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Abstract
The application of press-hardened steels (PHS) in automotive body-in-white components using the hot stamping technique is growing thanks to its impressive strength and formability. Unfortunately, hydrogen embrittlement, an issue that generally exists in high-strength steels, impedes PHS’s rising application trend by causing catastrophic mechanical property degradation. Thus, detailed evaluation and prediction of hydrogen embrittlement risk throughout PHS’s manufacture and service condition are necessary. This work highlights techniques to characterize the hydrogen content and distribution, techniques to evaluate hydrogen embrittlement susceptibility, and potential models to simulate the in-service performance of PHS. The survey of existing works has revealed the gaps between laboratory measurement and industry application, including but not limited to (1) the accelerated experiments induced discrepancies against real-life applications, (2) a selection of the appropriate hydrogen embrittlement indicators, (3) an accurate risk prediction model, and (4) efficient feedback to the industry based on both experimental and simulated results. Based on the review, future works are expected to establish a conclusive hydrogen embrittlement evaluation standard for PHS.

1. Introduction
Hydrogen embrittlement (HE) has been an industrial challenge in steel since its first documented report more than a century ago.[1] Only a few parts per million (ppm) of diffusible hydrogen atoms are enough to degrade overall performance and cause catastrophic damage to the structural integrity.[2–5] Accordingly, it has become a dilemma that advanced high-strength steels (AHSS), originally designed to enhance safety levels, may suffer from a severer hydrogen embrittlement risk.[6–8] Typical examples that reveal high HE susceptibility can be found in quenching and partitioning (Q&P) steels and medium Mn steels with ultimate tensile strength (UTS) over 1000 MPa.[9–12]

In recent years, ultra-high-strength press-hardened steels (PHS) have been widely adopted in the automotive industry to build safety components, including A-/B-pillars and bumpers.[13–16] After stamping, conventional PHS can reach a UTS over 1500 MPa, which efficiently enhances lightweight and help realize the net-zero goal. Novel PHS with higher carbon content and the UTS of 1700-2000 MPa are under commercialization, potentially leading to a lightweight ratio of 5-9 % for the designated components. However, the hydrogen embrittlement risk of PHS also increases with the strength level, jeopardizing the vehicle’s structural integrity and threatening human safety.[17–19] Moreover, the hydrogen-induced cracking of freshly formed parts was even observed before the assembly. Thus, it leads to an urgent need to investigate the HE in PHS, particularly where the hydrogen comes from and how it embrittles PHS.

There are several challenges in evaluating the hydrogen embrittlement risk of PHS: (1) characterization of diffusible hydrogen; (2) a convincing correlation between accelerated experiments and service conditions; (3) prediction models for hydrogen embrittlement risk. First, it is crucial to quantitatively characterize hydrogen content for hydrogen embrittlement evaluation and understand hydrogen distribution to relate the evaluation results. Hydrogen can be introduced into PHS during hot stamping,[20–22] painting,[17] in-service corrosion,[17] and electrochemical charging in laboratory tests[23,24] and exists either as diffusible hydrogen or non-diffusible hydrogen. Both diffusible and non-diffusible hydrogen are possible to cause embrittlement depending on the trapping sites, such as lattice interstitials, dislocations, precipitates, and inclusions.[25–30]

Up to now, thermal desorption spectroscopy (TDS) has been established to obtain quantitative hydrogen content in the bulk sample,[25,31] while a combination of TDS and hydrogen permeation technique (HPT) provides valuable information on hydrogen diffusivity and trapping sites, despite discrepancies between experimental procedures and data analysis.[28,32,33] On the contrary, as hydrogen is the smallest atom, it is much more challenging to analyze hydrogen distribution around various microstructural constituents. Recently, state-of-the-art techniques have been developed: cryo-transfer system assisted atom probe tomography (APT) has been applied to visualize hydrogen distribution at the nano-scale,[34,35] while techniques such as micro-printing have been applied at the micro-scale.[36,37] Other applications of the advanced characterization techniques on microstructural hydrogen mapping (e.g., hydrogen microprint technique, scanning Kelvin probe force microscopy, and secondary ion mass spectroscopy) are not covered in the present review as they have been thoroughly reviewed in other work.[38]

Second, laboratory evaluation should be designed to reflect hydrogen embrittlement in practical conditions of PHS. In terms of duration, it commonly takes weeks, months, or even years for hydrogen embrittlement to occur in real-life components. In contrast, most laboratory tests like slow strain rate tests (SSRT) finish within a much shorter time, mostly several hours. In experimental conditions, the hydrogen content is usually lower, while the stress and strain levels are not significant, which accounts for the longer lead time for hydrogen embrittlement.[18] More importantly, the hydrogen embrittlement mechanism may alter under different hydrogen content, stress and strain condition. For example, the dominant fracture mode changes from transgranular to intergranular with increasing hydrogen levels.[39] Other factors, such as stress triaxiality and surface quality in practical conditions, can also be very important, and the influences of these factors on different materials are different.[40–42] Therefore, it is necessary to understand various testing methods and build a reliable relationship between laboratory evaluation and practical hydrogen embrittlement performance for PHS.

Finally, a prediction model is valuable for assessing the validity of laboratory evaluation and determining whether a particular steel is free of hydrogen embrittlement risk under certain in-service conditions, especially for novel PHS over 1700 MPa. However, hydrogen embrittlement in steels is a complex multi-physics process involving hydrogen diffusion and trapping, microstructure evolution, and crack initiation and propagation.[43–45] The recent progress in the crystal plasticity finite element method (CPFEM) and phase-field simulation have shown excellent potential in dealing with the hydrogen embrittlement problem.[46–48] In particular, the phase-field method may couple the martensite transformation during quenching with the subsequent hydrogen embrittlement processes, acquiring more insights from the forming process to practical service conditions.

To summarize, this review overviews the evaluation and prediction techniques for hydrogen embrittlement, aiming to provide a practical guidance to solve the hydrogen embrittlement problem in PHS. The review begins with a discussion on hydrogen characterization, including the source of hydrogen and the techniques for hydrogen analysis. Then, various laboratory mechanical tests are discussed, including constant loading tests, slow strain rate tests, and pre-cracked fracture tests. The characteristic features of these laboratory tests are compared in terms of test duration, hydrogen source, stress and strain level, and potential errors. Finally, risk prediction models of hydrogen embrittlement are reviewed, putting an emphasis on hydrogen diffusion and cracking simulation.

2. Hydrogen ingress and characterization
2.1. Hydrogen ingress
The source of hydrogen in steels is diverse. Hydrogen in steel can be divided into internal hydrogen introduced previously during the steel manufacturing, or external hydrogen picked up afterward, either from the environment or artificially introduced.[49] It should be noted that the internal and external hydrogen shall follow similar mechanisms for diffusion and embrittlement behaviors despite their different chronological orders of introduction. However, it is essential to make such a classification as it helps monitor the stepwise hydrogen accumulation during each period and benefits the academic/industry to make targeted improvements to reduce HE risk.

The adsorption of hydrogen atoms at the surface ( is the first step that hydrogen enters into steel.[50,51] The adsorped hydrogen atom could come from the dissociated hydrogen molecules in a gaseous environment or a hydrogen evolution reaction (HER) in a water-containing environment[52]:
In acid:							(1)
In alkaline:							(2)
As the hydrogen adsorption increases, hydrogen atoms either recombine to form gas molecules and desorb, or they could be absorbed into the matrix through a diffusion process:
Recombination:						(3)
Absorption:									(4)

According to literature, the internal hydrogen can be introduced during electroplating, pickling, etching, coating, welding, and other processes that may involve the HER.[17,52–54] In the case of PHS, the internal H mainly comes from the hot stamping process during steelmaking.[20,21] The austenitizing duration and the dew point, which describes the extent of moisture in the stamping furnace, play a crucial role in determining the hydrogen content right after the stamping (Figure 1). Longer duration and higher dew point significantly increase the internal diffusible hydrogen content to almost 1 wppm. This amount is sufficient to trigger hydrogen-induced delayed fracture in the PHS car components. Therefore, properly controlling the austenitizing condition, dew point, and a post-heat treatment are recommended to the industry.
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Figure 1. Typical thermal desorption curves of AlSi-coated 22MnB5 PHS before and after an austenitizing at 920°C for 5 min or 30 min. ‘Charging’ of hydrogen was controlled by the dew point (+19°C), and the heating rate was 20°C/min.
Reproduced under terms of the CC-BY license.[20] Copyright 2013, The Authors, published by Iron and Steel Institute of Japan.

