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h i g h l i g h t s
� Hydrogen degraded the mechanical properties regardless of the sample geometry.

� Hydrogen enhances the microstructural activities.

� Hydrogen affects fracture locus of TWIP steel significantly.

� Hydrogen reduces equivalent fracture strains at given stress triaxiality levels.
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Effect of hydrogen on the mechanical response and fracture locus of commercial TWIP

steel was investigated comprehensively by tensile testing TWIP steel samples at room

temperature and quasi-static regime. 5 different sample geometries were utilized to ensure

different specific stress states and a digital image correlation (DIC) system was used during

tensile tests. Electrochemical charging method was utilized for hydrogen charging and

microstructural characterizations were carried out by scanning electron microscope. Stress

triaxiality factors were calculated throughout the plastic deformation via finite element

analysis (FEA) based simulations and average values were calculated at the most critical

node. A specific Python script was developed to determine the equivalent fracture strain.

Based on the experimental and numerical results, the relation between the equivalent

fracture strain and stress triaxiality was determined and the effect of hydrogen on the

corresponding fracture locus was quantified. The deterioration in the mechanical response

due to hydrogen was observed regardless of the sample geometry and hydrogen changed

the fracture mode from ductile to brittle. Moreover, hydrogen affected the fracture locus of

TWIP steel by lowering the equivalent failure strains at given stress triaxiality levels. In this

study, a modified Johnson-Cook failure mode was proposed and effect of hydrogen on

damage constants were quantified.
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Introduction

Development of materials having a superior combination of

specific strength, ductility and toughness is the current trend

in materials science. The advanced high strength steels

(AHSSs) provide significantly improved strength and ductility

over their conventional low strength counterparts [1e3]. The

1st generation AHSSs, e.g. dual phase, transformation-

induced plasticity steels, show ultimate tensile strength

(UTS) up to 1200 MPa with 25% total elongation, owing to the

balance of soft ferrite, hard martensite, and metastable

austenite. The 2nd generation AHSSs, high manganese steels,

possess a superior combination of mechanical properties. For

instance, high-Mn twinning-induced plasticity (TWIP) steel

shows UTS of 1 GPa and ductility up to 80%. Lastly, the me-

chanical properties of recently developed 3rd generation

AHSSs, Quenched and Partitioned (Q&P) steels and TRIP-aided

Bainitic Ferrite steels, fall between the first and second gen-

eration AHSSs [4e6].

A key factor triggering the superior mechanical properties

of TWIP steels is the low stacking fault energy (SFE). The low

SFE assists dislocation separation, which enables occurrence

of deformation twinning [7,8], dynamic strain aging (DSA)

[9,10], and different microstructural interactions [11e13]. The

tensile response of TWIP steel also exhibits jerky flow due to

the DSA and Portevin-Le Chatelier (PLC) effects [14e16]. Rela-

tively low stacking fault energy (SFE) triggers the simulta-

neous occurrence of different deformation mechanisms. In

particular, enhanced partial dislocation separation in low SFE

TWIP steel results in the ease of twin formation, which is an

effective barrier to dislocation glide [17e19]. In addition, the

effects of intercritical annealing temperature and alloying el-

ements of the SFE, the key factor for controlling the TWIP and

TRIP effects (austenite to hexagonal ε-martensite), have been

well-documented [5,20,21]. Thereby, arranging the chemical

composition and corresponding SFE accordingly, the domi-

nancy of mechanical twinning, slip, stacking faults or phase

transformation on the mechanical response can be arranged.

Even though the primary deformation mechanism in

austenite is dislocation glide, SFE values of TWIP steel are

generally in between 12 and 40 mJ/m2 so twin nucleation

starts at the early stages of plastic deformation and they

interact with other deformation mechanisms [8,22,23]. In

addition, nano twin formation, secondary twin nucleation

inside primary twins and corresponding S3 twin boundaries

reduce the mean free path of dislocations and act as obstacles

to dislocation motion [24,25]. With further contributions of

DSA and PLC, TWIP steel achieves high strength and elonga-

tion values. However, TWIP steel has its own drawbacks such

as, low yield strength, hydrogen embrittlement (HE) and

delayed fracture [26e29]. In particular, they are not cost-

effective for different applications due to their processing

conditions, which triggers delayed fracture in TWIP steels. At

first glance, TWIP steels look attractivematerial for hydrogen-

related infrastructures due to their stable face centered cubic

(FCC) structure, which provides low hydrogen diffusivity in

the lattice compared to body centered cubic (BCC) structure,

and their outstandingmechanical properties. On the contrary,

it has been studied that ternary FeeMneC TWIP steels are also
vulnerable to HE, which is a severe environmental type of

catastrophic failure and as the strength of a material in-

creases, their susceptibility to HE also increases [30e33].

