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Abstract
The permeation experiments performed in this study have shown that electrochemical corrosion of dual-phase steels in 2 mol L−1 H2 SO4 results in hydrogen evolution and absorption of
hydrogen atoms in the material, which leads to degradation known as hydrogen embrittlement
(HE).
The values of the diﬀusion coeﬃcient and hydrogen solubility obtained in this study have
shown that transport of diﬀusible hydrogen and high susceptibility to HE depends on different microconstituents acting as hydrogen traps in dual-phase steels. The metallographic
and SEM/EDS analyses have revealed elongated inclusions in dual-phase steel marked as DP,
acting as irreversible traps in the ferrite-martensite matrix. Room temperature tensile tests
of hydrogenated specimens have shown degradation of elongation and contraction compared
to those of nonhydrogenated ones. SEM analyses of fracture surfaces have revealed the difference between nonhydrogenated dual-phase steels with ductile fracture and hydrogenated
dual-phase steels with brittle fracture.
K e y w o r d s : dual-phase steel, hydrogen diﬀusion, hydrogen embrittlement, hydrogen traps,
microstructure, mechanical properties

1. Introduction
The corrosion of steel in acid solution results besides iron dissolution also in the evolution of atomic
hydrogen, which is an undesirable element in metals
and their alloys [1, 2]. Except that hydrogen can subsequently be absorbed from the environment, it can
be found in the metal crystal lattice as residual during production, processing or welding of steel [3, 4].
Since the only atomic form of hydrogen is able to
move through the metal according to the laws of diffusion, because of its small atomic radius, it is called
“diﬀusible” hydrogen. Once inside the material, hydrogen can diﬀuse or be trapped by the diﬀerent defects existing in the material, such as dislocations,
grain boundaries, and non-metallic inclusions, leading to the weakening of bonds between diﬀerent microconstituents and to the phenomenon of hydrogen
embrittlement [5–7].
Hydrogen embrittlement is a speciﬁc type of stress

corrosion cracking caused by hydrogen, often combined with applied and residual stress. The consequence of hydrogen embrittlement is the deterioration of mechanical properties of structural steel and
decrease of bearing capacity of component followed
by sudden fracture of construction [3, 8]. Generally, a
small quantity of hydrogen is suﬃcient to cause failures because it can magnify its eﬀect by migrating to
high triaxial stress regions. The problem of hydrogen
embrittlement in structural alloys has been of great
concern in various industries, including power plants.
Hydrogen embrittlement or hydriding has led to the
failures of fuel cladding in nuclear reactors, cracking
of fossil fuel boiler tubes, and many other components
where there is a possibility of hydrogen ingress in the
material [9].
However, as the demands of the automotive industry for greater strength and deformation ability are
further increased, new families of high strength steel
have been developed. These new steel grades include
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DP (dual phase), TRIP (transformation induced plasticity), FB (ferrite-bainite), CP (complex phase), and
TWIP (twinning induced plasticity) steels [10–12].
Unlike the conventional high strength steels, where increasing strength simultaneously with increasing plasticity is obtained by conventional thermal treatment,
“modern” high strength steels achieve that by thermomechanically controlled process (TMCP) and microalloying [3, 8, 13]. The characteristic of such TMCP
steel is multiphase ﬁne-grained microstructure with
great ability of high impact energy (“stretch eﬀect”).
These modern high strength steels have application
in the automotive industry, for bridge constructions,
for production of pressure vessels, high-pressure line-pipes, etc. [14, 15]. Since their application in diﬀerent exploitation conditions is not known enough, in
this work, the inﬂuence of microstructure on hydrogen diﬀusion and embrittlement of dual-phase steels
is studied by monitoring hydrogen permeation with
electrochemical technique.
Hydrogen permeation through a metallic membrane by an electrochemical technique is a widely used
method for studying hydrogen diﬀusivity and metallic
embrittlement phenomenon [6, 16–18]. In the course of
electrochemical permeation, hydrogen atoms are ﬁrst
absorbed in the entry surface, then diﬀused through
the metallic membrane, and are ﬁnally desorbed from
the exit surface. On the entry surface, hydrogen production can be controlled galvanostatically or potentiostatically or under the metal’s free corrosion status.
On the exit surface, it is usual to apply a constant
potential to ensure that all hydrogen atoms can be
ionized, assuring that the measured current density is
the hydrogen permeation ﬂux.

