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Abstract 
We investigate the influence of constituent phases on the hydrogen-induced mechanical degradation in two ultra-high strength 
sheet steels. In the complex phase (CP) steel, of which microstructure can be regarded as monolithic in terms of hydro-
gen behaviors, the rate of hydrogen uptake gradually decreases with the charging time, while the transformation-induced 
plasticity (TRIP) steel exhibits a persistent hydrogen absorption up to the charging time of 48 h, which is attributed to the 
presence of austenite. The mechanical degradation of TRIP steel goes beyond that of the CP steel at charging time over 
12 h, coincident with the condition in which the austenite contributes to the hydrogen uptake. Both the ultra-high strength 
and the presence of austenite have unfavorable influence on the hydrogen embrittlement. Therefore, in the TRIP steel, it is 
necessary to evaluate quantitatively the critical hydrogen concentration over which more care should be taken to reduce the 
risk of hydrogen-induced mechanical degradation.
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1  Introduction

Very small amount of hydrogen in steel can deteriorate 
the mechanical performance significantly. It is called as 
hydrogen embrittlement and has been one of the important 
issues, particularly, in the wire and rod steel products [1, 
2]. Tensile strengths of those steels often exceed 1 GPa 
that is a critical value to consider a risk of the mechani-
cal degradation by hydrogen [3–6]. Recently, concern on 
hydrogen embrittlement is growing in the sheet steels for 
automotive parts [7, 8]; it is attributed to the increased 
strength level keeping pace with the safety requirement 
as well as the weight reduction of body-in-white [9]. For 
instance, ultra-high strength steels having tensile strength 
over 1.2 GPa are actively applied to secure the crush 
worthiness.

Dissimilar to the wire and rod products, the sheet steels 
usually contain multiphase microstructure to obtain the 
strength-elongation balance [10–12]. Typical constitu-
ent phases utilized in ultra-high strength sheet steels are 
bainite, martensite and retained austenite [13]. In certain 
cases, ferrite is also employed to achieve desired ductil-
ity. Since the characteristics of constituent phases heavily 
affect the hydrogen uptake and diffusion behavior, which 
are critical parameters in the hydrogen embrittlement sus-
ceptibility, the multiphase microstructures of ultra-high 
strength sheet steels make the hydrogen-induced mechani-
cal degradation more complicated phenomena [14–16].

Various microstructure concepts have been proposed 
in the sheet steels and succeeded in obtaining ultra-high 
strength without serious loss of elongation [17–19]. Nev-
ertheless, the influence of microstructure constituents on 
the hydrogen uptake and diffusion behaviors in ultra-high 
strength multiphase steels are not sufficiently investigated 
so far. Given that the reliability of mechanical performance 
is one of the essential indices for the application of ultra-
high strength sheet steels to the structural parts, a quantita-
tive analysis on the hydrogen behaviors depending on the 
constituent phases is crucial regarding not only to the sci-
entific aspect but also to the industrial perspective. There-
fore, in the present study, we conducted a comprehensive 
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study on the hydrogen behaviors and resultant mechani-
cal degradations in two representative ultra-high strength 
sheet steels: complex phase (CP) steel and transformation-
induced plasticity (TRIP) steel. We aim to examine the 
hydrogen uptake and diffusion in dissimilar microstructure 
of ultra-high strength sheet steels, and to investigate the 
corresponding mechanical response associated with the 
hydrogen behavior; thereby it is expected to provide an 
insight for the microstructure design in ultra-high strength 
sheet steels compromising the mechanical performance 
and the reliability related to the hydrogen.

