
Scripta Materialia 190 (2021) 108–112 

Contents lists available at ScienceDirect 

Scripta Materialia 

journal homepage: www.elsevier.com/locate/scriptamat 

Hydrogen-enhance d densifie d twinning (HEDT) in a twinning-induce d 

plasticity (TWIP) steel 

Cheng Zhang 

a , b , Huihui Zhi a , b , Stoichko Antonov c , Lin Chen a , b , Yanjing Su a , b , ∗

a Beijing Advanced Innovation Center for Materials Genome Engineering, University of Science and Technology Beijing, Beijing 10 0 083, PR China 
b Corrosion and Protection Center, University of Science and Technology Beijing, Beijing 10 0 083, PR China 
c Department of Microstructure Physics and Alloy Design, Max-Planck-Institut für Eisenforschung GmbH, Düsseldorf 40237, Germany 

a r t i c l e i n f o 

Article history: 

Received 1 July 2020 

Revised 26 August 2020 

Accepted 27 August 2020 

Available online 4 September 2020 

Keywords: 

Austenitic steels 

Twinning 

Dislocations 

Hydrogen embrittlement 

a b s t r a c t 

The effect of hydrogen on the twinning evolution in a twinning-induced plasticity (TWIP) austenitic steel 

was investigated at different strain levels. The presence of hydrogen decreased the twin thickness and 

increased the twin density in individual twin bundles, in comparison with the hydrogen-free condition. 

This mechanism, reported for the first time, was termed hydrogen-enhanced densified twinning (HEDT). 

Based on these experimental observations, the effect of hydrogen on twinning was analyzed from the 

three stages of nucleation, growth and stability. HEDT may elevate the local stress, and thus significantly 

affect the hydrogen embrittlement (HE) of TWIP steels. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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High-Mn, austenitic, twinning-induced plasticity (TWIP) steels

have experienced wide research interest in recent years due to

their excellent mechanical properties, such as high strength and

high ductility [ 1 , 2 ]. Numerous studies have reported that this de-

sirable combination of mechanical properties originates from the

formation of a high density of deformation twins, which act as

strong obstacles against dislocation movement [3–8] . Particularly,

Sevillano [ 9 , 10 ] reported that the whisker-like, nano-scale, thin

twins act as hard inclusions, resulting in a “composite strength-

ening” effect in TWIP steels. Furthermore, Idrissi et al. [11] showed

that TWIP steels with finer twins possess superior work-hardening

capability when compared to other cases of nearly the same twin

volume fraction. 

There are multiple factors affecting the twin thickness, in-

cluding temperature [ 12 , 13 ], strain-rate [ 6 , 14 ], stress state [ 15 , 16 ],

stacking fault energy (SFE) [17] , etc. Bal et al. [18] observed that

the presence of hydrogen decreases the twin thickness, and the

decreased twin thickness promotes hydrogen embrittlement (HE),

which is contrast to abovementioned reports that steels with finer

twins have greater mechanical property [9–11] . Some studies have

proposed that this deteriorated property might be due to the high

stress concentration at the twin junctions [ 19 , 20 ], which facilitates

high hydrogen concentration at the twin boundaries or within the

twins [20] . Thus, the twin boundaries act as crack initiation sites

[ 18 , 21 ] as well as propagation paths [20] in TWIP steels under
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ydrogen environment. Nevertheless, there is lack of knowledge

n the evolution of deformation twin characteristics, such as the

hickness or distribution, under the effect of a hydrogen-rich en-

ironment. Therefore, the aim of this study is to elucidate the ef-

ect of hydrogen on the twinning evolution, in order to further un-

erstand the HE phenomenon of TWIP steels. Here, a hydrogen-

nhanced densified twinning (HEDT) mechanism is proposed for

he first time based on electron backscattered diffraction (EBSD)

nd transmission electron microscope (TEM) observations of in-

ividual twins and twin bundles in hydrogen-free and hydrogen-

harged samples. 

Fe-22Mn-0.6C TWIP steel with a SFE of about 19 mJ/m 

2 

22] was used in this study; chemical composition listed in Table 1 .

he ingot weighting 20 kg was homogenized at 1423 K for 2 hours

n a protective gas atmosphere, hot-rolled to 3 mm at no less than

223 K, and cold-rolled to a 1.5 mm thick plate. Samples were ex-

ised and annealed at 1173 K for 15 min followed by water quench-

ng to prevent carbide precipitation during cooling. 

