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Abstract

:

Press-hardened steels (PHS), as an alternative to traditional steels and aluminum alloys, combine great mechanical performance with low manufacturing costs. PHS are martensitic steels with ultimate tensile strength (UTS) up to 2000 MPa. These steels are commonly coated with zinc-based coatings (PHS GI) consisting of multiple Zn–Fe phases to enhance corrosion resistance. However, similar to all high-strength steels, PHS are known for their elevated susceptibility to hydrogen embrittlement (HE). Absorption of atomic hydrogen into the steel lattice can lead to a transition from a ductile to a brittle fracture mechanism and decrease the stress necessary for fracture initiation. This review examines the microstructure of PHS GI with a focus on how the manufacturing process influences key parameters of the coating. The material’s susceptibility to HE is discussed in the following sections, along with the potential for hydrogen introduction through corrosion in atmospheric environments. The relationship between the content of hydrogen and its effects on fracture behavior is discussed, along with the corrosion behavior of PHS GI. The potential areas for future research and development of PHS GI with increased HE resistance are proposed.
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1. Introduction


Advanced high-strength steels (AHSS) have become an essential material in the automotive industry, where they are used mainly for producing passive safety components such as bumpers, A-/B-pillars, etc. [1,2,3]. Concerning electric cars, AHSS are also used to manufacture battery boxes and their covers to prevent safety and environmental hazards [4]. The excellent mechanical properties of AHSS allow manufacturers to use thinner steel sheets without compromising on safety features, which leads to lighter car body construction and material savings [5]. In the overall weight of a vehicle, steel components take up to 58 wt.%, with about equal mass distribution between the car body and chassis with suspension (excluding the drivetrain) [6]. Fiat Chrysler reported that the share of AHSS in produced cars reached 61% in 2016 [7]. The weight savings by using modern materials such as AHSS and aluminum alloys have a large impact on the reduction in fuel consumption and CO2 emissions. A 10% weight reduction results in a 5.5% increase in the fuel efficiency [8]. For electric vehicles with batteries weighing 100–200 kg, weight reduction would benefit extended range [9,10,11,12]. A minor disadvantage of using AHSS materials can be seen in the process of vehicle manufacturing and repairability because working with these components demands expensive tools and precise control over the welding process [13,14,15,16].



Press-hardened steel (PHS) is a type of boron alloyed manganese AHSS that combines a high ultimate tensile strength (UTS) of 1500–2000 MPa with good formability [17]. The high mechanical performance of PHS comes from the manufacturing process, which consists of full austenitization with the subsequent combination of quenching and pressing into the desired shape. This method called hot stamping gives the steel a fully martensitic microstructure, which provides high strength [18,19]. Steel sheets can be pre-shaped, but the final form of a car part is obtained when the material is pressed by dies. Before the austenitization, steel sheets have a ferritic–pearlitic microstructure, and the ductility of these steels can reach 17%. In a quenched martensitic state, the ductility of the PHS is in a range of 6–7% [6,20,21,22]. Regardless of the austenitization process, the manufacturing of PHS parts is cheaper in comparison to other materials and high-strength steels [23].



In the automotive industry, these steels are typically protected by metallic coatings. The most common coatings are either Zn–Fe or Al–Si. This review mainly focuses on hot stamped steel coated with hot-dip galvanized zinc (PHS GI), which consists of two Zn–Fe intermetallic phases. The ratio of the phases as well as the thickness of the coating depends on the austenitization parameters [24]. The corrosion behavior of PHS GI is affected by specific features of the coating, which differs from conventional, non-heat-treated, hot-dip galvanized zinc coating. In addition, to obtain galvanic coupling between anodic zinc and cathodic steel, galvanic micro-couples can be established between phases of the PHS GI coating [25]. The PHS GI coating outperforms the commonly used single-phase hot-dip galvanized zinc coating in atmospheric corrosion conditions, but martensitic steels, which are the base of PHS, are more sensitive to the presence of hydrogen [26,27]. A cathodic hydrogen evolution reaction (HER) causes the formation of hydrogen on the surface, which may be absorbed and diffused through the steel. Under increased stress, the content of absorbed hydrogen increases the odds of brittle fracture resulting from hydrogen embrittlement (HE) [28]. The high strength of these steels makes them more susceptible to HE. A brittle fracture below the UTS may negatively impact vehicle safety during a collision [29,30,31].



This review discusses the relationship between the corrosion behavior of galvanized PHS and the potential risk of HE, especially under atmospheric corrosion conditions. Bare PHS is described in terms of composition, microstructure, and structural defects, which may influence HE. The next section focuses on the relationship between the microstructural features and atmospheric corrosion behavior of coated PHS. The following sections of the review focus on correlating theoretical insights with empirical data concerning the influence of PHS parameters on HE and hydrogen absorption in PHS GI when exposed to corrosive environments.




2. Press Hardened Steels


The race for low-cost manufacturing led the steel industry to develop an efficient way of producing and processing high-strength car parts. To produce a painted car body that is ready for the installation of the engine, electronics, and trim (glass, interior, seats, etc.), the PHS sheet undergoes multiple operations listed in Figure 1.



The manufacturing process starts with a coil of steel sheet. The most commonly used steel for PHS manufacturing, 22MnB5, was originally designed and produced in the 1970s as an abrasion-resistant steel for quenching and tempering. Along with the development of new steel grades, the latest improvements in the mechanical properties of PHS are achieved by advanced regimes of heat treatment and alloying of 22MnB5 steel [32,33,34,35]. Other PHS grades that are used, such as 34MnB5, 37MnB4, and 30MnB5, can provide even higher strength compared to 22MnB5 [34,36,37,38]. Useful features such as improved resistance against excessive oxidation of austenitized steel are provided by newly developed grades, such as 30MnBV [39]. The UTS of PHS over 1500 MPa is reached by combining the martensitic structure and multiple hardening effects by substitutional or interstitial elements, precipitates, refined grains, and dislocations. The elemental composition of PHS is close to conventional carbon steels, as seen in Table 1. The exceptional increase in the strength is caused by an increased content of carbon and boron in a range from 10 to 30 wt. ppm [3]. Boron atoms segregate at the grain boundaries of austenite and block the local heterogeneous nucleation of ferrite [4,40,41,42]. Adding a small amount of niobium also has a positive effect on the mechanical properties of PHS since it causes grain refinement, increases toughness, reduces high-temperature grain coarsening, and suppresses cracking during impact or bending [32]. Austenitic grain coarsening can also be suppressed by (Nb, Ti, V)(C, N) precipitates [43].



When the steel coil is unrolled and cut, it undergoes a thermal treatment process called hot stamping, which increases the strength of the steel (see Table 2). The structure and mechanical properties of the quenched steel depend on the parameters of each step. The main factors affecting the strength are the elemental composition, the microstructure of the steel prior to austenitization, and the parameters of austenitization [18]. The hot stamping process is performed with blank sheets of ferritic–pearlitic steel, which are austenitized at temperatures around 900 °C [21]. The dwell time of austenitization is in a range of 3–10 min. Insufficient austenitization caused by low temperature or short dwell time results in a small amount of undissolved pearlite and ferrite, which decreases the fraction of martensite after transformation. Longer annealing time leads to excessive coarsening of austenitic grains [45,46].



A refined martensitic structure can be achieved by a small prior austenite grain (PAG) size of steel. Nucleation of PAGs is supported by the homogenous distribution of pearlite or cementite within the ferritic structure with small, incoherent ferrite grains of steel prior to austenitization [47]. The size of PAGs partially depends on the conditions of austenitization. Correct conditions of austenitization are given by the combination of dwell time and temperature. To eliminate ferritic content under 0.1 vol.%, the temperature of austenitized steel should exceed 850 °C [48]. A temperature of 900 °C seems to ensure a fully martensitic structure with the smallest PAGs, resulting in the best properties of 22MnB5 steel [21]. Helf et al. also pointed out that a temperature interval of 880–910 °C is beneficial for avoiding the formation of undesired lamellar cementite [49]. Higher temperatures cause the growth of austenitic grains and the formation of bulky plane martensite, which results in a lower strength. The common size of PAGs austenitized at temperatures near 900 °C is 5–10 µm and in certain circumstances rises to 60 µm [47,50]. The toughness of steel rapidly increases at a mean PAG size below 40 µm, which is desired [32]. According to the report by Liu et al., an excessive increase in the austenitization temperature from 920 °C to 1020 °C results in an increase in PAG size from 13 to 31 µm, negatively affecting the mechanical performance [51]. Variations in the dwell time of austenitization also affect the final structure of the steel. The best results have been reported for steels with a dwell time close to 5 min. Austenitizing longer than 5 min leads to the growth of PAGs and the loss of toughness and tensile strength [19,49].