2 � Experimental procedures

Table 1 shows the chemical compositions of investigated 
steels. The complex phase (CP) steel and transformation-
induced plasticity (TRIP) steel is designated as CP and TRIP, 
respectively. They are ultra-high strength steels with tensile 
strength over 1180 MPa. The steel sheets are delivered as cold-
rolled and heat-treated condition with a thickness approxi-
mately 1 mm. Microstructure of the steels were observed 
using a scanning electron microscope (SEM) with electron 
back scattered diffraction (EBSD). For the SEM and EBSD 
analysis, electrochemical polishing was conducted in a solu-
tion of 5% HClO4 + 95% CH3COOH. The retained austenite 
fraction was quantified using integrating intensity of (111)γ, 
(200)γ, (220)γ, (311)γ and (110)α, (200)α, (211)α, (220)α peaks 
obtained from the XRD [20, 21]. Hydrogen charging was 
carried out electrochemically using a pair of subsized tensile 
specimens (ASTM E8M) in an aqueous solution of 3% NaCl 
containing 3 g/l NH4SCN with a current density of 1 A/m2 for 
1–48 h at room temperature. Amount of diffusible hydrogen 
content was measured using a quadruple mass spectroscope 
(Q-mass) at a heating rate of 100 °C/h to 300 °C. Mechanical 
degradation at presence of hydrogen was evaluated by a slow 
strain tensile test (SSRT) at a strain rate of 10− 5 /s. To prevent 
hydrogen effusion during the SSRT, Zn plating was conducted 
on the tensile specimen after the hydrogen charging. Effective 
diffusivity and apparent solubility of hydrogen was estimated 
by a hydrogen permeation test complying to ISO 17,081 [22]. 
Time lag method, Deff = L2 / 6tl, was used, where L is speci-
men thickness and tl is time lag defined to be that required to 
achieve 0.63 of the steady-state current density on the permea-
tion curve.

3 � Results and discussion

3.1 � Microstructure and hydrogen uptake

Microstructure of the CP steel consists of bainite and mar-
tensite with ferrite (Fig. 1a), while the major microstructure 
constituents in TRIP steel are bainitic ferrite and retained 

austenite (Fig. 1c). The EBSD phase maps in Figs. 1b and d 
reveal that austenite fraction in the CP steel is negligible but 
the presence of fine austenite grains in the TRIP steel with 
the size around 0.5 µm (Fig. 1d). The austenite fraction is 
evaluated to be nearly 0% and 15% in the CP and TRIP steel, 
respectively, using the XRD profiles in Fig. 2. Representa-
tive stress–strain curves using SSRT indicate that the tensile 
strength of both steels are over 1180 MPa (Fig. 3). It is noted 
that the tensile strength and total elongation of TRIP steel 
is rather higher than those of CP steel, which is presumably 
coming from the enhanced work hardening by deformation-
induced transformation of austenite into martensite [23, 24]. 
The gradual decrease of austenite fraction with tensile elonga-
tion (Fig. 4, black symbols) confirms the formation of mar-
tensite in the course of deformation.

Figure 5a, b are hydrogen desorption curves after elec-
trochemical charging for given times. Most of hydrogen is 
released below 200 °C, indicating the major trapping sites 
of hydrogen are reversible ones in both steels [25–27]. The 
amount of diffusible hydrogen in the CP steel (Fig. 6a) is 
gradually increased with the charging time; while the rate 
of hydrogen uptake become slow as the charging time 
increases, indicating a saturation of hydrogen absorption at 
the prolonged charging time. On the other hand, the hydro-
gen uptake in the TRIP steel exhibits rather different fea-
ture (Fig. 6b). The amount of hydrogen in the TRIP steel 
increases with the charging time; however, a transition in 
the charging behavior is observed around the charging time 
between 8–12 h and the amount of hydrogen keep increasing 
at the prolonged charging time. It suggests that the hydro-
gen uptake continuously proceeds without saturation for 
given charging conditions. Different hydrogen absorption 
behavior in the CP and TRIP steels is thought to be related 
to the dissimilar microstructure constituent in both steels. 
As mentioned, the microstructure of the CP steel is com-
posed of bainite, martensite and ferrite. Even though the 
strength levels of those phases are quite diverse, the diffu-
sivity and solubility of hydrogen in those phases are com-
parable because they have nearly the same crystal structure 
(BCC or BCT close to BCC). Meanwhile, the TRIP steel 
contains considerable amount of retained austenite (~ 15%) 
having a crystal structure of FCC. The behavior of hydrogen 
in austenite is significantly different from that in remain-
ing microstructure constituent such as bainitic ferrite. For 
instance, the diffusivity of hydrogen is orders of magnitude 
slow in austenite compared to that in ferrite [28], while the 
solubility of hydrogen far larger in austenite than that in 

