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The hydrogen diffusion behavior and hydrogen embrittlement susceptibility of dual phase
(DP) steels with different martensite content were investigated using the slow strain-rate
tensile test and hydrogen permeation measurement. Results showed that a logarithmic
relationship was established between the hydrogen embrittlement index (IHE) and the
effective hydrogen diffusion coefficient (Deff). When the martensite content is low, ferrite/
martensite interface behaves as the main trap that captures the hydrogen atoms. Also,
when the Deff decreases, IHE increases with increasing martensite content. However, when
the martensite content reaches approximately 68.3%, the martensite grains start to form a
continuous network, Deff reaches a plateau and IHE continues to increase. This is mainly
related to the reduction of carbon content in martensite and the length of ferrite/martensite
interface, which promotes the diffusion of hydrogen atoms in martensite and the
aggregation of hydrogen atoms at the ferrite/martensite interface. Finally, a model
describing the mechanism of microstructure-driven hydrogen diffusion with different
martensite distribution was established.

Keywords: dual phase steels, hydrogen embrittlement, hydrogen diffusion, martensite content, slow strain rate
tensile test

INTRODUCTION

As the automobile industry has developed rapidly, lightweight automobile components have become
important means for conserving energy and reducing emissions (Li et al., 2003). Dual phase (DP)
steel composed of ferrite and martensite has become a favored material for the manufacturing of
automobile structural parts, reinforcement parts and anti-collision parts due to the inherent high
strength, sound formability and weldability (Sirinakorn et al., 2014). DP steels of different strength
grades can be obtained by controlling the martensite content (Khan et al., 2008). However, the
presence of hydrogen permeation in materials during processing, pickling, welding and service is
prone to the risk of hydrogen embrittlement (Robertson et al., 2015). Furthermore, the magnitude of
the hydrogen influence increased with increasing strength, severely limiting the development of high
strength DP steels (Loidl et al., 2011).

Using the in-situ tensile test and SEM observation, Koyama (Koyama et al., 2014) found that
hydrogen atoms gathering on the martensite promoted the cleavage fracture of martensite phase.
Under static hydrogen charging, the interface of ferrite/martensite and martensite lath would
become wider with increasing hydrogen charging current density, resulting in microcracks (Sun
et al., 1989). Therefore, hydrogen embrittlement susceptibility of DP steel is related to the martensite.
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Previous studies have shown that hydrogen embrittlement is
generally caused by local hydrogen enrichment trapped at
dislocations, grain boundaries etc. and a high density of
hydrogen traps would reduce the diffusion coefficient of
hydrogen (Hadžipašić et al., 2011a; Loidl et al., 2011; Robertson
et al., 2015). Steels containing martensite phases have higher
capacities for capturing hydrogen atoms than those containing
other types of phases, such as ferrite, pearlite, etc., and therefore
steels with relatively low hydrogen diffusion coefficients will be
more susceptible to hydrogen embrittlement (Hadžipašić et al.,
2011a; Hadžipašić et al., 2011b; Hui et al., 2019). Meanwhile, with
the increase of the martensite content, the concentration of
hydrogen traps increased, and the effective hydrogen diffusion
coefficient decreased (Liu et al., 2016a; Liu et al., 2018). As a
result, compared with the DP980 steel, DP1200 steel is more
sensitive to hydrogen embrittlement and the tensile elongation
decreased from 9 to 5% after hydrogen charging (Loidl et al., 2011).

However, the increasing of martensite content is often coupled
with a change in distribution morphology. Davies (Davies, 1981;
Davies, 1983) found that hydrogen embrittlement susceptibility of
DP steel did not increase linearly with increasing the martensite
content from 0 to 45%. When the martensite content is lower than
30%, hydrogen embrittlement susceptibility increases with
martensite content increasing. However, when the martensite
content increases to 30%, the martensite phase starts to
distribute continuously along the grain boundary and hydrogen
embrittlement susceptibility reaches a stable value. But up till date,
how martensite content and morphology distribution affects
hydrogen diffusion is still not investigated.

