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Hydrogen embrittlement behavior with respect to strain-induced martensite (SIM, o) and the dislocation
structure in 316L stainless steel were investigated using tensile testing at strain rates of 2 x 107° to 2 x 1072
s~ at room temperature. The deformed specimens with and without hydrogen were examined using MFM,
neutron diffraction, TEM, and a Feritscope. The results showed that ductility, tensile stress, and hardness
increased with decreasing strain rate and an increasing amount of SIM. Hydrogen caused SIM to be
distributed locally in a o/y laminated structure. The H-free sample had a larger quantity of SIM than the H-
charged sample at the same plastic strain. Hydrogen changed the dislocation structure from only cellular to
a mixed structure comprising both cellular and planar dislocations. H-charged 316L SS had a diffuse
reflection, which implied that short-range ordering formed during tensile testing. It was concluded that
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Introduction

Hydrogen embrittlement (HE) is a critical issue in the welding,
processing, and corrosion of metals. Many hypotheses have
been proposed to account for HE. Among these, it has been
postulated that HE results from the build-up of high internal
stress concentrations due to the difficulty of cross-slip,"™ the
occurrence of brittle fractures due to hydrogen-enhanced plas-
ticity,>” and decohesion of the grain boundary in hydrogen
environments.®® However, these explanations cannot be
applied to austenitic stainless steel because the role of strain-
induced martensite (SIM, o) has not been considered.
Regarding HE in austenitic stainless steels, the characteristics
of SIM remain controversial due to the discrepant findings. It
has been reported that the formation of SIM promotes HE
because SIM provides a diffusion path for hydrogen, leading to
a decrease in cohesive energy at grain boundaries."*™ In
contrast, hydrogen has been shown to suppress SIM formation*®
and accelerate the transformation of SIM into austenite.'*

In this study, room-temperature (RT) tensile tests were con-
ducted on H-free and H-charged 316L austenitic stainless steel
(SS) at strain rates of 2 x 107 °to 2 x 107> s™' to clarify the
mechanism underlying changes in ductility caused by SIM. The
amount of SIM in H-free and H-charged 316L SS was measured
in situ during the RT tensile tests. The volume fraction and SIM
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distribution were measured for deformed 316L SS to identify the
mechanism of the suppression of SIM formation in H-charged
316L SS. The change in dislocation structure and the transi-
tion from ductile to brittle fractures caused by hydrogen were
investigated by transmission electron microscopy (TEM).

This study aimed to investigate (1) the effect of hydrogen on
the distribution and amount of SIM formation in 316L SS, (2)
the effect of strain-induced disordering on the mechanical
properties, such as strain rate dependence, and (3) the effect of
planar dislocation and ordering on fracture behavior.

Experimental
Materials and hydrogen charging

316L SS, which has a composition of Fe-16.7Cr-10.2Ni-2.0Mo-
1.1Mn-0.6Si-0.5Cu-0.2C0-0.03P-0.02C-0.003N-0.001S  (wt%),
was solution-annealed at 1100 °C for 1 h and quenched in water.
The microstructure of 316L SS was examined by optical
microscopy after etching with H,O:HF: HNO; solution
(8:1:1,vo0l%) for 5 min, and its grain size was measured using
the intercept method. Hydrogen charging was performed using
electrolytic charging for 20 h at 80 °C with a current density of
500 A m ? using 1 N H,SO, solution containing 0.25 g L'
NaAsO,. The amount of hydrogen in 316L SS was analyzed with
a hydrogen analyzer (LECO RH-404) using five independent
samples.

Quantification of SIM and tensile tests

RT tensile tests were conducted on H-free and H-charged 316L
SS at strain rates of 2 x 107 % to 2 x 10™> s~ ' immediately after
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hydrogen charging. Tests were performed twice on rod-shaped
specimens with a diameter of 4 mm and a gauge length of
25.4 mm, and mean values were calculated. During testing, the
amount of SIM was measured in situ using a Feritscope (Fisher
MP30). After calibrating the Feritscope using the standard
sample, the average amount of SIM formed was measured
either ex situ on the fracture surface five times, or in situ at the
center of the gauge section. The values measured using the
Feritscope were in agreement with those measured using
magnetic force microscopy (MFM) when the dependence of
strain rate on the amount of martensite was considered. The
volume fraction and distribution of SIM on the surface were
measured in deformed samples after tensile tests using MFM by
applying the distinct magnetic properties of nonmagnetic
austenite (y) and ferromagnetic o/.***” MFM and atomic force
microscopy (AFM) images were obtained in air using a scanning
probe microscope in tapping/lift mode with a lift height of
100 nm.