Dog-bone tensile specimens with gauge dimensions of 20

m × 5 mm × 1.5 mm were prepared with the tensile axis par-

llel to the rolling direction. The tensile specimens were electro-

hemically charged with hydrogen in a 3% NaCl aqueous solu-

ion containing 0.3 g/L NH 4 SCN at room temperature with a cur-

ent density of 50 A/m 

2 for 48 h. A platinum wire was used

s the counter-electrode. Slow strain-rate tensile (SSRT) tests of

he hydrogen-free (H-free) and hydrogen-charged (H-charged) ten-

ile specimens were carried out at room temperature with a con-

tant crosshead speed of 0.012 mm/min (corresponding to an ini-
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Fig. 1. EBSD-KPQ maps at (a) ε = 20%, (b) ε = 40%, and (c) ε = 50% of the H-free tensile specimens and (d) ε = 20%, (e) ε = 40% and (f) ε = 50% of the H-charged tensile 

specimens; (g) Engineering stress-strain curve. 

Table 1 

Chemical compositions (wt.%) of the TWIP 

steel used in the present study. 

TWIP steel Mn C Fe 

Fe-22Mn-0.6C 21.26 0.55 Bal. 
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Table 2 

Compensation factor ( k ) for the H-free and H- 

charged specimens at different strain levels 

Specimen Condition Strain Level (%) 

20 40 50 

H-free ( k ) 0.23 0.38 0.44 

H-charged ( k ) 0.25 0.43 0.46 
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ial strain rate of 1 × 10 −5 /s). During the SSRT, the specimens

ere interrupted at different strain levels for microstructural ob-

ervations. 

Deformation twins were observed using EBSD (Tescan mira 3

MH) and TEM (Tecnai G20). The specimens for EBSD observations

ere mechanically polished and subsequently electropolished in a

5% perchloric acid and 85% acetic acid solution. EBSD maps were

cquired using the step size of 0.15 μm. Due to the thinness of the

ydrogen-affected regions (~ 40 μm) arising from the slow hydro-

en diffusion in austenite [ 23 , 24 ], the TEM specimens were taken

rom the surface of the tensile specimen’s gauge by grinding from

he inter-region towards the surface, thereby obtaining a specimen

rom the hydrogen-affected zone. The TEM specimens of the H-free

teels were also taken from the same position in order to eliminate

he influence of the stress state. The thin foils were further pre-

ared by twin-jet polishing, which was performed at 288 K with

n applied potential of 20 V in a mixed solution of 90% glacial

cetic acid and 10% perchloric acid. 

The recrystallized, equiaxed grain size of the presented steels

as ~8 μm. The EBSD Kikuchi pattern quality (KPQ) maps [ 3 , 25 ] of

he H-free and H-charged specimens at different strains are shown

n Fig. 1 (a–f). The twin volume fraction, which is defined as the

rea of deformation twins per observed area, generally increased

ith strain irrespective of the hydrogen content. Fig. 1 (g) shows

he engineering stress-strain curves of H-free and H-charged spec-

mens, where it can be seen that the hydrogen significantly de-

reased the ultimate tensile strength and elongation. 

Due to the inherently lower resolution of EBSD KPQ maps with

espect to feature size, only twin bundles consisting of several in-

ividual twins can be observed by this technique [ 3 , 26 ], leading

o overestimation of the twin volume fraction. In contrast, TEM,

hich has sufficient resolution, has a limited observation area.

herefore, we utilized a combination of EBSD and TEM observa-

ions to compensate for each method’s respective shortcomings

27] . The twin volume fraction per unit area was determined by

oint counting analysis based on EBSD data, which covers an area
f ~13,0 0 0 μm 

2 for a given strain. The reliability of this method

as been evaluated [ 28 , 29 ]. Meanwhile, the twin thickness, λ, and

pacing between the adjacent twins, δ, in the bundles were mea-

ured by TEM [ 3 , 26 ], and a compensation factor ( k ), given by

q. (1) , was used to revise the EBSD results. 

