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The objective of this work is the evaluation of hydrogen effects on the martensitic transformation
and strain hardening in Duplex Stainless Steels (DSS) SAF 2205 (UNS S32205/S31803). DSS are
two-phase alloys (austenite and ferrite), which are used for applications requiring high mechanical
strength, in corrosive environments. Therefore, it is necessary a better understanding of the phenomena
involved on the hydrogen embrittlement. For this, in situ measurements of X-ray diffraction were
made during tensile test in H, cathodically charging DSS 2205. The hydrogen charging reduces the
stress relaxation, reducing the ductility and suppressing the hydrogen-induced austenitic to martensitic
transformation. In addition, it also reduces the strain hardening (dislocation multiplication) in austenite.
The strain hardening seems to have a higher influence than martensitic transformation on fracture

process, even in absence of hydrogen.
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density.

1. Introduction

Duplex Stainless Steels (DSS) are mixtures of ferrite and
austenite based on the Fe-Cr-Ni system, with an attractive
combination of mechanical properties and corrosion
resistance’. These steels are used for applications in corrosive
environments such as chemical and petrochemical process,
chemical tanks, desalination plants, heat exchangers and
container pressure tanks*>.

In spite of their outstanding mechanical properties, DSS
are susceptible to hydrogen embrittlement*. This phenomenon
consists on the deterioration on the mechanical properties
due to the initiation and growth of cracks by pre-existing
defects, decreasing the ductility and promoting the premature
failure’. Depending on the alloy composition, the plastic
deformation can take places more easily in the austenite
(DSS with low alloy and N content) or ferrite (highly alloyed
DSS), resulting in the initiation and propagation of stress
corrosion cracks. After hydrogen-charging in DSS 2205,
the ferrite is more sensitivity to cracking than austenite®’.
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The hydrogen enters into the steel through the surface
due to localized corrosion or cathodic charging associated
with cathodic protection schemes or by galvanic interaction®.
Then, it diffuses into the steel and its transport occurs mainly
through the ferrite since the hydrogen has a higher diffusivity
in ferrite than austenite (1 x 10 m?%s and 1.4-8 x 10"'® m?%s,
respectively)**®. However, the diffusion paths in ferrite are
not straight because they must pass around the austenite grain.
This produces a significant reduction on the diffusivity of
hydrogen in comparison to the ferritic steels®.

In DSS, hydrogen is trapped in microstructural defects.
Depending of the hydrogen-trap binding energy, it is usually
classified as diffusible or non-diffusible (residual)®'?. This
notion is important since only diffusible hydrogen contributes
to the hydrogen embrittlement. The diffusible hydrogen is
characterized by low activation energy (weak traps). Thus,
it takes the form of an interstitial solid solution in ferrite and
austenite, and the form of reversible trapped hydrogen at
points of structural defects in both phases. These structural
defects could be the strain regions around the dislocations,
grain boundaries, the dislocations core and vacancies. On
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the other hand, the residual hydrogen is characterized by
high activation energy (strong traps). Thus, it takes the
form of irreversible trapped hydrogen in structural defects
such as high angle boundaries, austenite-ferrite interface
and clusters®'2.

In addition, hydrogen expands the austenite lattice,
promoting the hydrogen-induced phase transformation.
This transformation depends on the austenite stability, and
mainly consists in the transformation of austenite to austenite
hydride or martensite'®. Besides, hydrogen increases the
dislocation density in both ferrite and austenite, and the
number of stacking faults in austenite'*. While the cold work
results in an increase in hydrogen uptake, and the subsequent
detrimental effect on mechanical properties'.

As several mechanisms of hydrogen embrittlement can be
overlapped due to the microstructural differences between the
ferrite and austenite, the use of in situ experimental techniques
could proportionate new elements about the hydrogen effects
on the martensitic transformation and dislocation density
under load application. For example, in absence of stress
(load application), Dabah et al.'> showed the influence of
hydrogen on the crystal lattices of austenite and martensite
(a') in a super DSS during hydrogen desorption. They point
outed the absence of phase transformations.

