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Abstract  

Hydrogen embrittlement (HE) characteristics of 22MnB5 steel (U-bent specimen) 

manufactured using hot-stamping process at various temperatures were experimentally and 

numerically investigated. Steel resistance to HE was examined through delayed failure tests 

under static and cyclic loading during hydrogen charging. First, the low cyclic loading caused 

severe HE, in which a clear difference in the extent of HE was obtained depending on the hot-

stamped sample, which directly affected the microstructural characteristics and stress–strain 

distribution. The hot-stamped samples with large martensite phase showed low resistance to 

HE compared with those with small martensite phase because of the high concentration of 

hydrogen trapped in the phase boundaries. Moreover, the dual phase (ferrite and martensite) of 

the hot-stamped samples reduced their resistance to HE, which is caused by the hydrogen 

trapped in the laminar-shaped pearlite phase. The resistance to HE was improved by low-

temperature heating at 200 °C for 1 h because of the generation of ε-carbides as trap sites as 

they render the hydrogen non-diffusible. Furthermore, the internal strain in the U-bent sample 

could accelerate HE because of the high concentration of hydrogen. These results were verified 

by experimental and numerical analyses. Thus, the hydrogen trapping mechanism was proposed 

as a valid mechanism for HE in 22MnB5. 
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1. Introduction 

Automobile bodies are fabricated using stamped frame structures. The body design 

should ensure high crash resistance and light weight to guarantee the safety of the people in the 
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automobile and improve fuel efficiency, respectively. Thus, high-strength steel has been 

employed in the manufacture of frame structures. During the 1990s, high-strength steel sheets 

(tensile strength >780 MPa) were used in safety reinforcing parts, such as bumper-reinforcing 

materials and door impact beams. In the beginning of the 2000s, a 1,470-MPa class cold-rolled 

ultra-high-strength steel sheets were first used because of their high press formability and 

stability of their mechanical properties. These properties lead to a great improvement in the fuel 

economy and safety performance of the automobiles during impacts. Furthermore, high strength 

steel sheets (tensile strength >1,500 MPa) have been increasingly used to manufacture car 

bodies to reduce weight and improve impact resistance. Hot stamping is one of the technologies 

used to produce components made of steel with a tensile strength of >1,500 MPa. Hot sampling 

has more advantages than cold stamping, such as high press formability, ability to form high-

strength steel, and capability of forming complex shapes.  The high strength complex hot-

stamped parts can be manufactured using steel sheets heated to more than its A3 line followed 

by a rapid cooling process, i.e., austenite-to-martensite transformation. 22MnB5, which has 

high strength of >1,500 MPa, is an example of hot-stamped steels (also called press-hardened 

steels). Hot-stamped steels are manufactured at a cooling rate of approximately 48 °C·s−1 to 

increase the tensile strength to >1,520 MPa [1]. 

Currently, automobile door-frame structures made by TOYOTA MOTOR Corp. are 

assembled by combining ultra-high-tensile steel with hot-stamped steels; i.e., ultra-high-tensile 

steel with a tensile strength of 1,180 MPa is used for the front pillar and side sill, and 1,500-

MPa-class hot-stamped steel is used for the door reinforcement beams (center pillar). 

Because >18% of the automobile parts of Toyota Prius are produced by hot stamping, hot-

stamped steels are expected to be increasingly employed for automobile parts in the future. 

However, hot-stamped steels face several challenges, e.g., hydrogen-induced delay fracture, 
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which should be eliminated before using the steel for automobile parts. This challenge is 

particularly present in hot-stamped steels with high tensile strength of >1,200 MPa, as they are 

more sensitive to hydrogen embrittlement (HE). 

During steel heating to reach the high temperature of austenitization, hydrogen atoms can 

diffuse from the atmosphere to the steel sheets, which can cause degradation of the mechanical 

properties, i.e., HE [2]. To prevent HE of the steel sheets, an Al–Si coating can be used to 

protect the steel from hydrogen penetration [3]. Hydrogen trapping is also a useful approach to 

improve the resistance of HE. Hydrogen atoms tend to concentrate in the area around vanadium 

carbides (VC) particles, as they have a strong ability to trap hydrogen atoms. Chen et al. [4] 

have examined the effect of vanadium-microalloying element on HE for 30MnBNb hot-

stamped steel. Compared with the V-free experimental steels, the steels with 0.14 wt% V have 

many dispersive precipitates, which could enhance the hydrogen atom dispersion in the steels. 

