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On the Utility of Crystal
Plasticity Modeling to Uncover
the Individual Roles of
Microdeformation Mechanisms
on the Work Hardening
Response of Fe-23Mn-0.5C TWIP
Steel in the Presence of
Hydrogen
This paper presents a combined experimental and theoretical analysis focusing on the
individual roles of microdeformation mechanisms that are simultaneously active during
the deformation of twinning-induced plasticity (TWIP) steels in the presence of hydrogen.
Deformation responses of hydrogen-free and hydrogen-charged TWIP steels were exam-
ined with the aid of thorough electron microscopy. Specifically, hydrogen charging pro-
moted twinning over slip–twin interactions and reduced ductility. Based on the
experimental findings, a mechanism-based microscale fracture model was proposed, and
incorporated into a visco-plastic self-consistent (VPSC) model to account for the
stress–strain response in the presence of hydrogen. In addition, slip-twin and slip–grain
boundary interactions in TWIP steels were also incorporated into VPSC, in order to cap-
ture the deformation response of the material in the presence of hydrogen. The simulation
results not only verify the success of the proposed hydrogen embrittlement (HE) mecha-
nism for TWIP steels, but also open a venue for the utility of these superior materials in
the presence of hydrogen. [DOI: 10.1115/1.4038801]
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1 Introduction

With the rapid developments in different types of modern engi-
neering applications, such as in the automotive, defense, and min-
ing industries, austenitic Fe-Mn-C twinning-induced plasticity
(TWIP) steels have increasingly attracted attention due to their
exceptional mechanical properties, including high work hardening
capacity and high tensile strength with significant ductility [1–3].
TWIP steels have been subject to several studies [4–6], many of
which indicate that these superior mechanical properties arise
from the presence of deformation twins (TWIP effect) and the
occurrence of dynamic strain aging [7–10]. The most important
factor affecting the TWIP effect is the stacking fault energy
(SFE). Specifically, as the SFE decreases, the level of energy
required for the abrupt lattice rotation associated with mechanical
twinning also decreases, which enhances twin formation. In TWIP
steels, due to their low or medium SFE values ranging from
12–40 mJ/m2 [11,12], twin nucleation starts at the onset of plastic

deformation and the volume fractions of micro and nanotwins
increase concomitant with plastic strain, forming R3 twin bounda-
ries, which reduce the mean free path of dislocations and act as
strong obstacles against dislocation motion, eventually providing
high work hardening capacity [13,14]. In addition, dynamic strain
aging, facilitated by the reorientations of carbon members of the
C–Mn couples in the cores of dislocations, which causes serrated
flow by small strain localizations and delays necking [15].
Thereby, TWIP steels, which have face-centered cubic crystal
structure at room temperature, possess excellent elongation to
fracture (up to 90%) and high tensile strength (up to 1500 MPa),
in addition to relatively lower density (q � 7.3 g/cm3) and signifi-
cantly higher energy-absorption capacity (0.5 J/mm3) as compared
to conventional steels [16–19].

Despite these superior mechanical properties, it has been also
reported that TWIP steels are vulnerable to hydrogen embrittle-
ment (HE), which serves as a degradation mechanism and causes
unexpected sudden failure in metallic materials [20–23]. There-
fore, understanding both the HE susceptibility and the active hard-
ening mechanisms in TWIP steel is of utmost importance for the
utilization of TWIP steels in the automotive industry and for
hydrogen-based energy applications. Previous works on the sub-
ject matter have mostly focused on the effects of hydrogen on the
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macroscopic response of TWIP steel [24,25], and effects of alloy-
ing elements [25–27], grain size [28,29], and hydrogen content
[21] on the HE susceptibility of TWIP steels. Moreover, deforma-
tion response of TWIP steel was investigated with a focus of
microscale deformation mechanisms [3,4].

However, the number and scope of studies focusing on both the
investigation of hydrogen effects and the different hardening
mechanisms in high-Mn austenitic steels have been very limited.
Detailed investigations on these aspects have previously been car-
ried out on Hadfield steel, which can be considered as a precursor
material to TWIP steels [30–32]. For instance, the role of dense
dislocation walls and grain boundary misorientation angle
(GBMA) on the deformation response of Hadfield steel was inves-
tigated and a general formulation accounting for the effects of
these mechanisms on material response was established [30,31].
Furthermore, length scales associated with twin lamellae spacing
and grain boundaries in Hadfield steel were successfully incorpo-
rated into crystal plasticity simulations [32]. All these works on
Hadfield steel constitute an initial step for the crystal plasticity
modeling of the deformation response of TWIP steel, which
exhibits a similar and equally complicated microstructure evolu-
tion under plastic deformation.

