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CHAPTER 1. General introduction 

1.1 Research background 

1.1.1 Hydrogen in steels  

Hydrogen embrittlement or degradation of mechanical properties by hydrogen is a latent 

problem for structural materials. Toughness drops and unpredictable failure may occur. High 

strength steels are even more susceptible to hydrogen embrittlement [1]. This confirms the 

importance of a detailed study of the behavior of hydrogen in steels to predict the potential 

fracture. 

Hydrogen embrittlement was first documented by Johnson [2], who reported that the 

hydrogen causes a reduction in ductility and fracture stress of iron. Since then, it has been 

shown that the phenomenon is not restricted to steels but occurs in many materials such Ni 

[3], Al [4], Ti [5], Zr [6], Ta [7], Nb [8], V [9], W [10] and Mo [11] although the individual 

mechanisms may not be identical.  

 

1.1.2 Theoretical approaches 

Although intense scientific effort has been devoted to understanding different aspects of 

hydrogen embrittlement, there is still no consensus on the mechanisms causing the behavior, 

nor any general theory that can describe the many effects of hydrogen on metal flow and 

fracture. We know that hydrogen can interact with (i) dislocations to change the overall 

plastic flow behavior, (ii) crack tips to change the local deformation (enhancing or 

suppressing cleavage relative to dislocation emission), (iii) grain boundaries to enhance 

intergranular failure, (iv) interfaces to enhance interfacial decohesion, and/or (v) other 

defects such as precipitates, vacancies, and solutes. Any combination of these phenomena 

may occur in a given material, but how these process/es actually lead to hydrogen 

embrittlement is unclear. The experimental studies not only provide some insight into the 
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problem of the hydrogen embrittlement but also give motivations and evidences for new 

theories explaining them. 

Numerous mechanisms have been proposed to account for the hydrogen embrittlement. 

Hereby, we discuss some of the most likely mechanisms of hydrogen embrittlement in steel, 

which is a non-hydride forming material, outlined below. 

 

1.1.2.1 Hydrogen-Enhanced Decohesion (HEDE) 

The decohesion theory, proposed by Troiano [12] and developed by Oriani et al. [13, 14], 

is based on the idea that hydrogen accumulated within the lattice reduces the interatomic 

cohesive forces. The reduction of interatomic cohesive forces results from the increased 

interatomic distance. Oriani and Josephic [13] postulated that the highly elastically-stressed 

region at the crack front lowered sufficiently the chemical potential of dissolved hydrogen, 

which attained a concentration several orders of magnitude larger than in normal lattice sites 

and lowered the cohesive energy. Cracks propagated when the local crack tip tensile stress 

exceeded the atomic cohesive energy. This fracture initiated at a distance ahead of the crack 

tip where the tensile stress was a maximum.  

The HEDE mechanism is supported by the facts that (i) large concentration of hydrogen 

should accumulate at crack tips where there are high stresses, and (ii) atomistic simulations 

reveal that hydrogen can reduce atomic cohesion [15]. The HEDE mechanism considers that 

there is a critical concentration of hydrogen which causes brittle fracture. HEDE could also 

cause intergranular fracture, in which a high concentration of hydrogen accumulates at grain 

boundaries and thus reaches the critical concentration for brittle fracture.  
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1.1.2.2 Hydrogen-Enhanced Localized Plasticity (HELP) 

This mechanism, first formulated by Beachem [16], proposes that hydrogen enhances 

dislocation motion so that the localized plastic deformation is large enough to cause 

subcritical crack growth with macroscopically brittle characteristics. The presence of 

hydrogen in solid solution increases dislocation mobility and creates localized high 

deformation regions. The increase of dislocation mobility is attributed to the reduction in the 

interactions between dislocations or between dislocations and other obstacles. The 

dislocations thus move closer to each other and to obstacles, forming more compact pile-ups 

and less ductile zones. These dislocation pile-up zones are surrounded by high deformation 

regions, and the applied stress is concentrated on these zones. Failure occurs when the tensile 

stress in these zones is higher than the ultimate tensile strength of the material. This fracture 

process leads to cracking by microvoid coalescence along preferred crystallographic glide 

planes [17, 18]. Robertson [19] conducted deformation studies in a hydrogen environment 

in situ observation by means of transmission electron microscopy (TEM) with an 

environmental cell to elucidate the mechanisms of hydrogen embrittlement. The HELP 

mechanism was supported by observations revealing increased number of dislocations in a 

pile-up, and decreased stacking-fault energy (SFE), as well as the increased crack 

propagation rate caused by solute hydrogen. 