Therefore, in this study, we investigated the hydrogen
embrittlement behavior of DP steels using slow-strain rate tensile
tests. The electrochemical permeation technique was used to
investigate hydrogen diffusion behavior, particularly focusing on
the influence of martensite distribution on hydrogen diffusion. A
mathematical relationship was established between the effective
hydrogen diffusion coefficient and the hydrogen embrittlement
index to evaluate the hydrogen embrittlement susceptibility from
the perspective of hydrogen diffusion.

EXPERIMENTAL SECTION

Material Characterization
Cold rolled steel sheets with an as-received thickness of 1.4 mmwere
used in this study. The chemical composition of the steel is presented
in Table 1. Samples of 200mm × 50mm cut along the rolling
direction were annealed in a tube vacuum furnace for 30min and
quenched in water. Based on thermo-calc software (Ac1 � 780°C, Ac3

� 870°C), the annealing temperatures of 780, 810, 840, and 870°C
were selected to obtain the desired quantity of martensite. A
microstructural study of the samples was conducted using a high-

resolution SEM (FEI Nova 400 Nano). Combined with Image Pro
Plus software, martensite content, average grain size and length of the
ferrite/martensite interface were counted by ten SEM photographs in
5,000× magnification. The detailed microstructure of the martensite
was analyzed by JEM - 2101FXⅡTEM.

Testing of Hydrogen Embrittlement
Susceptibility
Hydrogen embrittlement susceptibility measurements were carried
out on pre-polished tensile samples (26mm× 6mm× 1.4 mm) using
a slow strain rate tensile test machine (WDML-3) under in situ
electrochemical H-charging. The device and specimen shape were
shown in Figure 1. The same method was also described in literature
(Yuan et al., 2018). The strain rate was selected as 1 × 10−6 s−1 to
facilitate keeping the diffusion of hydrogen atoms in step with the
dislocation movement, thereby resulting in hydrogen embrittlement
(Kumamoto et al., 2019). Both the hydrogen-charged and uncharged
specimens were subjected to tensile test, with the former group
referred as “H-charged” group, and the latter group referred as
“air” group. For H-charged group, hydrogen charging tests were
carried out in an aqueous solution of 0.5 mol/L H2SO4 and 1 g/L
Na4P2O7 with a current density of 10mA/cm2. The solution was
purged with N2 for 2 h prior to testing to remove any oxygen and
continuously purged with N2 throughout the experiment.

TABLE 1 | Chemical composition of the experimental steel (wt %).

C Si Mn Cr Al S P Mo Fe

0.210 0.240 1.280 0.300 0.040 0.011 0.007 0.001 Balance

FIGURE 1 | Experimental set-up for tensile test under in situ
electrochemical hydrogen charging, the dimensions of specimen are in mm.
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Hydrogen Permeation Test
The hydrogen diffusion behavior of the DP steels was
investigated using the hydrogen permeation test conducted
in double electrolyte-cells (Chen et al., 2019). The
dimensions of the samples used were 20 mm × 30 mm ×
1.4 mm. Both sides of the specimens were polished to
eliminate flux-limiting surface impedances and ensure the
reliability of the measurement of the hydrogen oxidation
current. A circular area of 1 cm2 was exposed to the
electrolytic cells. The receiving cell was filled with 300 ml of
0.1 mol/L NaOH before applying a constant positive voltage of
250mV to the steel membrane. When the anode current fell
below 10–8 A, 300 ml of 0.5 mol/L H2SO4 and 1 g/L Na4P2O7

were added to the hydrogen charging cell and a charging
current of 10 mA/cm2 was maintained. When the
permeation rate achieved a steady-state level, the successive
decay curve was measured after stopping the current and
discharging the acid solution, until the anode current
dropped below 10–8 A. The solution used was deoxidized in
advance and the N2 continued to pass through the solution
during the experiment. All experiments were performed at
room temperature. To ensure reliability of the experimental
data, each test was repeated at least three times.