The contribution of twinning to the overall hardening is espe-
cially important in TWIP steels, which was previously investi-
gated by utilizing a crystal plasticity based finite element method
[33]. Furthermore, an analytical model was proposed to identify
the effects of dislocations, twin boundaries, and grain boundaries
on the deformation response of TWIP steel [34]. However, the
influence of interstitial hydrogen on the material response of poly-
crystalline TWIP steel is generally ignored in the conventional
crystal plasticity models. In addition, to the best of the authors’
knowledge, no crystal plasticity model that takes into account
both slip–twin and slip–grain boundary interactions, and hydrogen
effects on the stress–strain response of TWIP steel has been for-
warded yet, which constituted the major motivation for undertak-
ing the current work.

In the present study, the roles of the different hardening mecha-
nisms on the overall material response of Fe-23Mn-0.5C TWIP steel
were quantified. For this purpose, a unique crystal plasticity
approach was developed, which takes into account the individual
contributions of slip–grain boundary and slip–twin interactions in
the presence of hydrogen to the overall hardening. Specifically, a
physically based constitutive equation was derived by modifying
the well-known classical Voce hardening rule, and implemented
into the visco-plastic self-consistent (VPSC) model. The modeling
results, which demonstrate the individual influences of different
hardening mechanism on the deformation response of TWIP steel,
were compared to the experimental results obtained from tensile
tests on the hydrogen-free and hydrogen-charged specimens at a
moderate strain rate and room temperature. The simulation results
not only demonstrated the success of the proposed model in predict-
ing the stress–strain response of TWIP steel in the presence of
hydrogen, but also shed light onto the complicated interactions of
microdeformation mechanisms and the effect on solute hydrogen on
the strain hardening response of TWIP steel. Overall, the findings of
the combined experimental and theoretical study presented herein
open a new venue for the utility of TWIP steels in applications oper-
ating in demanding environments, such as hydrogen storage.

2 Experimental Procedures and Results

In the present study, a TWIP steel was investigated, and its
chemical composition is presented in Table 1. The steel was

solution treated at 1273 K for 1 h, and samples were extracted
from the bulk material by electro discharge machining. The aver-
age grain size of the samples was 23 lm including the annealing
twin boundaries. Following electro discharge machining, half of
the specimens were charged with hydrogen, whereas the others
were not exposed to hydrogen gas for the sake of clearly demon-
strating the role of HE. The hydrogen gas used in charging the
samples was high purity (99.999%), and the specimens were
exposed to the hydrogen gas atmosphere under a pressure of
7.3 MPa at 423 K for one week. The hydrogen desorption behav-
ior was analyzed by thermal desorption spectroscopy between
room temperature and 873 K at a heating rate of 400 K/h. The
cumulative diffusible hydrogen content of the samples was meas-
ured as 5.58 wt ppm.

Uniaxial monotonic tensile deformation tests were conducted on
the specimens with and without hydrogen precharging at initial
strain rates of 0.6� 10�3 and 0.6� 10�4 s�1 at ambient tempera-
ture. These strain rates are sufficiently low to allow hydrogen to
interact with dislocations [35]. Complimentary microstructural
observations were conducted with the aid of scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
electron backscatter diffraction (EBSD) measurements in order to
examine the fracture surface characteristics and microstructural
features, such as dislocations and twins. Furthermore, deformation-
induced surface topography was observed by SEM in specimens
tested at a strain rate of 0.6� 10�4 s�1. For TEM work, thin foils
were extracted from the samples in the form of flat disks with a
thickness of 400 lm. These disks were then mechanically thinned
down to 80 lm, and electropolished on both sides by conventional
twin-jet electropolishing with an electrolyte consisting of 80 ml
60% perchloric acid, 500 ml butoxyethanol, and 420 ml 100% ace-
tic acid, in order to obtain large electron-transparent areas. The
electropolishing was conducted at �12 �C under an acceleration
voltage of 22.5 V. The EBSD analysis was carried out under a volt-
age of 20 kV and with a beam step size of 200 nm.