External hydrogen is the hydrogen that enters the steel during an atmospheric corrosive process. A typical example of the atmospheric corrosion behavior of automotive parts is the corrosion caused by de-icing salts.[55–57] It has been demonstrated by both field and accelerated tests that such corrosion causes extensive deterioration of components.[58,59] During the metal’s corrosion and hydrolysis, the atmospheric pH value and corrosion potential continuously decrease, promoting the external hydrogen entry.[50] An elevated temperature and 40-60% humidity could speed up the corrosion rate and accumulate more hydrogen.[60] Comparatively, pitting corrosion is a more localized reaction for hydrogen entry. Active surface sites such as inclusions can trigger pitting on steel surfaces.[61,62] A micro-corrosion cell is formed during the pitting process, where the pit acts as an anode, and the metal surface acts as the cathode.[63] Although pitting corrosion occurs in a restricted area, it induces significant acidification accompanying highly concentrated hydrogen, thus being even more detrimental than uniform corrosion. Certain alloying elements such as Cr, Mo, Si, and V have been identified to impart high resistance to pitting corrosion in stainless steels and Fe-Cr alloys.[64–66] Such alloying strategies are expected to be extended to PHS to avoid pitting and the following hydrogen entry.

In the laboratories, hydrogen can be introduced into PHS via (1) direct exposure to acid or salt solution, (2) electrochemical charging in an aqueous solution, or (3) gaseous charging in a sealed, high-pressure chamber.[67–71] These charging methods essentially stem from the way that hydrogen is introduced from the service environment, but the charging process can be accelerated by modifying the physical conditions or applying specific chemical reactions. For example, an elevated working temperature and pressure, a high charging current density, a strong acid with a low pH value, and the addition of hydrogen recombination poisons all contribute to rapid hydrogen charging.[40,72,73]

Advantages and disadvantages coexist in the three hydrogen charging methods. The direct exposure charging method provides a charging atmosphere closest to the practical service. However, the applied aqueous solution increases the risk of corrosion damaging the specimen’s surface. Consequently, microcracks can be readily initiated from the damaged surface upon loading following the hydrogen-induced stress corrosion cracking (HISCC) theory.[74] Meanwhile, the electrochemical charging method is the most efficient way to precisely control the charging process, hence is most widely adopted by the community. The gaseous charging method avoids corrosion damage to the surface. On the other hand, the hydrogen outgassing between the end of charging and the test start needs to be addressed since it is a common feature for all charging methods.[37,75] Particularly, if the ex-situ gaseous charging is adopted at high temperature and pressure, an outgassing process is inevitable when releasing the high pressure and cooling down to a designated temperature. In this case, the time interval between the charging and test start is generally longer than the other two methods, causing a more significant reduction of the initially stored hydrogen. An in-situ gaseous charging and testing seem optimal, but the experiment setup and maintenance costs are considerable. Another choice to inhibit outgassing is the practice of cryogenic freezing treatment to the H-charged specimen.[17,20] The hydrogen diffusion kinetics are greatly reduced at cryogenic conditions, preserving the hydrogen until the measurement.

Due to the complexity, it is almost impossible to unify the hydrogen charging methods. Therefore, a clear and comprehensive record of the charging conditions is recommended to minimize the influence of laboratory charging methods.

2.2. Hydrogen characterization techniques
This section focuses on three hydrogen characterization techniques: thermal desorption spectroscopy (TDS), hydrogen permeation technique (HPT), and atom probe tomography (APT). Specifically, the hydrogen content, desorption activation energy, hydrogen diffusion coefficient, hydrogen solubility, and hydrogen trapping site density are of interest. These parameters are of essential importance in understanding the hydrogen diffusion and trapping behaviors throughout the embrittlement process. Since some of these parameters are material-dependent, the hydrogen characterization techniques are often employed together with other mechanical tests (introduced in Section 3) for better interpretations.

2.2.1. Thermal desorption spectroscopy (TDS)
Figure 2 displays the schematic of the TDS apparatus.[76] A hydrogen-containing sample is heated under a programmed heating procedure inside a vacuum or gas-sealed chamber. With increasing temperature, hydrogen is released when enough thermal energy fills the energy gap between the trapping and the diffusion state.[77] The released hydrogen is then detected by a quadrupole mass spectrometer and post-processed by a central processor to relate the hydrogen desorption signal with the temperature, i.e., the hydrogen desorption curve (Figure 1). Integration over time yields the total hydrogen content of the bulk sample. Ideally, each hydrogen trap should contribute to one single desorption peak, while in reality, the peaks of multiple traps with similar hydrogen binding energies may overlap, making it difficult to quantify the hydrogen content from a specific trap site. The resolution could reach 0.1 μg/g (0.1 weight ppm) with a proper gas calibration procedure, enabling accurate measurement of diffusible hydrogen content in steels with low solubility yet high hydrogen susceptibility.[24,78,79] A further rigorous determination of the hydrogen activation energy associated with each type of hydrogen trap can be achieved by monitoring the respective desorption peak’s shift upon various heating rates.[80–83] Briefly summarized, the activation energies of grain boundaries, dislocations, and microvoids in pure iron are determined to be 17.2 kJ/mol, 26.8 kJ/mol, and 35.2 kJ/mol in the early research done by Choo and Lee.[80] More recent studies carried out by Wei et al.[84] with Ti-added steels and Kang et al.[85] with Cr-, CrMo-, and Si-added steels obtained similar grain boundary activation energies ranging from 17.8 kJ/mol to 21.9 kJ/mol. Although the results are relatively consistent, it must be noticed that precise identification of activation energies for reversible trap sites is challenging due to the overlapping peaks with similar activation energies.

Regarding PHS, the main focus of most studies that applied the TDS technique could be categorized into three species: (1) to determine the diffusible hydrogen content within the martensitic matrix upon hydrogen ingress; (2) to identify the reversible/irreversible trapping nature of the second phase (i.e., retained austenite, carbide precipitates, and inclusions if any); and (3) to reveal the coating effect on the hydrogen diffusion kinetics. As previously stated, martensite is highly susceptible to hydrogen, yet its hydrogen solubility is low. Despite the various chemical compositions and charging conditions, the diffusible hydrogen content measured by TDS generally ranges from 0.3-1.4 wppm when an apparent hydrogen-induced property degradation can be observed.[86–88] The microalloying strategy of adding Nb, V, Mo, and Ti in PHS to introduce carbide precipitates as irreversible hydrogen trapping sites is popular. However, these carbides’ number density is usually insufficient to produce an identifiable peak on the desorption curve compared to the peak of the matrix. Lin et al.[86] managed to tackle this issue through room-temperature aging, during which the hydrogen reversibly trapped by the PHS martensite matrix gradually leaves the specimen, maintaining the hydrogen strongly/irreversibly trapped by the precipitates. An activation energy of 48.0 kJ/mol was thus calculated and related to the V-carbides. Lately, the coating strategy has been employed to avoid severe oxidation and decarburization of the steel surface during the hot stamping process.[15,89,90] Al-Si and Zn are PHS’s two most widely adopted coating materials. Regardless of their impact on the mechanical property, a coating layer is generally regarded to decelerate the hydrogen diffusion kinetics, as confirmed by the TDS measurements on the time evolution of hydrogen content for coated and bare PHS.[21,91] However, it is difficult to make an overall judgment about whether the coating is beneficial to PHS’s HE performance since the suppressed diffusion kinetics inhibits hydrogen uptake from the environment and hinders the internal hydrogen from diffusing out.
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Figure 2. Schematic of the conventional TDS apparatus.
Reproduced with permission.[76] Copyright 2012, Elsevier.