Hydrogen Microprint Test
Immediately after hydrogen charging, the charging sides of
original samples without tensile were lightly polished and
etched with 2% nital. Hydrogen microprinting was achieved
by immersing the samples in a solution of a 10 g AgBr
emulsion in 20 ml of 1.4 mol/L NaNO2 at 45°C for 30 min in
the darkroom. Hydrogen atoms were replaced by Ag on the
specimen surface from the solution via a redox reaction
(Ohmisawa et al., 2003). The specimens were rinsed in a 5%
NaNO2 aqueous solution. The microstructure was analyzed to
determine the distribution of silver particles on SEM.

RESULTS

Microstructure Characterization
Figure 2 showed that the microstructure of annealed samples
consisted of both ferrite (F) and martensite (M). The martensite
was small and discontinuous when annealed at 780°C. However,
with the increase of annealing temperature, the content and the
size of martensite increased. Martensite grains were gradually in a
continuous manner over the ferrite grain boundaries.
Distribution of martensite changed from semi-continuous style

FIGURE 2 | SEM images of DP steels after annealing at (A) 780°C; (B) 810°C; (C) 840°C; and (D) 870°C.
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to a continuous network. The length of the ferrite/martensite (F/
M) interface initially increased and subsequently decreased, as
showing in Table 2. It is mainly because the length of the F/M
interface depended largely on the size of dispersed martensite
when the martensite distribution is discontinuous, while it
depended on the ferrite size when martensite was distributed
in a continuous network. Figure 3 revealed a high density of
dislocations in the ferrite region around the F/M interface. In

TABLE 2 | Content of martensite, average size of ferrite (F), average size of
martensite (M) and length of ferrite/martensite (F/M) in DP steels.

Temperature (°C) 780 810 840 870

Content (%) 18.5 46.7 68.3 96.3
Size of M (µm) 2.63 7.14 10.52 12.63
Size of F (µm) 9.21 8.57 3.94 1.98
Length of F/M (10−2µm/µm2) 6.59 17.90 9.87 4.65

FIGURE 3 | TEM images of DP steel with 68.3% martensite content: (A) Dislocations in the ferrite region around the F/M boundary; and (B) dislocations and lath
boundaries in the martensite.

FIGURE 4 | (A) Stress-strain curves; (B) hydrogen embrittlement susceptibility; and (C) strength of ferrite and martensite of DP samples with different martensite
content.
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addition, a high density of lath boundaries and dislocations were
observed within the martensite.

Hydrogen Embrittlement Susceptibility
When the specimen was stretched slowly in an acidic solution, the
plastic index decreased, causing embrittlement of the material,
known as hydrogen-induced plastic loss. The hydrogen
embrittlement index (IHE) is defined as (Loidl et al., 2011):

IHE � (δ0 − δH)/δ0 × 100% (1)

where δ0 is the elongation of specimens in air and δH is the
elongation of specimens with hydrogen charging. IHE can vary
from 0% with no ductility loss, to 100% with total loss in ductility.

The tensile strength and total elongation of the samples decreased
significantly due to hydrogen charging (Figure 4A). An increase in
annealing temperature resulted in an increase in martensite content

FIGURE 5 | Fracture surface morphologies of DP steels with different martensite content: (A) 18.5% with non-charged; (B) 96.3% with non-charged; (C) 18.5%
with H-charged; (D) 46.7% with H-charged; (E) 68.3% with H-charged and (F) 96.3% with H-charged.
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and consequently the hydrogen embrittlement index (Figure 4B).
Figure 4C shows the variation of strength in ferrite and martensite.
With the increase of martensite content, the strength of ferrite
increases while the martensite’s decreases. The strength of ferrite
can be calculated by the formula (Jahanara et al., 2019),
σFb � σi + Kyd−1/2 + 69, where σi is lattice friction (49MPa), Ky is
constant (500MPa μm1/2), and d is the grain size of ferrite (see
Table 2). The martensite’s strength can be achieved by the
formula (Xia and Zhou, 2000), σMb � 541 + 2289(Cm)1/2, Cm is the
carbon content in the martensite, which can be obtained by thermo-
calc software. The values are 0.589, 0.475, 0.301, and 0.220%
respectively corresponding to the martensite content with 18.5,
46.7, 68.3, and 96.3%.