 

1.1.2.3 Adsorption-induced dislocation emission (AIDE)  

The AIDE mechanism was developed by Lynch [20, 21]. This mechanism involves both 

dislocation nucleation and subsequent movement away from the crack tip. The nucleation of 

dislocations is facilitated by the adsorbed hydrogen at the surface of the crack tip. During 

the nucleation, the adsorbed hydrogen weakens the interatomic bond, facilitating the 

simultaneous formation of a dislocation core and a surface step by the breaking and 
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reforming of interatomic bonds. Once the nucleation is accomplished, dislocations can 

readily move away from the crack tip under the applied stress, contributing to the crack 

growth.  

In the AIDE mechanism, in addition to dislocation emission, crack growth involves the 

nucleation and growth of microvoids at the crack tip. The nucleation and growth of voids 

occurs because the stresses for dislocation emission are so high that some dislocation activity 

occurs ahead of the crack. Although the void formation can contribute to the crack growth, 

the crack growth primarily occurs by the dislocation emission from crack tips. 

 

1.1.2.4 Hydrogen-Enhanced Strain-Induced Vacancies (HESIV) 

     The HESIV mechanism proposes the primary function of hydrogen in degradation to 

elevate the strain-induced nucleation and accumulation of vacancies, thus promoting easy 

formation and linking of microvoids for the fracture process [22]. High dislocation 

movement can create high density of strain-induced vacancies [23], suggesting vacancy 

accumulation as a mechanism of the microvoid formation observed at the front region of the 

crack tip in iron [24]. Furthermore, the hydrogen affects during the plastic deformation on 

the elevation of vacancies deformation [25].  

 

1.1.3 Effect of strain rate on hydrogen embrittlement 

The embrittlement mechanisms discussed above require the presence of sufficient levels 

of hydrogen at specific locations. Thus, the embrittlement is limited by the capacity of the 

hydrogen atoms to move through the metallic lattice by interstitial diffusion. As assisted by 

dislocation transport, diffusion of hydrogen can be accelerated [26]. Toribio [27] has 

examined the embrittlement process in steels at different strain rates. He observed that the 

deleterious effect of hydrogen generally decreased with increasing strain rate. Same results 
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can be observed in Koyama et al. research [28] on high strength twinning induced 

plasticity (TWIP) steel. Hydrogen embrittlement is substantially more pronounced 

at low strain rate as shown in Fig. 1.1. 

 

1.1.4 Hydrogen embrittlement in TWIP steels 

1.1.4.1 TWIP steels 

High-manganese TWIP steels are currently promising candidates for applications in the 

automotive industry due to their exceptional combination of strength and elongation, as 

shown in Fig. 1.2 [29, 30]. The metallurgical development of the relevant Fe-Mn-C system 

began with the work of Hadfield [31]. The austenite remains stable during deformation and 

some of the plastic deformation occurs by twinning, which is said to enhance elongation. 

The high ductility of TWIP steel is obtained as a result of its high work hardening rate 

[32]. However, the associated mechanism is still a matter of debate. Some authors attribute 

the hardening to dynamic strain aging mechanism for those alloys containing an appreciable 

amount of solute C, typically more than 0.5 wt%  [33, 34]. The interaction between C-Mn 

bonds and mobile dislocations may cause the strain aging and lead to serrated flow curves 

[35]. Mechanical twinning can also improve the strain hardening. This is so called the TWIP 

is considered to results from a dynamical Hall-Petch effect [36-39]. It is argued that the 

mechanical twins that contain a huge density of sessile dislocations resulting from the 

mechanism of twin nucleation and growth [39] play the role of planar obstacles for the 

dislocation glide.  