The development of low-temperature TDS (L-TDS), which can start the measurement from -200°C, serves as a possible solution to resolve the overlapped desorption peak.[25,38] This development enables a precise differentiation of hydrogen desorption peaks within a low-temperature range associated with relatively weak traps such as dislocations, grain boundaries, and vacancies. In other words, the sampling zone for temperature is further expanded, and the detection accuracy is improved. Thus, the desorption peak profile of each trap site could be attained through a peak split process. Moreover, applying L-TDS has brought opportunities to complement existing HE mechanisms. A recent study with L-TDS found that the carbon content is closely associated with the low-temperature peak.[92] A significant hydrogen desorption profile variation under the low-temperature region is detected in two Fe-C alloys with 6 and 50 mass ppm C, respectively. Both the peak position and intensity are altered, indicative of possible changes in trap sites’ density and activation energies due to the carbon addition. As carbon is probably the most effective and efficient strengthening element in PHS, more discoveries utilizing the L-TDS technique are encouraged.[93,94]

2.2.2. Hydrogen permeation technique (HPT)
Devanathan and Stachurski[95] proposed the hydrogen permeation technique to study the hydrogen diffusion behavior in palladium, and this technique is further extended to other systems, such as steels and alloys.[81,96,97] The test specimen is placed between two electrochemical cells (Figure 3a). One is for hydrogen charging through an electrochemical process, and the other is for hydrogen detection through an oxidation process. Residual hydrogen is first released from the oxidation cell before the hydrogen charging until a designated low current density is achieved. The time evolution of the oxidation current reflects the hydrogen diffusion behavior and is monitored throughout the process. HPT technique is a non-destructive test method both mechanically and thermally. This enables a repeat test on the same sample to determine the composition and fractions of reversible and irreversible hydrogen traps.[96,98]

Figure 3b presents typical hydrogen permeation curves of a 22MnB5 PHS.[99] The sample thickness and charging current density were kept constant to reveal the effect of different pH values of the electrolyte on the permeation behavior. It was found that the pH values imposed significant changes on the effective diffusion coefficient and the subsurface hydrogen concentration. The hydrogen diffusion rate increased rapidly once tested in acidic electrolytes. An average diffusion coefficient of 4×10-11 mm2/s for the 22MnB5 PHS was calculated amongst all test conditions. This magnitude is in good agreement with the steels of a martensitic matrix. Despite the difference in test conditions, the diffusion coefficient of PHS can be significantly affected by adding Nb and Mo to realize grain refinement and introduce strong hydrogen trapping sites such as carbide precipitates. The Nb addition alone (0.05 wt.%) has been reported to decrease the diffusivity of a 1.9GPa-grade PHS from 11.0×10-11 to 7.08×10-11 mm2/s. An additional 0.10 wt.% of Mo decreased its diffusivity almost by half to reach 5.73×10-11 mm2/s.[81] Similarly, the 0.15 wt.% Mo addition to a reference 1.9GPa-grade PHS results in a diffusivity decrease from 14.2×10-11 to 6.33×10-11 mm2/s.[100] Further quantitative analysis on the hydrogen solubility, permeability, density of trapping sites, and respective trapping energies could be carried out with varying test conditions and microstructure characterizations.[33,51,101] The HPT is highly sensitive to the test conditions (such as temperature, charging electrolyte, and charging current) and thus is recommended when exploring a novel material to identify the most suitable test condition.
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Figure 3. (a) Schematic of the HPT apparatus; (b) Typical hydrogen permeation plot and normalized current curves of a 22MnB5 PHS at different pH values.
Reproduced with permission.[96] Copyright 2015, Elsevier.
Reproduced under terms of the CC-BY license.[99] Copyright 2019, The Authors, published by MDPI.

One common feature of TDS and HPT is that both characterization techniques are designed for bulk specimens, lacking spatial resolution. In addition, unlike HPT, the heating procedure of TDS measurement will alter the specimen’s microstructure, thus being recognized as a destructive characterization method. Despite the drawbacks, these techniques help build up an overall image of the material’s general behavior in the presence of hydrogen, upon which comparison can be made under a relatively similar condition.

2.2.3. Atom probe tomography (APT)
The APT technique is a natural selection when the interaction between hydrogen and microstructural features such as dislocations, boundaries, precipitates, and element segregations are of interest since these features could already be well characterized by APT with high spatial and mass resolution.[87,100] Additional modifications to conventional APT are required to minimize the hydrogen loss during sample transfer and distinguish the intentionally charged hydrogen atoms from environmentally existing ones. Chen et al.[34,35] adopted deuterium charging and a cryo-transfer system to cope with such difficulties and confirmed the trapping of hydrogen/deuterium atoms at dislocations, grain boundaries, and NbC precipitates experimentally. While there has been no report on applying the APT technique to PHS, some conclusions drawn from other systems with similar microstructural features could be used to explain the HE in PHS and guide the design and application. For example, the novel PHS design intends to use V-microalloying to simultaneously increase the strength grade and hydrogen resistance by introducing vanadium carbide (VC) precipitates, a powerful hydrogen trap, to PHS’s matrix. However, the APT analysis on V-containing low-carbon steel suggested that VC’s trapping capacity largely depended on its chemical composition.[102,103] Only the V4C3 with abundant surface carbon vacancies could provide sufficient hydrogen trapping. This result might explain the sometimes unsatisfactory HE resistance of V-containing PHS that could not meet expectations. More studies are required to optimize the VC composition in PHS for better HE performance.

3. Test methods for HE evaluation in PHS
Over the decades, many test methods and evaluation standards have been developed to assess the HE susceptibility of steels. Although most tests are done in laboratories where the environment cannot be precisely the same as in in-service scenarios, useful information can be summarized by comparing several materials following a standard procedure. The evaluation standard is usually given empirically based on the statistical analysis of existing materials. Such comparison benefits the industry by realizing a quick screening process of novel materials. In this regard, the following passages will introduce a few types of experimental methods that provide basic yet essential information on the determination of HE performance.

3.1. Constant load test (CLT)
CLT is regarded as the test method that is most similar to the actual service state. In a typical CLT, the pre-charged or in-situ charged specimens are loaded at a constant load (or stress).[104,105] When examining the HE of PHS, a fraction of its yield strength (YS) is usually applied since the performance beyond the YS is not the main focus and is barely achieved in service. A timer is linked to the loading system to record the total experiment time (time to fracture) in the case of the final fracture. Otherwise, the specimen is considered qualified if the experiment time exceeds a predefined time limit. Usually, a TDS measurement is included before and immediately after the CLT to quantify the hydrogen content. It is noticed that sometimes a notched specimen with a calculated stress concentration factor (Kt) is used in CLT.[106–108] In that case, the net stress at the notch tip should reach the target stress while the other part remains elastically deformed. However, the high-stress concentration area ahead of the notch simultaneously leads to hydrogen accumulation, and the local concentration could reach several times higher than the mean value.[41,109] While TDS cannot characterize the local hydrogen distribution, a few simulation works that account for stress-assisted diffusion are able to model the hydrogen concentration profile inside the specimen.[106,107] These HE models will be discussed in detail in Section 4.