2. Experimental
The samples were prepared from the low-carbon
high strength hot-rolled strips of dual-phase steels of
diﬀerent chemical composition marked as DP and A
(Table 1).
It can be seen from Table 1 that dual-phase steels
have low sulphur and phosphor content, which provides high purity and quality of examined steels because it minimizes the possibility of sulphides formation and other inclusions.
To investigate the tendency to hydrogen embrittlement, it is necessary to hydrogenate the samples. The
penetration of hydrogen atoms through the steel materials can be accelerated by a simple laboratory procedure of electrochemical examination of hydrogen diffusion in ferrous materials [19]. For permeation experiments, the samples of dual-phase steels marked as DP
and A were cut from steel sheets of original thickness
into the membranes with the following dimensions:
(50 × 80 × 1.5) mm3 for DP, (50 × 80 × 1.65) mm3 for

T a b l e 1. Chemical composition of examined dual-phase
steels (mass %)
Sample

DP

A

C
Mn
Si
P
S
Al
N
Cu
Nb
Ti
Mo
V
Cr
Ni
Sn

0.05
1.23
0.42
0.012
0.003
0.033
0.0085
0.16
0.002
–
0.01
–
0.66
0.05
0.008

0.073
1.85
0.013
0.015
0.004
0.047
0.0060
0.014
0.002
0.001
–
0.003
0.221
–
–

A. Anodic (exit) side of samples was coated with nickel
so that the surface at the oxidation side of the metallic membrane is passive or corrosion resistant. Before
every measurement, the entry side of the membrane
was ground with emery paper to a 600 grit ﬁnish. After that, the membrane was rinsed in distilled water
and degreased in ethanol.
The experimental device for monitoring hydrogen
diﬀusion through metallic membrane consists of the
cell for hydrogen charging (entry part-ﬁlled with 2M
H2 SO4 deaerated with nitrogen) and oxidation cell
(exit part-ﬁlled with 1M NaOH), which are separated by a thin steel plate (sample-working electrode,
whose entry side is placed in contact with charging cell) [13, 19]. Saturated calomel electrode (SCE)
as reference electrode and Pt-plate as counter electrode are placed in oxidation cell, so that the potential of steel membrane is maintained in the passivity area: +200 mV vs SCE by “PARSTAT” Potentiostat/Galvanostat (Princeton Applied Research, USA)
Model 2273. In the charging cell, the hydrogen evolution occurs through the corrosion reaction of steel with
H2 SO4 . In the oxidation cell (exit part), no captured
hydrogen at the exit side of the membrane oxidizes
in H+ -ions by the inﬂuence of applied potential. The
current ﬂow between the steel membrane and counter
electrode is registered as permeation current I (µA),
which presents the measure for the amount of hydrogen diﬀuses through the steel membrane.
Because the samples for permeation experiments
were not of the same thickness, the given values are reduced to normalized values and displayed graphically
in the form of the normalized ﬂux of atomic hydrogen
J(t)/Jss against the normalized time τ [20]. Based on
such a presentation, mathematical modelling of hydrogen diﬀusion could be performed. The mathematical
models for the study of permeation transient through
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the metallic membrane were developed for potentiostatic and galvanostatic charging based on Fick’s laws.
Two models were used for mathematical modelling of
hydrogen diﬀusion to ﬁnd out which model ﬁts experimental diﬀusion curves of examined materials [17]:
– CC model of constant concentration, Eq. (1):


∞

It
2
(2n + 1)2
=
exp
−
,
1/2
I∞
4τ
(πτ )
n=0

(1)

– CF model of constant ﬂux, Eq. (2):