In a study by Zhang et al. [5], a tempering treatment at 200 °C slightly enhanced the HE 

resistance of hot-stamped low-carbon boron-alloyed steel, which contained 0.20 C wt%, 0.85 

Si wt%, 1.60 Mn wt%, 0.006 P wt%, 0.002 S wt%, and 0.0015 B wt%. Lee et al. [6] subjected 

a 22MnB5 steel to a tempering process at various temperatures (150 °C–520 °C) and found that 

the steel susceptibility to HE decreased with increasing tempering temperature. The hydrogen-

induced failure in steels tempered between 150 °C and 350 °C was found to be related to the 

glide-plane decohesion, and the inclusion particles resulted in an HE-induced cleavage failure. 

The HE sensitivity of steel samples tempered at 460 °C and 520 °C decreased as a result of the 

reduction in dislocations. 

These studies have experimentally examined the HE characteristics of press-hardened 

steels. However, there is still a lack of information on the HE mechanisms and delayed failure 

characteristics of press-hardened steels. In particular, information related to hot-stamped U-
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bent specimens is important, as this specimen is the principal part in door impact beams and 

bumper reinforcements of automobile parts [7]. Thus, in this work, the material properties and 

HE characteristics of hot-stamped U-bent 22MnB5 prepared with different microstructural 

formation and different strain levels at various temperatures were investigated experimentally 

and numerically.  

 

2. Experimental procedures 

2.1. Material preparation 

This study was conducted using uncoated quenchable 22MnB5 1.6-mm-thick steel 

sheets manufactured using a rolling process at 600 °C for automotive components. The 

chemical composition of the used 22MnB5 steel in mass% was 0.23C, 0.02Si, 1.3Mn, 0.2Cr, 

0.02Ti, 0.0029B. The hot-stamped samples (HS) were made with U-bent shape at different 

temperatures, i.e., 810 °C, 920 °C, and 1,000 °C, to form various microstructures: dual-phases 

and martensite structures with different grain sizes. The hot workpiece was cooled rapidly via 

die-clumping using a hydraulic mechanical servo press at a load of 60 tons, where the 

quenched/tempered dies made of commercial SKD11 tool steel were employed. The 22MnB5 

steel sheets were heated in an electric furnace before the hot-stamping process. Furthermore, to 

improve the steel resistance to HE, the HS were subjected to low-temperature heating for 1 h at 

200 °C (HST). The aim of this approach is to reduce the internal strain and to form ε-carbide 

precipitates. Figure 1(a) shows the shapes of the hot-stamped U-bent specimens, where the 

specimen in the bent region is strained to approximately 6.5%. 
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2.2. Material properties 

Electron backscatter diffraction (EBSD) analysis was conducted to investigate the 

microstructural characteristics of the hot-stamped 22MnB5 steels using a high-resolution 

scanning electron microscopy (SEM) system (JSM-7000F, JEOL) with an acceleration voltage 

of 15 kV, beam current of 12 μA and a step size of ~260 nm. The samples were prepared for 

this test by polishing their surfaces using 1-μm alumina particles to obtain a mirror finish. To 

examine the precipitation characteristics of the hot-stamped 22MnB5 steels after low-

temperature heating, a scanning transmission electron microscopy (STEM) test was performed 

using replica samples. The STEM samples were prepared by mechanical thinning followed by 

etching with 1% nitric acid and 99% methanol to a thickness of approximately 100 nm. The 

sample surface was coated by carbon before observation using STEM (Talos F200X) by an 

accelerating voltage of 200 kV. 