The key outcome of CLT is to build a relationship between the applied load and the measured hydrogen concentration for the test material. The experiment can be carried out in two ways: (1) the constant loading stress is fixed while different hydrogen content is introduced into the specimen. The plot of hydrogen content against time to fracture is used to evaluate the critical hydrogen concentration (Hcrit) below which the specimen does not fracture; (2) The hydrogen content is fixed while different loading stress is applied. Similarly, the critical stress (σcrit) corresponding to the preset hydrogen content can be acquired. These two CLT setups can be selected based on the specimens’ potential service conditions. For instance, high-strength bolts are often employed under a known stress state, thus suitable for the fixed-load CLT setup. The determined Hcrit gives the upper limit hydrogen concentration that the bolt could absorb from the environment. For steels used in a predefined corrosive environment such as seashore engineering or deep-sea pipelines, a fixed hydrogen content CLT setup helps determine the σcrit, which is essential for the safety design.

Figure 4 shows a typical CLT plot, where the HE susceptibility of four low-carbon martensitic steels that underwent different heat treatments are compared through the Hcrit.[36] The loading stress for each specimen is set as 90% of the respective tensile strength, and the time limit is 140 hr. With higher tempering temperatures, the tensile strength gradually decreased from 1278-1310 MPa to 1203-1211 MPa, while the Hcrit increased from 0.08-0.11 mass ppm to 0.26-0.29 mass ppm. No significant variation of Hcrit was found in steels treated with different heating rates to achieve a similar strength level. This work presented a classic illustration using CLT to determine the dominant HE factor, in this case, the tensile strength rather than the heating rate, and could be expanded to other potential factors.

[image: 图表, 折线图, 散点图

描述已自动生成]
Figure 4. Relationship between the diffusible hydrogen content and time to fracture by a constant load test. The specimens are low-C martensitic steel with various heat treatments.
Reproduced under terms of the CC-BY license.[36] Copyright 2012, The Authors, published by Iron and Steel Institute of Japan.

3.2. Tensile tests
The group of tensile experiments is the most popular among all test methods, including the constant extension rate test (CERT) and linearly increasing stress test (LIST).[110] The HE susceptibility can be directly compared through the charged and uncharged specimens’ stress-strain (or load-displacement) curves. Ductility or elongation loss, fracture stress, and area reduction of the fracture surface are commonly adopted HE indicators, while sample geometry and loading mode vary with research.[100,107,111]

The constant extension rate test (CERT) has been widely utilized to study the HE susceptibility.[104,112] According to the magnitude of the extension rate, the CERT can be subdivided into slow strain rate test (SSRT) and conventional strain rate test (CSRT). The former usually requires an extremely slow strain rate below 10-5/s, and the latter is 2-3 orders of magnitude higher. Both tests will strain the specimen until the final fracture, revealing the fracture surface for fractography identification. One of the major differences between SSRT and CSRT is the overall test duration. SSRT generally consumes a prolonged time, during which the diffusible hydrogen could redistribute significantly.[39,41,46] Once the local hydrogen accumulation reaches a threshold value, it facilitates the initiation of intergranular (IG) and/or quasi-cleavage (QC) fractures. For CSRT, the overall test duration is usually several minutes, providing limited time for hydrogen redistribution. Thus, the HE susceptibility is relatively mild under CSRT and more intense via SSRT, i.e., the strain rate effect on HE.[104,113,114]

An example of SSRT data is shown in Figure 5 from a study on the effect of different microalloying on HE in 32MnB5 PHS.[81] Based on the engineering stress-strain performances and the ductility loss evaluation, the SSRT suggested that Nb+Mo microalloying induced the optimal HE resistance by almost doubling the ductility. Such improvement remained valid whether it was tested in a low H or high H environment.
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Figure 5. Hydrogen embrittlement resistance of 32MnB5 with SSRT at room temperature. Engineering stress-strain curves of the (a) 32MnB5 as a base material, (b) 32MnB5 + 0.05 wt% Nb, (c) 32MnB5 + 0.10 wt% Mo + 0.05 wt% Nb, (d) The change of elongation loss as a function of hydrogen charging current density summarized from the SSRT.
Reproduced with permission.[81] Copyright 2020, Elsevier.

The drawback of CERT is straightforward in that it cannot provide detailed information precisely reflected from the HE cracks initiation moment. Through the aid of simulation, it is revealed that during CERT at the applied potential, the crack initiation of tested Monel K-500 Ni-alloys could have already occurred as early as 40-60% of the total experiment time.[115] Unfortunately, this can hardly be captured by the stress-strain curve unless these microcracks grow to a critical extent. Therefore, the strength/ductility loss from the CERT, especially from a time-consuming SSRT, is a complex HE indicator that involves the material’s fracture toughness evaluation and its degradation with hydrogen.[116] The potential drop method provides a solution to detect the H-induced crack initiation if high-performance detectors are available.[117,118]

The linearly increasing stress test (LIST) method proposes another approach by changing the loading mode from the strain rate control to load control (Figure 6a).[30] The stress is applied by moving the designated weight along a lever beam at a constant rate controlled by the synchronous motor. Once the H-induced crack initiates in the LIST sample, it undergoes rapid plastic instability due to the continuously increasing load. Consequently, the time for sub-critical crack growth is limited, and the corresponding fracture stress/strain is more precise than the SSRT. In addition, combined with the potential drop method, LIST could effectively monitor the threshold stress corresponding to the crack initiation moment (Figure 6b).[119] In the two investigated martensitic steel, the effect of hydrogen on the threshold stress of an 1180 MPa strength grade steel (MS1180) was negligible. Nevertheless, the threshold stress of the 1500 MPa strength grade steel (MS1500) reduced over 100 MPa, from 1340 MPa to 1225 MPa. Therefore, the superior HE resistance of MS1180 can be distinguished by the change of the threshold stress monitored by LIST.
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Figure 6. (a) Schematic of the linearly increasing stress test (LIST) apparatus; (b) Typical plots of potential drop versus applied stress, illustrating the determination of threshold stress at crack initiation.
Reproduced under terms of the CC-BY license.[30] Copyright 2018, The Authors, published by MDPI.
Reproduced with permission.[119] Copyright 2015, Elsevier.

Similar to CLT, the geometry design of the tensile test specimen includes smooth and notched samples.[68,107,120] The notch promotes H-induced crack initiation and thus is better for the study of fracture behavior. Nevertheless, care must be taken since the deformation is limited within the notch tip area with the notch design. Hence, ductility loss is no longer an appropriate HE indicator than fracture stress in the presence of notches. Another issue is that even with a slow displacement rate applied remotely, the local strain rate is still high. Finite element analysis (FEA) or digital image correlation (DIC) are promising solutions to help determine the accurate strain rate.

3.3. Bending tests
The stress-strain state and hydrogen content are highly controllable in the tensile tests. However, the real application of PHS involves much more complicated stress states that the tensile experiments cannot cover. Recently, bending tests have received more attention. The reason is that PHS’s primary application is to withstand lateral impacts during a crash, such as the B-pillar and the bumper.[13,16,121] Bending tests better describe the mechanical performance under such practical circumstances.

U-bending, two-point bending, three-point bending, and four-point bending tests are the most popular bending experiments.[122,123] All bending test specimens are maintained at a constant strain (deflection) condition through a stressing jig and a specimen holder. For the two-point bending, the stressing jig is detached from the specimen after loading, so the constant strain is maintained by the specimen holder alone. For the three- and four-point bending, the stressing jig is in contact with the specimen throughout the test. Given the bending deflections and the specimen geometries, the stress-strain states of these three bending tests can be accurately determined since only the elastic deformation is involved. In the case of U-bending, determining the strain state is much more complicated. U-bending is considered the most stringent test condition for smooth specimens because its specimens contain both elastic and plastic deformation. Therefore, extra experimental techniques such as DIC or strain gauges are required to measure the local strain. Hydrogen can be introduced before or after the bending via electrochemical charging or the simple immersion method. The time to fracture and the hydrogen content are used to evaluate the specimen’s HE resistance against bending.