∞
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= 1−
, (2)
I∞
π n=0 (2n + 1)
4
where It is the permeation current at instant time t,
and I∞ is the steady-state value of the hydrogen permeation current. The dimensionless time τ is equal to
Dt/L2, where D is the hydrogen diﬀusion coeﬃcient,
and L is the membrane thickness.
A degradation of investigated dual-phase steels
caused by hydrogen absorption through corrosion reaction could be evaluated based on changes in mechanical properties of hydrogenated samples. For this
purpose, specimens for tensile testing were cut in the
rolling direction and ground with emery paper to
a 600 grit ﬁnish [21]. After that, the samples were
rinsed in distilled water, degreased in ethanol and immersed in 2 M H2 SO4 . In the charging cell, saturated
calomel electrode as reference electrode and Pt-net
as counter electrode were placed next to the working electrode. To accelerate the charging of specimens,
cathodic polarization was carried out for four hours
at a potential of –700 mV vs SCE by “PARSTAT”
Potentiostat/Galvanostat Model 2273. After cathodic
polarization, the specimens were tensile tested at a
crosshead speed of 2 mm min−1 and room temperature
using a universal testing machine Instron. The dimensions of the tensile testing samples comply with
the standard EN 10002-1: 1990 [21]. So, width of the
samples for tensile tests was 20 mm, thickness 3 mm,
test length 120 mm, while the total length of the tensile testing samples (together with the heads entering
the universal testing machine) was 250 mm. The ultimate tensile strength was determined by the maximum force ratio applied during the tensile test to
the cross-sectional area of the tested part of the sample.
Four samples of DP and four samples of A dual-phase steel were prepared; two of each dual-phase
steels were tensile tested before and after hydrogenation. As a result, the arithmetic values of the two measurements obtained for each type of dual-phase steel
before and after hydrogenation were taken.
For metallographic investigations and microstructural characterization, the samples were cut in the
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rolling direction and pressed by “SimpliMet ” machine for hot pressing of samples. After that, the samples were ground (emery paper No. 400, 500, 600,
and 800 grit) and polished by the “Buehler” automatic device. Thus prepared samples were observed
by optical microscope with “Olympus GX 51” digital
camera with a system for automated picture analysis
(AnalySIS Materials Research Lab) to detect the inclusions. After that, the samples were etched by Nital
(5 % HNO3 in ethanol) to record their microstructure.
SEM/EDS analysis of sample microstructure, fracture surfaces and registered inclusions were carried out
by scanning electron microscope “Tescan Vega LSH”
(Czech Republic) equipped with “Bruker” EDS spectrometer.

3. Results and discussion
Based on hydrogen permeation electrochemical
measurements and obtained diagrams i = f (t), the
steady-state permeation current density of atomic hydrogen iss and time tlag (which presents a time to
achieve a value of 0.63iss ) were determined [20]. Also,
the other diﬀusion parameters were calculated, such
as diﬀusion coeﬃcient Deﬀ , the amount of atomic hydrogen passing through the metal membrane per unit
area in a steady-state condition n(H2 ), the volume
of atomic hydrogen passing through the metal membrane per unit area in a steady-state condition V (H2 ),
atomic hydrogen permeation ﬂux at steady-state Jss
and the sub-surface concentration of hydrogen in interstitial lattice sites and reversible trap sites on the
charging side of the sample C0R [20]. All diﬀusion parameters were calculated as the arithmetic mean of
the second, third, and fourth permeation transient and
presented in Table 2. The ﬁrst permeation transient
was omitted because all traps are ﬁlling at the ﬁrst
measurement, and we wanted to show only the inﬂuence and meaning of reversible traps. Namely, diffusible hydrogen trapped in reversible traps is dangerous because it can move through a crystal lattice
for a long time until it ﬁnds a suitable place. It can
also move from one place to another and cause additional stress in a crystal lattice and, consequently, the
delayed fracture [2, 4, 8, 9].
It can be seen from Table 2 that both dual-phase
steels have diﬀusion coeﬃcient three orders of magnitude lower than that in the crystal lattice of α-Fe
(DFe = 1.28 × 10−4 cm2 s−1 ) [16]. It means that traps
are present, which slow down the transport of H-atoms
through a membrane. It is important to notice that
dual-phase steel marked as A showed lower Deﬀ and
higher C0R than that in dual-phase steel marked as
DP, which indicates that dual-phase steel A has more
reversible traps. However, the nature of traps present
in the material and their bond strength are more im-
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T a b l e 2. Hydrogen diﬀusion parameters for examined
dual-phase steels
Sample