     

2.3. Mechanical properties 

Hardness and tensile tests were conducted at 25 °C. The hardness measurements were 

conducted using a Vickers hardness tester by applying a force of 98 N to the sample surfaces 

for 15 s. The tensile properties were investigated using the HS before and after hydrogen 

charging in NH4SCN for 48 h. In this method, rectangular-dumbbell-shape specimens 

(1 × 1 × 1.6 mm) were designed for the tensile test. The test specimens were cut from the non-

deformed zones of the U-bent specimens. The tensile load was applied at 1 mm·min−1 up to the 

fracture point using a screw-driven universal testing machine, whose capacity is 50 kN. Note 

that tensile tests were conducted immediately after hydrogen charging. 

 The resistance to delayed fracture was investigated using U-bent specimens under 

hydrogen charging. In this case, the delayed fracture tests were conducted under static and 
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cyclic loadings. Figure 1(b) shows the experimental setup for both loading systems. The 

fracture resistance under cyclic loading was evaluated on the basis of the relationship between 

the applied load (P) and cycle number to final failure (Nf). Tensile–tensile cyclic loading was 

applied to the U-bent specimens in an NH4SCN solution under load control using a sinusoidal 

waveform at a frequency of 2 Hz and a load ratio of 0.2. Because the tested steel was required 

to become hydrogen embrittled in a limited time in NH4SCN, a pre-hydrogen charging was 

conducted for 1 and 48 h before cyclic loading. On the other hand, the static loading was applied 

at 1,000 MPa under electric charging in 3 g/L NH4SCN + 3% NaCl at 10 A·m−2 without pre-

hydrogen charging. The hydrogen content in the sample was measured by means of thermal 

desorption analysis using a gas chromatograph with a linear heating rate of 200 °C/h. The 

sample gas was analyzed with a 5 min interval using argon as a carrier gas. In the present 

analysis, the hydrogen content detected around 100 °C was considered to be the diffusible 

hydrogen content [8]. 

In addition, the U-bent specimens for the delayed fracture tests were set to the testing 

machine using two jointing methods (Fig. 1(b)): (i) tight jointing using bolts (for the static-

loading test) and (ii) universal jointing through surface contact (for the cyclic loading test). 

After the mechanical tests, the fracture surface observations were conducted using SEM. 

 

2.4. Finite element (FE) analysis 

FE analysis was conducted to examine the stress and strain distributions in the U-bent 

specimens. In this analysis, a three-dimensional four-node tetrahedron solid finite element was 

employed. The FE model was designed on the basis of the U-bent specimen. As mentioned 

above, the U-bent specimens for the delayed fracture tests were jointed with two different 

methods. For the universal jointing, uniform contact loading and surface fixing were used, and, 
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for the tight jointing using bolts, the U-bent specimens were loaded by the contact of the bolt 

head with the static-loading as shown in Figure 2. The mesh sizes adjacent to the non-deformed 

and deformed areas were 70 and 1.5 μm, respectively. Elastic modulus and Poisson's ratio for 

the steel used here were determined as E = 210 GPa and ν = 0.3, respectively. As the U-bent 

specimen was manufactured using the hot-stamping process, the material properties could be 

changed especially in the deformed areas due to severe strain [9,10]. In our pre-study, a slightly 

elevated hardness was obtained in the deformed zone, which is introduced in Section 3. This 

high hardness value indicates that the elastic modulus in the deformed zone could increase 

(approximately 10% higher than that in the unbent zone) [9,11]. In this case, plain strain 

conditions were selected because the brittle failure could occur as a result of hydrogen charging.  

 

3. Results and discussion 

3.1. Material properties of the hot-stamped 22MnB5 steel 

Figure 3 shows the image quality (IQ), inverse pole figure (IPF), and kernel average 

misorientation (KAM) maps recorded in the non-deformed and deformed zones of the U-bent 

samples prepared at 810 °C, 920 °C, and 1,000 °C. From the IPF maps, the grain size of the 

martensite structure significantly increased to approximately 25 μm after stamping at 1,000 °C 

(HS 1,000 °C) compared with that of the other samples. Although the lath martensite-like 

structure was observed for HS 810 °C, weak martensite (or the dual phase of ferrite and 

martensite) could be formed because of the sample heating to less than its A3 line. The mean 

KAM value for the three samples in the bent regions was approximately 1.57°, which is nearly 