An appropriate selection among the bending tests can be made based on their characteristics listed below. For instance, the U-bending test is more suitable for specimens that would undergo plastic deformation. Contrastingly, the two-, three- and four-point bending tests can be adopted if the material is mainly utilized within the elastic range. Compared with the other two test methods, the three-point bending possesses a relatively harsh test condition at the specimen’s centerline, where the maximum strain and stress are achieved at the outer surface. Meanwhile, the contact between the central support and the specimen may induce crevice corrosion and facilitate HE. Therefore, the two-point bending test is preferred if crevice corrosion issues prevail and no protection is made for these critical contact areas. In the four-point bending test, the maximum strain and stress of the bent specimen are maintained over a wide range between the two central supports. Hence, the four-point bending test can minimize the effect of local variations, such as non-metallic inclusions, and ensure good repeatability.

Aside from crevice corrosion, the contact between specimens and holders may also change the entire stress/strain distribution. The stress/strain distribution alteration is especially pronounced if the bent specimen undergoes large plastic deformation, e.g., in a U-bending test. Most U-bent specimens are tightened through bolts and nuts that generate a localized contact area. A universal jointing method is applied to create a uniform contact for comparison (Figure 7a).[124] The different jointing methods lead to a noticeable difference in the fracture positions of hydrogen-charged U-bent specimens (Figure 7b). Traditional bolt-jointed samples were fractured within the corner between the deformed and non-deformed regions, whereas universal-jointed samples were fractured near the centerline, where the deformation is most extensive. This fracture position variation implied a totally different stress-strain-hydrogen distribution inside these U-bent PHS specimens. Thus, the contact behavior in the bending tests must be treated with caution in case it interferes with the specimens’ HE performance.

[image: 日程表
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Figure 7. (a) Geometry of U-bent specimen and different jointing methods for the delayed fracture tests in uncoated 22MnB5 PHS; (b) Fracture location variation due to different jointing methods.
Reproduced with permission.[124] Copyright 2021, Elsevier.

Some classic HE indicators, such as the Hcrit, are still available for bending tests, but their values deviate with different test methods. In the work done by Valentini et al.,[125] they compared the impact of testing methods and sample geometries on Hcrit in both 1500 and 2000 MPa grade PHS (Figure 8). For 1500 MPa grade PHS, the SSRT resulted in the highest Hcrit (0.74 wppm), followed by the standard four-point bending test (0.71 wppm). The lowest threshold was measured from a four-point bending test with a hole in the specimen’s center (0.61 wppm). Increasing the PHS’s strength to 2000 MPa not only led to the decrease of Hcrit but also exaggerated their difference. The measured Hcrit showed a geometry and test method dependence in both PHS. This comparison clearly reveals the absence of standardized HE test methods for ultra-high-strength PHS, especially those over 1500 MPa strength grades. A more systematic comparison of the test methods regarding HE performances and evaluations is expected in the future.

[image: ]
Figure 8. (a) Four-point bending sample geometry and test setup; The critical hydrogen concentration of PHS without/with a center hole measured by a four-point bending test for (b) 1500 MPa grade and (c) 2000 MPa grade. The SSRT results are not shown here.
Reproduced under terms of the CC-BY license.[125] Copyright 2019, The Authors, published by MDPI.

The bending angle is a unique indicator for the bending tests that provides a solid prediction of bending toughness and crashworthiness.[89,126] Instead of being kept at a constant strain condition, the specimen is gradually loaded on a three-point bending frame until reaching the maximum load recorded by a load cell. The bending angle can be calculated from the displacement of the loading punch or by a manual post-measurement.[127] Recently, this method has been extended to examine the HE effects on coated PHS. In the case of AlSi-coated and bare 35MnB5 PHS, their HE susceptibility was analyzed by comparing the bending angles and the number and morphology of surface cracks (Figure 9).[91] AlSi-coated PHS showed a limited bending angle (28°) that reflected a poor resistance to the bending test. It was discovered that the AlSi coating was detrimental to the bending toughness of PHS.

Interestingly, the SSRT was also adopted in the same research, enabling a direct comparison between the tensile and bending tests. The total elongation for the CA+HPF, CA+HPF+BH, CA+Al+HPF, and CA+Al+HPF+BH treated specimens were 6.3 ± 1.3%, 7.2 ± 0.6%, 2.8 ± 0.3%, and 6.9 ± 0.6%, respectively. (CA: continuous annealing, HPF: hot press forming, BH: bake hardening, Al: aluminizing.) Noticeably, in the case of CA+Al+HPF+BH, the total elongation almost fully recovered, whereas the bending angle suggested that the HE risk remained. Therefore, the bending test has a higher level of sensitivity and shall better reflect the HE performance for AlSi-coated PHS in practical applications.
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Figure 9. Effect of sequential heat treatment and AlSi coating on the three-point bending performance of 35MnB5 PHS. The bending angles are labeled behind heat treatment.
Reproduced with permission.[91] Copyright 2018, Elsevier.

3.4. Pre-cracked fracture tests
Pre-cracked fracture tests are useful test methods based on fracture mechanics, particularly fracture toughness and fatigue measurement. In the fracture tests, compact tension (C(T)) and single-edge bend (SE(B)) specimens are frequently adopted.[128–130] An additional in-situ or ex-situ hydrogen charging device is applied to the original fracture toughness or fatigue test apparatus. Since the specimens are usually pre-cracked via the fatigue procedure, the hydrogen-assisted crack initiation process is less emphasized than tensile or bending experiments. Instead, the main focus is on the hydrogen-assisted crack propagation behavior under monotonic or cyclic loading. As a result, the threshold stress intensity factor, the J-integral, the fatigue crack growth rate (CGR), and crack opening displacement (COD) are all effective HE indicators in the pre-cracked fracture tests.

By far, few pre-cracked fracture tests have been exploited to characterize the hydrogen embrittlement in PHS, partly because PHS is usually manufactured in the form of thin sheets with a thickness ranging from 1-3 mm. It adds difficulty to qualitatively measure the mode-I fracture toughness or fatigue performance following the standards where a prevailing plane strain condition is the prerequisite.[131] Some researchers applied the essential work of fracture (EWF) method on double edge-notched tensile (DENT) specimens to evaluate the specific essential work (we) and non-essential plastic work (wp). Both values can be related to the J-based fracture toughness measurement.[132–134] Alternatively, it has been proved that accurate measurement of the fracture toughness of a high-strength thin sheet could be achieved through sub-sized geometry and side groove.[131,135–137] The ultra-high strength and moderate fracture toughness of AHSS effectively reduce the qualification for thickness, and the side grooves help modify the crack tip triaxiality and mitigate the crack tunneling effect.[131,138,139] The authors have managed to measure the fracture toughness values of two types of PHS (1500 and 2000 MPa strength grade) by applying the side groove strategy to subsidized C(T) specimens.[116] The qualified hydrogen-free crack-initiation and crack-growth toughness in terms of K (KJIc and KJss) for the traditional 22MnB5 PHS (PHS1500) were 91.5 ± 4.4 and 124.5 ± 3.6 MPa·m1/2. Both values of the 2000 MPa grade PHS (PHS2000) were decreased by ~20% to 73.0 ± 10.1 and 91.5 ± 10.0 MPa·m1/2. Such degradation in fracture toughness agrees with the known strength-toughness trade-off and is ascribed to the carbon content in the investigated PHS: most of the carbon exists at a solid solution state; hence the higher carbon content, the more aggressive lattice distortion. The presence of hydrogen further exacerbated the initially poor fracture resistance of PHS2000, where it merely exhibited resistance against the hydrogen-induced intergranular cracks. These results by pre-cracked fracture tests are self-consistent with the PHS’s tensile performances with hydrogen. As the fracture toughness and fatigue measurement in PHS continuously matures, more fracture mechanics-based tests shall be considered to evaluate the impact of hydrogen on fracture toughness.

