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ABSTRACT

The effect of plastic deformations on the hydrogen embrittlement (HE) of transformation-
induced plasticity (TRIP) steel was studied. In situ tensile tests showed that with increasing
hydrogen current density, total elongation loss was raised to 36.8% as compared to an
uncharged specimen. The electron backscatter diffraction (EBSD) observation indicated
that hydrogen charging decreased stacking fault energy (SFE), resulting in the formation of
more o' - martensite by both indirect and direct transformation. The «’- martensite volume
fraction at the same degree of deformation in uncharged and charged samples was 31%
and 39%, respectively. With plastic deformation, reversible trap sites were raised because
of the increased dislocation density and the formation of «'- martensite, which was ob-

Dislocation tained from EBSD characterization and had a good correlation with the results of the
thermal desorption spectroscopy (TDS) analysis.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
N which TRIP steels are very desirable owing to their high
1. Introduction

strength. Hydrogen absorption may occur in the steel-making
or automobile-manufacturing processes due to the great

Transformation-induced plasticity (TRIP)-assisted steels are
advanced high strength steels, which are widely used to make
components in the automotive and construction industries
because they have high strength-elongation properties, are
easy to form, and are inexpensive to produce [1,2]. TRIP steels
enable a significant reduction in raw structural mass, which
helps reduce the weight of vehicle and improves its passive
safety [3—5].There is the problem of the hydrogen induced
cracking and embrittlement in the automotive industry, for
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mobility of the hydrogen atom in the steel microstructure
[6,7]. During an automobile's service life, both environment-
assisted corrosion and hydrogen-induced cracking (HIC) are
possible occurrences. TRIP steels can trap varying amounts of
hydrogen with varying degrees of permeability and solubility,
making it challenging to evaluate their HE behavior [8,9].
Microstructure control and optimization are essential to un-
derstand the relationship between microstructure and me-
chanical performance of TRIP steels in the presence of
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hydrogen. For steels with a low stacking fault energy (SFE),
two potential transformation sequences might occur during
deformation-induced martensitic transformation: austenite
(y) — bcc-martensite (') and ¥y — hcp-martensite (¢) — o’.
Metastable austenitic CrNi steels with SFE >20 mJ/m? undergo
directly into «’-martensite, while those with SFE <20 mJ/m?
transform indirectly into o’-martensite [10,11].

Researchers have recently investigated the hydrogen
embrittlement of TRIP steels and metastable austenitic steels.
According to Ryu et al. [12], hydrogen deteriorates mechanical
properties after the martensite transformation because
martensite has a greater hydrogen diffusivity than austenite.
Fussik et al. [13] found a considerable increase in the content of
o/-martensite after hydrogen charging. They concluded that
hydrogen can reduce SFE, which promotes the direct and in-
direct transformation of austenite to «’-martensite. Two vari-
ables govern o'- martensite's effect on HE: First, o'-martensite
is a brittle and hard phase; second, the hydrogen diffusivity in
o/-martensite (BCC) is roughly five times as high as that in
austenite (FCC) [14]. Luppo and Ovejero-Garcia [15] reported
that the martensite phase has the lowest hydrogen embrit-
tlement resistance and introduced it as a reversible trapping
site. TRIP steels exhibited more ductility loss owing to
hydrogen embrittlement than steels that did not transform
upon plastic deformation [16]. Hilditch et al. [17] stated that
there were no significant changes in the yield strength and
strain hardening behavior of TRIP780 in the presence of
hydrogen. Lovicu et al. [18] confirmed that the great sensitivity
of TRIP steel to hydrogen is due to the severe embrittlement of
the stress produced by martensite. Rozenak et al. [19] discov-
ered that hydrogen influenced the stability of austenite and
resulted in the induced transition of austenite to martensite.
Crackinitiation in TRIP steels has always been correlated to the
presence of martensite, as revealed by Lacroix et al. [20]. TRIP
steels suffer significant mechanical deterioration when
exposed to much lower levels of hydrogen [21].

Limited research has been conducted on the link between
o/-martensite, e-martensite and hydrogen during deforma-
tion. The effect of hydrogen on TRIP is still poorly known, and
the role of hydrogen in the deformation mechanisms of TRIP
steel needs further investigation. The current research fo-
cuses on the influence of hydrogen on the mechanical prop-
erties and the transformation of austenite to martensite (TRIP
effect). For this purpose, the mechanical properties at
different current densities during hydrogen charging were
investigated. In addition, the effects of hydrogen on the
microstructure of the deformed TRIP steel were evaluated at
certain strain levels.