Table 1   Chemical composition 
of investigated steels (wt%)

C Mn Si Others

CP 0.12 2.3 1.0 < 1.0
TRIP 0.17 2.6 1.5 < 0.3
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ferrite [29–31]. Given that the austenite grains are isolated 
by continuous matrix of bainitic ferrite in the TRIP steel 
(Fig. 1d), it is reasonable to presume that the hydrogen per-
meates the bainitic ferrite preferentially, and uptake into the 
austenite occurs subsequently [32]. In that sense, the rapid 
increase of hydrogen content in earlier charging time up to 
12 h is mainly led by the absorption of hydrogen by bainitic 
ferrite but the further increase of hydrogen content at the 
prolonged charging time is also attributed to the hydrogen 
uptake into austenite. Persistent increase of hydrogen con-
tent in the charging time over 12 h in the TRIP steel, which 
is different from the gradual saturation of hydrogen content 
observed in the CP steel, is consistent with the larger hydro-
gen solubility in austenite. Table 2 shows the effective dif-
fusivity and apparent solubility of hydrogen evaluated from 
the permeation curves (Fig. 7). The TRIP steels exhibits 
lower diffusivity but larger solubility of hydrogen compared 
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Fig. 1   SEM micrographs of a CP steel and c TRIP steel and EBSD phase maps of b CP steel and d TRIP steel (Red regions in the phase maps 
represent the FCC phase and the average confidence index was above 0.65. The step size was 40 nm for EBSD measurement)

Fig. 2   XRD profiles of the investigated steels
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to those in CP steel; it suggests that the TRIP steel absorbs 
more hydrogen due to the presence of retained austenite even 
though the rate of hydrogen uptake into austenite is slow. It 
accords with the nearly constant increase of hydrogen con-
tent at the prolonged charging time up to 48 h in the TRIP 
steel (Fig. 6b).

3.2 � Influence of constituent phase 
on hydrogen‑induced mechanical degradation

The stress–strain curves of CP and TRIP steels subjected 
to the hydrogen charging show degradations in elongation 
as well as tensile strength (Fig. 8). The tensile properties of 

both steels are deteriorated as the charging time increases; 
nevertheless, it is noted that the susceptibility to the hydro-
gen-induced mechanical degradation appears to be different 
in both steels at longer charging time (Fig. 9). When the 
hydrogen charging time is shorter than 12 h, mechanical 
degradation in both steels is comparable. However, the elon-
gation loss in the TRIP steel goes beyond that in the CP steel 
at charging time longer than 12 h and ends up with approxi-
mately 20% higher value at charging time of 48 h. When it 
comes to the loss in tensile strength, the difference between 
the CP and TRIP steels becomes more obvious. The loss in 
tensile strength is less than 5% for all charging conditions in 
the CP steel but that of the TRIP steel increases remarkably 
after hydrogen charging of 12 h, and reaches to around 20% 
at the charging time of 48 h.