Observation of short-range ordering (SRO) and dislocation
structure

Changes in the lattice parameters of 316L SS after tensile tests
were determined using neutron diffraction (ND). ND data were
collected using a high-resolution powder diffractometer (HRPD)
over the 20 range of 0-160° with a step size of 0.05° and
a wavelength (1) of 1.83429 A. The data were refined using the
Rietveld method and FullProf software by changing the peak
positions with a confidence level of Ad/d = 0.004%."® After
tensile tests, thin foil specimens were examined using trans-
mission electron microscopy (TEM) at 200 kV to examine the
dislocation structure and diffuse peaks generated by SRO
formation along the [111], [110], and [112] zone axes.

Results and discussion
Hydrogen diffusion and microstructure

Fig. 1 shows the optical microstructure of the H-charged 316L
SS with a grain size of 57 &+ 6 um. The amount of hydrogen
immediately after hydrogen charging was 39 4+ 2 ppm, which
was less than the 56-75 ppm previously obtained under similar
charging conditions from samples with grain sizes of 130-300
um."* Hydrogen discharges rapidly in material with fine
grains. As the density of grain boundaries decreases with
decreasing equivalent hydrogen pressure (Pf), the hydrogen-

Fig. 1 Optical microstructure of H-charged 316L SS.
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discharging rate increases with decreasing hydrogen solu-
bility.**** Notably, hydrogen diffusion along grain boundaries
was shown to be enhanced by several orders of magnitude when
the grain size was a few tens of micrometers.*

Hydrogen was generally confined to the surface during
charging. According to diffusion eqn (1) for 316L SS at 25-
960 °C,** the hydrogen diffusion coefficient was measured as 7.2
x 107" m® s at a hydrogen charging temperature of 80 °C.

53 630

D=62x107" —_— 1
x exp( o ) 1)

where, D is the diffusion coefficient of hydrogen (m® s™"), R is
the gas constant (] K~ mol "), and T'is the temperature (K). The

penetration depth of hydrogen, d, can be roughly expressed by
eqn (2).

d= V2Dt (2)

When Dwas 7.2 x 10~ "> m? s~ " and the charging time (¢) was
20 h, d became 32 pm, which was considerably smaller than 4
mm (the sample diameter). Hydrogen was apparently confined
near the surface. Although the center of the specimen was H-
free before tensile tests, the transgranular (TG) brittle frac-
tures occurred in the H-charged 316L SS, and cleavage was
evident across the sample after tensile test.

Effect of hydrogen on tensile properties and fracture mode

The mechanical properties strongly depended on the strain rate
and sensitivity to the tensile stress, ductility, hardness, and
strain hardening. Strain hardening is defined as (TS — YS)/YS,
where TS and YS are the tensile and yield stresses, respec-
tively. However, the yield stress displayed a positive strain rate
sensitivity regardless of hydrogen content (Fig. 2a). The effect of
hydrogen varied with the strain rate. H-Charging decreased the
tensile stress, ductility, hardness, and strain hardening, but
slightly increased the yield stress, except at the slowest strain
rate (Fig. 2b-d), which was consistent with previous reports of
the tensile properties of H-charged austenitic stainless
steels.”*?® The decrease in the strain hardening by hydrogen,
especially at a strain rate of 2 x 107 ° s, was in agreement with
reported hydrogen-induced softening after hydrogen charging
and tensile testing under similar conditions.*”