In this work, correlations between the microstructure,
mechanical properties and hydrogen embrittlement in DSS
2205 are established. The strain hardening seems to have a
higher influence on hydrogen embrittlement than martensitic
transformation. After hydrogen charging, the increase of
dislocation density is significantly lower in ferrite than in
austenite. This coincides with the brittle cleavage in the
ferrite, and the cleavage fracture associated with plastic
deformation in the austenite. In absence of hydrogen, the
stress relaxation is higher, which could be related to the
ductile fracture mode.

2. Experimental

The material used in this study was DSS SAF 2205
(Table 1), which was supplied by CPM/LNNano/CNPEM.
The as-received steel was in the form of plate, containing
austenite and ferrite in a volume ratio of 50:50. Specimens
90 mm x 14 mm x 2 mm were cut from alloy plate, as it is
indicated in the Fig. 1.

Hydrogen was introduced into the previously polished
by means of electrochemical cathodic charging at room
temperature. The cathodic charging was performed in acid
solution containing 0.1M H,SO, + 10 mg/l As,O, during
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a platinum counter electrode with a diameter of 1 mm.
These parameters were chosen in according to the works of
Zakroczymski et al.> and Glowacka et al."*. Then, the samples
were stored under liquid nitrogen bath until the hydrogen
content measurements to avoid the hydrogen release. The
diffusible and residual hydrogen contents were measured
by hot extraction method at 400 °C and 900 °C during 40
minutes, respectively. The detection limit of the equipment
is 10 ml H,/100 g, and the precision is 5 x 10> ml H,/100 g.

Three samples were analyzed: as-received state (DSS
2205E), cryogenic cooled (DSS 2205C) and hydrogenated-
cryogenic cooled (DSS 2205H) specimens. In all samples,
synchrotron X-ray measurements were developed with beam
energy of 12 keV (A= 1.033 x 107" m) at room temperature
under vacuum (10! Pa).

The strain were measured using a laser extensometer,
and the diffraction data were recorded from 45° to 66° (20)
at constant strain in seven points around the center of the
gage region, using two solid-state linear detectors, which
allow the simultaneous measurement of an angular region
of around 20°. These measurements were obtained above
15 % of strain and each 0.5 % of strain over the same 20
range. The experiments were performed with a cross head
speed of 7.5 x 102 mm/min, resulting in a strain rate of 1.25
x 10* s, in the plastic regime prior to necking.

During experiments, the diffraction surface is affected
by changes in sample dimensions, which are dependent on
temperature and strain. Therefore, it is necessary to calculate
the corrected position of the measured diffraction peaks.
This correction is made, considering a homogeneous shape
change along the sample cross section.

Thus, the diffraction surface will move in a normal
direction to the surface plane and the corrected angle position
(A(26)) depends on the measured or observed angle (20, ),
the sample thickness (t), the angle of incident beam (®),
the strain of the sample (¢), and the distance between the
detector center and irradiated sample region, which is at the
goniometer turning axel (g), as describe in eq. (1)'%!7. In
addition, the peak intensity depends on the diffraction angle
since the absorption of the scattered beams is a function of
the diffraction angle. Thus, the corrected intensity (I(260))
depends on the measured intensity (I, (20)), the corrected
peak angle (0) and the incident beam angle (o), as describe
ineq. (2)'.

A(20) = tan™ ((6)(%)(M>) ()

sin(w)

sin(@)
seven days with a current density of 20 mA/cm?, using 1(20) ~ (]DbS (20))€_<1+s‘m(2@*a))> )
Table 1. Chemical composition of the DSS SAF 2205 (UNS S32205/S3180).
Element(wt.%) C  Si  Mn Cr NN Mo N P s ¢y Other Fe
elements
DSS 2205 0.030 0.53 1.77 22.42 6.2 294 0.18 0.0l 0.007 0.099 0.451 Balance
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The volume fractions (x,) of the particular phases were
estimated from the integrated intensity (I,) and the theoretical
intensity (R)), as describe in eq. (3) and (4); where p is the
plane multiplicity factor, F is the plane structure factor, and
v is the volume of the unit cell's!".

The temperature factor is not considered because all tests
were performed at room temperature with little deformation-
induced heating. A Gaussian function was used for X-ray
diffraction profile fitting.