Figure 5 shows the fracture surface morphologies of the tensile
steels. The fracture surface morphologies of the non-charged
samples present ductile fracture features (Figures 5A,B). After
hydrogen charging, the proportion of brittle fracture
characteristics increases gradually with increasing martensite
content. Uniform ductile dimples (DD) appear on the sample
with low martensite content 18.5% (Figure 5C), the dimples
(DD) become shallower, and some quasi-cleavage (QC) fracture
features appear with increasing martensite content (Figure 5D).
When the martensite content reaches over 68.3%, the fracture
completely exhibits brittle characteristics of a quasi-cleavage
(QC) fracture (Figure 5E) and intergranular fracture
(Figure 5F). Combined with microstructural observation in
Figure 2, it was found that when the martensite content is
low and the martensite are distributed, the steel is mainly
characterized by ductile fracture. As the martensite content
increased, the martensite became a continuous network and
the fracture surface presents brittle features.

Lateral fracture surface morphology examination showed
several secondary hydrogen-induced cracks, which formed on
the surface of tensile samples with low martensite content, are

perpendicular to the direction of tensile stress and adjacent to the
main fracture (Figure 6). When the martensite content reached
68.3%, brittle fractures occurred directly in the hydrogen charging
solution without any cracks on the side of the fracture. Detailed
SEM observation revealed that the most secondary hydrogen-
induced cracks was initiated at the F/M interface and propagated
toward the martensite, whereas the ferrite acted as crack
propagation barriers (Figure 7A). As the martensite content
increased, the grain size of martensite increased, and the
hydrogen-induced cracks started to propagate continuously
throughout martensite grains (Figure 7B). Hydrogen
microprinting confirmed that most of the silver particles
clustered at the ferrite/martensite interfaces (Figure 8),
indicating the aggregation of hydrogen atoms at the interface.

Hydrogen Permeation Test
Hydrogen diffusion in DP steel is strongly influenced by the
presence of martensite. As the martensite content increased, both
the permeation time and desorption time increased, while the
steady state current decreased (Figure 9).

Permeation experiments allow the determination of hydrogen
permeation parameters via the following methods (Liu et al.,
2016b). The hydrogen flux through the sample was measured by
the steady state hydrogen current density, I∞, which is converted
into hydrogen permeation flux, J∞ by Eq. 2.

J∞ � I∞
FA

(2)

where A is the sample area and F � 96,485 C/mol is the Faraday
constant. In this study, A � 1 cm2. The effective hydrogen
diffusivity, Deff, can be calculated by Eq. 3.

Deff � L2

6t0.63
(3)

where L is the thickness of the sample and t0.63 is the
corresponding time for 0.63I∞, as shown by the arrows in
Figure 9A. In this work, L is 1.4 cm. The hydrogen
concentration at the charging side, C0, can be calculated by
Eq. 4.

C0 � J∞L
Deff

(4)

The hydrogen trapping density can be estimated by Eq. 5.

NT � C0

3
(DL

Deff
− 1) (5)

DL is the lattice diffusion coefficient of hydrogen, which can be
estimated by fitting the permeation Eq. 6 to the experimental
permeation during the 1–0.8 desorption step.

ip − i∞p
i0p − i∞p

� 1 − 2L����
πDt

√ ∑∞
n�0

exp( − (2n + 1)2L2
4Dt

) (6)

where i0p is the initial steady-state permeation rate at time t � 0,
and i∞p is the steady-state permeation. The accuracy of the fitting
curve that can be met with n is 0, 1, 2, 3, 4.

FIGURE 6 | Lateral fracture surface morphology of DP steel with
martensite content in 18.5%.
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Table 3 shows the hydrogen permeability parameters in DP
steels. As the martensite content increased, the hydrogen trapping
density NT increased, and the effective hydrogen diffusion
coefficient Deff and the hydrogen permeation flux J∞ decreased.

