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This work investigated hydrogen trapping and hydrogen embrittlement (HE) in two press-hardened steels, 22MnB5 for 1,500 MPa grade and 34MnB5V for 2000 MPa grade, respectively. Superior to the 22MnB5 steel, the newly developed 34MnB5V steel has an ultimate tensile strength of over 2000 MPa without sacrificing ductility due to the formation of vanadium carbides (VCs). Simulated press hardening was applied to two steels, and hydrogen was induced by cathodic charging. Susceptibility to HE was validated by slow strain-rate tensile test. When hydrogen content was high, the 34MnB5V steel fractured in elastic regime. However, when hydrogen content was 0.8–1.0 ppmw, the 34MnB5V steel bore much higher stress than the 22MnB5 steel before fracture. The behavior of hydrogen trapping was investigated by thermal desorption analyses. Although the two steels trapped similar amounts of hydrogen after cathodic charging, their trapping mechanisms and effective trapping sites were different. In summary, a finer prior austenite grain size due to the pinning effect of VCs can also improve the toughness of 34MnB5V steel. Moreover, trapping hydrogen by grain boundary suppresses the occurrence of hydrogen-enhanced local plasticity. Microstructural refinement enhanced by VCs improves the resistance to HE in 34MnB5V steel. Importantly, the correlation between hydrogen trapping by VCs and improvement of HE is not significant. Hence, this work presents the challenge in designing irreversible trapping sites in future press-hardened steels.
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INTRODUCTION
Very strong steels are the subject of intense research and development in the automobile industry because of the increasing need for fuel efficiency, emissions reduction, and safe design. However, stronger steel usually has lower ductility, which limits the formability and potential applications of the materials (Bouaziz et al., 2013). In recent decades, press-hardened steel (PHS) has played a critical role in crash intrusion resistance and weight reduction (Faderl and Vehof, 2005). In the process of press hardening, the sheet is heated up to the austenite phase before stamping. The heating process is followed by hot stamping of the steel sheet on a cooled die at a high quenching rate. The steel transforms into martensite during the die quenching, called press hardening. Typical steel, 22MnB5 with 0.22 wt% carbon, is used for components and has an ultimate tensile strength of 1,500 MPa. In the 22MnB5 PHS, manganese and boron content should provide sufficient hardenability in press hardening (Jian et al., 2015). Compared with 980 MPa-grade dual-phase steel, the 1,500 MPa PHS (22MnB5) brings about a huge weight reduction for vehicles. Logically, the development of stronger PHSs is critical for further weight reduction. The strength of martensite can be controlled by varying the carbon content of the steel (Krauss, 1999). Hence, 34MnB5 steel, which contains 0.34 wt% of carbon for higher strength, has been developed into 2000 MPa PHS (Uranga et al., 2020). However, stronger steel is more susceptible to hydrogen embrittlement (HE) (Bhadeshia, 2016).
Only a few mass ppm of hydrogen can cause loss of strength or ductility, a phenomenon called hydrogen embrittlement (HE) (Bhadeshia, 2016). Only diffusible hydrogen leads to HE because the diffusion of hydrogen toward a strong stress field accelerates the formation and propagation of cracks (Johnson, 1875). The micromechanisms of HE rely on the local distribution of hydrogen and crystal defects under stress, and they are typically classified into hydrogen-enhanced decohesion (HEDE) (Djukic et al., 2014) and hydrogen-enhanced localized plasticity (HELP) (Birnbaum and Sofronis, 1994; Song and Curtin, 2014). Hence, trapping hydrogen by nano/microstructures to restrict its diffusion in steel is a prominent approach in the prevention of HE. When the trapped hydrogen cannot diffuse at room temperature, these trapping sites are called irreversible sites. When the hydrogen is weakly trapped and able to diffuse at room temperature, these trapping sites are called reversible sites. The substructure of martensite contains a high density of dislocations and grain boundaries, both of which are reversible trapping sites (Hagi and Hayashi, 1987; Frappart et al., 2012; Chen et al., 2020). Moreover, these crystal defects are also the initiation sites for HE, i.e., the HEDE and HELP mechanisms (Wang et al., 2007; Shibata et al., 2017). Therefore, HE is an inevitable challenge in progressing from 1,500 MPa PHS to 2000 MPa PHS.