These shortcomings of TWIP steel have been studied

widely in the literature. In particular, the effects of different

alloying elements onmechanical response, austenite stability,

delayed fracture and HE have been investigated comprehen-

sively [21,34e36]. The main HE mechanisms of TWIP steel,

including hydrogen enhanced localized plasticity (HELP),

hydrogen enhanced decohesion (HEDE), adsorption induced

dislocation emission (AIDE), and the effects of several factors,

which are strain rate, twin density, martensitic trans-

formability, hydrogen content, grain & twin boundaries

characters, strain aging hardenability, load and stress states,

on the HE susceptibility of TWIP steels have also been well-

documented [37e40]. Another important problem, which

limits TWIP steels’ usage in different applications and very

important for delayed fracture, is understanding and model-

ling damage evolution and ductile fracture of TWIP steels,

both smooth and especially complex geometries, under

different regimes. In terms of stress state, understanding

plasticity-driven damage evolution and fracture of structural

components with both smooth and especially complex ge-

ometries is practically important. Specifically, a strong plastic

anisotropy, that occurs even without significant texture [41],

increases the importance of the stress state effect. The

applicable material and damage models for TWIP steels are

Hill’s anisotropic criterion [42], Johnson-Cook (JC) model [43]

and criteria developed by Barlat et al. [44] and invariants of

stress tensors are derived using a von Mises-based formalism

[45]. However, to the best of authors’ knowledge, there is no

single study that sheds light onto both the hydrogen effect on

fracture locus and the effect of geometrical constraints on HE

susceptibility of TWIP steel at continuum level considering the

microstructure evolution. The studies are generally focused

on either the effect of stress state by performing notched

tensile tests to hydrogen-charged samples togetherwith other

factors (strain rate, hydrogen source, etc.) or material and

damage modelling of hydrogen free TWIP steels [45e48].

There are only a limited number of studies that combine these

two important phenomena in different materials. For

instance, a critical-strain criterion for HE of cold-drawn ul-

trafine pearlitic steel was proposed [49], fracture criterion for

HE of boron bearing low alloy steel was proposed [50], stress

based failure criterion law including the hydrogen degrada-

tion law on critical stress was studied for AISI 4135 high

strength steel [51,52]. Lastly, there are several studies that

incorporate the effect of HE by utilizing cohesive zone

modelling (CZM) technique and modified traction separation

law [53,54]. In these studies, HELP and HEDE concepts were

implemented by lowering the cohesive strength and the sep-

aration energy due to atomic hydrogen.

In the present work, the effect of hydrogen on the fracture

locus of TWIP steel was investigated comprehensively by

tensile testing TWIP steel samples, having specific stress

states, at ambient temperature. During tensile tests, a digital

image correlation (DIC) system was used to analyze the

localized deformation and calculate the equivalent fracture

strain. By means of these valuable experimental data, the JC

failure model parameters (D1, D2 and D3) were also extracted
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for the hydrogen-uncharged and hydrogen-charged TWIP

steels. In addition, to elucidate the effects of stress state on HE

susceptibility of TWIP steel, the microstructural in-

vestigations were carried out via scanning electron micro-

scopy (SEM), energy dispersive x-ray spectroscopy (EDX) and

X-ray diffraction (XRD).
Fig. 1 e The XRD patterns of as-received and hydrogen

charged þ fractured TWIP steel samples.
Material and method

As received material

In the present study, a polycrystalline TWIP steel, prepared by

vacuum induction melting, was investigated and its chemical

composition is given in Table 1. The material was solution

heat treated at in an electric furnace to obtain a fully recrys-

tallized microstructure and water quenched. The initial

microstructure was austenite and the grains were randomly

oriented. The texture measurements were carried out with a

Bruker D8Discover X-ray diffractometer using copper anode,

Cu Ka, radiation (wavelength¼ 1.5406�A). Fig. 1 shows the XRD

data of the tested materials. Only austenite peaks were found

in the tensile tests’ specimens and no martensite peaks were

observed. The data were collected over a range of 20�e100� in
2q and the XRDwas operated at 40 kV accelerating voltage and

a scanning speed of 2� min�1. The initial microstructure was

also observed using scanning electronmicroscope (SEM, Zeiss

Gemini 300).