The true stress–true strain curves along with the specimen
dimensions for tensile testing are given in Fig. 1. Clearly HE is
more pronounced at the low strain rate. In a related study, we pro-
posed a five-step microscale fracture process in the presence of
HE, which is schematically described in Fig. 2 [36]. Specifically,
glide dislocations (or slip lines) and secondary twins distort the
primary twin boundaries (1–2), and generate potential trap sites
for hydrogen (3). With the formation of nanotwins inside the ini-
tially formed primary twins and the occurrence of slip dislocation
pile ups (4), microstructural stress concentration on the primary
twin boundaries increases. Once the stress concentration cannot
be accommodated plastically due to the reduction in cohesive
energy resulting from trapped hydrogen, twin boundary cracking
takes place (5). These effects were all taken into account by the
crystal plasticity model presented herein.

The microscopy results obtained from the specimen deformed
to 30% strain at 0.6� 10�4 s�1 without hydrogen charging is
shown in Fig. 3. The corresponding rolling direction inverse pole
figure map is shown in Fig. 3(a), where the horizontal arrow rep-
resents the actual tensile direction. Accordingly, a relatively large
volume of deformation twins was observed particularly along the
h111i orientation. In addition, the corresponding TEM result (Fig.
3(b)) demonstrated that slip, two different twin variants, nanotwin
formation and slip–twin boundary interaction were simultaneously

Table 1 Chemical composition of the TWIP steel studied in
this work (in wt %)

C Si Mn Si P S Fe

0.51 0.27 22.6 0.27 <0.001 0.0072 Balance

Table 2 Experimentally-based hardening parameters and con-
stants used in the proposed crystal plasticity model

K A l (GPa) b (m) d (m)

8� 104 0.4 71 2.58� 10�10 23� 10�6

t1 (nm) H
free

t2 (nm) H
induced

VH

(m3 mol�1)
v NA (mol�1)

35 25 2� 10�6 0.24 6.022� 1023
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present. The simultaneous activities of multiple microdeformation
mechanisms were also evidenced by the GBMA distribution,
where the volume fraction of high-angle grain boundaries induced
by plastic deformation dominated (Fig. 3(c)), and the intense sur-
face relief that was apparent in the SEM (Fig. 3(d)).

The microstructure evolution of the specimen deformed with
identical deformation parameters but following hydrogen charg-
ing is presented in Fig. 4. The rolling direction-inverse pole figure
map shows the formation of twin bundles, Fig. 4(a). The corre-
sponding TEM analysis demonstrated an excessive slip activity
and slip–grain boundary interactions, Fig. 4(b). Even though the
corresponding GBMA distribution (Fig. 4(c)) and the surface
relief (Fig. 4(d)) were similar to those of the hydrogen-free sample
(Figs. 3(c) and 3(d)), enhanced slip activity as evidenced by slip
bands, and twins and voids were coexistent upon deformation in
the presence of hydrogen.

When the strain rate was increased tenfold to 0.6� 10�3 s�1,
the hydrogen-free sample deformed to 30% strain exhibited a sig-
nificant volume of twin bundles (Fig. 5(a)), similar to the
hydrogen-charged sample deformed at 0.6� 10�4 s�1 (Fig. 4(a)).
However, in the case of the hydrogen-free sample deformed at

0.6� 10�3 s�1, high density dislocation wall (HDDW) formation
was also evident, which constitutes an additional barrier against
dislocation glide (Fig. 5(b)). Despite the one order of magnitude
increase in strain rate, the corresponding GBMA distribution (Fig.
5(c)) does not significantly differ from that of the hydrogen-free
sample deformed at the slower strain rate (Fig. 3(c)). However,
both slip (Fig. 5(b)) and twin and nanotwin (Fig. 5(d)) activity are
more prominent, further promoting slip–twin interactions, which
is expected due to the increased strain rate in this class of materi-
als [3,4,30]. As for the hydrogen-charged specimen deformed to
30% strain at 0.6� 10�3 s�1, it is evident that hydrogen enhanced
the volume fraction of twin bundles (Fig. 6(a)), and promoted the
formation of two different twin variants over slip–twin interac-
tions, accompanied by nanotwin formation within primary twins
(Fig. 6(b)). The corresponding GBMA distribution (Fig. 6(c))
remained similar to those of the other three samples (Figs. 3(c),
4(c) and 5(c)), exhibiting a larger volume fraction of high-angle
grain boundaries, mainly due to the relatively larger plastic defor-
mation of 30%. Furthermore, HDDW formation can be observed
in Fig. 6(d).