Microalloying elements, such as Ti, Nb, V, and Mo, are usually added to steels to improve the resistance to HE. It is believed that the formation of carbides, such as TiC, NbC, VC (V4C3), and Mo2C (Zhang et al., 2011; Lee et al., 2016; Kim et al., 2018; Lin Y.-C. et al., 2020), is able to provide trapping sites in steels (Takahashi et al., 2010; Takahashi et al., 2012). For example, semicoherent TiC acts as a reversible trapping site and incoherent TiC acts as an irreversible trapping site (Wei and Tsuzaki, 2006). In the first commercialized 34MnB5 PHS, combined microalloying of niobium and molybdenum contributes to microstructural refinement and shows benefits for reducing susceptibility to HE (Uranga et al., 2020; Mohrbacher and Senuma, 2020). Actually, many studies have shown that nanocarbides can enhance the resistance to HE (Zhang et al., 2011; Kim et al., 2018; Zhang et al., 2015; Zhang et al., 2020; Lin et al., 2018). In addition, many studies have investigated HE in PHSs with surface coatings, which could increase the take-up of hydrogen and retard the escape of hydrogen (Georges et al., 2013; Cho et al., 2018b; Jo et al., 2019). It has been reported that grain refinement can enhance the resistance to hydrogen-induced delayed fracture in PHS (Kim, 2020). Recently, a 2000 MPa PHS (named 34MnB5V) was developed with vanadium microalloying in 34MnB5 steel, and this steel shows an excellent combination of high strength of 1800–2,200 MPa and excellent elongation of 6–9% after press hardening (Yi et al., 2018). Intuitively, the effects of vanadium carbides (VC or V4C3) on HE will be of great interest. Although Cho et al. have investigated hydrogen absorption and embrittlement in 2000 MPa aluminized PHS (Cho et al., 2018a), the role of VC in hydrogen trapping and embrittlement is still not clear. In this work, hydrogen trapping and hydrogen-induced delayed fracture in 22MnB5 PHS and 34MnB5V steel were revisited to provide insights into the challenge of HE prevention in 1,500 MPa PHS to 2000 MPa PHS.
MATERIALS AND METHODS
Materials Preparation
The chemical compositions of the studied steels are listed in Table 1. One steel, named 22MnB5, is a conventional 1,500 MPa PHS; and the other, named 34MnB5V, is an advanced 2000 MPa PHS with the dispersion of nanometer-sized VC. The A3 temperature of 22MnB5 steel is 800 °C as shown in Figure 1A and that of 34MnB5V steel is 780 °C due to its higher carbon content, as shown in Figure 1B. Moreover, based on the TCFE9 database, the dissolution temperature of VC is 928 °C. The two alloys were prepared by vacuum induction melting, followed by casting, hot rolling, cold rolling, and annealing to produce 1.4 mm thick steel sheets with a ferrite–pearlite microstructure. More details of the alloy design and process control can be found in the patent (Yi et al., 2018).
TABLE 1 | The chemical compositions of the studied steels (in wt%).
[image: Table 1][image: Figure 1]FIGURE 1 | The equilibrium phase fractions of (A) 22MnB5 and (B) 34MnB5V steel at different temperatures, computed using Thermo-Calc with the TCFE9 database.