Hydrogen charging, tensile tests and microstructural
characterization

All test specimens were mechanically grinded and chemically

polished by standard grinding and polishing metallographic

equipment to remove all surface defects and residual stresses,

and then etched with 8% Nital solution. The grain sizes of the

specimens were measured by the linear intercept method

using optical micrographs and the specimens had an initial

linear intercept grain size of 10.50 mm. Hydrogen was intro-

duced into the specimens by electrochemical charging before

tensile tests at 353 K in a 3%NaCl aqueous solution containing

3 g/L NH4SCN at the current density of 100 A/m2 for 72 h. A

platinum (Pt) wire having nearly 3 mm2 surface area was used

as the auxiliary (counter) electrode. The schematic represen-

tation of our hydrogen-charging setup is given in the supple-

mentary files of our previous study [55]. The solution was

changed every 12 h and the specimen surfaces were me-

chanically polished to remove contamination layer due to

hydrogen charging. For these conditions, it was observed that

hydrogen diffused up to 200 mm via hydrogen diffusion

modelling, where hydrogen diffusion coefficient was taken as

1.02*10�8 [56], and no surface damage was observed after

hydrogen charging. The details of hydrogen diffusion
Table 1 e Chemical composition of the material studied
(in wt.-%).

Mn Al C Si P S Fe

16.1 2.15 0.6 0.64 <0.001 <0.01 Balance
modelling were explained in our previous study [55] and the

hydrogen-affected depth correspond well with experimental

results published in the literature [38].

Tensile specimens were extracted from the bar by electric

discharge machining (EDM). 5 different sample geometries

(Fig. 2) were selected to ensure different stress triaxialities and

predict the effect of hydrogen on corresponding fracture locus

and the notches were also introduced using EDM technique.

Tensile tests were conducted on an Instron 8801 tensile

testing machine with a constant crosshead speed of

0.009 mm/s at room temperature with and without hydrogen

charging. This crosshead speed was slow enough to promote

HE by giving enough time for atomic hydrogen to interact with

dislocations. For hydrogen-charged specimens, tensile tests

were conducted right after hydrogen charging to prevent any

possible hydrogen back diffusion. During all tensile tests, the

DIC system was utilized to analyze the localized deformation

occurringwithin the gauge of the specimens and to determine

the equivalent fracture strain. The surface of the deformed

and fractured specimens was examined by scanning electron

microscope (SEM) and EDX and corresponding microstructure

and the effect of hydrogen on the fracture surface has been

revealed.

Development of the JC based damage model

Regarding the ductile fracture of metals, the fracture strain is

dependent on the hydrostatic stress, which means that it

changes with respect to the stress state. This fact is theoreti-

cally proven and experimentally demonstrated previously by

many researchers [57e60]. The JC damage model which is

embedded tomost of the non-linear FEA commercial software

also proposes an exponentially decaying function between the

stress triaxiality factor (STF) and the equivalent fracture

strain, at the reference strain rate and temperature condition

as explicitly expressed in Eq. (1), where εf is the equivalent

fracture strain, h is the STF and D1; D2; D3 are the material

parameters [61].

εf j_ε;T ¼D1 þ D2*e
D3*h (1)

In this contribution, aiming to determine the fracture locus

(STF versus eq. fracture strain plot) of the studied TWIP steel,

tensile specimens having specific notch dimensions were

used. Thus, multi-axial stress states were obtained in the

tensile testing, each representing a specific STF, which is

explicitly expressed in Eq. (2), where seq;smean; s11; s22 and s33
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Fig. 2 e Specimen dimensions for tensile testing (unit: mm).

Fig. 4 e True stress e true plastic strain of the studied TWIP

steel.

Fig. 5 e Evolution of the STF with respect to equivalent

plastic strain.
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represents the equivalent stress, mean stress (hydrostatic

stress) and diagonal components of the Cauchy stress tensor,

respectively.