2. Experimental procedure

After grinding the sample surfaces with 60—2000 Sic papers,
the specimens were electrochemically pre-charged in an
aqueous NaOH solution at current densities of 10 and 30 mA/
cm? for 20 h. The tensile of in-situ electrochemical hydrogen
charging was tested immediately after pre-charging at the
same condition. For this purpose, a special cell and a tensile
fixture were mounted. A small specimen with the a gauge
length nominal dimension of 11.4 x 3 x 1 mm was used in this

investigation [22]. All specimens were tested with an Instron
device at a maximum load of 20 tons and a tensile speed of
0.1 mm/min. Each condition was evaluated using a minimum
of three samples. The interrupted tensile tests were stopped at
21% strain for the uncharged sample and 12% strain for the
charged and uncharged conditions to characterize the defor-
mation mechanism by electron backscatter diffraction (EBSD).
The cross-sections of the specimens obtained from the
interrupted tensile tests were prepared with carbide paper
(600, 1200, and 2500 grit) and diamond polishing (3 and 1 um).
The specimens were prepared by electrochemical polishing
with 94% acetic acid and 6% perchloric acid for EBSD mea-
surements. Microstructures were studied using scanning
electron microscopy (SEM) and EBSD with a step size of
0.08 um, accelerating voltage of 20 KV, probe current of 10 nA,
a tilt angle of 70° and working distance of 12 mm. The EBSD
data was analyzed using the HKL-Channel 5 system. The
quantity of diffusible hydrogen in the H-charged specimens
was calculated using thermal desorption spectroscopy (TDS).
The activation energy was calculated using heating rates of 5,
10, and 20 °C/min.

3. Results

3.1. Mechanical characteristics and initial
microstructure

Fig. 1 presents stress-strain diagrams for uncharged and
charged specimens. For the H-free specimen, the yield
strength is 1186 MPa, and ultimate tensile strength (UTS) is
942 MPa, whereas the UTSs of the specimens charged at 10
and 30 mA/cm? are 1165 MPa and 1126 MPa and their yield
strengths are 939 MPa and 936 MPa, respectively, indicating
that hydrogen has slight influence on the yield strength. To
quantify tensile ductility, the HE sensitivity parameter (Iyg)
was derived using equation (1):

IHE (%) = (1 — EH / Eo) x 100% (1)

Where E, represents the material's elongation before
hydrogen charging and Ey denotes the material's elongation
after hydrogen charging. A greater Iy value suggests that HE
resistance is low. The mechanical properties are summarized
in Table 1.

Fig. 2 shows the EBSD image of the microstructure before
hydrogen charging by EBSD. This microstructure is composed
of austenite, Cr,3Cg, and Cr,B, and there is no evidence of the
martensite phase.

3.2. Microstructure evaluation

The EBSD results of interrupted tensile tests are shown in
Fig. 3a—f. The inverse pole figure and phase map of an inter-
rupted tensile test specimen in the air just before the fracture
(21% strain) are shown in Fig. 3a and b. It can be observed in
Fig. 3b that direct transformation y (FCC) — o« (BCC) occurred
without any intermediate phase of e-martensite. Fig. 3c and
d presents the EBSD maps of the interrupted tensile specimen
after hydrogen charged at 30 mA/cm? just before fracture (12%
strain). The findings revealed that austenite, o’-martensite,
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Fig. 1 — Tensile engineering stress—strain curves before and after hydrogen charging.

Table 1 — The mechanical characteristics with and without hydrogen charging.