Scanning electron microscopy fracture micrographs of
hydrogen-free specimens strained at 0.6� 10�4 s�1 and 0.6� 10�3

s�1 are presented in Figs. 7(a) and 7(b), respectively. While the
dimples evidence a dominantly ductile fracture on these surfaces,
the fracture surfaces of hydrogen-charged specimen deformed at
0.6� 10�4 s�1 and 0.6� 10�3 s�1 feature cleavage facets, as
shown in Figs. 7(c) and 7(d), respectively, which implies that the
fracture mode turned into quasi-cleavage upon charging with
hydrogen. Cleavage facets were more obvious at the low strain rate
(Fig. 7(c)) when compared to the higher strain rate (Fig. 7(d)).
Combination of different morphologies, including cleavage facets
and microvoid coalescence, were observed on the fracture surface
of sample deformed at the higher strain rate (Fig. 7(d)). Thus, one
can conclude that HE was more pronounced at the lower strain rate
since more time was allocated for hydrogen to interact with dislo-
cations and twins, supporting the proposed HE mechanism sche-
matically described in Fig. 2.

3 Theory and Calculations

Based on the experimental findings presented in Sec. 2, the total
hardening is attributed to four factors in the model proposed,
namely, forest dislocation hardening, slip–twin interactions,
GBMA-dependent slip–grain boundary interactions and the effect

Fig. 1 Tensile response of the Fe-23Mn-0.5C TWIP steels with and without hydrogen charging
at different strain rates. Data recompiled from Ref. [36].

Fig. 2 Schematic representation of the proposed five-step
microscale fracture process in the presence of hydrogen
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of hydrogen. In order to include these hardening contributions,
and the roles of texture and the corresponding anisotropy, a VPSC
crystal plasticity model [37], which is capable of capturing the
deformation characteristics of the material at the slip system level,

was modified. The remainder of this section details the corre-
sponding modifications made to VPSC in order to properly treat
all the aforementioned hardening mechanisms within a single
strain hardening formulation.

Fig. 3 Microstructure of hydrogen-free specimen deformed to 30% at 0.6 3 1024 s21: (a)
EBSD micrograph and orientation map, (b) TEM micrograph, (c) GBMA distribution map, and
(d) in situ SEM micrograph of the surface

Fig. 4 Microstructure of hydrogen-charged specimen deformed to 30% at 0.6 3 1024 s21: (a)
EBSD micrograph and orientation map, (b) TEM micrograph, (c) GBMA distribution map, and
(d) the in situ SEM micrograph of the surface
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3.1 Incorporating the Roles of Slip–Twin and GBMA-
Dependent Slip-Grain Boundary Interactions Into VPSC. In
order to better understand the effect of slip–twin interactions on
the strain hardening response of the Fe-23Mn-0.5C TWIP steel,

the contribution of slip–twin interactions was incorporated into
the VPSC model as an additional mechanism which affects the
material response. Specifically, both twin boundaries and grain
boundaries act as obstacles to dislocation motion as evidenced

Fig. 5 Microstructure of hydrogen-free specimen deformed to 30% at 0.6 3 1023 s21: (a)
EBSD micrograph and orientation map, (b) TEM micrograph showing HDDWs, (c) GBMA distri-
bution map, and (d) TEM micrograph demonstrating the presence of nanotwins

Fig. 6 Microstructure of hydrogen-charged specimen deformed to 30% at 0.6 3 1023 s21: (a)
EBSD micrograph and orientation map, (b) TEM micrograph showing interactions with nano-
twins, (c) GBMA distribution map, and (d) TEM micrograph with HDDWs
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from TEM observations, and an increase in the twin volume frac-
tion decreases the mean free path of dislocations. Thus, the rate of
overall dislocation density was considered in the form of

_q ¼
X

n

k1

ffiffiffi
q
p � k2q

� �
j _cnj þ

X
n

X
r

K

cb
cos hnrj _cnj

þ
X

n

X
q

K

db
1þ sin hqð Þj _cnj (1)

where b represents the Burgers vector, k1 and k2 are constants that
define the athermal (statistical) storage of the glide dislocations
and dynamic recovery in the domains outside the HDDWs,
respectively [38]. K is a geometric constant and the termsP

n

P
r

K
cb coshnr _cnj j and

P
n

P
q

K
db ð1þ sinhqÞ _cnj j account for the

contributions due to the interaction between the dislocations on
the active slip system n and the active twin system r; and the inter-
action between the dislocations on the active slip system n, and
the boundary between the grain in consideration and its qth neigh-
bor, respectively [30,31,39,40] (Fig. 8). The angle hnr is the angle
between the plane normal of the active slip system and the plane
normal of the active twinning system (Fig. 8(b)), and was incorpo-
rated as a measure of the role of slip–twin interactions in a geo-
metric sense. Moreover, the angle hq is the misorientation angle
between the surface normals of neighboring grains (Fig. 8(a)).
These angles are variables and take different values during defor-
mation depending on the active slip systems and reorientation in
the lattice. As the GBMA increases, the role of slip–grain bound-
ary interaction on the strain hardening response of the material
would also increase due to the decreasing possibility of glide dis-
locations crossing the grain boundary with the neighboring grain
[31]. For the small misorientation angles, the dislocations can
cross the neighboring grain boundary upon increasing the applied