Recent studies have focused on changing the volume of austenite, which remains in steel after quenching, known as retained austenite (RA). A small volume of RA from 0.1% up to 4.3% provides better ductility and toughness in combination with the strain-hardening effect. The fraction of RA can be changed by adding Cr and Si, which form finely dispersed carbides. In the austenitized state, the carbides create tiny local chemical gradients of Cr, Si, and C, which can avert martensitic transformation [21,52,53].



After austenitization, the hot sheets are transferred into the pressing machine with cooled copper dies. The process of simultaneous forming and quenching leads to the production of martensitic panels with excellent accuracy and without any springback. To achieve a fully martensitic structure, the cooling rate of a non-deformed sheet has to be 25 °C∙s−1 or higher [54]. In the automotive industry, where the sheets are also deformed, the critical cooling rate needs to be higher than 30 °C∙s−1, but commonly used cooling rates exceed 50 °C∙s−1. Furthermore, an increase to 250 °C∙s−1 does not cause large changes in the strength, ductility, and hardness, which is commonly close to 480 Vickers. A further increase in cooling rate results in a slight improvement in hardness but also an undesired decrease in ductility. The mechanical deformation of steel in an austenitic state contributes to higher hardness and tensile strength [10,26,50,55].



Austenitization and quenching are followed by welding the steel components made of different steel grades to form a car body. Precise control over the welding process is necessary in order to ensure the rigidity of the car body and to avoid excessive hydrogen uptake [5,56,57,58]. After the welding, the car body is degreased and painted. The paint is later cured in a furnace at 120–200 °C for 10–30 min. Paint baking also improves the mechanical properties of steel by relaxing the residual stress created by the martensitic transformation and decreasing the amount of hydrogen absorbed into the steel during manufacturing [59,60,61,62,63].




3. Coated PHS


3.1. PHS GI Coating


The corrosion resistance of uncoated PHS does not allow its usage in the automotive industry. To overcome this issue, PHS coils are produced with different metallic coatings, usually Al–Si (AS) or Zn-based (GI and GA), pre-applied in the steel rolling and coating plant. In the hot stamping process in an automobile factory, the metallic coating obtains its final structure and prevents the steel surface from decarburization [24]. Since Al–Si coatings offer only barrier protection and lack the ability of galvanic protection of the base steel in corrosive environments [64], they are not discussed in this review.



Coatings based on zinc are cheaper compared to Al–Si and offer both barrier and cathodic protection [65]. The formation of a complex Zn–Fe coating on PHS is divided into two steps. The first step is conventional hot-dip galvanizing of steel sheets in a bath of melted zinc with a minor addition of aluminum [66]. A typical GI hot-dip coating, as shown in Figure 2a, has a thickness of 10 µm and a coating weight per side of 70 g∙m−2 [9,34,67,68]. The bath usually contains 0.2–0.5 wt.% of Al, which forms a thin layer of Fe2Al5 on top of the steel surface. It serves as a barrier between the steel and molten zinc, limiting the interdiffusion of the elements [69]. The addition of Al also increases the coating reflectivity [70]. Before the sheet is coiled, an optional step of annealing can be performed, resulting in galvannealed (GA) coated steel. Annealing leads to the interdiffusion of Zn and Fe atoms, forming a multiphase layered structure with a decreasing Fe gradient from the steel to the coating surface. The annealing causes an increase in the coating thickness. It is performed at 480–600 °C with a duration from seconds up to minutes depending on temperature and the desired coating thickness [70,71,72].



If the galvannealing step is not performed, the final structure of the coating is obtained during the austenitization by interdiffusion of Zn and Fe. The interdiffusion is controlled by the layer of Fe2Al5 at the interface of zinc and steel [69]. The final PHS GI coating is 19–26 µm thick, and it is usually composed of Γ-ZnFe and zinc-saturated α-Fe, the α-Fe(Zn) phase (see Figure 2b). In the PHS GI coating, the Fe content in the α-Fe(Zn) phase is usually around 65 wt.%, and the Fe content in the Γ-ZnFe phase is approximately 20 wt.%. The phases are listed in Table 3 [68,69,73,74,75,76].



The formation of Zn–Fe phases during austenitization depends on the dwell time and annealing temperature. As the dwell time increases, the phases evolve according to Equation (1), following the phase diagram shown in Figure 3 [45].


η-Zn → δ-ZnFe + Γ-ZnFe → Γ-ZnFe + α-Fe(Zn) → α-Fe(Zn)



(1)







As a metal sheet is inserted into the furnace, its temperature rapidly increases. A too-high heating rate can cause the Kirkendall effect, which is caused by the different diffusion rates of Zn and Fe, resulting in the formation of Kirkendall voids in the coating and the potential destruction of the coating [80]. When the coating–steel interface is heated to 460 °C, local decomposition of the Fe2Al5 layer occurs. At this point, zinc at the surface is in a liquid state. Released Al diffuses towards the surface and forms Al2O3 [81]. The rapid diffusion of Fe atoms into the coating occurs at temperatures above 500–550 °C, as observed by Kondratiuk et al. and Autengruber et al. [45,73]. At 550 °C, a larger part of zinc is enriched with iron, resulting in the formation of δ-ZnFe. At over 600 °C, the enrichment of Zn proceeds, and δ-ZnFe starts transforming into Γ-ZnFe [82]. At 700 °C, the transformation to Γ-ZnFe is almost complete. At this point, the interfacial Al layer completely dissolves, allowing for full diffusion of Fe from the steel. With a further increase in temperature over 780 °C, the formation of α-Fe(Zn) becomes dominant. Full transformation to α-Fe(Zn) is observed at temperatures above 880 °C [45,82,83]. As a result of interdiffusion and Fe enrichment, the melting point of the Zn–Fe binary solution increases, reaching 800 °C at 59 wt.% Fe. Temperatures above 930 °C cause increased evaporation of Zn from the outer layer of the coating. This results in decreased coating thickness and a damaged coating structure. In comparison with lower temperatures, there is also an increased amount of Fe2O3 forming on the surface due to the increased diffusion rate of Fe. More severe oxidation of Zn was also observed. At a temperature of 900 °C, full transformation to the α-Fe(Zn) phase takes 4 min. Austenitization with a full α-Fe(Zn) transformation is not desired because it negatively impacts corrosion resistance and the cathodic protection capabilities of the coating [80].



Up to 700 °C, the PHS GI coating can contain η-Zn on the surface as the result of inhomogeneous diffusion of Fe. It takes approximately 2 min at temperatures over 700 °C to fully transform η-Zn into δ-ZnFe and Γ-ZnFe. At temperatures above 782 °C, the Zn-rich phases become liquid. The residual amount of melt on the surface in the austenitized state will change into Γ-ZnFe as a result of a peritectic reaction at 782 °C in the process of quenching. Differences in the composition of the enriched coating and liquid Zn with low Fe content are enhanced by the formation of microvoids and microcracks due to the Kirkendall effect. The evolution of the phases during annealing is shown in Figure 4 [45,80].



In the interval of austenitization temperatures ranging from 880 °C to 930 °C, α-Fe(Zn) is the stable phase [19,84]. Despite that, a small amount of non-reacted η-Zn phase can be present between the Fe-rich globular dendrites. When steel is rapidly heated or deformed and liquid Zn comes into contact with the steel surface, there is a risk of liquid metal embrittlement (LME), which is not desired and leads to deterioration of the mechanical properties of coated steel [81,82,85]. In the final PHS GI coating, the common phases are only Γ-ZnFe and α-Fe(Zn), and their ratio depends on the annealing conditions. The correct setting of time and temperature for austenitization, which ensures the desired parameters of coating, is shown in Figure 5 [86].




3.2. PHS GI Structural Features and Defects


The phases typically present in the fully processed PHS GI, Γ-ZnFe and α-Fe(Zn), can provide cathodic protection of the base steel [73]. The cathodic protection ability of the coating depends on the ratio of the phases. With a longer annealing time, the content of Γ-ZnFe decreases and the content of α-Fe(Zn) increases. For robust cathodic protection, it is necessary that the coating contains 15 vol.% of Γ-ZnFe at minimum. A lower ratio of this zinc-rich phase reduces the cathodic protection provided by the coating by eliminating galvanic coupling between the two phases and by increasing the open circuit potential (OCP) of the coating [25].