 = 

λ

λ + δ
(1) 

TEM dark-field (DF) images ( Fig. 2 (a, b)) of the H-free and H-

harged specimens at 50% strain show several, representative, in-

ividual twins with 2-70 nm thickness. At least 200 such twins

ere considered for each condition, and the results are provided

n Fig. 2 . As shown in Fig. 2 (c, d), the average twin thickness did

ot change with respect to strain, but the presence of hydrogen re-

uced it from 29 nm to 21 nm. Meanwhile, the twin spacing grad-

ally decreased with the increasing strain ( Fig. 2 (e, f)), and again

ydrogen reduced the average twin spacing. The variations in av-

rage individual twin thickness and twin spacing with respect to

train are plotted in Fig. 2 (g). With increased strain, the twin spac-

ng gradually approaches the thickness thus the compensation fac-

or ( k ) shown in Table 2 approximately increases to 0.5. The twin

olume fraction at any strain level of the H-charged specimen was

igher compared to the H-free specimen ( Fig. 2 (h)) and all of them

elatively saturated at 50% strain. 

Statistical analysis of at least 150 twin bundles at 50% strain,

hown in Fig. 3 (a, b) revealed that the spacing between twin bun-

les was reduced from 246 nm in the H-free specimen to 183 nm

n H-charged specimen, whereas the twin bundle thickness distri-

ution in both specimens remained equivalent, with an average of

310 nm. Nevertheless, the TEM analysis revealed that the individ-

al twin thickness in the H-charged sample is finer, and therefore,

e unveil a hydrogen effect on TWIP steels, i.e. there are more

wins generated in an individual bundle with similar thickness and

ompensation factor ( k ) in the H-charged condition compared to
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Fig. 2. TEM-DF images of (a) H-free and (b) H-charged specimens at a strain of 50% showing the mechanical twins; Statistical distributions of individual twin thickness (c, d) 

and spacing (e, f) in H-free and H-charged specimens, respectively, at different strains (20%, 40% and 50%); (g) Variations in the average twin thickness ( λ) and twin spacing 

( δ); and (h) Twin volume fraction with respect to strain in the H-free and H-charged specimens. 

Fig. 3. Statistical distributions of twin bundle (a) thickness and (b) spacing in the H-free and H-charged specimens at 50% strain. 
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H-free one. Maintaining convention, we term this novel mecha-

nism as hydrogen-enhanced densified twinning (HEDT). 

The evolution of deformation twins includes nucleation, growth

and stable states, as schematically shown in Fig. 4 . Several twin-

ning mechanisms [30–33] have been previously proposed depend-

ing on the material and/or deformation conditions, hence there

is still no universal twin nucleation process. Although dislocation

dissociation reactions influence twin formation, Shockley partial

dislocations are of particular importance in different models. In

this study, we explain the effect of hydrogen on the twin nucle-

ation process based upon the model of Cohen and Weertman [31] .

The model includes dissociation of perfect dislocations into Shock-

ley partial dislocations on the primary plane or conjugate plane

t  
 Eq. (2) ) and dissociation of perfect dislocations into sessile Frank

artial dislocations and glissile Shockley partial dislocations on the

onjugate plane when encountering an L-C barrier ( Eq. (3) ) as de-

icted in Fig. 4 (a). 

a 

2 

[
10 ̄1 

]
= 

a 

6 

[
11 ̄2 

]
+ 

a 

6 

[
2 ̄1 ̄1 

]
(2)

a 

2 

[ 011 ] ( 11 ̄1 ) = 

a 

3 

[ 111 ] + 

a 

6 

[
2̄ 11 

]
( 111 ) 

(3)

According to Eq. (2) , the equilibrium spacing between two

hockley partial dislocations is a balance of the repulsive force be-

ween the dislocations and the attractive force due to the forma-

ion of a stacking fault (SF). In order to stabilize the stacking fault
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Fig. 4. Schematic illustration of the influence of hydrogen on twinning evolution at different strain stages of the TWIP steel: (a) nucleation state; (b, c) growth state; (d, e) 

stable state. Note that the thin bands represent twins, and the twin bundles are indicated by two-way arrows. 
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o  
nd develop a twin, Byun [34] proposed an idea of infinite separa-

ion. The critical twinning stress is equivalent to the applied force

eeded to make the distance between partial dislocations infinite,

hat is when the external stress reaches 2 γ SF / b p ( γ SF represents

he SFE and b p represents burgers vector of partial dislocation).

hus, due to the reduction of the SFE by hydrogen [ 35 , 36 ], the de-

reased critical stress facilitates easier twin nucleation. 