stress, which decreases the contribution of slip–grain boundary
interactions to the overall strain hardening response. In this for-
mulation, the term c represents the average spacing between twins
and d represents the average grain size of the aggregate.

The flow stress s is defined in the traditional Taylor hardening
format as

s� s0 ¼ alb
ffiffiffi
q
p

(2)

where a is the dislocation interaction parameter, l is shear modu-
lus, and s0 is a reference strength, which is taken as the micro-
scopic yield in our analysis and calculated using the Taylor factor.
Specifically, Taylor factors for both hydrogen-free and hydrogen-
charged materials were determined after EBSD analysis and the
macroscopic yield strength, which was calculated by the 0.2% off-
set method, was divided into the Taylor factor to determine micro-
scopic yield. The relationship between the term c and the volume
fraction of twins, f, is defined as follows:

1

c
¼ 1

2t

f

1� f
(3)

where t represents the average twinned region thickness deter-
mined based on the TEM analysis (Table 2). The average twin
thickness was measured as the distance between two twin bounda-
ries and the volume fraction of twins was calculated using the
default treatment in the VPSC algorithm [37]. In particular, the
shear strain contributed by each twin system is tracked within
each grain and divided by the characteristic twin shear to calculate
the volume fraction of twins [37]. Specifically, it was set to the 0
before the deformation and updated based on accumulated twin
volume fraction.

Upon taking the time derivative of the flow stress with constant
reference strength, the rate of the flow stress is obtained as

Fig. 7 Scanning electron microscopy surface fractographs of the (a) hydrogen-free specimen
at 0.6 3 1024 s21 (b) hydrogen-free specimen at 0.6 3 1023 s21 (c) hydrogen-charged specimen
at 0.6 3 1024 s21, and (d) hydrogen-charged specimen at 0.6 3 1023 s21
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_s ¼ alb _q
2
ffiffiffi
q
p (4)

Substituting Eq. (1) into Eq. (4) results in

_s ¼
X

n

k1

alb

2
� k2

alb
ffiffiffi
q
p

2

� �
þ Kal

2c
ffiffiffi
q
p
X

r

cos hnr

"

þ Kal
2d

ffiffiffi
q
p
X

q

1þ sin hqð Þ
#
j _cnj (5)

From Eq. (2), the following identity is obtained for the square root
of the density of dislocations

ffiffiffi
q
p ¼ s� s0

alb
(6)

Once Eqs. (3) and (6) are substituted into Eq. (5), the rate of flow
stress evolution is given by

_s ¼
X

n

k1

alb

2
� k2

s� s0

2

� �
þ Ka2l2b

4t s� s0ð Þ
f

1� f

X
r

cos hnr

"

þ Ka2l2b

2d s� s0ð Þ
X

q

1þ sin hqð Þ
#
j _cnj (7)

One should note that the term fk1alb=2� k2s� s0=2g in Eq. (7)
is the linear Voce hardening term (Eq. (9)). Having noted this,
Eq. (7) can also be written as

_s ¼
X

n

h0

ss � s
ss � s0

� �� �
þ Ka2l2b

4t s� s0ð Þ
f

1� f

X
r

cos hnr

"

þ Ka2l2b

2d s� s0ð Þ
X

q

1þ sin hqð Þ
#
j _cnj (8)

where h0 is the constant strain hardening rate, and ss represents
the saturation stress in the absence of geometric effects, or the
threshold stress. The hardening is defined by an extended Voce
law [41], which is characterized by the evolution of the threshold
stress (ss) with accumulated shear strain (C) in each grain of the
form

ss ¼ s0 þ s1 þ h1Cð Þ 1� exp � h0C
s1

� �� �
(9)

where s0 is the reference strength, and s1, h0, and h1 are the
parameters that define the hardening behavior [41]. The hardening

law defined by Eq. (9) characterizes the onset of plasticity and the
saturation of threshold stress at larger strains.

