished. In this, it is possible to
observe that the variation of the superficial relief is around 19 nanometers for the deepest regions. Figure 11
is a micrograph of the same steel, hydrogenated for four hours and degassed for seven days. This image is of
the cracked region, showing that the crack depth is approximately 277 nm, as the darker parts in the figures
represent deeper regions in the structure, in this case the cracks, and the lighter parts represent slightly
higher regions, demonstrating the the fact that the cracks detach part of the material in the form of a surface
detachment. The depth of the pitch around 136 nm can be seen in the atomic force microscopy image in
figure 12.
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Figure 10: Depth profile in duplex stainless steel type SAF2101L without hydrogenation.
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Figure 11: Crack depth profile in duplex stainless steel type SAF2101L hydrogenated for 4h and
degassed for 7 days.
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Figure 12: Pite depth profile in duplex stainless steel type SAF2101L hydrogenated for 4h and degassed
for 7 days.

The phases and phase transformations, which occurred with the entry and exit of hydrogen in the material,
were investigated by X-ray diffraction [4,6,9,14,16]. Once, in austenitic steels, degassing is an important
part of this process [17]. In the samples of stainless steel of type UNS S32101 before hydrogenation, the
phases [J[lelJ[]1Jonly were confirmed, as seen in graph (1). After hydrogenation, a diffractogram was
performed after seven days of degassing, graph (2), showing dee[][]1[] phase peaks as well as a peak at
approximately 46.18 ©°. The transformation from [I[Jphase [1' (transformation from austenite to
martensite:y—&—a') was expected, due to the approximately 50% percentage of austenitic phase in the UNS
S32101 duplex stainless steel [4,6,14,18,19]. Phase [ is a stacking fault that arises during hydrogenation.
Over time this phase [ would turn into martensite [1'. However, according to the literature, the [1' peak is
approximately 45.95° and the [ peak is approximately 48°, which does not fit with the peak shown in the
diffractograms of hydrogenated UNS S32101 duplex stainless steel samples, as this is at 46.18°. This peak
coincides with the sigma phase peak ([J) [20,21]. The graph (3) is a comparison of graphs (1) and (2), that
is, it is the UNS S32101 duplex stainless steel without hydrogenation and hydrogenated for 4h, and degassed
for seven days, in this it is possible to see clearly the phase transformation of this steel after the entry and

exit of hydrogen.

2101 - REF SN-SH

/7(111)

o~
T =— 7(200)

— = ,(200)

— = y(220)

L < a(ll)

-

Intensidade u.a.

__

T T T T T T T T T T

30 40 50 60 70 80 90
0 —20 (°)

A.M. C. Oliveira, IJSRM Volume 08 Issue 11 November 2020 [www.ijsrm.in] MS-2020-23



Graph (1) is the X-ray diffractogram of UNS S32101 duplex stainless steel without hydrogenation, showing
the peaks of phases [1 and [] present in the steel.
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Graph (2) is the X-ray diffractogram of UNS S32101 duplex stainless steel, hydrogenated for 4h, after seven
days of degassing, showing the peaks of phases [, [] and possibly [] and [] 'present in the steel.
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Graph (3) is the X-ray diffractogram of UNS S32101 duplex stainless steel without hydrogenation and
hydrogenated for 4 hours, after seven days of degassing, showing the peaks of phases [1, [1 and possibly [
and [' present on steel.

Therefore, a more detailed analysis was necessary and thus, diffractograms of the kinetics of the hydrogen
action in the phase transformation of the duplex stainless steel of the UNS S32101 type were made. In graph
(4), the peaks of the phases present can be seen immediately after hydrogenation, that is, with Oh of
degassing. In this graph, the peaks of the [1[] and [1[]1[J[] phases are seen to be wider, probably due to the
presence of hydrogen that did not detach from the material in time. Also noted is the presence of two new
peaks, one at approximately 38° and the other at 78°, which are identified as precipitates of the Cr23C6 type
[1]. According to Chen and Yang [21] this induces the formation of the [1-phase in the grain boundaries of
the ferrite instead of the formation being in the grain boundaries of the austenite. The high rate of interfacial
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energy in [1/M23C6 can contribute to the formation of the [1-phase. These authors state that the interfacial
precipitation of the [1-phase in duplex stainless steel is supposed to stem from the inconsistency of the [1/[]
and [1/M23C6 interfaces and, whereas, the []-phase precipitation is inhibited at the [1/M23C6 interfaces due
to the coherence of the grain contours [22].