STF¼ smean

seq
¼ðs11 þ s22 þ s33Þ=3

seq
(2)

As in the pioneering study of Bridgeman, it is possible to

create analytical expressions of STF depending on the spec-

imen geometry, however, these approaches generally use

highly questionable assumptions such as perfect plastic ma-

terial behavior [62]. Moreover, it is also shown that STF is not

constant throughout the plastic deformation process and it has

also a spatial distribution [59,63]. To overcome this fact, it is

necessary to conduct finite element analysis (FEA) based sim-

ulations and perform an averaging process for themost critical

node (the central node of the notched cross-section) to deter-

mine the nominal STF in a more scientifically meaningful

manner. For that purpose, five FEAmodels were constructed in

MSC Marc software. The models totally represent the tensile

tests and the components of Cauchy stress tensor and equiv-

alent plastic strain values were extracted from the post-

processor to define the evolution of STF (Fig. 5). A sample of

the meshing structure of the specimen having a 10 mm notch

radius is illustrated in Fig. 3. Since the tensile specimens have a

thickness of 1.0 mm, 4-node quadrilateral linear and full inte-

gration plane stress elements (element type-3 in MSC Marc)
Fig. 3 e Meshing structure of the specimen having a 10 mm notch radius.
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were used in the FEA models with an average element size of

0.50*0.50 mm. Due to the nature of the tensile test, ½ symme-

tricity approach was used in the simulations, as can be seen in

Fig. 3. All the simulations were run regarding the J2-plasticity

theory (Von Mises’s yield criteria) and isotropic hardening

assumptionwith finite strain theory. The flow curve data of the

studied steel is given in Fig. 4. This data is obtained from a

conventional tensile test with an initial gauge length of 80 mm

and gauge width of 20 mm in rolling direction.

In Fig. 5, the evolution of the STF values was depicted for

each geometry to the limit of the maximum equivalent plastic

strain obtained in the tensile tests. Then, with respect to Eq.

(3) the nominal (average) STF values for each tensile specimen

were determined and listed in Table 2. In Eq. (3), h and εp are

representing the STF and equivalent plastic strain respectively

and this integral was calculated up to the equivalent failure

strain of each tensile test, as previously explained.

h¼
�
1
εp

�
*
Zε

0

h
�
εp

�
*dεp (3)

As shown in Fig. 5, apart from the samplewith Geometry-5,

STF slightly drops at the beginning of the plastic deformation

and then reaches nearly the steady state. As the Geometry-5 is

a tensile-shear specimen, its STF values should be the lowest

one which corresponds well with the FEA results. Further-

more, Geometry-4 represents a standard tensile specimen,

whereas for the rest of the specimens, tension-compression

stress state is valid. Enlarging the notch radius gradually in-

creases the hydrostatic stress at the notched region which

leads to higher STF values by causing high stress localization

and local strain hardening tendency [64,65]. Therefore, due to

the nature of the geometries, STF of the Geometry-4 should be

near to 1/3 and it should increase through Geometry-1 to

Geometry-3. Under these circumstances, it is concluded that

the STF values obtained from FEA based simulations nicely

agree well with the theoretical expressions and the previous

studies [59,62]. It is also worth here to remark that the existing

geometries provided the experimental data in the medium

STF range.

Digital image correlation (DIC) setup

Ncorr [66], which is a powerful and open source MATLAB-

based program, was utilized in order to perform the DIC

analysis for calculating the equivalent fracture strain of each

geometry. To do this, firstly random speckle patterns were

established by spraying black paint solution on specimen
Table 2 e Nominal STF and equivalent fracture strain
values of each h-uncharged and h-charged tensile
specimen.

STF Equivalent Fracture Strain

Hydrogen-uncharged Hydrogen-charged

Geometry 1 0.3740 0.5496 0.3838

Geometry 2 0.4063 0.5109 0.3193

Geometry 3 0.4552 0.4742 0.2536

Geometry 4 0.3662 0.5699 0.4058

Geometry 5 0.2390 0.2796 0.1561
surface. Before creating black speckle pattern on specimen

surface, white paint solution was used to color background of

each geometry to obtain a smooth surface. Creating a random

speckle pattern is vital for correlation analysis due to proper

image tracing during Ncorr analysis. All the tensile tests were

recorded with 4 K resolution until failure and 120 images were

extracted from each video by using DVDVideoSoft Free Studio

software. Then, these images were sent to Ncorr and pro-

cessed with the proper subset and reference of interest (ROI)

dimensions. By the end of the DIC analysis, Ncorr output the

in-plane Green-Lagrangian strains as εxx; εyy and εyx. The ob-

tained Green-Lagrangian strain values were used to define

principal strains ε11; ε22 through Eq. (4.1). Then, the obtained

principal strains were converted to true (Hencky) strains

through Eq. (4.2). (For the details of Eq. (4.2), please refer to

appendix). The third component of the true principal strain

ðε33Þ was computed with the volume consistency assumption

of J2-plasticity theory.