5% higher than that in the non-deformed zone. This difference in the microstructural 

characteristics could form a change in the mechanical properties. 
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Figure 4 shows the Vickers hardness of the U-bent HS, in which the hardness 

measurement was conducted at the cross section of the sample in the non-deformed and 

deformed regions. The hardness level was found to differ depending on the sample, where a 

low hardness was observed in the HS 810 °C. This can be attributed to the dual phase of ferrite 

and martensite. Similarly, a high hardness value was observed for the martensite samples (i.e., 

HS 920 °C and HS 1,000 °C). It was also clear that the hardness values slightly increased in the 

deformed areas, especially for both martensite samples. This can be attributed to the work 

hardening with high dislocation density. Note that the increment rate of the hardness, because 

of the work hardening for the HS, was much lower than that of the cold-stamped samples. 

Tewary et al.[12] reported a variation in the hardness as a function of cold deformation of 

Twinning-Induced Plasticity (TWIP) steel, where the hardness value significantly increased 

even when a small strain was applied. 

 

3.2. Tensile properties 

Figure 5(a) shows the representative tensile stress versus tensile strain curves of HS 810 °C, 

HS 920 °C, and HS 1,000 °C before and after their subjection to hydrogen charging for 48 h. 

The obtained tensile properties are summarized in Fig. 5(b). Before the charging process, high 

tensile strength and strain were obtained in case of HS 920 °C and HS 1,000 °C, e.g., the ultimate 

tensile strength (UTS) and fracture strain of HS 920 °C and HS 1,000 °C were >12% higher than 

those of HS 810 °C. This high UTS was affected by the high hardness of martensite structure for 

HS 920 °C and HS 1,000 °C, which is a similar trend to that for the results of the hardness 

illustrated in Fig. 4. On the other hand, the low tensile properties of HS 810 °C before charging 

are affected by the low quality of its dual phase steel. It is reported that deformed dual phase 

steel revealed that void nucleation occurs predominantly along the ferrite-martensite interface, 
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which could make reduction of the tensile strength and fracture strain; moreover, it is considered 

that increasing the martensite content raises both the tensile strength and the ductility [13]. 

Following hydrogen charging, the stress vs. strain curves show visible HE in the three 

specimens. In this case, severe HE occurred in HS 810 °C, as both the fracture strain and UTS 

decreased, i.e., the pre-yield failure occurs for HS 810 °C. In HS 920 °C and HS 1,000 °C, the 

fracture strain values decreased, but the reduction in UTS was not observed. These results show 

that dual-phase steel (HS 810 °C) was more sensitive to HE of martensitic steels. The approach 

has been conducted in a previous work [14], where the HE phenomenon in the related dual-phase 

steels caused a reduction in the fracture strength but no pre-yield failures. In this case, a change 

in the fracture mode from ductile dimpling to transgranular cleavage was observed. Takahashi 

et al. have reported that HE of the dual-phase steel showed some anomalous behavior [15]. 

To understand the failure characteristics of the HS after hydrogen charging, failure 

analysis was conducted. Figure 6 shows SEM images of the fracture surfaces after tensile tests 

of the HS 810 °C, HS 920 °C, and HS 1,000 °C before and after charging. Dimple-based ductile 

fracture, in which there were numerous occurrences of necking associated with dimple-based 

failures, was the dominant feature type in the three samples before charging. A change in the 

failure mode was visible after charging. Brittle-intergranular failure is obtained across a wide 

area of the fracture surface in HS 810 °C after charging, which results in a low UTS and low 

fracture strain. In contrast, the ductile and brittle mixed failure mode is observed in HS 920 °C 

and HS 1,000 °C, where cleavage and slip failures were detected in the center and near the 

surface of the specimen, respectively. This slip-based ductile failure mode could be attributed to 

the high resistance to HE. 