A new analysis was made after 24h of degassing to verify the present phases, see graph (5). In this
diffractogram it is noted that the peaks are no longer widened, possibly due to the evasion of hydrogen from
the material, the peaks are still observed at 38° and 78°, however with less intensity, since the peak that was
before 46.18° changes to approximately 45.97°. Thus, it can be understood that the material is in an unstable
situation. However, looking at graph (6), when diffractometry is performed again with 7 days of degassing,
the peak at 46.18° is again noted and the peaks at 38° and 78° disappear, showing that the situation of
instability ended.
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Graph (4) is the X-ray diffractogram of duplex stainless steel, type SAF2101, right after 4h hydrogenation
(zero hours of degassing), showing the peaks of the phases present in the steel.
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Graph (5) is the X-ray diffractogram of duplex stainless steel, type SAF2101, after 4h hydrogenation
(twenty-four hours of degassing), showing the peaks of the phases present in the steel.
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Graph (6) is the X-ray diffractogram of the duplex stainless steel type SAF2101, after hydrogenation for 4
hours (seven days of degassing), showing the peaks of the phases present in the steel.

The X-ray diffractograms of ferritic stainless steel of the AISI 430 type are shown in graph 7. In this, the
black curve shows the AISI 430 stainless steel only sanded, polished and without hydrogenation,
highlighting only the a ferrite peaks. The red curve is the X-ray diffractogram of the ferritic stainless steel
AISI 430 hydrogenated for 30 min and degassed for 7 days. In this it is possible to see the ferrite peaks o as
well as two new peaks: one at approximately 38° (38°12”) and another close to 78° (78°15”). These peaks
coincide with the peaks of Cr23C6 type precipitates identified by Mei and Guimaraes [1].
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Graph 7: X-ray diffractogram of ferritic stainless steel of type AISI 430 without hydrogenation and
hydrogenated for 30 min, after seven days of degassing, showing the peaks of the phases present in the steel.

Chen and Yang [21] stated that the appearance of precipitates of the M23C6 type induces the formation of
the o-phase in duplex stainless steel. This is due to the interfacial inconsistency of these precipitates and the
austenitic grains (M23C6/[1), as in the a/[] interfaces when o is stressed with the formation of these
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precipitates, a theory confirmed by Porter, Easterling and Sherif [22]. Thus, it is possible to explain what
happened in the duplex stainless steel type SAF2101 after cathodic hydrogenation.

It is known that hydrogen induces the formation of Cr23C6 precipitates in the ferritic grains, these ferritic
grains are inconsistent with the austenitic grains, but are highly stressed due to the precipitates that arose, in
such a way that there is a high interfacial energy, sufficient for the formation phase ¢. Padilha and Rios [23]
guarantee that both carbon and nitrogen are insoluble in the c-phase and, as a consequence, the o-phase is
precipitated commonly after the precipitation of carbides and/or nitrides, and the formation of this favors
corrosion by pites. Therefore, explaining the localized corrosion that appears in figure 7. It is clear that
hydrogen induces the formation of precipitates of the Cr23C6 type.

Thus, as predicted, duplex stainless steel of the UNS S32101 type is susceptible to the deleterious effects of
hydrogen. Therefore, it is stated that, during hydrogenation, that is, at the entrance of hydrogen, there is the
formation of precipitates of the Cr23C6 type, and as a result there is an increase in tension between
austenitic and ferritic grains with the formation of these precipitates. During degassing, these precipitates
disappear due to the instability generated by hydrogen evasion. This implies a high interfacial energy,
sufficient for the formation of the sigma phase at room temperature. As a consequence, pitting corrosion.

4. Conclusions

Finally, it was understood that hydrogen induces the formation of precipitates of type Cr23C6 in ferritic
stainless steel of type AISI 430 and which can induce the formation of the sigma phase ([J) at room
temperature in UNS S32101 duplex stainless steel, due to the formation of Cr23C6 precipitates in the ferritic
grains during hydrogenation and, the high interfacial energy with their disappearance during degassing.
Since this energy is sufficient for the formation of the sigma phase, and consequently, it explains the
appearance of pitting corrosion, since this phase favors this type of corrosion.
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