ε11;22 ¼ εxx þ εyy

2
±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
εxx � εyy

2

�2

þ �
εxy

�2r
(4.1)

εtrue ¼ ln
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2*εlang þ 1
q �

(4.2)

Finally, the VonMises equivalent strain equation, explicitly

given in Eq. (5), was used to determine equivalent fracture

strains, εf .

εf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2 =
3

�
*
�
ε
2
11 þ ε

2
22 þ ε

2
33

�s
(5)

Through DIC analysis, there is also an important challenge

to be surmounted that Ncorr generally yields the strain field

data and specifically the mean strain which is the overall

average of the ROI. From this perspective, the mean strain is

particularly far away from the equivalent fracture strain

intended to be computed. Seymen et al. has previously used

the mean strain values in determining the fracture strains by

means of special set-up which focuses on a very small spot

area with the help of the 20� objective lenses [67]. However,

the ROI in the current study is larger. Therefore, a specific

Python script was developed in the present study which in-

puts the strain field and the color bar by using rgb decompo-

sition individually. The script then performs a computation

for the highest strained section (HSS) which is an input from

the user. In particular, the script computes the strain values of

each pixel which is located on HSS and determines the mean

strain. In Fig. 6, the reference image and results data of the

Python scripts for the hydrogen-uncharged Geometry-1 sam-

ple are displayed.
Results and discussion

Effect of hydrogen on the mechanical response

Fig. 7 shows the engineering stress vs displacement curves of

the TWIP steels with different sample geometries and with

and without hydrogen charging at room temperature. The

mechanical responses of TWIP steel at cross head

https://doi.org/10.1016/j.ijhydene.2020.09.083
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Fig. 6 e a) Reference image taken from Ncorr for εyy b) the reference image in Python script with HSS (black line), c) εyy of each

pixel on HSS vs length graph (mean strain: 0.980).
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displacement speeds of 2.5 mm/s and 9� 10�3 mm/s are given

in Fig. 7a and b, respectively. It can be clearly seen that HE is

pronounced at low cross head displacement speed. Therefore,

the rest of the experiments were conducted at low cross head

displacement speed, 9 � 10�3 mm/s. The serrations, given as

an inset of each figure, in the material response arise from

DSA [41,68,69] and it was observed that atomic hydrogen

suppressed the occurrence of DSA and this observation is in

accordance with previous DSA observations in TWIP steels

[32,37]. From geometry 1 to geometry 5, hydrogen charging

deteriorated the elongation of TWIP steel by 32%, %27, 36%,

54% and 27%, respectively. Yield strength (YS) was calculated

through 0.2% offset method (Proof stress). It was observed

that, yield strengths of the specimens (each geometry) were

not affected by hydrogen charging significantly even though it

deteriorated the elongation at failure drastically. Similar ob-

servations in TWIP steel were also reported before [32,70].

Changing the sample geometry altered the mechanical

response even without hydrogen charging. In particular, a

slight decrease in elongation at failure was observed from

geometry 1 to geometry 3 (Fig. 7bed). This decrease can be

attributed to the fact that sharper notch (Fig. 7d) results in
greater stress concentration, which accelerates the crack

growth compared to smoother notch (Fig. 7b and c) [71,72].

Introducing further discontinuities (Fig. 7e and f), resulting in

more stress concentration, deteriorated both the elongation

and strength values dramatically. Especially in geometry 5,

plastic deformation was localized in two main regions,

resulting in inhomogeneous plastic flow (Fig. 7f). Once, the

stress concentration could not be accommodated plastically

by one region tearing took place and abrupt decrease in flow

stress was observed until the remaining region ruptured

(Fig. 7f) [73]. In addition, hydrogen decreases the stress level of

some specimens (Fig. 7c, e and f). Decrease in flow stress due

to hydrogen was also observed previously in TWIP steels

[37,74] whereas few studies state hydrogen enhanced flow

stress in different materials including TWIP steels [41,75,76].