Figure 10 shows the relationship between martensite content
and the calculated hydrogen diffusion coefficient. In order to

ensure the accuracy of linear fitting, an DP steel with smaller
martensite content (<18.5%) is needed. As it was hard to obtain a
sample with martensite content below 18.5% using the current
steel with 2.0 wt % carbon content, DP steel with 1.0 wt % carbon
content and the similar content of other elements were subjected
to heat treatment. After annealing in the two-phase zone, 6.49%

FIGURE 7 | Hydrogen-induced cracks of DP steels with different martensite content: (A) 18.5%; and (B) 46.7%.

FIGURE 8 | (A)Hydrogen microprints showing hydrogen concentration at the F/M interface in a sample with 18.5%marteniste content; and (B) the corresponding
enlarged image.

FIGURE 9 | Hydrogen permeation curves of DP samples: (A) Hydrogen permeation during charging step; and (B) hydrogen permeation during desorption step.
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martensite content was obtained. The hydrogen diffusion
coefficient in this sample was 4.90 × 10–7 cm2/s. Due to the
very low martensite content, the hydrogen atoms primarily
diffused along the ferrite (Owczarek and Zakroczymski, 2000).
As most of the carbon atoms were presented in themartensite, the
effect resulted by the decrease of carbon content from 2 to 1 wt %
on the diffusion coefficient of steel could be ignored, which makes
the linear fitting reliable. As the martensite content increased, the
hydrogen diffusion coefficient decreased rapidly before leveling off at
approximately 68.3% or higher martensite content. By extrapolating
the curve to 0% martensite, the effective hydrogen diffusion
coefficient (Dα) in the ferrite phase was about 5.68 × 10–7 cm2/s.

According to the previous hydrogen diffusion model
(Owczarek and Zakroczymski, 2000), the change in the
desorption rate of hydrogen atoms in martensite im with time
t can satisfythe Eq. 7:

im � 4πDmC
p
m,0{exp[ − Dm(2.404)2t

R2
] + exp[ − Dm(5.520)2t

R2
]

+ exp[ − Dm(8.654)2t
R2

] + ...}
(7)

In the formula, Cp
m,0 is the initial concentration of hydrogen

atoms in the martensite at the beginning of desorption; Dm is the
effective hydrogen diffusion coefficient in the martensite; and R is
the average equivalent diameter of the martensite. When the

desorption time t→∞, only the first term in Eq. 7 can make the
equation hold, as shown in Eq. 8:

im � 4πDmC
p
m,0{exp[ − Dm(2.404)2t

R2
]} (8)

Using the logarithm of Eq. 8, a linear correlation with time, t is
revealed:

log im � log(4πDmC
p
m,0) − Dm(2.404)2t

R2
(9)

Therefore, after a certain time, the logarithm of the desorption
rate should be a linear function of time with a slope dependent
only on Dm and R.

To establish the hydrogen desorption current curve in the
martensite, im, we first calculated the hydrogen desorption
current in the pure ferrite, iα by substituting the ferrite’s
diffusion coefficient in Eq. 6. The hydrogen desorption curves in
themartensite can be calculated by subtracting the desorption curve
of the ferrite from the measured desorption curve of DP steel,
i.e., im � i − iα, as shown in Figure 11A. Using the method, the
hydrogen desorption curves in the martensite can be obtained, as
showing in Figure 11B. Combining Eq. 9, the effective hydrogen
diffusion coefficient Dm of hydrogen atoms can be obtained.

The results are largely consistent with the hydrogen diffusion
coefficient in pure martensite steel (Frappart et al., 2012). The
effective hydrogen diffusion coefficient in martensite (Dm)
increased with the martensite content (Figure 12A), possibly
due to a decrease in the carbon concentration of the martensite.
Carbon content in martensite was obtained by thermo-calc
software against intercritical annealing temperature. As the
intercritical annealing temperature increased, the proportion of
carbon in the martensite decreased (Figure 12B).