Structural defects such as cracks and holes decrease the corrosion resistance of PHS GI as they allow for contact between the steel and the corrosive environment. As Drillet et al. stated, there may be occasional deep macrocracks occurring on the external bend radius of a hot stamped part [87]. More typical microcracks initiate as a result of friction and thermal expansion during hot stamping. In the heated state, thermal expansion of the coating is higher than for steel, 30.2 × 10−6 and 11.8 × 10−6 K, respectively. During the cooling process, shrinkage of the coating is more significant, and tensile stress responsible for the formation of microcracks is introduced into the coating layer. Microcracks are usually 10–12 µm deep but can go up to 50 µm. The propagation in the martensitic structure is not possible, and they mostly end at the coating–steel interface, as shown in Figure 6 [80,87].



Intensive oxidation of the surface occurs during the austenitization. The formation of a liquid phase proceeds at a temperature of 648 °C, increasing the oxidation rate. The solid oxidic layer on the surface protects the metallic zinc from further oxidation [73]. The layer of oxides is approximately 0.8–2.5 µm thick, and this thickness may strongly differ. Longer annealing time leads to excessive formation of Fe2O3 on the top. Oxides contain many defects that tend to merge and create spherical structures with ravine-like morphology. The structure and amount of oxides become stable at austenitization times over 480 s [84,88]. The corrosion resistance of the coating increases with the quantity of oxides [25].



ZnO is the dominant surface oxide on PHS GI. Other oxides are ZnAl2O4, Al2O3, and (Mn,Zn)Mn2O4. Oxides of Mn and Al are present due to the diffusion of these elements from the coating–steel interface to the surface during the austenitization process. The share of Mn oxides is 4 wt.%, and their spinel structure can contain atoms of Fe as substituents. A notable amount of Cr from the steel was also detected in the oxide layer of ZnAl2O4 [83,84,88,89].



Lee et al. stated that the Al2O3 formed during the hot stamping at the surface works as a barrier, preventing evaporation and oxidation of the liquid zinc [82]. During cooldown and solidification, material contraction occurs, and the surface morphology changes into rougher structures. A coherent layer of Al2O3 cracks, resulting in the oxidation of the underlying Zn and Mn. Oxides of Zn and Mn cover the damaged layer of Al oxides in the final structure, but islands of Al2O3 can still be observed on the surface. Faster heating rates enhance the integrity of the Al oxide film. At the heating rate of 10 K∙s−1, a thin liquid layer of zinc remains on the surface, allowing for uniform distribution of Al on the top. After cooling down, the surface is smoother and covered with a layer of Al2O3. If present in a sufficient amount, Cr from the steel can supplement Al and repair the protective layer in the form of Cr2O3 [83].





4. Hydrogen Embrittlement of PHS


4.1. Hydrogen Embrittlement


The phenomenon of HE, which is responsible for the change in ductile fracture to brittle, is caused by diffusible hydrogen present in the metal lattice. Diffusible hydrogen is non-trapped or temporarily trapped atomic hydrogen, which can move freely in the steel matrix and interact with defects. The fact that diffusible hydrogen can move freely means that its concentration may significantly vary depending on actual exposure conditions. Although the mechanism of the interaction between the metal lattice and atomic hydrogen has been described by numerous theories, most of them were confirmed only for certain materials and conditions. In real scenarios, a combination of the mechanisms is needed to describe the fracture behavior of PHS [90]. A detailed description of the HE mechanisms is not the focus of this review, as it can be found elsewhere [91,92].




4.2. Hydrogen Formation and Absorption


The evolution of the diffusible hydrogen content in PHS over time is shown schematically in Figure 7. During the manufacturing process of PHS parts, hydrogen is introduced by contact of a hot steel sheet with air humidity [93]. A significant amount of hydrogen can also enter the steel during the welding process. The thermal decomposition of water molecules or impurities such as cleaning oil and other organic compounds on the surface can substantially increase the overall quantity of hydrogen present in the material [94]. Other operations that cause hydrogen absorption are chemical treatments, including cleaning and painting [30,95]. The hydrogen absorbed during these processes is commonly eliminated by paint baking at 200 °C [61,96,97].



In the car service life, hydrogen uptake can be caused by the corrosion of steel components. The concentration of corrosion-induced hydrogen in the steel strongly depends on exposure conditions, steel corrosion rate, steel polarization in defects by sacrificial coatings, and other parameters [98]. Automobiles are exposed to various corrosive environments ranging from dry deserts to the extremely humid environments of rainforests. For different periods, a car body is in contact with air humidity, which causes the formation of a thin layer of surface electrolyte and eventually the initiation of corrosion reactions. Separating anodic and cathodic sites leads to a non-uniform pH distribution on the surface. Local acidification occurs at anodic sites where steel is oxidized by Equation (2). At cathodic sites, the hydrogen evolution reaction (HER) by Equation (3) and the oxygen reduction reaction (ORR) by Equation (4) can occur. On steel, the reaction rate of the ORR is generally higher compared to the HER [99].
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The process of hydrogen absorption is described by Volmer–Tafel–Heyrovsky reactions. The Volmer reaction, Equation (5), describes the cathodic reduction in hydrogen ions with subsequent adsorption of hydrogen to the metal surface (MHads). In competition with the Volmer reaction, chemical desorption of molecular hydrogen is realized by reactions of Tafel, Equation (6), and Heyrovsky, Equation (7). Simultaneously with these reactions, some adsorbed hydrogen may be absorbed into the material, following Equation (8) [31,100].
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In the case of atmospheric corrosion of bare steel, the rapid formation of a layer of corrosion products widely known as red rust occurs. Its formation is characterized by multiple reactions of hydrolysis of iron ions (Equations (9)–(11)) and is responsible for hydrogen ion production, which decreases the surface pH and leads to the promotion of the HER and hydrogen content in the material [101,102].
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Hydrogen entry under atmospheric conditions is connected to the existence of a thin film of liquid on the surface of exposed steel. The corrosion rate evolves continuously due to changes in temperature, humidity, electrolyte composition, and the amount of corrosion products and their speciation. The corrosion rate is controlled mainly by the ORR, which depends on the rate of oxygen diffusion to the surface. With the decrease in electrolyte thickness to 100 µm, the rate of reaction can be 3–4 times higher compared to steel immersed in bulk electrolyte because of a better oxygen supply [103]. Stratmann et al. measured the highest corrosion rate at the electrolyte thickness of 10 µm, which can be formed during drying [104,105]. In general, a decrease in the electrolyte film thickness moves the cathodic reactions towards noble values, suggesting an increase in oxygen reduction efficiency [103]. With further decrease in the electrolyte thickness under 10 µm, the oxygen solubility decreases as a result of increasing concentration of ions dissolved in liquid [104]. Since the ORR competes with the reduction and absorption of hydrogen ions, thick acidic electrolytes with a low oxygen concentration will favor hydrogen uptake [106]. Except for crevices, these conditions are not common in automotive applications for prolonged periods. In atmospheric conditions with NaCl contamination, the hydrogen absorption rate monitored by a hydrogen permeation test increased from 40% RH to reach the highest value at 74% RH [107]. Following the Kelvin equation, Haruna et al. proposed that NaCl solids trapped in red rust create small saturated droplets, which increase in diameter and cover larger areas with increasing RH [107].