This controversy arises from whether hydrogen can pin the

dislocations like carbon atom and be utilized for beneficial

strengthening and toughening mechanism or it reduces the

barriers against dislocation motion and enhances dislocation

mobility (HELP mechanism) and it was concluded that proper

hydrogen concentration might increase the strength of a

material depending on the microstructure [76].
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Fig. 7 e Engineering stressedisplacement curves of hydrogen-charged and uncharged TWIP steels.
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Effect of hydrogen on the fractographic features

Fig. 8 shows the in-situ SEM micrograph of hydrogen-

uncharged TWIP steel (Geometry-1) after 6 mm deformation

along the tensile direction at a deformation rate of 0.009 mm/s.
Fig. 8 e In-situ SEM micrograph of Geometry-1 without hyd
Voids and elongated inclusions, which is a ductile fracture

mechanism, can be clearly observed in Fig. 8a. Fig. 8a1 is the

magnified micro image of the highlighted region in Fig. 8a. Slip

traces and twins can be seen in Fig. 8a1 and a2. In particular,

twinning occurs on different planes (Fig. 8a2). Previous studies
rogen charging after 6 mm deformation at 0.009 mm/s.

https://doi.org/10.1016/j.ijhydene.2020.09.083
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Fig. 9 e Fracture morphologies of five different hydrogen-uncharged tensile test specimens (refer to Fig. 2): (a1) Geometry 1,

(a2) Geometry 2, (a3) Geometry 3, (a4) Geometry 4, (a5) Geometry 5. (a2) and (a3) are the magnified images of (a).
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have demonstrated that even though {111} is the most favor-

able twin plane, other planes can be active during deformation

in austenitic TWIP steels [77,78]. Moreover, two different twin

variants and micro/nano twin formation within the previously

formed twins were observed (Fig. 8a3). Also, slip bands and

twins impinge at grain or twin boundaries, which creates

additional stress or plastic strain concentration. Formation of

different twin variants andmicro/nano twins inside previously

formed twins are common observation in TWIP steels and

aforementionedmicrostructural events were well discussed in

the literature and the current observations well with previous

findings [12,13,19]. It was also shown previously that hydrogen

enhances the microstructural activities in TWIP steels at all

strain levels [41], thereby hydrogen-charged specimens should

have more microstructural interactions, which contribute the

HE mechanism by creating local stress concentrations and

distorting the twin boundaries, than hydrogen-free specimens.

In addition, neither g (fcc) to ε (hcp) nor g (fcc) to a’ (bcc) phase

transformation was observed in XRD results (Fig. 1), which

might be attributed to stacking faults were superposed on
every second closest paced (111)g of the austenite structure

[79e81]. Therefore, the main failure and/or HE mechanism in

the current study is not related to phase transformation

induced boundary cracking but related to enhanced micro-

structural activities and corresponding cracking.

Figs. 9 and 10 show the fracture surfaces of the hydrogen-

uncharged and hydrogen-charged specimens, respectively.

The fracture surfaces were observed by SEM after fracture and

the corresponding images were taken from the fracture edge

of notches and different magnifications are also included in

Figs. 9a2 and a3 and 10a2 and a3 in order to illustrate the

morphology characteristics upon closer inspection. It can be

seen in Fig. 9 that the fracture surfaces of hydrogen-

uncharged specimens (Geometry 1 to 4) were characterized

by very fine dimples with a wide range of sizes resulting from

the characteristics of ductile fracture which are the void

nucleation, growth and coalescences of these micro-sized

voids as plastic strain increases. Inclusions were found in

some dimples, suggesting that inclusions (shown by yellow

arrow) were the initiation sites for microvoid coalescence
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Fig. 10 e Fracture morphologies of hydrogen-charged tensile test specimens conducted at 0.009 mm/s and at five different

geometries (refer to Fig. 2): (a1) Geometry 1, (a2) Geometry 2, (a3) Geometry 3, (a4) Geometry 4, (a5) Geometry 5. (a2) and (a3)

are the magnified images of (a).
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(MVC), which agrees well with the literature [82,83]. In

contrast, hydrogen changed the fracture mode from a ductile,

MVC failure to brittle transgranular fracture with clear deep

cracks (shown by red arrow) with the crack size of more than

200 mm and secondary cracks (shown by white arrow)

regardless of sample geometry (Fig. 10). This finding is

consistent with the results obtained from previous studies on

different materials and also TWIP steels [30,84]. The localiza-

tion of transgranular fracture at the center of the surface

confirmed that the hydrogen was able to diffuse up to the

center of the tensile specimens. The hydrogen was most

probably transport from the surface to the center via simple

diffusion as well as dislocation motions. Hydrogen assisted

cracking is very well discussed phenomenon in the literature

and the current results are also strengthening this event [38].