Figure 2 presents a schematic diagram of the simulated press-hardening process. The steels were reheated and isothermally held at 900 °C for 4 min for austenitization in the furnace. The simulated hot pressing was executed by directly pressing a die on the steels but without deformation. During the pressing, the temperature of the die closing was 700–720 °C, the closing interval was about 13 s, and the removal temperature was 100–140 °C. The applied pressure was about 5 MPa and the pressure holding time was 6 s. This press-hardening process produced nanostructures in the steels. For example, as shown in Figure 1B, the dissolution temperature of VC is higher than the austenitization temperature in the 34MnB5V steel and the corresponding volume fraction of the retained VC is about 7.51 × 10−4. In addition, autotempering can cause precipitation of ε carbides due to the removal temperature of about 100–140 °C.
[image: Figure 2]FIGURE 2 | The schematic diagram showing the thermal cycle in the simulated press hardening.
Microstructural Characterizations
Electron backscattering diffraction (EBSD) and transmission Kikuchi diffraction (TKD) were done in an JEOL JSM-7800F Prime scanning electron microscope (SEM) equipped with a NordlysNano EBSD detector and the X-MaxN detector for the X-ray energy-dispersive spectrum (EDS). Hence, X-ray EDS mappings were conducted simultaneously. The detailed operation conditions were described in (Cheng et al., 2018). The nano-/microstructure was further investigated with FEI Tecnai G2 F20 200 kV TEM equipped with the X-Max 80 detector for X-ray EDS. TEM thin foils were prepared by twin-jet electrochemical polishing at 0 °C in an electrolyte mixture of 5% perchloric acid, 15% glycerol, and 80% alcohol (in vol%). EBSD specimens were prepared by electrochemical polishing at 5 °C in the same electrolyte. The direction of observation was along the direction of thickness. X-ray diffraction (XRD) spectra with Cu Kα radiation were collected within the material by TTRAX III diffractometer. The scanning rate of XRD was 2°/min in a range of diffraction angles (2θ) of 40–100°. Vickers microhardness tests were conducted with a load of 1 kg for 15 s. The value of hardness was averaged from 20 measurements.
Thermal Desorption Analysis
The thermal desorption analysis (TDA) system combined a tube furnace and an Agilent 7890A gas chromatograph equipped with a pulsed discharged ionization detector (Lin Y.-T. et al., 2020). The carrier gas was 6N helium gas. The specimens were 20 × 10 × 1.3 mm in size. The specimens were first ground with SiC paper up to #2500 and then cathodically charged with hydrogen for 24 h. The charging solution was a 3% NaCl + 0.3% NH4SCN solution, and the current density was 1 mA/cm2. The specimens were cleaned with ethanol and isopropanol after being charged. The specimens were then placed in the furnace tube for the TDA experiment. The interval between the completion of hydrogen charging and the start of the TDA test was 10 min to allow evacuation and purging with 6N helium gas. The flow rate used in the TDA was 50 ml/min. The hydrogen desorption rate was measured by gas chromatography at constant heating rates of 106, 167, and 216 K/h.
Slow Strain-Rate Tensile Test
The specimens for the tensile test were machined to subsized specimens based on ASTM E8 along the RD direction. All slow strain-rate tensile (SSRT) tests were conducted in a Material Testing System (MTS) 810 at a strain rate of 1 × 10−5 s−1. For the charged SSRT test, the specimens were charged in a 3% NaCl + 0.3% NH4SCN solution at a current density of 1 mA/cm2 for 24 h. The charged tensile specimens were coated with zinc right after charging in order to prevent the hydrogen from escaping too fast. The charged and coated tensile specimens were then aged for 3, 24, or 48 h before the SSRT tests.