The rate of the HER during atmospheric corrosion strongly depends on exposure conditions. The amount of hydrogen in steel can rapidly change following wet/dry cycling [108]. A ratio of the HER and ORR continuing on the surface of chloride-contaminated bare PHS corroding in atmospheric conditions was investigated by Machackova et al. [99]. The results of the respirometry investigation showed that the HER was responsible for 17% of the cathodic charge transfer for bare PHS. The HER was initiated immediately after the start of exposure to air at 85% RH. After an initial decrease, it stayed relatively stable at 14% during a 5-day exposure. Rudomilova et al. showed the importance of the surface pH distribution [28]. A thin electrolyte film favors the separation of anodic and cathodic regions. Acidic conditions in anodic regions favor the uptake of hydrogen produced from H+ formed by the hydrolysis of iron ions [101,107]. When a layer of corrosion products is formed, further growth of the layer facilitates hydrogen production due to acidification of the inner corrosion products [109]. In the case of contamination by NaCl, the pH value beneath a layer of corrosion products can drop to a range from 4.2 to 4.3 [107]. The formation of pits is possible in the presence of iron–chloride complexes. With progressing corrosion, the pits become enclosed with a rust cap, as seen in Figure 8. An anodic area is established at the tip of the pit, supplying Fe ions to the rust cap. The surface under the cap and the pit sides act as a cathode with limited access to oxygen. The effect of a small anodic area causing strong hydrogen uptake to AHSS was also confirmed by Nazarov et al. [110]. When the concentration of oxygen inside the pit becomes low, the HER and the Fe3+ ion reduction described by Equation (12) gain importance [99,111]. The partial transformation of lepidocrocite into magnetite proceeds according to Equation (13) along with the hydrolysis of Fe2+ ions in Equation (9), contributing to the evolution of hydrogen [112]. As a result of iron hydrolysis, the pH can decrease to 3 or less. An analogical effect on the rust cap can be provided by a salt crust. In this case, the composition and concentration of salt directly affect the formation of corrosion products and H entry [113].
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The concentration of hydrogen in the metal is the highest near the surface and becomes lower in the direction of bulk [114,115]. The diffusion of hydrogen atoms is driven by the concentration gradient [116]. The diffusion coefficient of hydrogen in bare PHS is approximately 4.5 × 10−7 cm2∙s−1 [117]. Hydrogen atoms diffuse through bcc tetrahedral or fcc octahedral interstitial sites and are drawn towards defects of the crystal lattice, which hinder their movement [118]. These sites are known as traps [31].




4.3. Hydrogen Traps


Traps represented by dislocations, vacancies, solute atoms, inclusions, and grain boundaries are defects of the crystal lattice, which can be divided into sinks and sources based on the interaction with hydrogen. If a trap catches a hydrogen atom and hinders its movement, it acts as a sink. A high number of sinks in steel is desired because they decrease the content of diffusible hydrogen and suppress the risk of HE. Under certain circumstances, hydrogen can be released from a trap, which then acts as the hydrogen source. Traps can be divided based on their binding energy, which describes the ability to release hydrogen. Traps with a high binding energy, also known as irreversible, do not release hydrogen atoms to the lattice once trapped. For the release of hydrogen, high temperatures are necessary. Atoms bonded in these traps do not significantly contribute to HE. Low-energy reversible traps can catch and release hydrogen atoms depending on the temperature. The binding energy of reversible traps does not exceed 60 kJ∙mol−1 [119,120]. They have a crucial impact on the transport of hydrogen in the material and HE [116]. Reversible traps can have a variety of energy ranges, including 0–20 kJ∙mol−1 for the elastic stress field of dislocation, 20–40 kJ∙mol−1 for the core of screw dislocation or grain boundary, and 49–55 kJ∙mol−1 for high angle grain boundaries [121]. High-energy traps can attract hydrogen from weaker traps and act as sinks [91,122,123,124].



Dislocations are one of the most common reversible lattice defects that interact with hydrogen; they tend to accumulate in the vicinity of the elastic stress core of the dislocation. Hydrogen atoms in low concentration levels can increase dislocation mobility and soften the material. In high concentrations, hydrogen can form atmospheres and create drag forces, which leads to a change in the dislocation slip of the steel and material hardening [125]. For PHS, dislocation density calculated with the mathematic model of Jo et al. is 2.21 × 1015 m−2 [126]. This value is close to the dislocation density of 1.42 × 1015 m−2 measured for Fe—0.4 wt.% C martensitic steel.



In general, grain boundaries can irreversibly trap large amounts of hydrogen, improving the HE resistance [127]. To increase the volume fraction of grain boundaries, PAG refinement and subsequent refinement of martensitic packets, blocks, and laths can be achieved by adding 0.05 wt.% Nb or V [32,125,128]. PAG size affects the hydrogen diffusion coefficient in the material. Research by Li et al. showed that a decrease in the PAG size from 22 to 14 µm resulted in a 10% lower hydrogen diffusion coefficient [129]. This phenomenon was attributed to a combination of two effects linked to the grain boundaries of previously mentioned substructures of PAGs. Firstly, finer grains lead to an increased unit volume of grain boundaries, which can act as a path for hydrogen diffusion. This would lead to a higher diffusion coefficient. In contrast, the trapping effect of boundaries between grains/packets/blocks/laths and triple junctions of grains goes against boundary diffusivity and is more significant. As a result, materials with finer PAGs tend to absorb more hydrogen, which becomes permanently trapped and does not contribute to HE. Latypova et al. described how the elongation of PAGs led to a slow quasi-cleavage fracture, whereas an equiaxed PAG structure was prone to intergranular cracks [130].



In PHS, carbides of Mo, V, Ni, and Nb can rapidly decrease susceptibility to HE by decreasing the diffusion rate of hydrogen in the metal lattice. Vanadium carbides (V4C3) can hinder hydrogen-induced delayed fracture [124]. Alloying with 0.05 wt.% of Ti or Nb leads to the formation of elliptical carbides with the size of 5 nm, which are homogeneously distributed. The presence of these carbides retards hydrogen diffusion and makes PHS more resistant against HE despite having a higher diffusible hydrogen content [131]. Elements such as S, P, Sb, and Sn may increase the susceptibility of steel to HE. These impurities tend to segregate on grain boundaries and enhance intergranular cracking [125,132,133]. The effect of MnS on HE depends on the morphology of inclusions. It forms soft inclusions with high H-trapping energy. When they are finely dispersed and smaller than 1 µm, HE is suppressed. In contrast, coarse elongated inclusions cause higher susceptibility to HE [134].



Retained austenite is found in PHS after quenching at 0 to 7.1 vol.%. In commonly used PHS, the content of retained austenite is quite low, but recent studies show that a higher content of stable RA leads to an increase in ductility without compromising the UTS. To increase the volume of RA, higher temperatures and lower pressure quenching dies are necessary [20,51,92]. The fcc structure of austenite has low diffusivity and high solubility of hydrogen; therefore, RA acts as a stronger hydrogen trap compared to dislocations or grain boundaries. Hydrogen content in austenite can be three times higher than in martensite [135]. In a corrosive environment, RA has a beneficial effect on HE since it can absorb excessive hydrogen from the martensitic lattice and immobilize it. RA grains with a size under 200 nm in the martensitic PHS structure changed the hydrogen diffusion coefficient from 5.97 × 10−7 to 3.83 × 10−7 cm2∙s−1 [136]. Malitckii et al. and Chan et al. stated that hydrogen in PHS with RA is mostly trapped at the interface between filmy RA and the martensitic matrix, as shown in Figure 9 [137,138].





5. Corrosion Properties of PHS GI


The hot stamping process affects the corrosion resistance of PHS GI by changing the electrochemical properties of the coating and its thickness. The GI coating in the solution of 100 g∙L−1 ZnSO4∙7H2O and 200 g∙L−1 NaCl against the Pt electrode exhibits an Ecorr of −0.76 V/SHE. Intermetallic phases formed on PHS GI, Γ-ZnFe and α-Fe(Zn), have more noble potential (−0.54 and −0.40 V/SHE, respectively). When exposed to a corrosive environment, the Γ-ZnFe phase acts as anode and corrodes preferentially, protecting the α-Fe(Zn) phase. After depletion of the Γ-ZnFe phase, corrosion of the α-Fe(Zn) phase takes place. If a defect in the remaining coating appears, α-Fe(Zn) acts as anode and galvanic protection of the exposed steel with an Ecorr of −0.22 V/SHE occurs [9,25]. This mechanism generally works, but α-Fe(Zn) can start corroding locally while Γ-ZnFe is still present in a different area [139]. The contact of steel with the corrosive environment is realized in through-coating cracks, which means that galvanic couple α-Fe(Zn)–steel is activated sooner than may be anticipated. To ensure cathodic protection, the minimal content of Zn in the α-Fe(Zn) phase should be above 10 wt.% [70]. In comparison with a conventional GI coating, the lower potential difference between the phases in PHS GI and steel leads to lower polarization of the coating, resulting in its lower corrosion rate. This was confirmed by Dosdat et al. in a 15-week atmospheric corrosion test, VDA 621–415, where PHS GI outperformed steel with a GI coating and bare steel four and six times, respectively [26]. Even a higher difference was found for mean pit depth, which was 20, 120, and 340 µm for the respective materials.