DP

A

Ecorr (mV) vs SCE
L (cm)
iss (µA cm−2 )
tlag (s)
n(H2 ) × 106 (mol cm−2 )
V (H2 ) × 103 (cm3 H2 cm−2 )
Deﬀ × 107 (cm2 s−1 )
Jss × 1011 (mol cm−2 s−1 )
C0R × 106 (mol H cm−3 )

–240
0.15
3.19
5202
0.15
3.29
7.21
3.31
6.89

–430
0.16
1.90
11612
0.20
4.36
3.93
1.97
8.28

Fig. 1. Mathematical modelling of the normalized time dependence of the normalized ﬂux of atomic hydrogen for
investigated dual-phase steels.

portant than their quantity. Namely, it is known that
decreasing of Deﬀ and increasing of C0R strongly depends on hydrogen trapping. The most frequently appearing traps are diﬀerent material defects such as
dislocations, grain boundaries, inclusions, etc. [5, 6,
22–24]. In this work, only the amounts of diﬀused hydrogen on the other side of the sample membrane were
measured, but not the amount of absorbed hydrogen.
Recent research allows the determination of the concentration of absorbed hydrogen in the metal and also
study the eﬀects of deformation on the sample monitored by the DIC method (digital image correlation),
which gives a broader picture of the inﬂuence of hydrogen on the diﬀusion and embrittlement of metals
[25].
The mathematical modelling of hydrogen diﬀusion
of examined dual-phase steels is shown in Fig. 1. For
that purpose, the normalized ﬂux of atomic hydrogen
J(t)/Jss and normalized time τ were calculated [20].
Based on Fig. 1, it can be concluded that nor-

malized curves of both samples are ﬁtted more to
the CC-model, which means that experimental curves
of examined dual-phase steels are following initial
and boundary conditions determined according to the
model of constant concentration. Furthermore, Fig. 1
shows the steeper normalized curves for both samples,
indicating the presence of irreversible traps to a minor
extent (MnS-inclusions, carbides) [20].
Room temperature tensile tests of nonhydrogenated and hydrogenated samples of examined dual-phase steels indicate that elongation and contraction of these steels deteriorate after hydrogenation
(Table 3), which means that hydrogen has an unfavourable eﬀect on room temperature ductility. However, in the case of combined thermal and hydrogen
embrittlement eﬀects, the situation is much more complicated. There are plenty of diﬀerent microstructural
sites in steels, such as grain boundaries, free dislocations, precipitates, and inclusions that may interact
with absorbed hydrogen and aﬀect the resulting ten-

T a b l e 3. Room temperature tensile properties of examined dual-phase steels before and after hydrogenation
Sample

Yield strength
Re (MPa)

Tensile strength
Rm (MPa)

Elongation
A (%)

Contraction
Z (%)

Index of hydrogen embrittlement
HE (%)

Before hydrogenation
545

628

24.0

63.5
58.58

DP
After hydrogenation
468

628

20.0

26.3

Before hydrogenation
325

559

37.4

66.3
35.75

A
After hydrogenation
341

561

30.0

42.6
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Fig. 2. Optical micrographs: (a) globular and elongated inclusions in dual-phase steel DP and (b) globular inclusions
in dual-phase steel A.

sile properties and fracture behaviour [26].
In this research, deterioration of mechanical properties in dual-phase steel marked as A has been registered to a minor extent which can be classiﬁed as
more resistant material to hydrogen embrittlement
than dual-phase steel DP. Namely, because of diﬀerent strengthening concepts (based on manganese and
carbon), less martensite was obtained in sample A,
resulting in an increased elongation and contraction
compared to those in the sample DP. Moreover, it has
been shown that the elongation of sample A was higher
after hydrogenation than that of the sample DP before
hydrogenation. The index of hydrogen embrittlement
HE has also been shown in Table 3 as the indicator
of hydrogen embrittlement, which was calculated according to the following equation [15], Eq. (3):
HE =