3.5. Summary of the HE test methods for PHS
With an increasing demand for high-strength PHS, many studies have focused on developing HE-resistant PHS through microalloying, coating, and heat treatment, as summarized in Table 1.

Table 1. Summary of the recent research on HE in PHS and the applied test methods (GC: gaseous charging, EC: electrochemical charging, IC: immersion charging)
	PHS strength grade [MPa]
	Main focus
	Hydrogen charging method & test method
	HE indicator
	Ref.

	1500
	Austenitizing condition
	GC + SSRT
	Strength/ductility loss
	[67]

	1500
	Nb microalloying
	EC + SSRT
	Strength loss
	[68]

	1500
	Charging condition
	EC + SSRT
	Strength/ductility loss
	[73]

	1500
	Ti-Nb-V microalloying
	EC + HPT
	Hydrogen-induced blisters & cracks
	[82]

	1500
	Austenitizing condition, specimen loading/jointing methods
	EC + CSRT & U bending
	Strength/ductility loss & time to fracture
	[124]

	1500
	Al-Si coating, austenitizing condition
	EC + three-point bending
	Bending angle
	[79]

	1500
	Al-Si coating, austenitizing condition
	EC + four-point bending
	Time to fracture
	[140]

	1500 & 2000
	Test methods
	EC + SSRT & four-point bending
	Critical H concentration
	[125]

	1500 & 2000
	V microalloying
	EC + SSRT
	Strength/ductility loss
	[86]

	1800
	Stamping and tempering condition
	EC + SSRT
	Strength loss
	[120]

	1800
	Austenitizing and quenching condition
	IC + CSRT
	Ductility loss
	[71]

	1900
	Nb & Nb-Mo microalloying
	EC + SSRT
	Strength/ductility loss
	[81]

	1900
	Mo microalloying
	EC + SSRT
	Ductility loss
	[100]

	1900
	Ti microalloying
	EC + SSRT
	Ductility loss
	[141]

	2000
	Al-Si & Zn coating, austenitizing condition
	Pre-introduced during hot stamping + SSRT & CSRT
	Strength/ductility loss
	[21]

	2000
	Al-Si coating & tempering condition
	Pre-introduced during hot stamping + SSRT & three-point bending
	Strength/ductility loss & bending angle
	[91]



The investigated PHS strength level ranges between 1500 to 2000 MPa. Over half of the studies involve novel PHS of 1800 MPa or higher strength grades, indicating that the primary focus is to increase strength grades and HE resistance simultaneously. Microalloying using Nb, Mo, Ti, and V is the most widely adopted strategy to form hydrogen traps of high activation energies to improve HE performance. Some beneficial synergistic effects coexist, such as the strengthening via precipitation formation and grain refinement by the Zener pinning effect or solute drag effect.[68,86] Meanwhile, reducing grain size induces a higher grain boundary density. These grain boundaries serve as effective hydrogen trap sites that help slow the hydrogen diffusion process. Moreover, if the overall hydrogen contents are comparable, a denser grain boundary helps reduce the localized hydrogen concentration trapped at these boundaries and improves the hydrogen resistance.

In terms of the HE evaluation, including the hydrogen charging and subsequent test method, the electrochemical charging method and SSRT are still most frequently adopted in these studies, thanks to their high efficiency and broad adaptability. By contrast, gaseous charging and immersion charging methods are less popular. For the coated PHS, the charging process is sometimes omitted in order to evaluate the effect of residual hydrogen generated during the austenitization process. The utilization of bending tests is gradually increasing, especially in studies evaluating coating systems’ influence on bendability and HE. Meanwhile, as the bending performance strongly resembles the component’s crash performance, the bending tests might gain more application in the near future.

Based on the choice of test methods, the strength/ductility loss concluded from an SSRT test serves as the most popular HE indicator for PHS. However, it is worth mentioning that even with the same EC+SSRT experiment setup, a direct comparison of PHS’s HE performances based on the HE indicators among different studies is still unavailable because the arbitrarily selected charging and testing parameters of each study could have influenced or even altered the dominant HE mechanism. For instance, the charging electrolyte, current density, charging duration, ambient temperature, strain rate, and sample geometry are constantly found to be different in each research, so the PHS’s HE performances cannot be compared on an equal basis. Accordingly, other critical HE indicators, such as the hydrogen content and diffusivity, are to be evaluated for better comparison and interpretation.

To sum up, the present dilemma is that there are limitations for conventional HE indicators, such as Hcrit and strength/ductility loss, to be utilized to evaluate PHS’s HE susceptibility. Additional effort is expected to improve and unify the evaluation methods toward building an efficient and reliable evaluation standard. In particular, a charging process similar to its service condition is the optimal choice for hydrogen ingress. Therefore, a correlation between the lab and the field environment is expected. Moreover, systematic comparisons of the HE test methods are still lacking, making the screening process for novel PHS ambiguous and problematic. A current expedient is made by comparing the HE performances of novel PHS against conventional ones, i.e., 22MnB5. The HE performances of 22MnB5 hereby become a lower limit to be reached. However, such validation is usually inefficient and costly. In this regard, proper modeling of the HE processes in PHS might be more meaningful since it only requires a minimal number of experiments for calibration, which is our focus in the next section.

4. Modeling the hydrogen embrittlement in PHS
Ever since the discovery of HE, efforts have been made to visualize its distribution in metals. However, experimental observations are often limited to bulk quantities or inapplicable to steels with complex microstructures.[34] By far, the most successful attempt is through the advanced APT technique equipped with a cryo-transfer system,[34,35] which enables the observation of hydrogen/deuterium atoms in various trapping sites. However, these methods are demanding in instruments. As such, theoretical modeling and simulations are the most straightforward approach to studying the dynamic hydrogen diffusion and distribution on a microscopic scale.

The two most widely discussed HE mechanisms for PHS steels are hydrogen-enhanced decohesion (HEDE) and hydrogen-induced plasticity (HELP).[37,142] HEDE explains HE through the lowered cohesive energy between the interfaces and grain boundaries as the hydrogen weakens the atomic bonds in these regions.[143] HELP, on the other hand, hypothesizes that the presence of hydrogen increases the local dislocation mobility, causing localized plastic deformation and crack growth.[144] The two mechanisms are not mutually exclusive. In fact, a combination of two theories has been proposed to explain the interactions between decohesion and plasticity in HE in the range of hydrogen concentration where both mechanisms could be simultaneously active.[37,145–147]

From a computational perspective, HE can be simulated through a wide range of models, from atomic to the macroscopic scale. Ab initio methods, such as density functional theory (DFT), have been used to calculate the fracture energy of the material in HE[148,149] and the interactions and affinity of hydrogen with the microstructure, such as dislocations.[150] Molecular dynamics enables studies of the dynamic crack propagation and hydrogen diffusion in the length scale of 10 nm.[151,152] From the mesoscopic scale (about 1 to 10 μm) up to the macroscopic scale, continuum models through finite element analysis (FEA) provide insight into the mechanical stress state and hydrogen diffusion process over a large number of grains. Phase-field and crystal plasticity models are often used in conjunction with FEA to simulate the evolution of microstructures, cracks, and plastic deformation.[153,154] It can be seen that each approach has its strength and limitations, and it is essential to choose an approach suitable for the timescale and length scale of the interest for a particular study.