The possible causes for transgranular fracture are hydrogen

enhanced microstructural events (slip and deformation

twinning as well as slip-twin interactions), the dislocation

accumulation that forms cell walls and reduction in cohesive
energy of grain boundaries due to hydrogen [33,38,74,85,86]. At

higher magnifications (Fig. 10a3e10e3), the fracture surfaces

presented dimple mixed with quasi-cleavage fractures, which

can be explained by HELP and AIDE mechanisms [87e89]. In

geometry 5, since there were two different fracture regions

due to the anisotropy, the one fractured first was examined

via SEM as that is a critical region and brittle fracture with

primary and secondary cracks were observed even before

hydrogen charging (Fig. 9e1).

Effect of hydrogen on the fracture locus

Even though the JC damage criterion foresees an exponential

decaying function as previously mentioned, generally in the

shear-dominant failure modes (0 � h � 1/3) the behavior of

metals alters notably. This fact is also valid for the negative

STF regimes i.e., compressive stress states. For instants, Bao

and Wierbiczkzi has previously showed that in the case of Al

2024-T351 alloy, there is a highly different fracture behavior in
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Fig. 11 e Fracture locus of Al 2024-T351 and TRIP-780 steel

(data recompiled from Ref. [90,91]).
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low and high STF ranges where the uniaxial tension stress

state (h ¼ 1/3) behaves like a critical point [90]. Similarly, Qian

et al. obtained close experimental results as Bao and Wier-

biczkzi for TRIP 780 steel [91]. The fracture loci obtained from

those two studies is displayed in Fig. 11.

Fig. 12a shows the experimentally obtained fracture locus

of the hydrogen-charged and hydrogen-uncharged

Fee16Mne0.6Ce2.15Al TWIP steels. There are three impor-

tant findings that could be drawn: (i) the JC damage model

prediction also suffers for the studiedmaterial. If one uses the

whole data points, the curve fit performance (D1, D2 and D3

parameters) will be highly poor which means any FEA based

predictions may include high margins of error. On the other

hand, if the low STF regime is ignored, the experimental data

fits perfectly (R2 z 0.99) for the high STF regime however this

JC damage parameter set definitely overshoots the fracture

strain in low STF regime. This fact was schematically depicted

in a detailed manner in Fig. 12b. (ii) Since the region under the
Fig. 12 e a) Fracture locus of the hydrogen-charged and

uncharged Fee16Mne0.6Ce2.15Al TWIP steels. b)

Prediction performance of JC damage model curve fit with

different alternative approaches for Fee16Mne0.6Ce2.15Al

TWIP steels.
fracture locus means rupture-free plastic deformation,

hydrogen has a drastic effect on the formability of

Fee16Mne0.6Ce2.15Al TWIP steel by lowering the fracture

locus approximately 37%. This finding also emphasizes the

importance of mitigating of any possible HE risks is very

valuable in assuring defect-free forming process of TWIP steel.

(iii) Finally, it was also observed that the amount of the

formability degradation in different stress states have a

dispersion to some extent. However, in the high STF regime it

is observed that higher STF values yield higher percentage

reduction in eq. fracture strain. This finding could be

explained as at high STF values (high hydrostatic stress)

coexistence of different HE mechanisms can be observed. We

intend to investigate this fact in a more detailed manner as a

future work by deepening the subject with more advanced

microstructural analysis. In Table 3, the percentage reduction

in the equivalent fracture strain due to hydrogen with respect

to STF is given.

Modified Johnson-Cook based fracture locus definition and
final remarks

It was concluded from the experimental studies that the

JC damage criterion (Eq. (1)) is lack of capturing the

fracture locus of hydrogen-uncharged or hydrogen-charged

Fee16Mne0.6Ce2.15Al TWIP steels with high precision. For

that reason, a modified fracture locus definition was proposed

to provide a more realistic FEA simulation in Eq. (6). In that

sense, low STF regime is assumed in a linear way and the high

STF was modeled through the JC damage criterion. For

instance, this approach yields to a fracture locus of the

hydrogen-uncharged Fee16Mne0.6Ce2.15Al TWIP steel

which is defined in a step function manner as in Eq. (6).