DISCUSSION

Effect of Martensite Content and
Distribution on Hydrogen Diffusion of DP
Steels
Previous studies have shown that the decrease in hydrogen diffusion
coefficient of DP steel is correlated to martensite, which contains a
high density of dislocations and other defects to capture hydrogen
atoms (Sun et al., 1989; Hadžipašić et al., 2011a; Hadžipašić et al.,
2011b; Koyama et al., 2014; Liu et al., 2016a; Liu et al., 2018; Hui et al.,
2019). It is logical to deduce that the hydrogen diffusion coefficients
decrease as martensite content increases. However, Figure 10 showed
that once the martensite content reached approximately 68.3%, the
hydrogen diffusion coefficient started to level off. Therefore, the
hydrogen diffusion is strongly influenced by not only the
martensite content but also the distribution of the martensite
phases. Depending on the characteristics of microstructure and
hydrogen diffusion in DP steels, a model describing the
mechanism of microstructure-driven hydrogen diffusion with
different martensite distribution was established.

FIGURE 10 | The correlation of the hydrogen diffusion coefficient as a
function of martensite content in DP steel.

TABLE 3 | Hydrogen permeation parameters of DP steels.

Martensite content, % J‘, mol·cm−2·
s−1

t0.63, s Deff, cm
2·

s−1
NT, mol/cm3

18.5 3.16 × 10–11 8,757 3.73 × 10–7 2.13 × 10–6

46.7 1.96 × 10–11 11,264 2.90 × 10–7 2.30 × 10–6

68.3 1.74 × 10–11 11,666 2.80 × 10–7 2.61 × 10–6

96.3 1.47 × 10–11 11,793 2.77 × 10–7 2.77 × 10–6
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When the martensite content was relatively low, the
martensite phases were in the form of small isolated islands
(Figures 2A,B). Hydrogen atoms preferentially passed through

the ferrite for its higher hydrogen diffusion coefficient than
martensite. And they were unlikely to be accumulated, which
could be reflected by a higher hydrogen diffusion flux and

FIGURE 11 | (A) Desorption curves of ferritic and martensitic phases in DP steel with 46.7%martensite content; and (B) calculated hydrogen desorption rate in the
martensitic phase vs time.

FIGURE 12 | (A) The hydrogen diffusion coefficient in martensite and (B) calculated carbon concentration vs the martensite content.

FIGURE 13 | Schematic representation of the microstructure-driven hydrogen diffusion in DP steel: (A) distribution of martensite is discontinuous; (B) ditribution of
martensite is continuous.
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effective hydrogen diffusion coefficient in DP steel (Table 3). As
the martensite content increased, the length of F/M interface
increased (Table 2), which acted as hydrogen traps. Hydrogen
trapping effect at the interface could be observed directly through
the hydrogen microprint (Figure 8). More martensite content
resulted in higher hydrogen trapping effect, which presented an
obvious decrease in both hydrogen diffusion flux and the effective
hydrogen diffusion coefficient (Table 3).

However, when the martensite content increased to
approximately 68.3%, the distribution of martensite phases
started to form a continuous network (Figures 2C,D).
Hydrogen atoms have to diffuse across the martensite, and the
fast diffusion channel of the hydrogen atoms along the ferrite
disappears. (Figure 13B). Hydrogen atoms were captured by both
the F/M interface and martensite during diffusion. On one side,
with the increasing of martensite content, the effective hydrogen
diffusion coefficient in the steel continued to decrease due to a
high density of dislocation and lath boundary in the martensite
phase that acted as hydrogen traps, which is similar to the
previous studies (Hui et al., 2019; Liu et al., 2016a; Kumamoto
et al., 2019). On the opposite side, the carbon content in
martensite decreased as the martensite content increased,
which leading to the decreasing hydrogen trapping effect of
carbon. Then the effective hydrogen diffusion coefficient
increased as shown in Figure 12. The trapping effect between
carbon and hydrogen atoms could refer to the literature (Geng
et al., 2018). Therefore, the counterbalancing effect of the two
opposite aspects leaded the hydrogen diffusion coefficients
started leveling off.