Fig. 3 shows the fracture surfaces of H-free and H-charged
316L SS after RT tensile testing. H-free samples displayed
ductile fractures with fine dimples and coalescent voids or
cavities at all strain rates (Fig. 3a and b). Void formation and
coalescence under an applied tensile stress are known to
result from ductile fracture.”” The nucleation of voids is
associated with the type of defect in the crystal.*®**® In
contrast, the fracture mode of H-charged samples changed
from mixed fractures, with dimples and cleavages, at a strain
rate of 2 x 1072 s~ ' (Fig. 3c) to enhanced brittle fractures,
characterized by cleavages across the surface, at a strain rate of
2 x 107% s7' (Fig. 3d). Cleavage fractures became more
pronounced with decreasing strain rate. In particular, parallel
cracks developed with a rectilinear shape (Fig. 3d). As hydrogen
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Fig. 2 Mechanical values of H-free and H-charged 316L SS as
a function of strain rate. (a) Yield stress, (b) tensile stress, (c) ductility, (d)
Vickers microhardness, and (e) strain hardening.
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Fig. 3 Fracture surface of 316L SS after tensile testing. (a) H-Free
(strain rate = 2 x 1072s7Y), (b) H-free (strain rate = 2 x 1076 s™Y), (c) H-
charged (strain rate = 2 x 1072 s7%), (d) H-charged (strain rate = 2 x
107657,

clearly induced brittle fracture with cleavage, the reduction in
elongation by hydrogen charging in the H-charged 316L was
attributed to the transition from ductile to brittle fracture
modes.*® Furthermore, as SIM increased the ductility (Fig. 2)
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and H-free samples displayed uniform ductile fractures with
fine dimples and voids irrespective of strain rates (Fig. 3a and
b), brittle fractures might be controlled by inhibition of the y-
o transformation.

Effect of hydrogen on SIM formation

Fig. 4a shows the amount of SIM formed on the fracture surface
relative to the strain rate. With decreasing strain rate, the
amount of SIM increased in the H-free sample, but decreased in
the H-charged sample. The amount of SIM was greater in H-free
samples than in H-charged samples at the same strain rates.
The amount of SIM was lowest in the H-charged sample at the
lowest strain rate of 2 x 10°° s', which suggested that
hydrogen suppressed SIM formation during tensile testing. To
confirm this, SIM was measured in situ using a Feritscope in H-
free and H-charged samples during tensile tests at a strain rate
of 2 x 107® s, The amount of formed SIM was controlled by
the plastic deformation and the presence of hydrogen (Fig. 4b).
The largest decrease in SIM occurred at a strain of 35-40%
between H-free and H-charged samples. This showed clearly
that hydrogen evidently suppressed SIM formation, even with
the same amount of plastic deformation.

To investigate the effect of hydrogen on the volume fraction
and distribution of SIM formed, H-free and H-charged 316L SS
were examined before and after tensile testing using MFM and
an image analyzer (Fig. 5). In the MFM images, the dark and
light phases corresponded to martensite (o) and austenite (),
respectively. These phases were more clearly discernable in the
image analyzer images. Before tensile testing, the average
amount of SIM was 1.5%, with SIM regions aligned along the
tensile axis, tens to hundreds of micrometers apart (Fig. 5a).
The amount of SIM increased with increasing strain, irre-
spective of the presence of hydrogen. In the H-free sample, SIM
was distributed uniformly (Fig. 5b). However, in the H-charged
sample, SIM was distributed locally in the o'/y laminated
structure with stacking intervals of several tens of micrometers
(Fig. 5¢). As localized cracking occurred at the interface of o/
v,*2%2% hydrogen changed the distribution of SIM in the o'/y
laminated structure, leading to a lower resistance to cracking.
The suppression of SIM formation by hydrogen during tensile
testing, as shown in Fig. 4b, was a plausible cause of the loss in
ductility. It is reasonable that SIM formation is beneficial for the
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Fig. 4 (a) Amount of strain-induced martensite as a function of the

strain rate on H-free and H-charged 316L SS after tensile tests. (b)
Stress and amount of SIM formed as a function of strain on H-free and
H-charged 316L SS at a strain rate of 2 x 107 ¢ s7%.
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Fig. 5 Distribution of austenite and martensite in 316L SS at a strain
rate of 2 x 1076 st after fracture. (a) Before tensile test (strain, 0%), (b)
H-free, and (c) H-charged.

various mechanical properties of 316L SS. The enhanced brittle
fracture at a low strain rate in the H-charged sample, as shown
in Fig. 3, was related to decreased SIM formation during tensile
deformation. As explained later, the decrease in microhardness
owing to hydrogen softening in the H-charged sample provided
further strong evidence that hydrogen suppresses SIM
formation.