EXPERIMENTAL RESULTS
Micro-/Nanostructures After Press Hardening
The EBSD inverse pole figures (IPFs) along the normal directions (NDs) of 22MnB5 steel and 34MnB5V steel after press hardening are shown in Figures 3A,B, respectively. Obviously, the packets and blocks in 34MnB5 steel are much finer than those in the 22MnB5 steel. The microstructures of both steels were lath martensite. The substructures of the lath martensite in 22MnB5 steel and 34MnB5V steel were detailed by TEM bright-field images as shown in Figures 3C,D, respectively. However, the lath size of two steels is very similar. Differences in sizes of packets and blocks between two steels are attributed to the prior austenite grain size (PAGZ). In this work, an algorithm of austenite reconstruction was applied to reveal the PAGZ (Huang et al., 2020). As shown in Figures 3E,F, the PAGZ of 34MnB5V steel was about 5 μm and that of 22MnB5 was about 16 μm after austenitization. The XRD spectra in Figure 3G show that, other than the lath martensite, there was no retained austenite or other microphases in the two PHSs. A modified Williamson–Hall method was used to defined the dislocation densities in two PHSs based on the XRD spectra (Ungár and Borbély, 1996). As shown in Figure 3H, the dislocation densities were 2.35 × 1015 m−2 and 2.71 × 1015 m−2 in the 22MnB5 steel and 34MnB5V steel, respectively. Moreover, TEM images taken under the two-beam condition of g = 1 1 0 were used to estimate the dislocation densities. This experimental procedure was addressed in (Yang and Bhadeshia, 1990), and the thickness of the TEM foil was measured by the log-ratio method in the electron energy-loss spectrum (Yen et al., 2011). According to the results from TEM, the dislocation densities were 1.34 ± 0.3 × 1015 m−2 and 1.94 ± 0.4 × 1015 m−2 in the 22MnB5 steel and 34MnB5V steel, respectively. Although different quantities were found with different approaches, the results confirmed that the dislocation density was higher in the 34MnB5V steel.
[image: Figure 3]FIGURE 3 | EBSD IPFs-ND showing martensite microstructure in (A) 22MnB5 steel and (B) 34MnB5V steel; TEM micrographs showing martensite microstructure in (C) 22MnB5 steel and (D) 34MnB5V steel; reconstructed IPF-ND showing prior austenite in (E) 22MnB5 steel and (F) 34MnB5V steel; (G) XRD spectra and (H) calculated dislocation densities by modified Williamson–Hall method and TEM characterizations.
A large number of VCs were observed only in the 34MnB5V steel after press hardening. Figure 4A shows the TKD-IPF-ND of the 34MnB5V steel, and the corresponding mapping of the vanadium by X-ray EDS is shown in Figure 4B. The mapping of vanadium revealed a uniform distribution of VC in the martensite. Figure 4C shows a bright-field TEM image of VC, and the corresponding diffraction pattern in Figure 4D indicates that this carbide was an MC-type carbide with a NaCl-B1 structure. When an MC-type carbide nucleates in martensite, its orientation relationship (OR) obeys the Baker–Nutting OR, [image: image] and [image: image] (Baker and Nutting, 1959). When an MC-typed carbide nucleates in austenite, its OR obeys the cube-on-cube OR, [image: image] and [image: image] (Yen et al., 2012). When martensitic transformation occurs under the Kurdjumov–Sachs OR, [image: image] and [image: image] (Kurdjumov and Sachs, 1930), MC carbide should obey the Kurdjumov–Sachs OR with martensite. However, the OR between VC and martensite was neither a Baker–Nutting OR nor a Kurdjumov–Sachs OR, as shown in Figure 4D. The carbides were formed in different stages of the manufacturing process and, with any OR, were retained in the austenite during austenitization at 900 °C. X-ray EDS of the carbide in Figure 4E showed that the sites of vanadium in VC could be replaced by small amounts of Ti. Based on all the TEM images, these carbides were spherical and 10–50 nm in size. Hence, the Zener pinning effect induced by retained VC was expected to restrict the PAGZ (Smith, 1948), further leading to microstructural refinement of the martensite in the 34MnB5V steel.
[image: Figure 4]FIGURE 4 | (A) TKD IPF-ND showing martensite microstructure and (B) EDS mapping showing the distribution of vanadium; (C) TEM bright-field micrograph showing VC particle and (D) the corresponding diffraction pattern and (E) EDS analysis.