εf ¼ D1 þ D2*h if h <hcrit

εf ¼ D3 þ D4*e
D5*h if h � hcrit

(6)

In Eq. (6), hcrit is the critical STF, which represents the

transition from low STF to high STF. Modified JC damage pa-

rameters for the hydrogen-uncharged and hydrogen-charged

Fee16Mne0.6Ce2.15Al TWIP steels is given in Table 4. Due

to the fact that current study basically focuses on the effect of

HE on the mechanical response and fracture locus of

Fee16Mne0.6Ce2.15Al TWIP steel, at this point it would be

slightly out of scope to create a novel damage evolution rule.

Here, the authors have just created a novel fracture locus

definition as a step function and intend to determine a whole

constitutive equation and a novel damage criterion and

damage evolution rule of TWIP steels in hydrogen-uncharged

and hydrogen-charged conditions as a future work. In that

future study, we will also focus on low STF region specifically
Table 3 e Percentage decrease in the fracture strain
originated by HE with respect to STF.

Sample Geometry STF Percentage Reduction (%)

Geometry-1 0.3740 30.16

Geometry-2 0.4063 37.50

Geometry-3 0.4552 46.52

Geometry-4 0.3662 28.79

Geometry-5 0.2390 44.18
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Table 4 e Johnson-Cook damage model parameters of H-
uncharged and H-charged Fee16Mne0.6 TWIP steels.

D1 D2 D3 D4 D5 hcrit

H-uncharged �0.266 2.282 0.441 28.000 �14.780 0.374

H-charged �0.3131 1.960 0.157 11.860 �10.560 0.374
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by machining more specimens within the low STF region by

the help of which constructing more complex, such as expo-

nential decaying or high order polynomial based, analytical

expression would be possible.
Conclusion

In this study, the effects of hydrogen on the mechanical

response, and fracture locus of Fee16Mne0.6Ce2.15Al TWIP

steel were investigated at room temperature and quasi-static

regime. Tensile tests were conducted to 5 different sample

geometries, ensuring different specific stress states and STF,

and a DIC system was used during tensile tests. Correspond-

ing fractographic investigations were carried out via SEM.

From the work presented herein the following conclusions

can be drawn:

1) Hydrogen degrades the mechanical properties of

Fee16Mne0.6Ce2.15Al TWIP steel regardless of the sample

geometry. In particular, the effect of hydrogen on the flow

curve of each tensile specimen is not much dominant,

however there is a dramatic decrease in the maximum

percentage elongation values. This finding could be inter-

preted as hydrogen does not have a remarkable influence

on the plastic behavior in given STF regime apart from the

onset of the fracture and ultimate tensile strength.

2) Hydrogen enhanced the microstructural activities and

changed the fracture mode from a ductile failure to brittle

transgranular fracture with clear deep cracks which is in

well agreement with the experimentally observed ductility

loss.

3) Hydrogen affects fracture locus significantly. Specifically, it

reduces equivalent fracture strains for all the given stress

triaxiality levels. An average decrease in the equivalent

failure strain is approximately 37% which corresponds to a

drastic degradation in formability of the studied steel due

to hydrogen embrittlement. Moreover, the percentage

reduction in equivalent fracture strain increases concur-

rently with increasing STF in tension-compression stress

states which is a significant observation and to be inves-

tigated deeply as a future work.

4) A modified JC based fracture loci were proposed and

hydrogen effect on the corresponding damage constants

was numerically given in Table 4. This data set may pro-

vide a crucial input in defining a user-defined damage

model for H-uncharged and H-charged conditions of the

studied steel.
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Appendix

εlang ¼ð1 = 2Þ*ðC� IÞ

C¼UT*U ¼ FT*F

F¼R*U

εtrue ¼ LnðUÞ
Alternatively;

εlang ¼1
2
*
�
l2 � 1

�

εtrue ¼ LnðlÞ
where C is the right Cauchy-Green deformation tensor, I is the

2nd order identity tensor for plane stress, U is the right stretch

tensor, F is the deformation gradient, R is the rotation tensor, l

is stretch ratio.
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