3.2 Modeling the Role of Hydrogen Embrittlement on
Strain Hardening. In order to incorporate the effect of hydrogen
on the material response of the Fe-23Mn-0.5C TWIP steel and to
observe the consequences of hydrogen-induced softening at the
microscale on the macroscopic response of material, the presence
of hydrogen was incorporated into Eq. (8) as an additional mecha-
nism affecting the strain hardening. Specifically, the influence of
hydrogen was modeled by a continuous distribution of dilatation
lines whose strength depends on the local solvent concentration
around arrested edge dislocations. To begin with, the shear stress
imposed on a positive edge dislocation due to hydrogen atom con-
centration is given by [42]

sH ¼ �
l

2p 1� #ð Þ
VH

NA

ð2p

0

ðr0

ri

C r;Øð Þ sin2Ø

r
drdØ (10)

where l is shear modulus, VH is the partial molar volume of
hydrogen in solution, # is Poisson’s ratio, and NA is the Avogadro
number. The inner and outer cut-off radii of the hydrogen atmos-
phere surrounding the edge dislocation are given by ri and ro,
respectively.

The time-dependent solute hydrogen concentration during
deformation can be expressed as [43–45]

C tað Þ ¼ Cm 1� exp � C0

Cm

� �
KDtað Þn

	 
�
(11)

where ta is the effective time that the mobile dislocations have
been arrested for, Cm is the saturation value of the solute concen-
tration along the dislocation line, C0 is the alloy solute concentra-
tion, and the term KD is the inverse of the characteristic solute
diffusion time such that td ¼ KDð Þ�1

. Specifically, the term D is
the solute diffusion coefficient and K is the constant, which
includes the solute-dislocation binding energy. The parameter n
was taken as 2/3 [45,46].

At steady-state, the aging time is equal to the waiting time,
where the latter is the average time the dislocations stay arrested at
obstacles throughout the matrix; however, in order to determine the
transient behavior of solute hydrogen concentration at nonsteady-
state conditions, the aging time is assumed to evolve with the strain
rate according to [45,47,48]

dta
dt
¼ 1� ta

tw
(12)

During deformation, mobile dislocations are pinned for an aver-
age waiting time, and then they glide until they come across the

Fig. 8 Schematic representation of (a) misorientation angle between the surface normals of
neighboring grains and (b) angle between the plane normal of the active slip system and the
plane normal of the active twinning system
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next pinning configuration. For steady-state conditions, the aver-
age waiting time can be calculated by the well-known Orowan
equation, such that tw ¼ qmbL=_e, where qm is moving dislocation
density, L is the mean free path of the dislocations and _e is the
strain rate. By contrast, the average waiting time for nonsteady-
state conditions is a function of fundamental attempt frequency,
#0, which depends on the moving dislocation density, Burgers
vector, the Debye frequency, and the effective resolved shear
stress-dependent energy barrier model, seff [45,49–51]. Specifi-
cally, the average waiting time is expressed as

tw ¼ eDEðsn
eff
Þ=kT=#0 (13)

For the calculation of the waiting time, the correct modeling of
the energy barrier is very critical. Out of several energy barrier
model formulations with different kinds of obstacles [44,52,53],
the stress-dependent energy barrier model proposed by Kocks
et al. was adopted in the current VPSC model

DE sn
effð Þ ¼ E0 1� sn

eff

sa
t0

� �p
" #q

(14)

In Eq. (14), E0 is the zero effective shear stress activation energy,
p and q represent the profiling parameters, and the constant st0

stands for the thermal slip resistance at 0 K (Peierls stress), which
is assumed to be equal to the same initial value for all slip sys-
tems. In this study, taking p¼ 1/s and q¼ 3/2 is considered to be
adequately accurate for all systems [54]. Furthermore, the effec-
tive resolved shear stress on the slip system n is the difference
between the resolved external stress, s, and the resolved back
stress representing the slip system resistance, sn

a [50,51,55]

sn
eff ¼ snj j � sn

a (15)

The details of the effective resolved shear stress calculation and
corresponding energy barrier model can be found in Ref. [48].
Once the energy barrier model is included and, the contribution of
hydrogen is also accounted for, the hardening scheme of the crys-
tal plasticity model (Eq. (8)) becomes

_s ¼
X

n
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ss � s
ss � s0
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(16)

where S is the scaling factor that reflects the contribution of
hydrogen to the overall hardening response throughout the whole
grain. After substitution of Eqs. (11) and (12) into Eq. (10) for
n¼ 2/3, and taking the time derivative of the shear stress imposed
on a positive edge dislocation due to hydrogen, one obtains

dsH
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¼ � l
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r
drdØ (17)

It should be noted that elastic continuum theory is not applicable
at the core of the dislocation, and thus, ri¼ b and ro¼ 10b are
assigned as the integration limits for Eq. (17).