After the press hardening, ε carbides formed in both steels. Figure 5A presents a dark-field image of ε carbides, and Figure 5B shows an HRTEM image of an individual ε carbide in the 22MnB5 steel. The corresponding diffractogram of fast Fourier transformation (FFT) in Figure 5B shows that the ε carbide and martensite had the Jack OR, [image: image] and [image: image] (Jack, 1950). Figures 5C is a dark-field image of ε carbides in 34MnB5V steel, and Figures 5D presents an HRTEM image and the corresponding diffractogram FFT of an individual ε carbide in the 34MnB5V steel. Comparing Figure 5C with Figure 5A reveals that the morphology of the ε carbides was much finer in the 34MnB5V steel. The average width of the ε carbides in the 22MnB5 steel was about 20 nm, while that in 34MnB5V steel was about 5 nm. It is interesting that some FFT spots were missing, as marked in Figure 5D. We proposed that nucleation of ε carbide was not completed during press hardening. These carbides stay in a transient crystal structure, which is very close to ε carbide. Here, such carbide is called undergrown ε carbide. Actually, in the 34MnB5V steel, it is seldom to discover ε carbides and also difficult to find undergrown ε carbides. Martensitic transformation start temperatures of 22MnB5 and 34MnB5V steels are 420 °C and 350 °C, respectively. It is proposed that the formation of ε carbides was suppressed by low martensitic transformation temperature of the 34MnB5V steel during the press hardening.
[image: Figure 5]FIGURE 5 | TEM dark-field micrographs showing the distribution of ε carbides in (A) 22MnB5 steel and (C) 34MnB5V steel; HRTEM images of ε carbide and the corresponding FFT diffractograms in (B) 22MnB5 steel and (D) 34MnB5V steel.
In summary, 34MnB5V steel has a finer microstructure of lath martensite. It has fewer and finer ε carbides but good dispersion of VC. The two steels have comparable dislocation densities, though the density is slightly higher in the 34MnB5V steel. This micro-/nanostructure in the 34MnB5V steel gives rise to a Vickers hardness of 595 Hv, which is much higher than the 485 Hv of 22MnB5 steel.
Thermal Desorption Analysis
The behaviors of thermal desorption in the two steels were almost the same, as shown in Figure 6A. No significant nondiffusible hydrogen was detected in either case. In addition, the peak temperatures of desorption were 92 °C and 93 °C for the 22MnB5 steel and the 34MnB5V steel, respectively. The amounts of diffusible hydrogen in 22MnB5 steel and 34MnB5V steel were 1.93 ± 0.19 ppmw and 1.80 ± 0.10 ppmw, respectively. Figure 6B shows the retained diffusible hydrogen with respect to the time of natural aging. It reveals that the isothermal desorption rates of the two steels were also the same. The results above imply an interesting phenomenon: the two steels, despite their significantly different nano-/microstructures, presented almost the same behaviors of hydrogen trapping and desorption. However, although the apparent desorption rates were the same, the critical trapping sites in the two steels should be different. The trapping sites were investigated by naturally aging the steels, which had been charged with hydrogen. During the natural aging, the hydrogen at weaker trapping sites escapes first and retained hydrogen is trapped by stronger trapping sites. Figure 6C shows the thermal desorption analyses at different heating rates for as-charged specimens and aged specimens. In the results of the as-charged specimens, the two steels showed the same desorption behavior no matter which heating rate was used. However, in the results of the specimens naturally aged for 4 h, the 34MnBV steel showed a higher temperature of peak desorption when the heating rate was low. By applying the Cho and Lee method, the activation energy of hydrogen desorption was determined, as shown in Figure 6D. The activation energies were 26.5 kJ/mol and 28.6 kJ/mol for the 22MnB5 steel and the 34MnB5V steel, respectively, in the as-charged specimens. However, in the aged specimens, the activation energies were 31.0 kJ/mol for the 22MnB5 steel but 48.0 kJ/mol for the 34MnB5V steel. Hence, the trapping sites for retained hydrogen were likely different in terms of trapping strength or site density in the two steels.