In a previous study, Zhang et al. have attempted to improve the resistance of cold-rolled 

Al-containing medium-Mn steel to HE using an annealing process, in which the steel showed 
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excellent strength and ductility [16]. Similar low-temperature heating was studied to improve 

the resistance of high-strength steels to HE [17]. Thus, to improve the resistance of the HS to 

HE in this study, the HS sample was heated at 200 °C for 1 h before hydrogen charging for 48 h 

(HST). Figure 7 shows the resulting tensile properties of HST 920 °C. Although the tensile 

strength of HST 920 °C slightly decreased, the UTS and fracture strain of HST 920 °C 

apparently improved compared with those of HS 920 °C. Currently, there is no explanation for 

this phenomenon, but this could be a result of the hydrogen trapped within the precipitates. 

 A STEM analysis was conducted to examine the microstructural characteristics of HST 

920 °C in detail. Figure 8 shows the STEM images of HS 920 °C before and after the heating 

process at 200 °C for 1 h. The lath martensite structures with grain size of a few micrometers 

were observed in both samples. In addition, several precipitates (ε-carbide) with a diameter of 

approximately 100 nm were observed in the martensite phases of HST 920 °C but were not 

observed in HS 920 °C. These precipitates could act as trapping sites for hydrogen, leading to 

high HE resistance in HST 920 °C. Chen et al. reported that an effective trapping mechanism 

may be achieved though the incorporation of finely dispersed V–Mo–Nb carbides in bearing 

steels [18]. Figure 9 displays the SEM images of the fracture surfaces of HST 920 °C after tensile 

tests. As seen, brittle failure mode was detected in HST 920 °C after hydrogen charging. A 

comparison between HS 920 °C and HST 920 °C shows that a large area of ductile failure mode 

was noted in HST 920 °C. Such extended ductile failure region in HST 920 °C can be attributed 

to the improvement in HE. 

Figure 10(a) shows the hydrogen desorption rate vs. heat temperature curves (hydrogen 

desorption curves) for HS 810 °C, HS 920 °C, HS 1,000 °C, and HST 920 °C. The hydrogen 

release was clearly detected in all samples upon heating to approximately 120 °C and did not 

further increase upon additional heating. This high desorption rate of hydrogen is related to the 
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diffusible hydrogen dissolved in the samples, which causes severe HE. Figure 10(b) shows the 

hydrogen content in the four samples. Low hydrogen content was detected in HST 920 °C 

compared with that of the other HS. However, high hydrogen content was observed in the dual 

phase of HS 810 °C. These differences in the hydrogen content could be attributed to the HE 

resistance, i.e., the high and low resistance of HST 920 °C and HS 810 °C to HE, respectively. 

In this case, the low hydrogen content in HST 920 °C could be affected by the hydrogen 

trap in the precipitates, which renders the hydrogen non-diffusible. Ishizaki et al. [19] have 

examined the diffusibility of hydrogen in steels. They concluded that the main reason for 

hydrogen low diffusibility is the interaction forces between carbon and hydrogen. Here, this 

occurrence could be attributed to the interaction force between ε-carbide and hydrogen in HST 

920 °C. 

 

3.3. Delayed fracture tests 

Figure 11(a) shows the relationship between the load amplitude (Pa) and the number of 

cycles to final fracture (Nf) for HS 920 °C and HS 1,000 °C. In this approach, the U-bent 

specimens were immersed in an NH4SCN solution for 1 and 48 h before cyclic loading, i.e., pre-

hydrogen charging. The Pa–Nf curves indicate that the resistance of the two test specimens to 

HE was similar at high load amplitudes, which can be attributed to their tensile properties (Fig. 

5). However, a visible difference in the resistance to HE was observed at a low load amplitude 

(P = 135 N). This indicates that the extent of HE resistance depends on the loading conditions. 

In addition, the loading speed (loading time) changed the severity of HE as a slowly applied load 

increased HE [17]. This can be related to the time required to diffuse hydrogen to the trap site 

on the prior austenite (γ) grain (PAG) boundary, i.e., the longer the time, the lower the resistance 

of HE. Resistance to HE also differs depending on the pre-hydrogen charging time (1 or 48 h) 
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before the cyclic loading; i.e., the longer the hydrogen pre-charging, the lower the resistance to 

HE, which is the reason why the resistance of HS 920 °C to HE was >1.5 times that of HS 

1,000 °C at the low applied loading. 