Specimen designation Yield Tensile Total Reduction Tensile Total
Strengh Strengh Elongation of area (%) strength elongation
(MPa) (MPa) (%) loss loss due

due to to H Iyg (%)
HI, (%)

Uncharged 942 1186 20.2 65.2 = =

H-Charged at 10 mA/cm? 939 1165 18.8 63.2 1.7 6.9

H-Charged at 30 mA/cm? 936 1126 12.6 38.4 5 36.8
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Fig. 2 — (a) The SEM image, (b) inverse pole figure (IPF), and (c) phase map of TRIP steel.

and e-martensite percentages were 47%, 39%, and 4%,
respectively. It can be seen that austenite can be directly and
indirectly (y —» e¢— o) transformed to «’-martensite in the

presence of hydrogen. Interrupted tensile test specimen in the
air at a strain of 12%, consisting of 58% austenite and 31% a'-
martensite (Fig. 3e and f), is compared to the interrupted
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Fig. 3 — The EBSD images of pole figure and phase maps for strained microstructure with and without hydrogen charging,
a,b: strained specimens in the air before fracture (21% strain), c,d: strained specimens in hydrogen before fracture (12%
strain), e,f: strained specimen in the air up to 12% strain (at fracture strain of charged sample).

tensile specimen in hydrogen at the same strain in Fig. 3c and
d. It can be deduced that the volume fractions of o'-martensite
was greater in the H-charged specimens than in the H-free
one at same deformation (12% strain).

Fig. 4a—f shows the maps of kernel average misorientation
(KAM) for the deformed specimens. KAM is obtained directly
from the EBSD data. KAM parameters provide information
about the value of local deformation, which corresponds to
the level of dislocation density. Due to the more plastic
deformation, the KAM value of the uncharged specimen (21%

strain) was larger than that of the other specimens (Fig. 4a and
b). As shown in Fig. 4 c-f, it was obvious that the charged
specimen exhibited a higher KAM value than the uncharged
sample in both the austenite and martensite phases at the
same strain of 12%.

Fig. 5illustrates the crack initiation and propagation of the
H-charged sample after the tensile test. Many transgranular or
intergranular fractures traverse the y-FCC/o/-BCC and y-FCC/
Cr,B interfaces. Hydrogen tends to be diffused preferentially
at interphase boundaries between two phases, providing a
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specimen in the air up to 12% strain (at fracture strain of charged sample).

local hydrogen concentration region. In other words,
hydrogen diffusion caused interatomic bonds to weaken
during deformation. The difference in hydrogen diffusivity
and solubility between matrix (austenite) and phases could
cause high stress concentration, which is of important for
propagation of crack.

3.3.  Thermal desorption spectroscopy (TDS) analysis
Fig. 6 shows the hydrogen content in undeformed and

deformed specimens at various heating rates of 5, 10, and 20 °C/
min. In the deformed (12% strain) and undeformed specimens,

there are three peaks for all heating rates. One peak is below
300 °C and two peaks are above 300 °C (Fig. 6a and b.). Equation
(2) [23] can be used to figure out the activation energies of TDS
peaks and link them to microstructure properties:

d (ln Tﬁfax) _ & (2)

amx)  F
Where ¢ denotes the rate of heating (K/min), Tpax represents
the highest temperature (°K), E, (J/mol) indicates the activation

energy and R shows the gas constant. Ea is calculated from a
plot of In (®/T2max) versus In (1/Tmax) as shown in Fig. 7.
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Fig. 5 — The morphology of the crack beneath the fracture surface after hydrogen charging. (a) SEM, (b) inverse pole figure

(IPF), (c) phase map.
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Fig. 6 — The TDS analysis of hydrogen desorption rate for various heating rates. (a) undeformed, (b) deformed (12% strain).

Fig. 7 illustrates the linear fitting of three peaks for the un-
deformed and deformed specimens, and Table 2 indicates the
activation energy or their slopes obtained for the peaks.

4, Discussion

With respect to effect of hydrogen on the strength, the yield
strength of samples decreased slightly after hydrogen
charging. The occurrence of softening effect is due to the
shielding effect of hydrogen, which decreased the critical

shear stress for dislocation glide [24]. The presence of
hydrogen was responsible for the loss of strength in the
charged specimen. In addition, the effect of current density on
elongation is shown in Table 1, which shows that the total
elongation loss was increased by 6.9% for charged specimens
at 10 mA/cm?, and by 36.8% at 30 mA/cm? The higher the
current density, the greater the elongation loss. The results
are agree with those of Enos et al. [25] and Wang et al. [26]. One
of the most well-acknowledged HE processes is hydrogen
enhanced decohesion (HEDE), according to which the atomic
bonding force and the surface energy diminish because of the
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Fig. 7 — The peaks' linear fit as a function of heating rate. (a) undeformed, (b) deformed (12% strain).