[image: Figure 6]FIGURE 6 | (A) TDA of hydrogen at heat rate of 150 K/h; (B) retained hydrogen vs. aging time at room temperature; (C) TDA at different heating rates vs. aging time at room temperature; (D) Cho and Lee analyses for activation energy.
Slow Strain-Rate Tensile Tests and Fractography
Figure 7 presents the curves of SSRT for specimens of the two steels, coated with zinc after charging, and the results are summarized in Table 2. Without hydrogen charging, the 22MnB5 steel had a yield strength of 1,313 MPa, an ultimate tensile strength of 1741 MPa, and a total elongation of 6.3%, whereas the 34MnB5V steel had a yield strength of 1,651 MPa, an ultimate tensile strength of 2,161 MPa, and a total elongation of 8.2%. Hence, the newly designed 34MnB5V steel is both stronger and more ductile. When comparing their ductility, 34MnB5V steel has larger uniform elongation and post elongation. The higher uniform elongation can be explained by work hardening contributed by the Orowan looping mechanism between dislocations and dispersion of VC. Moreover, 34MnB5V steel is less susceptible to cracking because of its much finer microstructure.
[image: Figure 7]FIGURE 7 | Stress-strain curves of SSRT tests for charged and naturally aged steels: (A) 22MnB5 steel and (B) 34MnB5V steel.
TABLE 2 | Summary of the mechanical properties of uncharged and charged-and-aged steels.
[image: Table 2]HE occurred in both steels after hydrogen charging. In the 22MnB5 steel, which was charged and aged for 3 h, the ultimate tensile strength dropped to 1,693 MPa and the total elongation degraded to 2.2%. In the 34MnB5V steel under the same condition, the ultimate tensile strength dropped to 1,651 MPa and the total elongation degraded to 0.9%. Hence, the reduction ratios of strength and ductility were larger in the 34MnB5V steel. The 22MnB5 steel showed limited plasticity before fracture; however, 34MnB5V steel fractured in its elastic regime. Hence, HE is more catastrophic in 34MnB5V steel. After aging for 24 h, the fracture induced by hydrogen occurred later than yielding in these steels. In the 22MnB5 steel, the ultimate tensile strength was 1,682 MPa and the total elongation was 3.0%. In the 34MnB5V steel, the ultimate tensile strength was 1831 MPa and the total elongation was 1.6%. Hence, the 34MnB5V steel fractured at higher applied stress when HE occurred. After aging for 48 h, the mechanical properties of two steels were nearly recovered. It should be noted that the rate of hydrogen desorption is much lower due to the zinc coating. To avoid confusion, it should be noted that amounts of retained hydrogen in 24 h aged steels with zinc coating are approximately the same as those in 1 h aged steels without coating.
The fractography in Figure 8 shows that, without hydrogen charging, fractures of the 22MnB5 steel (Figures 8A–C) and the 34MnB5V steel (Figures 8D–F) are induced via local cleavage and are developed via coalescence of microvoids, which are featured by dimpled fracture surface. However, the difference in fracture behaviors between two steels that were charged and aged for 24 h (with zinc coating) should be further investigated. The results in Figure 7 imply that the glide of dislocation must occur in both steels before fracture. The mechanism of fracture can be detailed with fractography. As shown in Figure 9A, the fracture surface reveals an area of brittle feature in the 22MnB5 steel naturally aged for 24 h. The hydrogen-induced cracking, in this case, was initiated with a mixture of quasi-cleavage and intergranular cracking, as shown in Figure 9B, and the following fracture showed dimples, as shown in Figure 9C. Hence, both HELP and HEDE mechanisms could occur in the 22MnB5 steel because HELP is featured with quasi-cleavage and HEDE is featured with intergranular cracking (Robertson et al., 2015). As shown in Figure 9D, the fracture surface reveals a larger area of brittle feature in the 34MnB5V steel naturally aged for 24 h. Here, in contrast, the hydrogen-induced cracking was primarily initiated with intergranular cracking, as shown in Figure 9E, although the following fracture showed dimples as shown in Figure 9F. Hence, HEDE played a critical role in HE in the 34MnB5V steel because intergranular cracking dominates the initial fracture. It is proposed that the difference in fracture mechanisms between two steels should be correlated with the difference in their trapping sites.