The case of modeling HE in PHS is more challenging than many other AHSS for the following reasons. First, during the hot-stamping process, PHS typically acquires a martensite lath morphology from martensitic transformation. The martensite laths are organized into packets and blocks according to their orientations.[155] This complex microstructure contains a large number of interfaces, which are excellent trapping sites for hydrogen. For models concerned with the diffusion and embrittlement of the interfaces, the effect of microstructure must be accounted. Second, due to the large deformation during the hot-stamping process and the martensitic transformation, PHS usually has a high dislocation density of magnitude 1015 m-2.[91] A large number of dislocations also enables effective hydrogen trapping, which is one reason for the high HE sensitivity in hardened steels.[156] Therefore, studying hydrogen diffusion in PHS inevitably requires an evaluation of the dislocation density after the hot-stamping process.

We hereby review some well-accepted theories and models for studying HE in PHS, focusing on models within the mesoscopic to the macroscopic scale. We will also cover some of the work and opinions of the current authors. Potential applications and current challenges will also be discussed at the end of this section.

4.1. Martensite transformation during stamping
As discussed above, the martensitic transformation plays an important role in HE, for not only does it induce a large number of lath boundaries (LB) and prior austenite grain boundaries (PAGB), but also the complex dislocation network that results in the inhomogeneous diffusion and segregation behavior of hydrogen in PHS.

Crystallographically, the martensitic transformation can be described by an orientation relationship. One of the earliest models is the Bain model, where the formation of a body-centered-tetragonal (BCT) lattice from a face-centered-cubic (FCC) lattice without significant displacement of atoms is possible by identifying atoms from one lattice to another.[157] However, the orientation relationship obtained from the Bain model does not match the experimental observation because possible rotation and shearing of the material are not modeled.[155] Several new orientation relationships have been proposed to resolve the discrepancy between the experimental data and the prediction from the Bain model. Among them, Kurdjumov-Sachs (K-S),[158] Nishiyama-Wassermann (N-W),[159] and Greninger-Troiano (G-T)[160] orientation relationships are widely accepted and offer good agreement with the experimental observation.

Olson and Cohen propose a simple, early model for the kinetics of martensitic transformation.[161] In their model, the fraction of martensite () is related to the plastic strain () by the following equation[161]:
							(5)
where , , and  are fitting parameters. This model is widely accepted and validated by experiments.[155,161] However, the Olson-Cohen model is insufficient for studies requiring a physically accurate martensite morphology. One of the more sophisticated solutions is the phase-field model. The pioneering works were by Artemev, Wang, and Khachaturyan,[162–165] who formulated the phase-field model for martensitic transformation. Yeddu et al.[166,167] adopted the model to study the martensitic transformation in steels. Figure 10 shows the evolution of three Bain variants starting from a randomly placed nucleus in a polycrystal representative volume element (RVE) using the phase-field model.[168] It is demonstrated that the phase-field model can generate relatively accurate martensite morphology. Nevertheless, implementing a high-resolution phase-field model is more complex and resource-demanding. Thus, simpler models, such as the Olson-Cohen model, are usually sufficient for studying macroscopic phenomena in PHS.

[bookmark: fig-pfmart][image: [fig-pfmart]Time evolution of three Bain variants in a polycrystal RVE. The simulation is based on phase field model calibrated for PHS1500. Figure adopted from (Ngiam, Cao, and Huang 2022) with permission.]
[bookmark: fig1]Figure 10. Time evolution of three Bain variants in a polycrystal RVE. The simulation is based on a phase-field model calibrated for 22MnB5 PHS.
Reproduced with permission.[168] Copyright 2022, Elsevier.

4.2. Hydrogen diffusion
In general, the dynamics of hydrogen diffusion are governed by the diffusion equation, which is a result of the conservation of mass:
											(6)
where  is the concentration of hydrogen and  is the flux vector.

In the framework by McNabb and Foster,[169] hydrogen is categorized into lattice hydrogen, which resides in ordinary sites in the lattice, and trapped hydrogen, which resides in trapping sites such as dislocation, interfaces, and grain boundaries. Naturally, lattice hydrogen has significantly higher mobility than trapped hydrogen. In this section, we adopt the convention to denote the quantities related to lattice hydrogen with subscript ‘L’ and quantities related to trapped hydrogen by the subscript ‘T’.

The trapping-detrapping kinetics in the McNabb-Foster model is described by the following equation[169,170]:
								(7)
where  and  are the fraction of occupation for lattice and trapped hydrogen, respectively.  and  are the rate constants for the trapping and detrapping process, respectively.  is the total number of trapping sites. For lattice hydrogen,  can be estimated by the number of solvent atoms in the material.[40] The number of trapping sites  depends on the nature of the sites under consideration. In the literature, this quantity is usually estimated from plastic strain in the following form[40,171,172]:
									(8)
where , , and  are fitting parameters. The current authors have recently proposed an alternative model based on geometrically necessary dislocations (GND), where the GND density is calculated from the Nye tensor.[168]

The well-known Oriani model[173] is the McNabb-Foster model at local equilibrium. Putting  yields:
											(9)
where  is the equilibrium constant, and  is the activation energy of the trapping sites.

Both the McNabb-Foster model and Oriani model assume that hydrogen exists as two different species that can be converted to each other. The Oriani model assumes that such a trapping–detrapping process is sufficiently fast compared with the diffusion process, and only when the ratio between the lattice diffusion and the trapping–detrapping rate is sufficiently small, a local equilibrium can be reached.[173] Obviously, this assumption is valid when the thermal vibration frequency of hydrogen atoms is sufficiently high and the binding energy is sufficiently low. These two models are suitable for both simulation and experimental data analysis of hydrogen diffusion and desorption behavior.[170,174] For PHS, dislocations, lath boundaries, prior austenite grain boundaries, and carbides are to be considered when evaluating the density of trapping sites.[28,175,176]

While the above models correctly predict hydrogen’s behaviors in the trapping sites, it does not model hydrogen transport under the influence of local stress. Hydrogen diffusion under external loading has been experimentally studied in the literature.[39,177] In PHS, this effect may be more pronounced due to the residual stress and service loading. Progress in modeling stress-driven hydrogen diffusion has been made by Sofronis and McMeeking.[40] In their model, the proposed diffusion flux for lattice hydrogen  is:
										(10)
where  is the usual diffusion flux due to concentration gradient, with  as the diffusivity of lattice hydrogen, and  is the diffusion flux driven by hydrostatic stress with  as the mobility. The effect of stress is captured by the latter term, which is related to the hydrostatic stress  through , where  is the partial molar volume of hydrogen. Inserting Equation 10 into Equation 6 and simplifying, the diffusion equation in the Sofronis-McMeeking model becomes[40]:
								(11)
Combining Equation 9 and 11, we arrived at the model for hydrogen diffusion with the local equilibrium assumption. A model without the local equilibrium assumption can be obtained in a similar manner by substituting Equation 7 into Equation 6.[168]

[bookmark: sec%253Aorgfd06de3]The models presented in this section are applicable to both mesoscopic and macroscopic studies of hydrogen diffusion, with or without external loading. The Sofronis-McMeeking model has been used extensively to study hydrogen segregation at the crack tip and precipitates.[40,146,178] Figure 11 shows hydrogen segregation near the carbide precipitates (highlighted by the red circle in Figure 11(b)) in the simulated hydrogen in martensitic steel. At the microscopic level, the characteristic length of the hydrogen diffusion is no longer small compared to the characteristic size of microstructure features, such as the thickness of interfaces. Specific treatments may be needed to model the effect of microstructure over the path of hydrogen diffusion.[168]

[image: [fig-hWu](a) Arrangement of martensite blocks and carbide precipitates in the simulation model. (b) Hydrogen concentration distribution (in ppm) at 6% nominal strain. Figure adapted from (Wu and Zikry 2015) with permission (Haven’t asked).]
Figure 11. (a) Arrangement of martensite blocks and carbide precipitates in the simulation model. (b) Hydrogen concentration distribution (in ppm) at 6% nominal strain.
Reproduced with permission.[178] Copyright 2015, Elsevier.