The composition of corrosion products strongly affects the corrosion resistance of PHS GI. The presence of Zn–Fe intermetallics causes the formation of different types of corrosion products. During the corrosion of Γ-ZnFe in an environment containing NaCl, the detected stable corrosion products were akaganeite β-FeOOH, hydrozincite Zn5(CO3)2(OH)6, and simonkolleite Zn5(OH)8Cl2∙H2O [9]. Corrosion products of Zn originated in the initial phase of corrosion as ZnO formed by hydrolysis of Zn2+ ions. Alongside Zn-based corrosion products, oxides of Al in various forms and Mn-based oxides, originating from hot stamping, were also confirmed [140]. With prolonged exposure, ZnO in cathodic areas is transformed into hydrozincite. For this reaction, alkali conditions and good access to CO2 are needed. A high concentration of chlorides at anodic sites allows for the formation of simonkolleite, which reduces the corrosion rate. This feature of simonkolleite is provided by the ability to bond chloride ions, low solubility, low electron transfer ability, and a dense structure, which together result in a good ability to block the transport of species to the corroding surface [139,141,142]. Increased annealing time leads to an increased volume of α-Fe(Zn), which in an environment with a high concentration of chloride ions supports the formation of akaganeite. This effect is visible mostly after 200 s of annealing at 900 °C. Akaganeite is a polymorph ferric oxyhydroxide with a low amount of bonded chloride with the chemical formula FeO0.833(OH)1.167Cl0.167. It is observed at anodic sites with simonkolleite [99]. A decrease in Γ-ZnFe under 15 vol.% led to a three times higher mass gain in atmospheric corrosion tests [25]. Simonkolleite and akageneite were mainly formed during the dry phase of exposure after the concentration of chlorides in the surface solution had increased [9]. In cathodic areas where Al2O3 is present, contamination with NaCl allows for the formation of dawsonite NaAlCO3(OH)2 in the initial phases of corrosion. Directly after exposure to a high concentration of SO42−, the formation of gordaite Zn4Na(OH)6(SO4)Cl·H2O and lahnsteinite Zn4(SO4)(OH)6·3H2O takes place. These corrosion products offer good barrier protection, which can cause up to a 60% decrease in mass loss [139].



During corrosion, hydrogen may be introduced to PHS GI as a result of electrochemical processes on the surface. At first, the coating phases may create galvanic couples and start corroding. The formation of an additional galvanic couple involving steel and the coating phases occurs either because of the presence of cracks or the formation of through-coating corrosion defects. The effect of galvanic coupling leads to cathodic polarization of α-Fe(Zn) and steel, where subsequent hydrogen evolution occurs. The coating acts as a sacrificial anode, corroding by Equations (2) and (14). At cathodic sites, the oxygen reduction reaction (Equation (4)) and hydrogen evolution reaction (Equation (3)) take place [25,143]. For PHS GI at 85% RH at 35 °C contaminated with 0.9 g∙m−2 NaCl in methanol, the HER represented an average of 12% of the cathodic process. The highest rate and ratio of the HER of 24% was measured during the first 8 h of exposure. The HER significantly slowed down after 24 h, and its share in the cathodic process was approximately 7%. The decrease was connected with the formation of stable corrosion products, which blocked cracks and defects in the coating [99].
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6. Risk of HE of PHS


6.1. Non-Coated PHS


HE of the PHS depends on the content of diffusible hydrogen present in the steel matrix in combination with its structural features, which are given by the composition and manufacturing process. This section focuses on the fracture behavior of PHS, the critical hydrogen content causing failure of the material, and the influence of microstructural features on HE.



When evaluating the fracture behavior of PHS, it is essential to consider all factors that may lead to the deterioration of the mechanical properties of the tested material. These factors include temperature, surface condition, and reduction in the cross-section area. In corrosive environments, the cross-section area reduction can occur due to the formation of pits or uniform corrosion. It can cause a drop in the UTS or elongation that can be incorrectly assigned to HE [144]. It is therefore crucial to separate the effect of corrosion and the presence of hydrogen in experiments.



The nature of diffusible hydrogen is in a kind of dynamic equilibrium with the environment, influenced by the conditions of exposure or artificial charging. The concentration may vary in a matter of minutes or a few hours and in combination with other factors such as the structure of the steel and its hydrogen retention capabilities; the whole system has multiple variables influencing the fracture mechanics. With increasing hydrogen content, the strength of the steel decreases. This decrease may be reversible, especially for steels with low hydrogen content, where the restoration of tensile strength may be realized within several hours after removal from the charging environment [145]. The effects of hydrogen may be evaluated by loss of the UTS and ductility or changes in the morphology of the fracture surface. Hydrogen-free steel provides the highest UTS and ductility. The fracture morphology exhibits small dimples typical for a ductile fracture, as seen in Figure 10a. The fracture area can be divided into an area of shallow dimples near the surface of the fractured sample and an area of micro-void coalescence in the center created by plastic deformation and necking. With an increasing hydrogen content, the strength and ductility decrease. Fracture morphology changes to quasi-cleavage progressing transgranularly along (011) planes of martensitic laths, as seen in Figure 10b. With an even higher content of diffusible hydrogen, the strength further decreases and intergranular facets typical for embrittled material occur (Figure 10c). Necking near the fracture is minimal or non-visible [29,30,51,145,146]. Cracks initiate on the surface and propagate into the bulk with flat intergranular facets following PAGs or martensitic lath boundaries [147]. The depth of the intergranular fracture area depends on the content of hydrogen [148]. The brittle intergranular area can be limited to the vicinity of the surface by using Nb, which traps hydrogen and provides strengthening by dispersive carbides. Impurities in the steel can also cause the initiation of intergranular cracks [149,150]. The lamellar austenite–martensite structure is often the initiation site of cracks along the PAGs [151]. Intergranular fracture initiation can be caused by large PAGs, which allow for very high hydrogen concentration at their boundaries.



The concentration of diffusible hydrogen, which causes material failure, is known as the critical diffusible hydrogen content (HC), and it is specific for different grades of PHS. For modern PHS with a high UTS, HC can be as low as 1 ppm [30,31,152]. Lovicu et al. compared the mechanical properties of PHS with various hydrogen contents using the slow strain rate test (SSRT) [30]. The UTS decreased from 1800 MPa for non-charged steel to 450 MPa for steel with a total hydrogen content of 8.5 ppm. The most significant drop in UTS was observed from 4 ppm of the total hydrogen (see Figure 11a). A comparable degradation was observed by Lee et al. at 1.7 ppm of diffusible hydrogen [29]. The strength loss is specific for particular PHS grades, as demonstrated by Cao et al., who compared PHS grades with a UTS of 1500 MPa and 2000 MPa, respectively [147]. Steel sheets were austenitized, quenched, and tempered at 170 °C for 20 min to simulate the paint baking process. Samples were electrochemically charged in a solution of 3 wt.% NaCl and 0.3 wt.% NH4SCN with a current density of 0.1 mA∙cm−2. The results obtained by the SSRT showed that the UTS of the 2000 MPa steel decreased more rapidly than for the 1500 MPa steel, as seen in Figure 11b. This indicates a higher HE susceptibility of steels with a higher UTS. The studied steel grades had a comparable UTS at 0.5 ppm of diffusible hydrogen. The authors emphasized that exposure to a mildly corrosive environment should not result in surpassing this concentration. An intensive electrochemical charge reduced the UTS of the 2000 MPa steel below that of the 1500 MPa steel. The strength of the steels with a UTS of 1500 MPa or more, which are charged with higher hydrogen concentrations, usually plateaus, as pictured in Figure 11a,b [30,147]. Based on constant load test (CL) data, the failure probability of such parts with high hydrogen content may reach 20% at 70% of the UTS [147].