&
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The dislocation density in austenite (py) and in ferrite
(p,) were calculated from the microstrain (<e>) and the
Burger's vector (b), as shown in eq. (5) and (6). The Burger’s
Vector could be correlated to the lattice parameter (a) for
both austenite (face-centered cubic lattice) and ferrite (body-
centered cubic lattice)'s. The microstrain is estimated by the
Stokes and Wilson Method (eq. 7), where f is the full width
at half maximum (FWHM) corrected by the instrument
factor, and 0 is the Bragg angle'®"’.
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The instrumental broadening was determined using five
measurements of high-purity Y,0, powder standard. It is
important to take in account that the incident beam remains
fixed during tensile tests. Therefore, only the (220)y, (311)y,
(222)y, (211)a' and (220)a’' diffraction peaks are considered
for the estimation of volume fractions and dislocation density
as a function of strain. In absence of stress, all diffraction
peaks are considered.

3. Results and Discussion

Table 2 shows the measurements of hydrogen at 400
°C and 900 °C during 40 minutes, in the as-received and
hydrogenated specimens. The cathodic charging increased
mostly the hydrogen measurement at 400 °C, which is

Figure 1. Schematic view of the tensile test samples; measurements
in mm.

Table 2. Measurements of diffusible and residual hydrogen.

Measurement Hydrogen
s | Descrinti conditions (ml
ample escription
P P Temperature ~ Time H,/100
(°C) (min)  &)/(ppm)
0.11/
_recei 400 40
DSS As (rsgzlved (0.09)
2205E § 0.12/
hydrogenated :
ydrog ) 900 40 (0.10)
400 40 337/
DSS Hvd ted (4.67)
2205H ydrogenate 000 0 0.53/
(0.44)

Table 3. Mechanical properties of hydrogenated and non-hydrogenated
samples.

0.2 yield Ultlmate Elongation Reduction
tensile
Sample strength strength at fracture of area
0, 0,

(MPa) (MPa) (%) (%)
DSS 2205E 533 771 27 91
DSS 2205C 548 768 33 90
DSS 2205H 576 800 20 25

considered as diffusible hydrogen since it has lower activation
energy (weak traps)*'2. On the other hand, the increase of
hydrogen measured at 900 °C cannot be deemed significant.
This hydrogen is considered as non-diffusible hydrogen
(residual) since it has high activation energy (strong traps).
This suggests that the hydrogen transport is mainly in
lattice diffusion and hydrogen traps of low energy, which
is in according with the results obtained by Luu et al.?.
In addition, more hydrogen should be in ferrite since the
hydrogen diffusivity and permeation rate is higher in ferrite
than austenite®?. The residual hydrogen could be associated
to the hydrogen trapped inside traps of higher activation

energy such as interface y-a and clusters''2.
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Figure 2. Fracture surfaces of the as-received specimen (top), the cryogenic cooled specimen (middle) and the hydrogenated specimen
(bottom).
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Figure 3. a) Volume fraction of the phases (left) and dislocation density (right) for the as-received specimen.

Figure 4. a) Volume fraction of the phases (left) and dislocation density (right) for the cryogenic cooled specimen.

Figure 5. a) Volume fraction of the phases (left) and dislocation density (right) for the hydrogenated specimen.

As the hydrogen charging was made in absence of load
application, the hydrogen concentration is lower than that
obtained by Luu et al.* and Zakcrocczymski et al.?!. However,
this concentration is higher than the threshold total hydrogen
concentration (1-5 ppm) which can cause a ductility loss
in these steels. According with Zakcrocczymski et al.?! the
presence only of hydrogen as an interstitial solid solution
can decrease the ductility during axial strain.

As it is indicated in table 3, the cryogenic cooled
increased slightly the elongation at fracture whereas the
hydrogen-charging induced a significant loss in ductility.