Z(air) − Z(Habs )
× 100, (%)
Z(air)

(3)

where Z(air) is the contraction of the nonhydrogenated sample, and Z(Habs ) is the contraction of the
hydrogenated sample.
The sample of dual-phase steel marked as A
showed a lower HE index than that in the sample DP,
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Fig. 3. (a) SEM micrograph of globular inclusion in dual-phase steel DP [13] and (b) EDS analysis of globular inclusion in dual-phase steel DP [13].

which means that sample A has better resistance to
hydrogen embrittlement.
Since irreversible traps can be various carbides and
inclusions (especially MnS), they are signiﬁcantly presented in examined dual-phase steel marked as DP.
Namely, metallographic and SEM analyses of dual-phase steel DP revealed many globular inclusions dimensions from 2–10 µm and some elongated inclusions
dimensions from 20–100 µm (Figs. 2a, 3a, 4a).
EDS analysis of globular inclusion in the sample
DP revealed the presence of (Ca, Al)-oxides because
it has been registered an increasing content of oxygen,
calcium, and aluminium (Fig. 3b). The formation of
these complex oxides is caused by calcium treatment
in ladle furnace, leading to increasing their hardness
and keeping their globular shape through forming process [8, 11, 13]. In contrast to that, the elongated MnS
inclusions with bigger dimensions increase anisotropic
properties and the number of irreversible traps. The
EDS analysis of elongated inclusions in the sample DP
has shown an increased content of oxygen, aluminium,
manganese, carbon, and sulphur (Fig. 4b), which indicates the fact that (Al, Mn)-oxisulphides and (Al,
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Fig. 4. (a) SEM micrograph of elongated inclusion in dual-phase steel DP [13] and (b) EDS analysis of elongated
inclusion in dual-phase steel DP [13].

Mn)-oxicarbides are present in the studied sample.
There were not registered any elongated inclusions in the sample of dual-phase steel marked as A.
Still, some globular inclusions dimensions from 2–7 µm
(Fig. 2b) indicate that the presence of irreversible
traps is decreased in this type of dual-phase steel. The
SEM/EDS analysis of globular inclusion in dual-phase
steel A conﬁrmed the presence of (Mn, Al)-oxisulﬁdes
because of the increased content of manganese, oxygen, sulphur, and aluminium (Fig. 5).
In contrast to that, the reversible traps are represented as dislocations and grain boundaries, especially between two phases, which can be concluded by
analysing the microstructures of examined dual-phase
steels (Fig. 6). In addition to research obtained on
dual-phase steels, previously conducted research on
IF steels has shown that various inclusions and impurities have proven to be ideal irreversible hydrogen
traps [27]. It has also been found that performing permeation one after the other leads to shortening of the
hydrogen passage time to the other side of the mem-

Fig. 5. a) SEM micrograph of globular inclusion in dual-phase steel A and (b) EDS analysis of globular inclusion
in dual-phase steel A.

brane because only reversible traps slow down hydrogen transport [27].
Optical and SEM micrographs of the microstructure of studied samples etched by Nital show that
both steels have an extremely ﬁne-grained microstructure which consists of ferrite matrix and islands of
martensite. Since the microstructure is ﬁne-grained,
the high density of dislocations and numerous grain
boundaries provide more extended travel of atomic
hydrogen through a crystal lattice of examined materials and, therefore, slower breakdown of hydrogen at
the opposite side of the membrane. It is essential to
notice that dual-phase steel DP has a microstructure
with a larger amount of martensite because of diﬀerent strengthening mechanism concerning the sample
A. Namely, sample A has in its chemical composition an increased content of manganese and carbon
while strengthening mechanism in the sample DP is
accomplished by increasing the content of manganese,
silicon, and chromium. Typically, chromium is known
as an austenite stabilizer, and it decreases the cool-

A. Begić Hadžipašić et al. / Kovove Mater. 59 2021 69–78

75

Fig. 6. (a) Optical micrograph of dual-phase steel DP etched by Nital, (b) SEM micrograph of dual-phase steel DP etched
by Nital, (c) optical micrograph of dual-phase steel A etched by Nital, and (d) SEM micrograph of dual-phase steel A
etched by Nital.