From Eq. (3) , since the energy before and after the reaction is

quivalent, a sufficiently large external stress is needed to emit the

hockley partial dislocations. Many researchers [37–39] have de-

eloped their models based on the different forces acting on the

hockley partial dislocations. The critical stress can be expressed

s: 

T = τ ( SF E ) + τ ( interactions ) − τ ( pile − up ) (4) 

First, τ ( SFE ) is proportional to the SFE, so the addition of hy-

rogen reduces τ ( SFE ) [ 40 , 41 ]. Second, due to the shielding effect

f hydrogen [42] , the interaction energy between dislocations and

bstacles (other dislocations, twin boundaries, etc.) reduces. Thus,

he enhanced dislocation mobility results in a reduction of the sec-

nd term of Eq. (4) . Finally, on the one hand, the dislocation den-

ity increases due to the presence of hydrogen [ 42 , 43 ], while on

he other, the mathematical derivation of Jiang et al. [44] shows

hat hydrogen attracts the dislocations emitted from the disloca-

ion source to pile-up around obstacles, resulting in an increased

islocation density in pile-up groups, which increases τ ( pile − up )

30] . In general, hydrogen reduces the critical twinning stress by

ffecting the dislocation dynamics. Therefore, the increase of twin

ucleation sites in the H-charged condition leads to an increase in

he twin volume fraction and a reduction of the twin spacing, as

chematized in Fig. 4 (b, c). 

Furthermore, only when the twin embryo thickness is larger

han the critical thickness ( λc ), a stable twin can be formed under

he driving force. The relationship between the critical thickness

nd driving stress ( σ ) can be expressed as [45] : 

c = 

5 π

4 

G γT B 

σ 2 
(5) 

here G is the shear modulus and γ TB is the twin boundary en-

rgy (proportional to the SFE). The driving stress can be regarded

s the stress at the pile-up at the boundaries. As explained before,

ecause of the increase in the driving stress and reduction of the

FE in the H-charged specimens, its λc is smaller than in the H-

ree condition ( Fig. 4 (b, c)). Additionally, the twin growth is limited
y sessile dislocations located at the twin boundaries to maintain-

ng thickness and stability [11] . So, the growth should be similar

nder the same deformation conditions and the twin thickness re-

ains unchanged as the strain increases. Consequently, twinning

ensified occurs in H-charged specimens such that more and finer

wins form in a twin bundle ( Fig. 4 (d, e)). 

Based on the composite strengthening theory proposed by Gil

evillano [ 9 , 10 ], the flow stress at any strain ( ε) can be estimated

s: 

= 

[
1 − f T V 

]
σM 

+ β f T V σT (6) 

here σ is the macroscopic flow stress, f T 
V 

is the twin volume frac-

ion, σ M 

is the strength of the matrix, β is a constant, and σ T is

he strength of the thin twin (which has negative correlation with

he twin thickness). When Eq. (6) is applied to the twin bundles

or the two specimens at 50% strain, f T 
V 

is about 0.5, but the finer

wins in the H-charged specimen leads to an increase in σ T . Thus,

he local stress of the twin bundles increases, which can also be a

ause of crack nucleation and HE. 

In summary, the effects of hydrogen on the twinning evolu-

ion in a Fe-22Mn-0.6C TWIP steel was investigated by combined

BSD and TEM observations at different strains. Com pared to the

-free specimens, the hydrogen reduced the twin thickness in the

-charged specimens. The increased nucleation sites of twins re-

ulted in an increase of the twin volume fraction in the H-charged

pecimens. Meanwhile, the twin spacing was gradually reduced to

e similar to the twin thickness when the strain was around 50%.

ore nucleation sites and finer twins result in overall more twins

n the individual twin bundles of the H-charged condition, com-

ared to twin bundles of similar thickness in the H-free samples.

his phenomenon, termed “hydrogen-enhanced densified twinning

HEDT)”, could lead to higher local stress concentrations in the

win bundles, which is of great significance for HE of TWIP steel. 
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