The transport of hydrogen in a martensitic matrix is closely tied to the introduction of hydrogen to the material and its desorption. Especially in an environment with changing wet/dry cycles, actual concentrations of diffusible hydrogen can rapidly change depending on the phase of the cycle [153]. Structural factors such as grain size and precipitates given by the manufacturing process have the main effect on the diffusion and trapping of hydrogen in the steel matrix, which consequently changes the mechanical properties [149,154,155]. Okayasu et al. compared samples austenitized at elevated temperatures of 920 °C and 1000 °C. The difference of 80 °C led to a nearly two-times larger PAG size [156]. This result is comparable to that of Cao et al. [147]. The UTS and surface hardness of the samples were similar, but the diffusible hydrogen content after electrochemical charging was 0.8 and 0.9 ppm for samples austenitized at 920 °C and 1000 °C, respectively. The difference led to worse mechanical performance of the steel austenitized at the higher temperature. When comparing steels in a charged state, steel with a larger PAG achieved twice as bad CL and cyclical load test results [156]. The influence of the PAG size on hydrogen absorption was also confirmed by Ngiam et al. [157]. The PAG boundary concentrates stress and diffusible hydrogen, which can be 2.5 times higher than the bulk. Regions with high hydrogen concentrations act as initiation sites for intergranular fractures along PAG boundaries. The same effect was observed for martensite lath boundaries at the global concentrations of diffusible hydrogen above 1.5 ppm. At high hydrogen concentrations, the fracture mechanism can be both intergranular at PAG boundaries and transgranular along lath boundaries. Otherwise, the rest of the hydrogen was trapped in the matrix without causing critical stress leading to fracture initiation.



Mitigation of hydrogen diffusion can be achieved by carbides of Nb, Ti, and V. The hydrogen trapping effect of carbides was investigated by Wei et al., who reported that the effectivity of H trapping decreases in order NbC > TiC >> VC [158]. Compared to Nb, Ti carbides can trap H only at coherent or semicoherent interfaces with the steel matrix. Carbides of Nb provide the highest H trapping ability, decreasing the diffusion coefficient from 10.2 × 10−7 cm2∙s−1 for a Nb-free PHS to 2.9 × 10−7 cm2∙s−1 for PHS alloyed with a 0.053 wt.% of Nb [131]. This amount seemed to offer the best HE resistance, which was caused by grain refinement from 16.4 µm to 6.7 µm for the unalloyed PHS and Nb-alloyed PHS, respectively, and the ability of NbC to act as strong hydrogen traps. The Nb-alloying of 0.05 wt.% led to an increase in the UTS of hydrogen-charged material from 400 MPa to 1100 MPa. Microalloying with a combination of Nb, Ti, and V provides a synergic effect and leads to the formation of mixed carbides with a size of 12 nm [159]. The addition of 0.04 wt.% Nb and V to 22MnB5 steel allow the PHS to absorb two times more total hydrogen than unalloyed steel. Thanks to the permanent nature of the traps, this hydrogen does not hinder the mechanical performance of the steel, and the material benefits from the refinement of martensitic laths. A significant improvement of HE resistance was observed via bend test in 0.5 M HCl, where alloyed steel remained without cracks over 300 h of exposure, whereas common 22MnB5 cracked in 12 h. A positive effect on HE resistance was also observed for the ԑ-carbides of SiMn and Ti, which may be formed by the auto-tempering effect of the steel during martensitic transformation or in the paint baking process [135]. The carbides reduced the content of diffusible hydrogen because they acted as irreversible hydrogen traps. Their formation was the best when performed at 200 °C, as higher temperatures led to a decrease in the UTS [156,160]. Atom probe tomography (APT) images showed that a higher amount of carbon found in ԑ-carbides corresponded to higher local concentrations of hydrogen [161].



Strain, which causes plastic deformation, results in a change in hydrogen flux and concentration in charged materials. Steel strained before hydrogen charging has a more defective structure with a higher concentration of dislocations, which increases its ability to trap hydrogen. Park et al. reported that plastically deformed steel delays the initial permeation of hydrogen but allows for a higher total hydrogen permeation current (see Figure 12) [162]. The delay of permeation current ramp-up is caused by a greater number of low-binding energy dislocations, which initially trap more hydrogen than a non-deformed material. After the traps become occupied by hydrogen, the permeation current of the deformed material increases above the limit of the non-deformed material because the occupied traps serve as effective diffusion pathways for hydrogen. The density of dislocations exponentially increases near the strain limit of 7%, as does the saturation concentration of absorbed hydrogen. This causes a higher susceptibility to cracking in more strained sheets. The lowest susceptibility to HE is detected between 1–3% of strain [163]. Strained areas also have less noble potential by up to 150 mV [164]. The potential difference between deformed and non-deformed areas changed in the presence of hydrogen. Hydrogen charging led to a potential drop of an additional 300–500 mV. After removal from a charging cell, hydrogen started to escape, and the potential of the charged region grew [164].



Since PHS panels are often painted, Lovicu et al. compared different martensitic steels in terms of their ability to trap hydrogen during coating application [30]. The hydrogen concentration in PHS increased up to 0.28 ppm. It was the highest for several investigated steel grades. The authors estimated that this amount of hydrogen should cause a loss of tensile strength lower than one percent. Compared to TRIP and cold-rolled steels, PHS showed a higher ability of hydrogen retention during the paint baking process at 180 °C. At room temperature, complete desorption of diffusible hydrogen from an uncoated steel sheet with a thickness of 1.5 mm should be achieved in 8 h [117].



Full recovery to original levels of mechanical properties is possible only for mildly charged steel. The process of paint baking can increase the ductility of a sample charged by a current density of 10 mA∙cm2 in 3 wt.% NaCl and 3 g∙L−1 NH4SCN for 48 h from 4 to 6%. In comparison with an uncharged sample, which showed 8% elongation, full recovery was not achieved, but the improvement of ductility provided by paint baking was 50% [156]. This indicates that a high concentration of diffusible hydrogen introduced by charging in harsh conditions induces irreversible damage through voids or blisters. This type of damage may be obtained by excessively aggressive electrochemical charging at 20 mA∙cm−2 in 1 M H2SO4 [146]. At such conditions, hydrogen atoms in charged material may undergo recombination to molecules at lattice defects and cause blistering. Blisters originate from cracks present in the material (see Figure 13a). In PHS with a UTS close to 2000 MPa, cracks are formed under the surface. As a result of low ductility, cracks in the material connect, creating a crack propagating towards the surface (see Figure 13b). This effect is especially dangerous in welds of AHSS.



The effect of the parameters discussed above on HE is summarized in Table 4.




6.2. Effect of Coating on HE of PHS


Diffusible hydrogen is first introduced into PHS GI during the austenitization step of hot stamping. This hydrogen is generated by hydrolysis of Zn with water vapor (Equation (15)). The liquid coating has a high diffusion coefficient, allowing for rapid hydrogen permeation. Initially, a layer of Fe2Al5 present at the interface between molten Zn and steel acts as a strong barrier hindering hydrogen transport through the interface to steel [166]. However, this layer is decomposed during the austenitization [77]. Still, the concentration of hydrogen in steel remains modest because of ZnO forming as a product of the hydrolysis reaction and protecting the zinc melt at the air–coating interface, which suppresses further absorption of hydrogen [77].
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Hydrogen absorbed during hot stamping is removed from the PHS GI during paint baking (Figure 7) at 180 °C or higher. Under such conditions, complete desorption of diffusible hydrogen occurs in less than 20 min [117]. At laboratory temperature, the desorption of hydrogen is slow from steel covered with a non-defective coating since the coating acts as a barrier. For a non-corroded, uncoated steel sheet with a thickness of 1.5 mm, it took 8 h to desorb diffusible hydrogen at laboratory temperature. Application of a PHS GI coating with a weight of 140 g∙m−2 and austenitizing for 6 min increased the desorption time to 23 h [117].



In service, the coating effectively delays the introduction of hydrogen into steel. For a defect-free GI coating, the hydrogen diffusion coefficient is 2.3 × 10−10 cm2∙s−1 [167]. However, if defects such as cracks penetrating the entire coating thickness are introduced, the efficient diffusion coefficient increases to 1.6 × 10−9 cm2∙s−1 [162,167]. In the case of atmospheric exposure, hydrogen entry is realized through these defects due to galvanic coupling between the coating and steel at the defect area [168]. For PHS GI, cracks that form during the hot stamping process or by subsequent deformation of the material can serve as such defects [65,99]. There is a risk of deeper cracks caused by liquid metal embrittlement, which will result in uncovering the steel surface to a greater extent. While extensive cracking can be eliminated by optimizing austenitizing parameters, the formation of smaller through-coating cracks remains a problem for PHS GI [81,169]. Further cracks can form in the PHS GI coating under straining, primarily along grain boundaries, resulting in increased hydrogen absorption [162].