Finally, the modified hardening formulation used in the crystal
plasticity computations, which includes the effects of slip–twin
interactions, slip–grain boundary interactions, and HE on the

strain hardening response of TWIP steel, can be expressed after
substituting Eq. (17) into Eq. (16) as
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3.3 Simulation Results and Discussion. Schematic represen-
tations of the misorientation angle between the surface normals of
neighboring grains, hq, and the angle between the plane normal of
the active slip system and the plane normal of the active twinning
system, hnr, are given in Fig. 8. In addition, a schematic represen-
tation of the employed approach in the proposed crystal plasticity
model, which can quantify the contributions of different harden-
ing mechanisms on the deformation response of TWIP steel, is
shown in Fig. 9. Specifically, the VPSC algorithm based on Eqs.
(1)–(9) was utilized to predict the macroscopic deformation
response of hydrogen-free TWIP steel, which is triggered by sev-
eral hardening mechanisms. The VPSC algorithm only considers
plastic deformation that occurs when one or more slip or twinning
systems become active up to the tensile strength of a material.
Thus, the crystal plasticity simulations were carried out consider-
ing only the plastic deformation regime, which is a valid approach
since the elastic response of TWIP steel is not rate dependent.
During the crystal plasticity simulations, experimentally measured
texture, crystal structure, and number of grains of the material
were utilized as direct input, and 12 primary slip, as well as 12
primary and secondary twinning systems were activated. The clas-
sical Voce type hardening rule was extended to include the stress
concentration resulting from the slip–twin and slip–grain bound-
ary interactions based on Eqs. (1)–(9). After calibrating the Voce
hardening parameters, which were determined by a step-by-step
procedure based on a secant type of inclusion–matrix interaction,
the individual roles of slip–twin and slip–grain boundary interac-
tions were quantified by eliminating their contributions from the
unique strain hardening model (Eq. (9)). Results of the corre-
sponding VPSC simulations of hydrogen-free TWIP steels at
0.6� 10�3 s�1 and 0.6� 10�4 s�1 with their corresponding slip
and twin hardening parameters are presented in Figs. 10 and 11,
respectively: in both cases, the effect of slip–twin interactions is
more significant than the effect of dislocation–grain boundary
interactions on the strain hardening behavior of hydrogen-free
TWIP steels. Furthermore, their effects on strain hardening
become more prominent concomitant with the applied strain.

Once the model successfully predicted the deformation response
of the hydrogen-free samples at two different strain rates, employ-
ing the calibrated slip and twin hardening parameters, the effect of
HE on the strain hardening behavior of TWIP steel was modeled
through Eqs. (10)–(18). VPSC simulations of hydrogen-charged
TWIP steels at 0.6� 10�3 s�1 and 0.6� 10�4 s�1 are presented in
Figs. 12 and 13, respectively. Specifically, Kocks-type stress-
dependent energy barrier was modeled to calculate the correspond-
ing waiting and the corresponding aging times, which were then
used to model the time-dependent solute hydrogen concentration
during deformation. Hydrogen-induced shear stress was calculated
by integrating the hydrogen concentration over the dislocation
region from ri¼ b and ro¼ 10b and Ø¼ 0 to Ø¼ 2p. The cylindri-
cal coordinate system utilized to describe the location of a hydro-
gen atom with respect to the dislocation is shown in Fig. 9. The
effect of hydrogen-induced shear stress rate was incorporated into
the hardening rule considering the scaling factor based on Eq. (18).
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The current formulation considers the interactions of slip–twin and
dislocation–grain boundary on active slip systems, and HE, all as a
hardening mechanism. The VPSC simulations were conducted uti-
lizing the same slip and twin hardening parameters to follow the
same hardening trend and observe the individual role of HE. In
order to validate the model, simulation results were compared to
the experimental deformation responses of the hydrogen-charged
TWIP steels. The close prediction of the experimental response
and modified VPSC model validates the proposed approach.

4 Final Remarks

The model presented in this paper incorporates multiple param-
eters that dictate the work hardening response of the TWIP steel,
in addition to HE, however; not only the deformation response
was successfully captured, but also the individual contributions of
the active microdeformation mechanisms were clearly laid out
with the aid of the theory proposed herein (Figs. 10–13). The

success of identifying the individual roles of each mechanism,
which constitutes a challenging experimental task, can be associ-
ated with the step-by-step approach followed (Fig. 9). An equally
important reason is that the interaction formulations were pro-
posed based on three-dimensional actual geometric interactions
dictating the local stress concentrations (Fig. 8) such that the pro-
posed model is both physically grounded and realistic in terms of
incorporating the microdeformation mechanism interactions.