Table 2 — The activation energy calculation parameters.

Heating rate (°C/min)

Peak temperature (°C)

Activation energy (kJ/mol)

5 10 20

Undeformed

1st peak 124 147 178 26.6
2nd peak 334 355 375 55.6
3rd peak 476 494 514 89.7
Deformed (12%)

1st peak 139 162 178 30.7
2nd peak 334 356 377 53.9
3rd peak 479 495 515 91.4

presence of solute hydrogen. The considerable loss of ductility
in H-charged specimens compared to the H-free specimen in
Table 1 and Fig. 1 could be ascribed to the presence of more o'-
martensite in the charged specimen. Austenite is a powerful
site of trapping hydrogen owing to its greater hydrogen solu-
bility and lower hydrogen diffusivity compared to the other
phases of steel. According to Hirth [27], when charged
austenite undergoes transformation, the hydrogen is absor-
bed by freshly produced martensite, which is the most
vulnerable to HE. When phase transformation occurs, a
hydrogen-supersaturated martensite is formed, significantly
increasing the hydrogen diffusivity. The great sensitivity of
TRIP steel to hydrogen is correlated with martensite's severe
embrittlement once subjected to stress [18]. It has also been
reported that o/-martensite is a brittle and hard phase that
enhances hydrogen diffusivity and acts as a hydrogen diffu-
sion channel [28], allowing hydrogen to be transported to the
crack-tip location easily [29]. SFE influences both direct and
indirect transformation in metastable steels. The possibility of
an indirect transformation phase by y — ¢ — o' increases with
further reduction in SFE. It was reported that hydrogen pro-
motes SFE decrease [30—32], resulting in more o’-martensite
content. The significant rise in o'-martensite is not entirely
due to direct transformation. In other words, both the direct
and indirect transformation seems to occur in parallel. It is
known from the literature that ¢ -martensite is only found

with plastic deformation in a narrow range of strain between
roughly 5% and 40% prior to fracture [33,34]. From the com-
parison between these results and the uncharged specimen at
the strain level of 21% (Fig. 3a and b), It is well understood that
hydrogen could change the deformation mechanism. It was
observed that hydrogen charging led to an increase in the
dislocation density of the current steel, providing direct evi-
dence of hydrogen-enhanced dislocation multiplication dur-
ing the hydrogen charging. In a model developed by Barnoush
et al. [35] based on classical dislocation theory, hydrogen was
shown to decrease the activation energy for the nucleation
of homogeneous dislocations (HDN). They reported that
hydrogen decreased the necessary stress for dislocations
nucleation by lowering the shear modulus, dislocation line
energy, and SFE.

It has been demonstrated that intergranular fracture oc-
curs due to raising the hydrogen content at grain boundaries.
Localized deformation induced by hydrogen at the FCC/BCC
and FCC/Cr,B interfaces led to microcrack propagation. HA
also exhibited hydrogen-induced transgranular cracking.
Hydrogen could reduce the bonding force of the interfaces,
resulting in HE based on the HEDE process [36]. If these events
occur within a grain, the decohesion of interface boundaries
results in a quasi-cleavage fracture. The production of
microcracks at microstructural interfaces after hydrogen
charging has previously been described in austenitic stainless
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steel [37]. Therefore, the combined impacts of the hydrogen
enhanced localized plasticity (HELP) and HEDE processes
accelerated crack propagation [38].

The first peak of TDS for both specimens is almost in the
same range of 26—31 kJ/mol, which could be interpreted as
diffusible or reversible trapping sites. It has been reported in
the literature that dislocation, martensite lath, and grain
boundary are all types of diffusible or reversible traps with a
low-temperature peak [39—41]. It was observed that with the
deformation increased, the intensity of the TDS peaks related
to diffusible hydrogen (reversible trap) increased. The TDS
spectrum showed the increased quality of trap sites after
deformation as a results of an increase in the dislocation
density. The second peaks of both steels occur at higher
temperatures ranging from 334 to 377 °C, which can be
considered as non-diffusible hydrogen. The activation energy
for the second peak in the undeformed and deformed speci-
mens was 55.6 and 53.9 kJ/mol, respectively. This peak might
be related to irreversible traps such as austenite. It should be
noted that the calculated activation energy about 55 kj/mol is
near to the binding energy of austenite [42,43]. The corre-
sponding concentration of hydrogen in the deformed spec-
imen was lower than that in the specimen prior to
deformation for all heating rates. These results indicated that
the undeformed specimen could dissolve more hydrogen than
the deformed one. This is due to the fact that the undeformed
specimen contains more content of austenite than the
deformed specimen. The TRIP effect changed the hydrogen
trap condition after deformation. The formation of martensite
due to TRIP effect reduced the number of austenite's irre-
versible hydrogen trap sites while increasing the number of
reversible trap sites of martensite. The third peak in the un-
deformed and deformed specimens had activation energies of
89.7 and 91.4 kJ/mol, respectively. There are a lot of carbides