The hydrogen absorption rate caused by the galvanic coupling between the coating and steel may be affected by the presence of corrosion products. When corrosion products precipitate on the exposed steel substrate, the shift of open circuit potential (OCP) towards more noble values occurs, which reduces the cathodic overpotential. This decreases the galvanic couple activity and reduces the evolution rate of hydrogen on steel [162]. Corrosion products formed on the corroding coating also support a gradual decrease in the hydrogen entry [167]. During later stages of exposure to a corrosive environment, through-coating pits develop. Such new galvanic sites increase hydrogen absorption [99,162,167]. The time phase of enhanced hydrogen entry does not last very long for narrow defects because they become blocked by corrosion products [24,99].



The evolution of hydrogen absorption in GI coated steel was documented in wet/dry cycling in NaCl solution. As shown in Figure 14, hydrogen absorption reached a maximum in the 11th cycle. It is probable that defects penetrating the coating were introduced between cycles 5 and 11. As a result of the corrosion of the coating and opening of the steel surface, the potential of the galvanic couple shifted to more noble values, which may have decreased the rate of the HER. The H absorption may also have been hindered by corrosion product formation, which will block H entry [168]. This conclusion corresponds to Machackova et al. [99].



Under certain conditions, defects may be beneficial for suppressing HE [162]. If the material is pre-strained before exposure to a corrosive environment, narrow defects are introduced into the coating. When exposed to a corrosive environment with a sufficient supply of Cl− ions, the coating dissolves more rapidly due to galvanic coupling, and the corrosion products quickly fill these defects. This quick process lowers the corrosion potential of the galvanic couple and reduces hydrogen entry. The strain field created in the steel by pre-straining traps hydrogen absorbed in the initial phase of exposure. If no additional hydrogen absorption occurred, a material strained by 4% performed better in a constant load test compared to a non-strained material. However, better performance heavily depends on the corrosive environment controlling the type of formed corrosion products [162,167].



The importance of a corrosive environment was demonstrated by a comparison of defective and non-defective GI coating in 3.5 wt.% NaCl and 1 wt.% NH4SCN solutions (Figure 15). Four-point bend samples exposed to the NaCl solution exhibited better performance due to the formation of corrosion products suppressing hydrogen entry in this environment [162].



The influence of coatings on the fracture behavior of galvanized steel was investigated by Reumont et al. using the SSRT [27]. GI coated steel exhibited ductile fracture, whereas PHS GI exhibited transgranular fracture with striations perpendicular to the propagation direction of the crack, which is common for the HE of steel. The authors proposed that strained Zn–Fe phases exposed to 3 wt.% NaCl generate small cracks at their interface, which tend to open and propagate towards the steel surface. After reaching the surface of the steel, the coating facilitates hydrogen evolution on the steel, which creates conditions favorable for HE crack initiation.



Absorption of hydrogen into zinc coatings can result in a decrease in ductility and an increase in hardness. The results of Panagopoulos et al. suggest that hydrogen interaction with Zn can cause tension in the lattice by incorporating hydrogen and by possible formation of ZnH2 hydrides [170]. The authors speculate that it might affect the formation of defects under strain and facilitate crack initiation in the steel.



The above-discussed effects are summarized in a schematic drawing in Figure 16.





7. Summary


Press-hardened steel has gained significance recently, mainly for its use in the automotive industry. PHS GI is affordable to manufacture and offers many advantages, including high strength and great corrosion resistance. The drawback of the material lies in its increased susceptibility to HE, which may result in a reduction in tensile strength and eventually even brittle fracture below the yield strength level. Hydrogen is first introduced into the material during manufacturing. It does not represent a major problem because hydrogen is removed by the paint baking process, and a car leaves the production factory hydrogen-free. Still, HE can be caused by corrosion-induced hydrogen.



The mechanical properties of bare PHS are given mainly by the steel grade and parameters of austenitization. The optimal setting of the austenitization process for the best tensile strength and toughness is at a temperature of 880–910 °C and a dwell time of 3–10 min depending on the material thickness [21,86,156]. It has been reported that the characteristics of the steel entering the austenitization step can significantly change the output properties, which indicates that tight control over the whole manufacturing process is necessary [47]. The susceptibility of PHS to HE is closely tied to the microstructure features of the steel, such as PAGs, martensitic laths, and carbides [33,51]. The impact of the size and morphology of both PAGs and martensitic laths on HE is confirmed. The resistance against HE decreases when the PAG size approaches 15 µm, and grains should ideally be elongated [51,130]. Based on the Hall–Petch strengthening law applied on a µm scale, finer PAGs should lead to higher strength. In contrast, structures with finer grains contain more grain boundaries, which can trap more hydrogen, resulting in a loss of ductility. A similar approach can be applied to finely dispersed martensitic laths, which are, thanks to high dislocation density and internal stress, more prone to HE [171]. Finely dispersed carbides of alloying elements such as Nb, V, Ti, and Mo can be used to suppress HE because they irreversibly trap and immobilize hydrogen [150,161]. The precipitate density can be adjusted by conditions of austenitization and paint baking [156].



Considering parameters such as toughness, ductility in an austenitized and quenched state, corrosion resistance, hydrogen retention, and hydrogen charging via corrosion reactions, PHS GI offers a good combination of benefits [77]. The ideal conditions for the formation of the PHS GI coating are similar to the conditions necessary for full austenitization of the steel without PAG coarsening. It is advised to set the parameters of austenitization in such a way as to obtain 10 vol.% of Γ-ZnFe. The Γ-ZnFe phase in galvanic coupling with α-Fe(Zn) corrodes preferentially and offers further protection to steel during atmospheric corrosion [25]. The dwell time of austenitization also affects the distribution of the decomposed Fe2Al5 layer and the consequent diffusion of hydrogen through the coating [145].



Compared to GI coatings, PHS GI has superior corrosion resistance. Due to a more positive free corrosion potential, it can be expected to cause a lower polarization of steel and thus a lower tendency to form hydrogen in defects [25,70]. Although it contains cracks that allow for rapid contact between steel and a corrosive environment and hydrogen entry, it has been reported that they become blocked by corrosion products, which suppress further absorption of hydrogen [167]. The formation of corrosion products able to suppress HE depends on exposure conditions [162]. Permanent straining can be risky due to repeated formation of fresh defects in the brittle coating [24,27].




8. Direction of Future Research


To improve the resistance of PHS GI against HE, changing the structure of the steel can be one of the approaches. For steel with a fully martensitic structure, the HE resistance can be enhanced through microstructural refinement and the formation of carbides.



Refinement of the PAG size is essential for increasing the strength and ductility of PHS. The UTS of steel containing hydrogen was reported to remain unchanged in a grain size ranging from 15 to 40 µm [51,130]. Steels with PAG sizes finer than 15 µm tend to exhibit an increased HE susceptibility at a higher H concentration in the structure. The problem of controlling the PAG size is further complicated by possible local microstructure changes induced by deformation during hot stamping. Considering only the PAG size, it is agreed that it should be larger than 15 µm or higher hydrogen concentrations must be avoided.



To further enhance the strength, two critical aspects must be addressed: grain size reduction and the control of diffusible hydrogen. Both of these challenges can be mitigated by adding Nb, Ti, and V, which form carbides that inhibit grain coarsening during austenitization [33,150,159]. These carbides can trap diffusible hydrogen, potentially reducing its concentration to levels where steels with PAG sizes below 15 µm are less susceptible to HE. Finding the balance between the composition and austenitization parameters, which will deliver HE-resistant steel with high strength, is the subject of further investigation [109].



The other approach to mitigating HE is the introduction of another phase less prone to cracking than martensite. An increasing volume of RA provides better resistance against HE, and it can be achieved by alloying with Al [172]. The volume and the morphology of austenite play a significant role in suppressing HE, with thick filmy RA being more efficient than blocky RA [173]. Ways of incorporating such structures into PHS, their formation, and the effect on HE are still largely unknown.



The effect of a PHS GI coating on the absorption of hydrogen and its transport into steel is also not fully understood. Although absorption of hydrogen takes place mainly in defects present in the coating, it can be expected that corrosion reactions on the surface cause additional hydrogen entry into the coating. The rate of the HER is affected by the mutual galvanic effect of phases present in the PHS GI [162]. Hydrogen concentrations and diffusion rates in the phases are not known. The possibility of the coating serving as a reservoir of hydrogen entering the steel substrate has not been refuted. The barrier effect of the Fe2Al5 layer has also not been completely described yet [77,117]. For PHS AS, it has been shown that hydrogen is trapped mostly in the dislocation strain fields of steel, and the amount of H trapped in the thin coating layer is negligible [152]. Models of single-phase structures or single-phase coatings need to be studied to answer these questions.