4.3. Modeling hydrogen embrittlement
The final stage of HE is the fracture strength and toughness degradation, leading to material failure. A study of the fracture process could provide information about crack initiation and propagation behavior under the influence of hydrogen. In general, all existing methods used in computational fracture mechanics can be adopted in modeling HE. A common strategy is to link the fracture criterion or the constitutive equation in the fracture model with the local hydrogen concentration.[48,148,149,154,179]

For HE governed by the HEDE mechanism, the cohesive zone model (CZM) is a natural choice. In CZM, the fracture behavior of a predefined weak interface is modeled by a special cohesive element whose constitutive relationship is dictated by a traction-separation law.[180] The fracture energy of the cohesive element is frequently obtained from DFT calculations.[148,149] In the study of HE in iron and aluminum by Jiang and Carter,[148] the fracture energy of the material, estimated through the Born-Haber cycle using DFT, is shown to be negatively and almost linearly related to the hydrogen coverage. The fracture energy from atomistic calculations can be directly used to specify the traction-separation law under different local hydrogen coverage, and results such as the force-displacement curve and fracture toughness can be extracted and validated by experiments.[149,179]

Another popular approach is the continuum damage model (CDM). In CDM, the crack is modeled by a damage parameter governed by a damage initiation criterion and a damage evolution law.[181] One of the most important models in this category is the phase-field damage model, where the evolution law is directly derived from the variation principle and thermodynamically consistent.[182] In the model by Martínez-Pañeda et al.,[48,115] the critical energy release rate of the phase-field damage model is assumed to be negatively related to the hydrogen coverage. In a recent work by Huang and Gao,[154] the yield condition is also affected by the local hydrogen content, aside from modifying the critical energy release rate. Through CDM, it is possible to model both HELP and HEDE mechanism, thus, the ductile-to-brittle transition under HE can be studied.

[bookmark: fig-hcrit]While fracture can be readily simulated through the methods discussed above, a simple failure criterion is often desirable for experimental studies and theoretical models focusing on the transformation or diffusion aspects. One example is the concept of critical hydrogen concentration discussed in Section 3, which directly predicts the HE behavior based on experimentally measured hydrogen concentration or controlled charging conditions. Caution must be taken in correlating the local hydrogen concentration with the hydrogen content from experimental measurements such as TDS. In general, the local hydrogen concentration can deviate from the global average concentration. Figure 12 shows the relationship between the local hydrogen concentration and the global average obtained from the hydrogen diffusion simulation of a polycrystal representative volume element in 22MnB5 PHS.[168] It can be seen that while the local hydrogen concentration increases with the global average, its value varies with both the local hydrostatic stress and the microstructure. The PAGB within the high hydrostatic stress regions is likely to have a local hydrogen concentration 2-3 times of the global average value. Crack initiation and propagation at these sites due to the decohesion of the interfaces under the influence of high local hydrogen content is expected. Meanwhile, if the local hydrogen content is insufficient to trigger an interface decohesion and a crack is initially formed due to plastic instability during deformation, the transgranular and quasi-cleavage fracture modes are expected to occur.
[image: [fig-hcrit]Relationship between the simulated local hydrogen concentration in different microstructure and the global average hydrogen concentration in PHS1500 in (a) low-stress region, and (b) high-stress region. A local critical hydrogen concentration (the red line) is hypothesized to explain the different fracture modes observed in experiments. Figure adopted from (Ngiam, Cao, and Huang 2022) with permission.]
[bookmark: fig2]Figure 12. Relationship between the simulated local hydrogen concentration in different microstructures and the global average hydrogen concentration in PHS1500 in (a) low-stress regions and (b) high-stress regions. A local critical hydrogen concentration (the red line) is hypothesized to explain the different fracture modes observed in experiments.
Reproduced with permission.[168] Copyright 2022, Elsevier.

Several other critical HE indicators have been established and applied to the modeling, which can be related to the local hydrogen concentration. An early model by Oriani and Josephic[183] suggested the critical mode-I stress intensity factor  for the onset of crack propagation is linearly related to the local hydrogen concentration:
										(12)
where the negative sign in front of constant  signifies the detrimental effect of hydrogen and  is a constant. Akhurst and Baker[184] performed beam-loading tests on NiCrMoV steel and obtained a similar linear relationship between the critical fracture stress and the local hydrogen concentration. Wang et al.[23] performed SSRT tests on ANSI 4135 steel and suggested the following power-law relationship between the critical fracture stress  and the local hydrogen concentration:
											(13)
[bookmark: sec%253Aorg1a74418]where  and  are fitting parameters. Another model from the energy perspective is by Novak et al.[146] In their model, the effective work of decohesion on carbide/matrix interfaces  is the sum of the reversible work of decohesion , which depends on the local hydrogen content, and the plastic work .

4.4. Current challenges in modeling HE in PHS
The review of models in this section is by no means exhaustive of the vast number of models in the literature. It can be seen that every model relies on a specific set of assumptions, such as loading conditions or the active HE mechanism. Therefore, the predictions offered by these models are only valid when the assumptions are met. A comprehensive model would require a multi-scale study involving interactions between hydrogen and the local microstructure on a microscopic scale and the loading conditions on a macroscopic scale. Such a model would necessarily couple mechanical deformation, martensitic transformation, hydrogen diffusion, and fracture. This incredible challenge requires a deep understanding of the underlying physics and the numerical techniques to tackle. Attempts have been made to couple fracture and hydrogen diffusion,[48,154] obtaining parameters for continuum models from DFT calculation[179] and coupling martensitic transformation and hydrogen diffusion.[168] Studies of martensitic steels could provide insights into some HE phenomena in PHS,[28,37] but a comprehensive model for PHS is yet to be desired. As discussed in the introduction section, the great complexity of HE behavior in PHS has its root in its intricate microstructure introduced in the hot-stamping process. A systematic study of modeling HE in PHS could help make PHS more HE-resistant by optimizing the composition design and processing parameters.

5. Summary
This paper reviewed the evaluation and prediction techniques for hydrogen embrittlement in PHS. The primary focus is to build a comprehensive understanding of the evaluation techniques and models, based on which we can discuss their relevance to the practical service condition. In particular, HE experiments carried out with PHS are emphasized, highlighting the suitability of the adopted technique and the HE susceptibility indicator. The aim is to promote a consensus on fast and accurate HE evaluation in PHS to bridge the gap between lab and industry. The realization of this aim relies on thoroughly comparing the effect of various evaluation techniques on specimens and components made from PHS. However, despite the considerable demands, such studies are rarely made or documented.

Among the currently utilized evaluation techniques, CLT and the group of tensile experiments are still in the dominant position for a general HE characterization. The choice towards the group of bending experiments is gradually increasing for their advantages in evaluating the coating and crashworthiness of PHS. By contrast, fracture mechanics-based evaluation techniques are less followed. Since fracture toughness performances are essential to PHS’s application, future HE studies should consider more qualitative evaluations based on the fracture toughness measurements.

Apart from the experiments, a few models that address the hydrogen embrittlement effect in PHS have been discussed. Such models are urgently needed for the industry as they avoid the costly trial-and-error process that most industries are experiencing. Specifically, a component scale model that predicts the residual hydrogen content and distribution during practical stamping would escalate the steelmakers’ efficiency and quality control. Unfortunately, few works covering the PHS’s overall process from manufacture to service are performed. Therefore, the transfer from academia to industry shall be greatly considered for the best interest.

Last, hopefully, that high hydrogen-resistant PHS can be designed under the guidance of novel evaluation standards and prediction models. Meanwhile, these experiences could shed light on the HE evaluation and prediction in other AHSS with more complex microstructures and applications.
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