[image: Figure 8]FIGURE 8 | Fractography of SSRT tests on (A)–(C) the uncharged 22MnB5 steel and (D)–(F) the uncharged 34MnB5V steel.
[image: Figure 9]FIGURE 9 | Fractography of SSRT tests on (A)–(C) the 22MnB5 steel and (D)–(F) the 34MnB5V steel, both of which (with zinc coating) had been charged and naturally aged for 24 h.
DISCUSSION
Capability of Hydrogen Trapping
After being charged for 24 h, the 22MnB5 and 34MnB5V steels showed similar total amounts of trapped hydrogen. However, the susceptibility to HE depends on the distribution of hydrogen in the various microstructures and nanostructures. As shown in Table 3, the activation energies of different microstructures and nanostructures should correlate with the strengths of their roles in hydrogen trapping. The strongest trapping site in the 22MnB5 steel ought to be ε carbides, which are recognized as irreversible trapping sites (Serra et al., 1997). Zhu et al. claimed that ε carbides might provide irreversible trapping sites but contribute limited effects on the prevention of HE (Zhu et al., 2015). Actually, another work found that ε carbides in martensite provide only reversible trapping sites (Hsu et al., 2020). In this work, the TDA provided no evidence that ε carbides are capable of providing irreversible trapping sites. Based on Figure 6D, the activation energy related to ε carbide should be approximately 31.0 kJ/mol, which is between dislocation and grain boundary.
TABLE 3 | Activation energies of various trapping sites in ferritic/martensitic steel.
[image: Table 3]In the 34MnB5V steel, the role of VC in hydrogen trapping sites must be discussed. The ability of coherent VC to act as reversible trapping sites has been reported (Turk et al., 2018). In this work, almost all VCs were incoherent with the martensite matrix. Incoherent TiC carbide can provide only irreversible trapping sites, and they only trap hydrogen at high temperatures (Lin Y.-C. et al., 2020; Wei and Tsuzaki, 2006). Wei et al. claimed that incoherent NbC and VC could not trap hydrogen (Wei et al., 2011). However, Chen et al. directly observed that incoherent NbC trapped deuterium induced by cathodic charging at low temperatures (Chen et al., 2020). However, the ability of incoherent VC to trap diffusible hydrogen is not clear. In the 34MnB5V steel, all the results of thermal desorption analysis showed that all the charged hydrogen was reversible. No direct correlation was found between incoherent VC and hydrogen trapping. We believe that the trapping behavior of incoherent VC might be similar to that of incoherent TiC. Hence, the trapping capability of incoherent VC for diffusible hydrogen is assumed to be minor.