SIM and strain-rate dependence of mechanical properties

The relationship between the amount of SIM and the mechan-
ical properties is depicted in Fig. 6. The microhardness, tensile
stress, and ductility of H-free and H-charged 316L SS were
positively correlated with the amount of SIM formed during RT
tensile testing. SIM beneficially increased hardness, tensile
stress, and ductility, regardless of the absence or presence of
hydrogen. The tensile properties of the H-free sample were
dependent on the strain rate (Fig. 2 and 6), which was also
related to the amount of SIM formed during plastic deforma-
tion. The hardness of the H-free sample increased with
increasing SIM amount. This implied that SIM was harder than
austenite.”* Transformation-induced plasticity (TRIP) similarly
increased ductility and tensile stress through deformation-
induced martensite transformation.**** The reason for the
dependence of strain-rate on the amount of SIM formed in
austenitic stainless steel (Fig. 4a) and the enhancement of
ductility by the hard SIM (Fig. 6) was unclear. The linear rela-
tionship shown in Fig. 6 demonstrates that SIM formation

This journal is © The Royal Society of Chemistry 2017
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(c) ductility on the amount of SIM formed in H-free and H-charged
316L SS after tensile testing.

significantly affected the mechanical properties of H-free and
H-charged 316L SS. The dependence of mechanical properties
on the amount of SIM (Fig. 6) and the suppression of the SIM
formation by hydrogen (Fig. 4b and 5) indicated that hydrogen
decreased the amount of SIM formed during tensile testing,
which led to losses in ductility and tensile stress.

To investigate the changes in the lattice parameters of H-free
316L SS during RT tensile testing, the d-spacing of austenite and
martensite was determined by neutron diffraction. The varia-
tion in d-spacing was defined as the fractional change in the
position of austenite (111) and martensite (110) before and after
tensile testing. Fig. 7 shows that the d-spacing of (110)
martensite increased with decreasing strain rate. In contrast,
the d-spacing of austenite (111) decreased with decreasing
strain rate, indicating that the lattice in austenite had con-
tracted slightly. This strain rate dependence suggested that
a time-dependent process was involved in SIM formation. A
similar result has also been observed in 304 SS** and TRIP
steels.®**

As ductility depended on the strain rate in 304 and 316L SS
with SIM, and in 310 SS without SIM,* the formation of SIM
cannot fully explain the strain-rate dependence of the ductility
of austenitic stainless steels. As the disordered phase had lower
yield stresses, and higher ductility and strain hardening than
the ordered phase,***” SIM formed in 316L SS likely corre-
sponded to the disordered phase, which also formed in 310 SS
due to dislocation movement during RT tensile testing.’®%°
When plastic deformation occurs in an austenitic alloy, strain-

RSC Adv., 2017, 7, 27840-27845 | 27843
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induced disordering (SID) results from formation of a disor-
dered phase or destruction of the ordered phase due to moving
dislocations.* In contrast, the disordered phase was formed
predominantly by plastic deformation when the rate of dis-
ordering exceeded the rate of strain-induced ordering (SIO).**
Therefore, SIM corresponded to the disordered phase, because
ductility and strain hardening increased linearly with an
increasing amount of SIM (Fig. 6). Fig. 7 provides further sup-
porting evidence, indicating that martensite expanded the
lattice, the magnitude of which increased with decreasing strain
rate. In summary, we suggest that the dependence of strain rate
on the mechanical properties of 316L SS can be reasonably
explained by disordered SIM formation during plastic defor-
mation, and hydrogen promoted strain-induced ordering (SIO)
due to hydrogen suppressing SIM formation.