Effect of Martensite Content and
Distribution on Hydrogen Embrittlement of
DP Steels
When subjected to thermomechanical treatment, there is stress
concentrating around the F/M interface due to the strain
incompatibility between the soft ferrite and hard martensite,
resulting in high density of dislocations around the interface
(Figure 3A). During the process of hydrogen charging,
hydrogen atoms could migrate with the movable dislocation
and aggregated at the interface, then generated an attached
stress and subsequently promoted the interface cracking
(Zhang et al., 2003), thus the hydrogen-induced crack
initiated at the F/M interface and passed though the
martensite (Figure 7).

When the martensite content was relatively low and the
martensite phases were in the form of small isolated islands,
the low concentration of hydrogen traps resulted in a low
aggregation of hydrogen atoms. Thus, the additional stress
generated by the hydrogen atom is low. Additionally, the soft
ferrite could absorb parts of the plastic deformation energy
during tension and effectively prevented the expansion of the
crack (Figure 7A). Therefore, the hydrogen embrittlement index
was low, and the tensile fracture surface presented the clear
characteristics of the ductile fracture when martensite content
was 18.5% (Figure 6A). With the increase of martensite content,
the concentration of hydrogen traps increased and trapped more

hydrogen atoms, which led to an increased additional hydrogen-
induced stress at the interface of F/M. Additionally, with the
decrease of ferrite size, the ferrite’s strength increased and the
susceptibility of ferrite to hydrogen embrittlement was also
increased, which weakens the inhibition effect of ferrite on
crack propagation. Therefore, the hydrogen embrittlement
index of test steel increased from 20.28 to 38.89% and the
dimples of tensile fractures became shallower, showing higher
hydrogen embrittlement susceptibility.

However, when the martensite content increased to
approximately 68.3%, the distribution of martensite phases
started to form a continuous network (Figures 2C,D). The
concentration of hydrogen traps and the captured hydrogen
atoms in steel were continued to increase. But the length F/M
interface decreased with the decrease of ferrite size, and thus the
additional hydrogen-induced stress at F/M interface would reach
a critical fracture stress more easily. Additionally, the reduction of
carbon content in martensite promoted the diffusion of hydrogen
atoms in martensite. Therefore, the effective hydrogen coefficient
reaches a plateau, but the hydrogen embrittlement sensitivity
increased continuously with increasing martensite content and
the tensile fracture showed obvious cleavage or brittle
intergranular fracture morphology (Figures 5C,D). Therefore,
the critical transition point of the influence of the martensite
content on hydrogen embrittlement was the formation of a
continuous network of martensitic phases. Previous studies
(Davies, 1983) also showed that when the martensite content
increased to 30% and formed a continuous network, the hydrogen
embrittlement susceptibility of DP steel reached a stable value.
This may be related to the distribution of the long trip
martensite along the interface. And the length of F/M
interface didn’t significantly change when the martensite
content exceeds 30%. However, in this study, the morphology
of martensite is block and the length of F/M interface decreased
significantly with the increasing martensite content when the
distribution of martensite is continuous in DP steel, which
results in a continuously increasing of hydrogen embrittlement
susceptibility.

Additionally, with the increase of martensite content, the
strength of ferrite increases while the martensite’s decreases,
which could improve the deformation compatibility between
the two phases (Figure 4C). A better deformation
compatibility results in a more uniformly distribution of strain
during the tensile deformation and could reduce the occurrence
of pores and microcracks at the interface of the ferrite/martensite.
However, with the increase of martensite content, the total
hydrogen concentration trapped by the steel increases
(Table 3). More hydrogen atoms could aggregate in the defect
sites (such as ferrite/martensite interfaces or inclusions) of steel,
and thus promoting nucleation. Moreover, the martensite matrix
is more susceptible to the hydrogen embrittlement and has lower
crack resistance, hydrogen-induced cracks are easier to propagate
in DP steel with higher martensite content (Figure 7B). In
summary, the increasing martensite content played dual roles
in the hydrogen embrittlement of DP steels, with the harmful role
far outweighed the beneficial role, finally leading to the increased
hydrogen embrittlement susceptibility.
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Correlation Between Hydrogen Diffusion
and Hydrogen Embrittlement in DP Steels
The relationship between the Deff and the IHE is established in
Figure 14A and the logarithmic value of the coordinate variables
is taken in Figure 14B. The mathematical relationship between
them could be expressed in Eq. 10. It showed that IHE increased
with a decrease in Deff.