Figure 11(b) shows the results of the delayed fracture test under static loading, i.e., the 

applied load vs. time to failure for HS 920 °C and HS 1,000 °C. In this test, the U-bent specimens 

were loaded by bolt jointing. As seen, high and low fracture resistance was obtained for HS 

920 °C and HS 1,000 °C, respectively, which is similar to the results of their Pa–Nf curves at low 

cyclic loading conditions. The difference in the HE extent can be attributed to the different 

microstructural characteristics between HS 920 °C and HS 1,000 °C, i.e., grain size, as 

previously mentioned. In this case, hydrogen could be trapped around PAG at different 

concentrations; e.g., the higher hydrogen concentration in HS 1,000 °C is due to small grain 

boundary area, arising from the large grain diameter of PAG. In a previous work [20], the 

susceptibility to HE was found to be related to the grain size in the martensitic medium carbon 

steel (C: 0.36%); e.g., large PAG exhibited high hydrogen concentrations at its grain boundaries.  

To interpret this, the size of PAG in HS 920 °C and HS 1,000 °C was investigated. Figure 

12 illustrates the microstructures of both samples, showing the boundary of the prior γ grain 

examined using EBSD. Different sizes of PAG boundaries were observed as indicated by the 

white lines. A large PAG was formed in HS 1,000 °C, which was approximately twice that of 

HS 920 °C. These differences in PAG can be attributed to the severity of HE because of the 

aforementioned different concentrations of hydrogen. Momotani et al. [21] reported that 

hydrogen accumulation leads to microcracks along the prior austenite grain boundaries and 

brittle fractures in their vicinity. Moreover, Singh et al. [22] reported that, in hydrogen-charged 

specimens, intergranular crack growth occurred along the large prior austenite grain boundaries 
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and transgranular crack propagation through small PAGs. This result is also observed in the 

failure analysis conducted here (Fig. 7). 

 

3.4. Failure analysis of delayed fracture tests 

Figure 13(a) shows the U-bent specimens after the delayed fracture test, showing the 

fracture positions. In this case, the U-bent specimens were loaded using tight and universal 

jointing. The failure positions differed depending on the jointing method. In case of tight jointing, 

the U-bent samples were fractured around the corner between the non-deformed and deformed 

regions. In contrast, the specimen failure occurred on top of the U-bent specimen with the 

universal jointing. The different failure may be caused by different stress distribution patterns. 

To verify the different fracture modes, FE analysis was conducted.  

Figure 14 shows the von Mises strain distribution of the U-bent specimen loaded by two 

jointing methods. Two strain distribution patterns were observed depending on the jointing 

system. A high strain concentration occurred on top of the U-bent specimen for the universal 

jointing, which corresponds to the fracture area shown in Fig. 13. In case of tight jointing, the 

strain non-uniformly spread out to the wide area in the specimen around the corner between the 

non-deformed and deformed areas, as indicated by the dashed circles. Moreover, a relatively 

high strain was detected in the specimen around the bolt and nut. The non-uniformly distributed 

strain causes hydrogen to diffuse to the U-bent specimen. Therefore, HE in the 22MnB5 steel is 

affected by the trap sites caused by the strain (stress) distribution and microstructural 

characteristics. 

 

4. Conclusions 
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The HE of 22MnB5 steel was investigated experimentally and numerically using HS 

manufactured at different temperatures. The obtained results can be summarized as follows: 

1) The HS prepared at 810 °C was formed by the dual phases of ferrite and martensite, and the 

martensite structure was created because of hot stamping at 920 °C and 1,000 °C. The size 

of the martensite phase increased during heating to 1,000 °C compared with that at 920 °C. 

A slightly high hardness was obtained in the deformed zone for the HS because of work 

hardening. 

2) Reductions in both UTS and fracture stain were detected for the dual-phase steel (HS 

810 °C) after hydrogen charging, in which the pre-yield failures were observed. For the 

martensitic steels (HS 920 °C and HS 1,000 °C), no visible decrement in UTS was observed 

although there was a decrease in the fracture strain. The steel resistance to HE was improved 

for the martensitic steel (HS 920 °C) after low temperature heating, where a large number 

of precipitates (ε-carbide) created a trapping site.  