The hydrogen uptake behaviors (Fig. 6) and correspond-
ing mechanical degradations (Fig. 9) gives a clue to under-
stand the different hydrogen susceptibility in both steels. 
As mentioned, the hydrogen uptake during electrochemical 
charging is affected by the characteristics of microstructure 
constituent of the CP and TRIP steels. Given that the CP 
steel has a monolithic microstructure in terms of the hydro-
gen behavior, the TRIP steel contains retained austenite 
having slower diffusivity and larger solubility of hydrogen 
compared bainitic ferrite matrix; it is thought to lead to the 
nearly constant increase of hydrogen content after the charg-
ing time of 12 h (Fig. 6b). Then the coincidence of the charg-
ing time, at which the retained austenite actively contributes 
to the hydrogen uptake and the significant deterioration of 
elongation and tensile strength in the TRIP steel happens, 
implies that the hydrogen absorption into the retained aus-
tenite plays a role in the pronounced mechanical degradation 
in the TRIP steel.

Even though the diffusion of hydrogen in austenite is 
very slow compared to that in bainitic ferrite, larger amount 
of hydrogen can be dissolved in austenite; therefore, once 
the austenite is enriched with hydrogen and subsequently 
exposed to the deformation, the stress- or strain-induced 
martensitic transformation is likely to generate hydrogen-
supersaturated fresh martensite. It has been reported that the 
fresh martensite is vulnerable microstructure to the occur-
rence of hydrogen embrittlement [33, 34]. Besides, since 
supersaturated hydrogen in martensite has higher diffusivity 
than that in austenite, it can migrate into various types of 
adjacent interfaces in a short time, leading to the deteriora-
tion of ductility [32]. Actually, the austenite fraction meas-
ured in the hydrogen charged specimens fractured at cor-
responding tensile elongations (Fig. 4, red symbols) clearly 
indicates that significant amount of retained austenite trans-
formed into martensite upon deformation, which implies the 
generation of hydrogen-enriched fresh martensite. Overlap-
ping of the change of austenite fraction with respect to the 
tensile elongation in hydrogen-free and hydrogen charged 
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Fig. 3   Stress–strain curves of the investigated steels subjected to slow 
strain tensile tests (without hydrogen charging)
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specimen in Fig. 4, it seems that the presence of hydrogen 
in austenite deteriorates the mechanical stability of austenite 
[35]. However, it has been a controversial issue [36] that 
needs a further investigation.

Figure 10 shows the fracture surfaces of the CP and 
TRIP steels after the SSRT. Without hydrogen, both steels 
exhibit ductile fracture surface covered with many dimples 
(Fig. 10a, d). As the charging time elapses, the depths of 
dimples become shallow and regions of brittle fracture 
surface (indicated with arrows) increases (Fig. 10b, e). At 
charging time of 24 h, brittle fracture surface prevails in both 
steels (Fig. 10c, f), yet more micro-cracks are found in the 
TRIP steel (indicated by arrows); it is in accordance with 
the severe mechanical degradation of the TRIP steel at the 
prolonged charging time. Given that higher population of 

micro-cracks in the TRIP steel at the charging time allow-
ing hydrogen uptake into austenite, the hydrogen, originally 
enriched in austenite, can migrate in a short time into neigh-
boring interfaces during the deformation-induced martensite 
transformation and increases a propensity to initiate cracks 
upon deformation, resulting in higher susceptibility to the 
hydrogen embrittlement.

It is worth mentioning that the loss of tensile strength in 
the TRIP steel becomes considerable with hydrogen charg-
ing over 12 h but it is nearly insensitive to the charging 
condition in the CP steel. It is because the work harden-
ing of TRIP steel is primarily governed by the formation of 
deformation-induced martensite [24, 37, 38]. As mentioned, 
the deformation-induced martensite transformation from 
the hydrogen-enriched austenite enhances the propensity to 
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Fig. 5   Hydrogen desorption curves with charging time a CP steel and b TRIP steel
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crack initiation in the neighboring interfaces. Therefore, the 
TRIP steel is prone to a premature fracture with hydrogen 
uptake, leaving some untransformed austenite grains that 
cannot contribute to the work hardening. In that circum-
stance, the TRIP steel cannot make full use of retained aus-
tenite to achieve the tensile strength without hydrogen. On 

the contrary, the work hardening of the CP steel is mainly 
involved with the dislocation interactions, which is less 
affected by the presence of hydrogen.