The types of corrosion products forming on GI coated steel and PHS GI have been described; however, there is not much knowledge on the effect of particular corrosion products on hydrogen formation, absorption, and desorption [9,174]. Is there a way to set favorable conditions promoting the formation of more protective corrosion products? Research should focus on the stability and protectiveness of corrosion products, especially in terms of their long-term ability to seal defects under different exposure conditions. For instance, alloying PHS GI coating with elements such as Al or Mg can help to increase the atio of stable corrosion products that efficiently block coating defects [175,176].




9. Conclusions


	
The tensile strength of PHS depends on the composition, PAG size, presence of carbides, and processing parameters of the PHS. All those factors also influence the susceptibility to HE.



	
The optimal parameters of austenitization for bare PHS and PHS GI are 880–910 °C at a dwell time of 3–10 min. Heat treatment at 120–200 °C for 10–30 min after austenitization is mandatory to release the hydrogen absorbed during the hot stamping process.



	
Nb, Ti, and V carbides can suppress the susceptibility of PHS to HE.



	
For PHS with a UTS of 1800 MPa, the most significant drop in the UTS was observed from 4 ppm of total hydrogen, which corresponded to 1.7 ppm of diffusible hydrogen.



	
Compared to the GI coated steel, PHS GI offers increased corrosion protection. The PHS GI coating is thicker, harder, and more brittle.



	
In coating defects, steel is cathodically protected by the coating when exposed to a corrosive environment.



	
Hydrogen evolution caused by galvanic coupling is hindered by corrosion products, which can seal the defects. This effect is important mainly for narrow defects and depends on the corrosion environment.
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Figure 1. Manufacturing process of PHS parts made of 22MnB5 steel. Temperature line color represents temperature of of sheet during manufacturing process pictured below. 
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Figure 2. Steel with a GI coating before hot stamping (a) and a hot-stamped PHS GI (b). 
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Figure 3. Binary phase diagram of Zn–Fe. Reprinted with permission from Ref. [79]. 2020, Elsevier. 
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Figure 4. Evolution of the phases of hot-dip zinc coating as a function of time and temperature (surface temperature of a 1.5 mm-thick sheet; electrical chamber furnace heated to 880 °C). Reprinted with permission from Ref. [45]. 2011, Elsevier. 
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Figure 5. Typical setting of the PHS GI austenitization time and temperature (the gray area marks the correct parameters). Reprinted with permission from Ref. [86]. 2013, Goodwin, E.F. 
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Figure 6. Structure of the PHS GI coating after hot stamping. Red circle marks oxides. 
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Figure 7. Time dependency of diffusible hydrogen content in PHS car parts. 
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Figure 8. Schematics of the pit with a rust cap promoting the HER and hydrogen entry. Reprinted with permission from Ref. [28]. 2021, National Association of Corrosion. 
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Figure 9. Hydrogen flow within the martensitic steel interacting with filmy retained austenite (gray zones). (a) hydrogen uptake and diffusion. (b) intergranular fracture. Reprinted from Ref. [137]. 
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Figure 10. Stress–strain curves of PHS with a UTS of 1600 MPa as a function of total hydrogen content introduced by electrochemical charging prior to mechanical testing and corresponding fracture morphologies. Reprinted with permission from Ref. [30], 2012, Springer Nature: (a) ductile fracture, (b) quasi-cleavage fracture progressing transgranularly along (011) planes of martensitic laths, and (c) intergranular facets typical for embrittled material. Red circle marks specific feature of the fracture surface. 
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Figure 11. Loss of UTS as a function of total hydrogen content (a) (Reprinted with permission from Ref. [30], 2012, Springer Nature [30]) and diffusible hydrogen content (b). Reprinted with permission from Ref. [147]. 2022, Elsevier. 
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Figure 12. Schematics of change in the hydrogen permeation current of strained and non-strained material in the Devanathan–Stachurski experiment. 
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Figure 13. Cracking caused by excessive hydrogen charging: (a) smaller cracks under the surface and (b) the final crack propagating to the surface. Reprinted with permission from Ref. [146]. 2024, Elsevier. 
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Figure 14. Change in hydrogen permeation current through GI coated steel subjected to a NaCl wet/dry cycling test. Reprinted from Ref. [168]. 
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Figure 15. Comparison of four-point bend test rupture time of non-defective (ND) and defective (D) GI coated steel exposed in NaCl and NH4SCN solutions. Reprinted with permission from Ref. [162]. 2024, Elsevier. 
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Figure 16. Schematics summarizing the influence of strain and corrosion processes on the HE of PHS GI. 
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Table 1. Elemental composition of uncoated PHS1500 and PHS2000 [wt.%] Adapted from Ref. [44].
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	Grade
	C
	Si Max.
	Mn Max.
	P Max.
	S Max.
	Al
	Cr Max.
	Ti + Nb Max.
	B





	PHS 1500

(22MnB5)
	0.20–0.25
	0.5
	2.0
	0.02
	0.005
	0.02–0.10
	0.5
	0.05
	0.002–0.005



	PHS 2000

(32MnB5)
	0.30–0.38
	0.5
	2.0
	0.02
	0.005
	0.02–0.10
	0.5
	0.10
	0.002–0.005










 





Table 2. Mechanical properties of uncoated PHS 1500 and PHS 2000 grade steels before and after the hot stamping process. Adapted from Ref. [44].
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Grade

	
Before Hot Stamping

	
After Hot Stamping




	

	
YS [MPa]

	
UTS [MPa]

	
Ԑ [%]

	
YS [MPa]

	
UTS [MPa]

	
Ԑ [%]






	
PHS 1500

	
320–480

	
480–600

	
≥18

	
950–1250

	
1350–1600

	
≥5




	
PHS 2000

	
320–500

	
500–650

	
≥17

	
≥1100

	
≥1800

	
≥5








UTS: Ultimate tensile strength; YS: Yield strength; Ԑ: Elongation.













 





Table 3. Phases present in PHS GI and PHS GA coatings. Chemical formulas adapted from Ref. [74].






Table 3. Phases present in PHS GI and PHS GA coatings. Chemical formulas adapted from Ref. [74].





	Phase
	Chemical Formula
	Fe Content [wt.%]





	α-Fe(Zn)
	Fe(Zn)
	60–80 [70,77]



	Γ-ZnFe
	Fe3Zn10
	11–24 [69]



	δ-ZnFe
	FeZn10
	7–14 [45,78]










 





Table 4. Effect of selected parameters on the HE of PHS.
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	Effect on PHS Behavior
	References





	UTS
	Stronger is more susceptible to HE
	[17,147]



	Hydrogen concentration
	Depends on the steel (for 1800 MPa steel)

Limit diffusible hydrogen to 1.7 ppm

Limit total hydrogen to 4 ppm

Strength decreases up to 75% of the UTS at 8.5 ppm of total hydrogen
	[29]

[30]



	Austenitization
	900 °C for 3–10 min to obtain the best HE resistance in fully martensitic structure results
	[80,129,147,157]



	Paint baking
	180 °C for 10–30 min to remove diffusible hydrogen without decreasing the UTS
	[29,62,156]



	Prior austenitic grain size
	Under 10 µm for the best mechanical properties; smaller PAGs are more prone to loss in ductility
	[21,51,130]



	Strain
	Minimal influence at 1–3%; after charging, it may decrease corrosion resistance by influencing the OCP (less stable passive layer)
	[163,164]



	Precipitates
	Nb precipitates increase HE resistance by lowering the diffusion coefficient and acting as irreversible traps

ԑ-carbides (SiMn and Ti-based) form during paint baking and increase the HE resistance
	[10,131,150,159,165]



	Extreme charging conditions
	More ductile PHS—cracks and blisters

Less ductile PHS—microcracks forming large cracks
	[146]



	Fracture mechanism
	Low H—ductile fracture with small dimples, necking

Medium H—quasi-cleavage fractures along the (011) plane of martensitic laths

High H—fracture initiated on the surface progressing with an intergranular facet mechanism, no necking
	[20,147,159]
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