3) Dimple-based ductile fracture was a dominant feature in the three HS before the charging. 

After hydrogen charging, brittle-intergranular failure occurred across a wide area of the 

fracture surface in HS 810 °C. However, a ductile and brittle mixed failure mode was 

observed in HS 920 °C and HS 1,000 °C, in which cleavage and slip failure are detected in 

the center and near the surface of the specimen, respectively. These failure modes were 

attributed to the level of HE. 

4) The steel resistance to HE was investigated by a delayed failure test under static and cyclic 

loadings after hydrogen charging. HS 920 °C and HS 1,000 °C exhibited different 

resistance to HE (HS 1,000 °C showed lower resistance) at low levels of cyclic loading. 

This was affected by the high concentration of hydrogen atoms around the prior austenite 

grain.  
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5) The failure in the U-bent samples was attributed to the stress–strain distribution, where the 

high-strain (or high stress) region is caused by the large hydrogen content, i.e., the fracture 

point. In this case, a high stress concentration occurred on top of the U-bent specimen when 

universal jointing was used. However, the strain (or stress) values were spread out in non-

uniform patterns to the wide area in the U-bent specimen as a result of the tight jointing, 

causing a fracture to occur around the corner of the specimen between the non-deformed 

and deformed regions. 
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Figure captions 
Fig. 1. Photographs of (a) U-bent specimen and (b) jointing methods for the delayed failure 
tests under static and cyclic loading 
 
Fig. 2. Models of FE analysis showing the contact conditions: (a) universal jointing and (b) 
tight jointing using bolts. 
 
Fig. 3. Microstructural characteristics of the U-bent samples prepared at 810 °C, 920 °C, and 
1,000 °C, showing the image quality (IQ), inverse pole figure (IPF), and kernel average 
misorientation (KAM) maps examined using EBSD 
 
Fig. 4. Vickers hardness test results for the hot-stamped U-bent samples heated at various 
temperatures: non- and deformed region 
 
Fig. 5 (a) Representative stress–strain curves for the 22MnB5 steel prepared at 810 °C, 920 °C, 
and 1,000 °C before and after hydrogen charging for 48 h. (b) Ultimate tensile strength (σUTS) 
and failure strain (εf) of the 22MnB5 steel prepared at 810 °C, 920 °C, and 1,000 °C before and 
after hydrogen charging for 48 h  
 
Fig. 6. SEM images of the fracture surfaces after the tensile tests of HS 810 °C, HS 920 °C, and 
HS 1,000 °C (a) before and (b) after hydrogen charging for 48 h 
 
Fig. 7. Tensile properties for the 22MnB5 steel prepared at 920 °C before and after a low 
temperature heating at 200 °C for 1 h 
 
Fig. 8. STEM images for the HS 920 °C and HST 920 °C, showing martensite with and without 
ε-carbides 
 
Fig. 9. SEM images of the fracture surfaces after the tensile tests of HST 920 °C before and 
after hydrogen charging for 48 h 
 
Fig. 10 (a) Hydrogen desorption rate versus heat temperature curves (hydrogen desorption 
curves) for the U-bent samples prepared at 810 °C, 920 °C, and 1,000 °C. (b) Hydrogen level 
versus heat temperature curves for the U-bent samples prepared at 810 °C, 920 °C, and 1,000 °C 
 
Fig. 11 (a) The relationship between the load amplitude (Pa) and the number of cycles to final 
fracture (Nf) for HS 920 °C and HS 1,000 °C. (b) The relationship between the applied static 
stress and time to failure for HS 920 °C and HS 1,000 °C 
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Fig. 12. SEM images of the microstructures of the non-deformed and deformed areas in 
22MnB5 prepared by hot stamping at 920 °C and 1,000 °C, showing prior austenite grain 
boundary 
 
Fig. 13. Photographs of the U-bent specimens of HS 810 °C, HS 920 °C, and HS 1,000 °C after 
the delayed failure tests, showing fracture area in the specimens with (a) universal jointing and 
(b) tight bolt jointing 
 
Fig. 14. The von Mises strain distribution of U-bent specimen loaded by (a) universal jointing 
and (b) tight bolt jointing 
 
 
 
 