Finally, we would like to mention the susceptibility 
to the hydrogen embrittlement of the ultra-high strength 
sheet steels in the present study. Figure 11 summarizes 
the degradation of mechanical properties of the ultra-high 
strength CP and TRIP steels as a function of hydrogen 
contents. For comparison, the loss of elongation and 
tensile strength of TRIP 780 grade (tensile strength of 
780 MPa) steel [34] and martensitic steel (4340 steel 
with tensile strength of 1500 MPa) [2] are also indicated. 
Note that the retained austenite fraction of TRIP 780 
grade steel is 14.8% that is similar to that of the present 
TRIP steel (15%). Even with large difference in the ten-
sile strength, the CP steel of the present study exhibits 
hydrogen-induced mechanical degradations comparable 
to that of TRIP 780 grade steel. Meanwhile, the ultra-
high strength TRIP steel appears to be more sensitive to 
the hydrogen embrittlement than TRIP780 grade steel; 
losses of elongation and tensile strength at hydrogen 
content around 0.6 ppm in the ultra-high strength TRIP 
steel is similar to those at 1.2 ppm in the TRIP780 grade 
steel. It represents that both ultra-high tensile strength 
(over 1200 MPa) and presence of retained austenite have 
unfavorable influence on the hydrogen embrittlement. 
Nevertheless, the mechanical degradation of the present 
TRIP steel is comparable to that of the CP steel as long as 
the hydrogen content is less than approximately 0.6 ppm 
where the martensitic steel still experiences severe degra-
dations in elongation and tensile strength. It suggests that 
the evaluation of critical hydrogen content, over which 
the risk of hydrogen-induced mechanical degradation 
sharply increases, is important to ensure the reliability of 
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Fig. 7   Hydrogen permeation curves of the investigated steels

Table 2   Diffusion parameters evaluated using permeation tests

List of figure caption

Effective diffusivity
(m2/s)

Apparent 
solubility
(mol/m3)

CP 4.7 × 10− 11 3.5
TRIP 1.4 × 10− 11 8.0
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ultra-high strength TRIP steels at presence of hydrogen. 
Since the level of crucial hydrogen content is likely to 
be affected by microstructural features such as morphol-
ogy of austenite [14], a proper microstructure control is 
desired to reduce the risk of hydrogen-induced mechani-
cal degradation in ultra-high strength steel containing 
retained austenite.

4 � Conclusions

Influence of microstructure constituent on the hydrogen-
induced mechanical degradation is investigated in ultra-
high strength CP and TRIP steels. Following conclusions 
can be drawn.
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1.	 In the CP steel, the rate of hydrogen uptake gradually 
decreases with charging time. However, a transition in 
the charging behavior is observed at the charging time 
between 8–12 h and the rate of hydrogen uptake is nearly 
constant even with prolonged charging time up to 48 h 
in the TRIP steel.

2.	 Due to the presence of retained austenite, the TRIP steel 
exhibits slower effective diffusivity but larger apparent 
solubility of hydrogen than the CP steel. It leads to the 
persistent absorption of hydrogen in the TRIP steel at 
prolonged charging time.

3.	 The hydrogen-induced mechanical degradation in both 
steels are comparable up to the charging time of 12 h but 
the losses of elongation and tensile strength of the TRIP 
steel goes beyond those of the CP steel at the charging 
time longer than 12 h.

4.	 Ultra-high strength and presence of retained austenite 
in the TRIP steel have unfavorable influence regarding 
to the hydrogen embrittlement. It requires a sophisti-
cated evaluation of critical hydrogen concentration over 
which more care should be taken to minimize the risk of 
hydrogen-induced mechanical degradation.
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