Deformation increase

12%

and Cr,B in the microstructure, as illustrated in Fig. 2. This
peak might be due to hydrogen trapped in precipitation. . In
any case, traps with binding energies in this range are thought
to be irreversible [44], which makes it unlikely that they will
cause HE. Precipitation in the microstructure might be regar-
ded as an irreversible trap, however, Precipitations could act
as a dislocation pin under deformation and in the presence of
hydrogen, providing a local site for hydrogen accumulations
[45]. As is seen in Fig. 5, Cr,B was observed around the crack
after hydrogen charging. As consequence of the trans-
formation of austenite into martensite after deformation,
TRIP steel has a more complicated hydrogen-trapping
behavior than common steels. Deformation diminishes the
content of austenite as an irreversible trap via the trans-
formation while increasing reversible trap sites through more
dislocations. The intensity of TDS peaks changed as a result of
the plastic deformation, which affected the hydrogen trapping
sites, according to the combined analysis of microstructure
and TDS in this research. In addition, the plastic deformation
did not significantly change the temperatures at the peaks,
suggesting that the types of trapping sites remained the same.

Based on the literature and the experimental analysis, the
effect of hydrogen on the microstructure of the TRIP steel is
schematically summarized in Fig. 8. It can be concluded that
both plastic deformation and hydrogen charging have the po-
tential to enhance the driving force behind the martensitic
transformation. In the uncharged sample, o -martensite
nucleation sites were formed during tensile deformation by
slip bands and subsequently, y was directly transformed into
o'. In the H-charged sample, besides the direct transformation,
transient ¢ in the slip bands was formed and finally trans-
formed to o' due to the reduction of SFE by hydrogen. As a
result, the deformation-induced transformation occurred both
directly and indirectly in the hydrogen environment, leading to

L Dislocation ¢ Precipitates

. Hydrogen mmsssm c-Martensite

Fig. 8 — A schematic representation of TRIP steel plastic deformation in the presence of hydrogen.
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an increase in the proportion of o' -martensite. The transfer of
hydrogen to defects by mobile dislocations is a phenomenon
that has been demonstrated in several studies [46—48]. Dislo-
cations serve as reversible hydrogen traps, restricting
hydrogen diffusion. Hydrogen also improves localized plas-
ticity by facilitating dislocation emission and mobility. There-
fore, the higher dislocation density in the H-loaded specimen is
one of the reasons that lead to faster failure. The precipitates
classified as hydrogen traps had a great impact in the study of
HE. The precipitates in TRIP steel serve as irreversible
hydrogen traps due to their high binding energy.

5. Conclusion

In the present research, the HE of TRIP steel has been inves-
tigated by mechanical properties, microstructure and TDS,
The conclusions can be made as follow.

1. The in-situ tensile test showed that the strength and
ductility values decreased after hydrogen charging. More-
over, as the current density of hydrogen charging
increased, the total strain loss increased to 36%.

2. The EBSD results showed that SFE could be reduced by
hydrogen, resulting in both direct and indirect trans-
formation. At the same degree of deformation, the volume
proportion of «'- martensite in uncharged and charged
samples was 31% and 39%, respectively. In addition, the
charged specimen exhibited more dislocations than the
uncharged one at the same strain level.

3. Dislocations and austenite lath were found to be reversible
and irreversible hydrogen traps by TDS analysis. Pre-
cipitates, on the other hand, can be considered irreversible
traps. Since more dislocations and martensite were present
after plastic deformation, there were more reversible traps
in the deformed specimens than in the non-deformed ones.
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