Hydrogen energetically favors staying at stronger trapping sites. Based on Table 3, grain boundaries provide stronger trapping sites than the strain field of dislocation or ε carbides. The initial desorption behavior is correlated with an activation energy of 26.5–28.6 kJ/mol, which is consistent with the value (32 kJ/mol) of dislocations and grain boundaries (Wei et al., 2004). After natural aging for 4 h, the activation energy in the 34MnB5V increased to 48.0 kJ/mol. This value is close to the activation energy reported for grain boundaries (Pressouyre, 1979; Ono and Meshii, 1992; Song et al., 2013). From our point of view, the activation energy of the trapping site of grain boundary should be within a certain range due to the various characteristics of grain boundaries, i.e., grain boundary angle, coincident site lattice, or chemical segregation. We can also propose that activation energy of 48.0 kJ/mol is related to VC. This proposition will further draw a conclusion that the total amount of hydrogen trapped by VC is actually lower than 0.25 ppmw. As seen in Figure 7 and Table 2, when hydrogen content is lower than 0.4 ppmw, HE does not occur in both steels. Hence, it is suggested that the most critical trapping sites in the 34MnB5V steel are provided by grain boundaries. In contrast, the activation energy in the 22MnB5 steel was 31.0 kJ/mol, indicating a behavior similar to initial desorption. Most hydrogen was trapped by dislocations and ε carbides because the effective trapping energy is still 31.0 kJ/mol even after 4 h aging. Compared with the 34MnB5V steel, larger amounts of hydrogen were distributed at weaker trapping sites in the 22MnB5 steel. Larger amounts of hydrogen were distributed at the trapping site provided primarily by grain boundaries and partially by VCs in the 34MnB5V steel. This is consistent with the refined microstructure, corresponding to a higher number of trapping sites provided by grain boundaries, in the 34MnB5V steel.
Susceptibility to Hydrogen Embrittlement
Stronger steel is more susceptible to HE. Although both steels are degraded by hydrogen, it is still noted that hydrogen-charged specimens of 34MnB5V steel after 24 h natural aging could bear very high stress of over 1800 MPa. Hence, the VC in the 2000 MPa-GPa PHS should play a special role in the suppression of HE. Especially, we propose that incoherent VC only traps minor amount of hydrogen by high activation energy. Hence, the resistance to HE in the 34MnB5V steel is not directly related to the trapping capability of incoherent VC. This proposition contradicts the viewpoint claimed in a recent report (Cho et al., 2018a), in which the enhancement of the trapping capability by microstructure refinement due to VC should not have been ignored.
In this work, incoherent VC contributed to the suppression of HE in three ways, all of which are related to microstructure refinement. First, microstructural refinement in the 34MnB5V steel produces more grain boundaries. This fact reduces the amount of hydrogen trapped by dislocations, lowering the risk of hydrogen-enhanced local plasticity. One might claim that microstructural refinement also leads to dilution of the hydrogen concentration per unit boundary area, further retarding the occurrence of hydrogen-enhanced decohesion (Cho et al., 2018a). However, once diffusion of hydrogen is initiated, HEDE occurs along grain boundaries. This was observed in 34MnB5V steel. Second, grain refinement benefits toughness due to the greater length of crack propagation or larger distance of microvoid connections. Better toughness is also critical in the improvement of resistance to HE (Jian et al., 2015). Third, even if incoherent VCs are able to provide deep trapping sites, the population of these sites might not be high. They trap hydrogen when hydrogen content is not high under this proposition. Hence, the 35MnB5V steel is not very susceptible to HE when hydrogen content is low.
CONCLUSION
Hydrogen embrittlement is an inevitable challenge, especially when the grade of PHS increases from 1,500 MPa to 2000 MPa. In the newly designed 34MnB5V steel, the dispersed VCs increase the strength and slightly improve the ductility due to the synergetic effects of precipitation hardening and microstructural refinement. However, in this work, it was found that these incoherent VCs cannot provide a high capacity of trapping hydrogen induced by electrochemical charging. In SSRT testing, fracture induced by HE occurs at a higher fracture strength in the 34MnB5V steel when hydrogen amount was approximately 0.8–1.0 ppmw. This is primarily due to the microstructural refinement due to the Zener pinning effect of VCs. A finer microstructure in the 34MnB5V steel causes a higher amount of hydrogen to be trapped by grain boundaries, suppressing the occurrence of the HELP cracking mechanism. Moreover, microstructural refinement also contributes to better toughness in 34MnB5V steel. This is evidenced by the fractography of HE. The initial fracture in the 22MnB5 steel was driven by both quasi-cleavage and intergranular cracking, which was induced by both HELP and HEDE. The initial fracture in the 34MnB5V steel was driven more by intergranular cracking, which was induced by HEDE.
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