An important observation regarding the hydrogen effect is that
hydrogen leads to a significant decrease in twin thickness and
increase in twin plates, which promotes an increased frequency of
slip–twin interactions within the matrix. This is also in good
agreement with the numerical approach such that the rate of flow
stress is inversely proportional to the twin thickness, and the
enhanced slip–twin interactions can be observed more clearly at
the lower strain rate. The average twin thicknesses for each case
were experimentally determined based on numerous TEM images
taken during this study: for the hydrogen-free samples, the

Fig. 9 Flowchart describing the approach adopted in the present crystal plasticity model
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average twin thickness decreased from 150 nm to 35 nm when the
strain rate changed from 0.6� 10�3 s�1 to 0.6� 10�4 s�1. The
same decrease in the strain rate resulted in a decrease of the aver-
age twin thickness from 55 nm to 25 nm in the hydrogen-charged
samples. Still, it should be noted that the volume of material
examined by TEM is very small, and thus, the true bulk twin
thicknesses might be somewhat different. However, the reported
values were provided with the aim of demonstrating the trend
rather than the actual values.

Another important point emphasized by the current modeling
results is that the proposed new HE mechanism (Fig. 2) can be
effectively incorporated into the modified crystal plasticity model.

In particular, the formation of primary twin boundaries was
allowed by activating the twin systems in VPSC. Then, twin boun-
daries were distorted by slip lines due the incorporation of
slip–twin interaction into the crystal plasticity model. Further
incorporation of HE into the crystal plasticity model also altered
the mechanical response and caused serrations. Overall, the good
agreement between the experimental and simulation results indi-
cates that the proposed HE mechanism, which is based on experi-
mental findings, is indeed applicable for realistic simulations of
the actual material behavior.

Finally, it should be noted that another important outcome of
the modeling effort presented herein is the success of the

Fig. 10 Visco-plastic self-consistent simulations of the deformation response of Fe-23Mn-
0.5C hydrogen-free TWIP steel at 0.6 3 1023 s21

Fig. 11 Visco-plastic self-consistent simulations of the deformation response of Fe-23Mn-
0.5C hydrogen-free TWIP steel at 0.6 3 1024 s21
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incorporation of HE into the Voce hardening formulation. In fact,
this phenomenon takes place by diffusion of hydrogen and its
interactions with dislocations and twin boundaries, yet all
interactions occur at the atomic level, making it impractical to
experimentally observe. However, the formulation presented in
this paper successfully incorporated the contribution of this
atomic-level phenomenon to the overall work hardening response
to the microlevel Voce hardening rule, which could be utilized in
the modeling of other diffusion-based effects in metallic
materials.

5 Conclusion

The combined experimental and theoretical analysis presented
herein was undertaken with the aim of uncovering the individual
roles of microdeformation mechanisms that are simultaneously
active during the deformation of TWIP steels in the presence of
hydrogen. In particular, deformation responses of hydrogen-free

and hydrogen-charged TWIP steels were examined with the aid of
thorough electron microscopy, and hydrogen was demonstrated to
promote twinning over slip–twin interactions. Based on the exper-
imental findings, a microscale fracture model was proposed such
that glide dislocations (or slip lines) and secondary twins distort
the primary twin boundaries, and generate potential trap sites for
hydrogen. The formation of nanotwins within the initially formed
primary twins and the occurrence of slip dislocation pile ups
finally lead to twin boundary cracking.

This new HE mechanism was incorporated into a VPSC model
to account for HE. In addition, slip–twin and slip–grain boundary
interactions in TWIP steels were also incorporated into VPSC, in
order to capture the deformation response of the material in the
presence of hydrogen. The simulation results both verify the suc-
cess of the proposed HE mechanism for TWIP steels and consti-
tute a potential design tool for applications requiring the utility of
these superior materials in the presence of hydrogen.

Fig. 12 Visco-plastic self-consistent simulations of the deformation response of Fe-23Mn-
0.5C hydrogen-charged TWIP steel at 0.6 3 1023 s21

Fig. 13 Visco-plastic self-consistent simulations of the deformation response of Fe-23Mn-
0.5C hydrogen-charged TWIP steel at 0.6 3 1024 s21
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