ing rate needed for transformation without diﬀusion
[4, 28]. That helps the formation of martensite, which
is the unfavourable phase in microstructure from the
hydrogen embrittlement aspect because of its lower
solubility of carbon and hydrogen and higher hardness.
The SEM analysis also revealed that elongated inclusions in the sample DP were mostly found in the
centre of the sample DP and in the rolling direction
because the segregation of all impurities occurs in the
centre of the hot-rolled strip. Also, the propagation
of elongated inclusions at grain boundaries was determined because grain boundaries are favourable places
for accumulating diﬀerent segregations, which form inclusions during rolling (Fig. 6b).
The SEM analysis of fracture surfaces of hydrogenated dual-phase steels again conﬁrms that hydrogen has a detrimental eﬀect on material properties (Fig. 7). Namely, the nonhydrogenated samples
of dual-phase steels showed a ductile fracture, while
hydrogenated samples showed cleavage transgranular
fracture. Furthermore, it has been noticed at the sample DP that hydrogen was mostly accumulated in the
impurities of the segregation zone, which caused the
increase of pressure and evolution of crack along with

the whole sample in the rolling direction (Figs. 7b, c).
Such a phenomenon was not registered in sample A.
Considering the obtained results, it can be concluded that dual-phase steel A showed better resistance to hydrogen embrittlement compared to that
of DP because of its diﬀerent strengthening concept,
the less martensite, fewer inclusions, better elongation, and lower HE index.
4. Conclusions
Based on the given results obtained in this work
by electrochemical, mechanical, metallographic, and
SEM/EDS examinations, the inﬂuence of microstructure on hydrogen diﬀusion and embrittlement of ﬁnegrained high strength dual-phase steels was studied.
The conducted experiments have provided the following conclusions:
– The diﬀusion coeﬃcients three orders of magnitude lower than that in the crystal lattice of α-Fe were
obtained, which means that traps are present and slow
down the transport of H-atoms through a membrane
of both dual-phase steels during permeation experiments.
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Fig. 7. SEM micrographs of fracture surfaces of examined dual-phase steels: (a) DP before hydrogenation, (b) DP after
hydrogenation, (c) DP after hydrogenation, (d) A before hydrogenation, and (e) A after hydrogenation.

– The mathematical modelling of permeation
curves of examined dual-phase steels showed that
normalized curves of both samples are ﬁtted more
to the CC-model, which means that experimental
curves of examined steel materials are following ini-

tial and boundary conditions determined according to
the model of constant concentration. Furthermore, the
steeper normalized curves for both samples indicate
that less irreversible traps (MnS-inclusions, carbides)
are present.
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– Optical and SEM micrographs of the microstructure of examined samples show that both steels have
an extremely ﬁne-grained microstructure which consists of ferrite matrix and islands of martensite.
– The elongation and contraction of examined
dual-phase steels deteriorate after hydrogenation,
which means that hydrogen has an unfavourable effect on room temperature tensile properties of examined steel materials.
– Metallographic and SEM/EDS analysis of dual-phase steel DP revealed a signiﬁcant number of (Ca,
Al)-oxides as globular inclusions and some (Al, Mn)-oxisulphides and (Al, Mn)-oxicarbides as elongated
inclusions. In contrast to that, in dual-phase steel A,
only the presence of globular inclusions type (Mn, Al)-oxisulﬁde was registered, indicating the presence of
irreversible traps decreased in this type of dual-phase
steel.
– The SEM analysis of nonhydrogenated samples
of dual-phase steels showed a ductile fracture, while
hydrogenated samples showed cleavage transgranular
fracture. Also, hydrogen in the sample DP was mostly
accumulated in the impurities in the segregation zone,
which caused the increase of pressure and evolution
of crack along with the whole sample in the rolling
direction.
– The better resistance to hydrogen embrittlement
of sample A compared to that of the sample DP can
be assigned to its diﬀerent strengthening concept due
to less martensite, fewer inclusions, lower HE index,
and better elongation and contraction.
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