The hydrogenated specimen had lower reduction of area
and elongation at fracture. This was related to the higher
hydrogen content. This decrease of ductility is similar to
that reported by other authors®!19:21:23,

The difference in the steel ductility can be observed in
fracture surfaces (Fig. 2). In the as-received and cryogenic
cooled specimens, the fracture mode was mainly ductile.
Thus, microvoids and an extensive plastic deformation
(necking) can be observed. Whereas in the hydrogenated
specimen, there is not apparent necking and some cracks
were observed. This suggests that crack propagation is along
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cleavage planes. The hydrogen promoted a brittle cleavage
in the ferrite phase, and a cleavage fracture associated
with plastic deformation (rough stepwise cracking) in the
austenitic phase'"'*?. This behavior is similar to the observed
by other authors, which pointed out the origin of the crack
in the ferrite!*2,

The formation of strain-induced martensite for the as-
received specimen is observed in the Fig. 3, which shows
the kinetics of the martensitic transformation and dislocation
density as a function of strain. The dislocation density in
austenite increased from the onset of necking, whereas
the increase in the dislocation density in ferrite was not
significantly. On the other hand, the austenite transformed
to o' martensite only after high plastic deformation (end of
necking), indicating that it was a consequence of the strain
and not the cause of the necking.

This behavior is similar to the observed in Fig. 4 for the
cryogenic cooled sample, suggesting that the strain hardening
in both specimens have a higher influence than martensitic
transformation on fracture process.

Fig. 5 shows the behavior of the martensitic transformation
and of dislocation density in the hydrogenated specimen.
The behavior of the dislocation density in both ferrite and
austenite was similar to those observed in the other specimens.

Furthermore, the hydrogen did not seem to increase the
dislocation density in both ferrite and austenite, and hydrogen-
induced martensite formation is not observed. Although
strain-induced austenitic to martensitic transformation
appeared at lower strain, the final volume of martensite
and the dislocation density in austenite are lower than those
reached in absence of hydrogen. According with Luu et
al.?°, in this steel the austenite is less sensitivity in hydrogen
embrittlement and causes less deformation, which inhibits
the martensitic transformation.

It is usually considered that the ferrite is more sensitivity
to cracking than austenite under hydrogen effects>’. This
coincides with the lower strain hardening in the ferrite since
the higher dislocation density in the austenite indicates
a higher stress relaxation. Furthermore, the evolution of
the dislocation density in both phases coincides with the
brittle cleavage in the ferrite, and the cleavage fracture
associated with plastic deformation in the austenite for the
hydrogenated specimen.

Therefore, the hydrogen embrittlement could be related
to the decrease on the stress relaxation in both ferrite and
austenite phases. In the austenite, this causes less plastic
deformation, and thus inhibits the subsequent stress relaxation
by strain hardening and the martensitic transformation. In
absence of hydrogen, the ductile fracture mode could be
related to the higher stress relaxation, which is manifested
mainly by high plastic deformation in austenite.

It is important to take in account, the decrease of the
martensite formation for the hydrogenated specimen. In first
place, it is not observed hydrogen-induced martensite due
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to the hydrogen charging. This could be related to the low
residual hydrogen since the hydrogen transport is mainly in
lattice diffusion (low energy traps). According with Glowacka
etal.’*!, the hydrogen charging can induce the formation of
martensite € or o. Nevertheless, Silverstein et al.>* pointed out
that the hydrogen traps of higher energy (residual hydrogen)
such as high angle boundaries, vacancy, austenite-ferrite
interface and clusters are related to the transformation from
austenite to martensite during hydrogen charging; while the
hydrogen traps of low energy such (diffusible hydrogen)
such as elastic stress field of dislocations, screw's dislocation
core or grain boundaries do not have a significant influence
in the hydrogen-induced phase transformations. In second
place, hydrogen decreased the martensite formation during
axial strain. This suggests a lower stress relaxation since
hydrogen-induced phase transformation is a main mechanism
for stress relaxation®, and it is in according with the decrease
of the steel ductility.

4. Conclusions

The hydrogen-charging increases mainly the diffusible
hydrogen (low energy traps), inducing the deterioration in
mechanical properties. This could be related to the hydrogen
effects on strain hardening (dislocation multiplication) and
martensitic transformation. Under hydrogen effects the
strain-induced martensite formation and the dislocation
density in austenite seem to reach lower values than those
obtained in absence of hydrogen, inducing the fracture
transition mode from ductile to brittle. In addition, the
evolution of the dislocation density in both phases under
hydrogen effects coincides with the mixture of typical
facet cleavage fracture in ferrite and cleavage fracture
associated with plastic deformation in the austenite.
In absence of hydrogen, the stress relaxation is higher,
promoting a ductile fracture mode.
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