Effect of hydrogen on dislocation structure

To evaluate the effect of hydrogen on the dislocation structure
and SRO formation during plastic deformation, we conducted
TEM analysis of 316L SS after tensile testing and on 10%
deformed 316L SS. Twinning occurred along the [110] zone axis
in H-free and H-charged 316L SS. The H-free sample showed
only cellular dislocation, and no diffuse reflections were present
in the SAED pattern because no SRO formed (Fig. 8a). The H-
charged sample showed a mixed dislocation structure and
diffuse 1/3{422} and 1/2{131} reflections along the zone axes of
[111] and [112], respectively, which implied that SRO formed
during tensile testing (Fig. 8b). Diffuse reflections were also
observed in other austenitic alloys, such as alloy 600 under slow
strain rate tests in water at 360 °C,** hydrogenated 310 SS
deformed at RT,” and Fe-Mn-Al alloy after tensile deformation
at —200 °C." To observe mixed dislocations during the initia-
tion stage of plastic deformation, 10% deformed H-charged
316L SS was investigated (Fig. 8c). Mixed dislocations
comprising both planar and cellular dislocations were
observed. Indeed, cellular dislocations existed between planar
dislocations, which were distributed several hundred nanome-
ters apart parallel to each other in a rectilinear shape. Planar
dislocation is a characteristic feature of ordered structures.**
Moreover, it suppresses local cross-slip, which was hampered by

27844 | RSC Adv., 2017, 7, 27840-27845
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Fig. 8 Bright-field TEM images and selected area electron diffraction
(SAED) patterns of 316L SS after RT tensile tests at a strain rate of 2 x
107 s7L. (a) H-Free, (b) H-charged, (c) H-charged and 10% tensile
deformed.

SRO, leading to a loss of ductility.?”** The above observation
provides strong evidence that the cause of hydrogen embrittle-
ment in 316L SS was hydrogen-mediated SRO formation.

The cleavage fractures shown in Fig. 3c and d can also be
explained by SRO formation. Generally, long-range ordering
(LRO) formed in the alloys fractures intergranularly,>** and
makes twinning very difficult.** For example, in Fe;Si and Fe;Al
alloys, twinning did not occur in the fully ordered state, which
displayed an IG fracture,*® but occurred in the short-range
ordered state, which displayed TG or IG + TG fractures at less
than ~10 at% Si concentrations.””** Moreover, high- and low-
angle grain boundaries in the ordered state provide an easy
path for nucleation and/or propagation of cracks.* The change
in brittle fracture from TG to IG was therefore related to the
increase in degree of order. That is, the nucleation and/or
propagation of cracks could be generated along low- and
high-angle grain boundaries when SRO and LRO formed in the
alloy, respectively.

It is well known that 316L SS forms ordered phases, such as
Ni,Fe, NiFe, and Fe;Ni, with relatively strong binding forces.*®
Although multiple ordering processes took place among Ni, Fe,
and Cr atoms during the formation of ordered phases, the LRO
phase did not form because of the non-stoichiometric chemical
composition of 316L SS and interference by other elements,
such as carbon. Therefore, in this study, only the formation of
an SRO phase was considered in 316L SS. TG fracture (cleavage)
occurred in H-charged 316L SS because cracks were grew easily
along low-angle grain boundaries due to SRO formation during
plastic deformation.

Conclusions

RT tensile tests were conducted on H-free and H-charged 316L
SS to investigate the effect of hydrogen on the strain-rate
dependence of the mechanical properties, SIM formation,

This journal is © The Royal Society of Chemistry 2017
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dislocation structure, and fracture mode. The strain-rate
dependence of ductility was due to strain-induced disorder-
ing, indicating that a disordered phase (SIM) formed upon
plastic deformation. Hydrogen suppressed SIM formation
during plastic deformation, and SIM was distributed locally in
the o/y laminated structure at stacking intervals of several tens
of micrometers, leading to cracking. As SIM was beneficial to
the mechanical properties of 316L SS, the loss in ductility and
hydrogen softening in the H-charged 316L SS were attributed to
hydrogen suppressing SIM formation. This was considered the
main cause of hydrogen embrittlement in austenitic stainless
steels. Therefore, the two major factors leading to brittle frac-
ture in H-charged 316L SS are the restriction of cross slip by
planar dislocations, and the suppression of strain-induced
disordering by hydrogen.
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