log(IHE) � 3.13 − 3.54 × log(Deff) (10)

Previous studies have shown that the influence of hydrogen
diffusion on hydrogen embrittlement is mainly related to the
aggregation of hydrogen atoms in hydrogen traps (Davies, 1981;
Liu et al., 2016a). When Deff → 0, hydrogen atoms were
captured by hydrogen traps such as martensite and F/M
interface in DP steel, IHE reached the maximum. With the
increase of Deff, the concentration of hydrogen atoms
captured by the hydrogen traps decreased and less hydrogen
enriched at the martensite phase and F/M interface, thus the
hydrogen embrittlement susceptibility IHE decreased. When
Deff reached infinity, the concentration of hydrogen captured
in the hydrogen traps is almost zero, which results that the IHE

approached zero. Previous study has shown that when IHE is
over 35%, the material was sensitive to hydrogen embrittlement
(Jahanara et al., 2019). We substituted 35% into Eq. 10, Deff was
calculated as 2.71 × 10–7 cm2/s. The Deff value could be used to
evaluate hydrogen embrittlement susceptibility of DP steels and
the material was sensitive to hydrogen embrittlement when the
Deff was less than 2.71 × 10–7 cm2/s, which would need fewer test
materials and shorter test time compared with the usual slow
strain rate tensile test.

Through the above research, the hydrogen embrittlement
problem in high strength steel is mainly caused by the
trapping and aggregation of hydrogen atoms at the hydrogen
traps such as ferrite/martensite interfaces or within themartensite
phases. Therefore, during the development of new hydrogen
resistant materials, reducing the number of hydrogen traps or
the concentration of trapped hydrogen atoms can reduce the
hydrogen embrittlement susceptibility of high strength steels
containing martensite phase. The required strength of steel

could be achieved by refining the grains if the quantity of
martensite content were decreased to reduce the quantity of
available hydrogen traps, such as martensite and ferrite/
martensite phase boundaries. Besides, the distribution of the
martensite phases can be refined through suitable heat
treatments to avoid the formation of a continuous martensite
network.

CONCLUSION

(1) In DP steels, the hydrogen trapping density increases with
increasing martensite content, resulting in an increase in
hydrogen aggregation concentration and hydrogen
embrittlement susceptibility. When the martensite content
reaches 68.3% and distributes to a continuous network, the
decreasing length of the ferrite/martensite interface makes it
easier for gathering hydrogen atoms to reach the critical
concentration for the cracking of the ferrite/martensite
boundary, resulting in the continuously increasing of
hydrogen embrittlement.

(2) The hydrogen diffusion is strongly influenced by the
distribution of the martensite phases in DP steel. When
the martensite phases are isolated, the diffusion of
hydrogen primarily occurs through ferrite grains and the
ferrite/martensite interfaces are the main traps that decrease
the effective hydrogen diffusion coefficient with increasing
martensite content.When themartensite phase starts to form
a continuous network, the hydrogen atoms have to diffuse
through the martensite phases. The counterbalancing effect
of the increasing hydrogen diffusion coefficient in the
martensite phase with decreasing carbon content slows the
decrease of Deff.

(3) A logarithmic relationship between the hydrogen embrittlement
index IHE and the hydrogen diffusion coefficient Deff is
established as log(IHE) � 3.13 − 3.54 × log(Deff ). The
susceptibility of the hydrogen embrittlement in high
strength DP steel will decrease with an increasing
hydrogen diffusion coefficient. Finely dispersed

FIGURE 14 | Effect of the hydrogen diffusion coefficient on the embrittlement index of DP steels: (A) experimental dates; and (B) logarithmic values.
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martensite is conducive to reducing the hydrogen
embrittlement susceptibility of DP steels with fewer
hydrogen traps and a lower concentration of captured
hydrogen atoms compared with martensite distribution
in a continuous network.
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