 

1.1.4.2 Effect of stacking fault energy (SFE) on deformation mechanism 

During austenite plastic deformation, the following three mechanisms could occur: 

martensite transformation [40], twinning [41] and dislocation glide [42]. The SFE is a critical 
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factor that determines which transformation occurs. The SFE depends on the temperature 

and the chemical composition of the TWIP steel, in particular concentrations of manganese, 

Al and silicon. The effect of stacking fault energy on the deformation mechanism [43] is that 

twinning occurs when the SFE is within the range of 18-50 mJ/m2. If the SFE is lower, the 

martensite transformation is more likely. If the SFE is higher, dislocation glide is the only 

possible mechanism[44] However, different ranges have been reported for the value of 

stacking fault energy for mechanical twinning, such as 18–45 mJ/m2 [45], 20–40 mJ/m2 [46] 

and 12–35 mJ/m2 [37]. These differences result from the difficulty in experimentally 

determining the value of stacking fault energy [46]. 

It has been reported that hydrogen under cathodic charging conditions during austenite 

plastic deformation reduces their stacking fault energy [47, 48]. The following mechanism 

can be promoted by this effect: ε-martensitic transformation [49, 50] and deformation 

twinning [51, 52].  

 

1.1.4.3 Hydrogen embrittlement susceptibility 

TWIP steel, as a class of fcc austenite high-Mn steels, show higher resistance to hydrogen 

embrittlement when compare to the low carbon steel, martensitic steels, dual phase (DP) 

steels and transformation-induced plasticity (TRIP) steels due to the severe suppression 

dislocation/hydrogen interactions. The research results are not consistent with regard to 

hydrogen-delayed fracture (HDF). There are reports that the TWIP steel is prone to HDF 

after forming, attributed to hydrogen embrittlement [53, 54]. There are also reports stating 

that some grades of TWIP steels are immune to HDF [53, 55]. Investigations concerning 

mechanical degradation after introducing hydrogen are also not consistent. Some researchers 

have observed negligible mechanical degradation using tensile tests with hydrogen pre-

charged specimens [55-58]. Similarly, So et al.[55] found there was little difference of the 
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mechanical properties of Fe–18Mn–1.5Al–0.6C TWIP steel charged with different hydrogen 

contents and those without hydrogen charging. Similarly, Ronevich et al. [57, 58] studied 

the influence on TWIP steels of different hydrogen contents introduced by cathodic charging 

the steels at the same current density for different durations before the tensile tests. The 

tensile properties, including yield strength, ultimate tensile strength, strain to failure and 

strain hardening behavior, of the TWIP steels without hydrogen, and with different hydrogen 

contents, were essentially the same. It was concluded that the TWIP steels in their studies 

were not affected by hydrogen, attributed to the low hydrogen diffusion coefficient in 

austenite, introducing basically no hydrogen into the bulk steel, and leading to the steels 

unaffected by hydrogen. Suh [59] critically reviewed hydrogen induced fracture in TWIP 

steels and concluded that because of the low diffusion coefficient of hydrogen in austenite, 

there was limited penetration of hydrogen into the bulk of the steels, resulting in the little 

change of the mechanical properties of TWIP steels. 

In contrast, Koyama et al. [60-62] found a significant decrease of mechanical properties, 

caused by the presence of hydrogen, of the Fe–18Mn–0.6C and Fe–18Mn–1.2C TWIP steels. 

Tensile tests measured the change of mechanical properties. The specimens were 

cathodically charged in a 3% NaCl aqueous solution containing 3 g/L NH4SCN at current 

density of 10 A/m2 during the tensile tests to introduce hydrogen. Hydrogen charged Fe–

18Mn–0.6C TWIP steels revealed [61] values of average total elongation and ultimate tensile 

strength of 32% and 1010 MPa, respectively, compared with 70% and 1200 MPa without 

hydrogen. For Fe–18Mn–1.2C TWIP steel [62], there was a similar reduction of elongation 

and ultimate tensile strength by hydrogen, which was about a 20% reduction of ultimate 

tensile strength, and about 40% reduced elongation from about 80% to 42%. 
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1.1.4.4 Effects of Al on hydrogen uptake and embrittlement behavior 

Al influences the SFE, which is a relevant parameter for determining the deformation 

mechanism in austenitic steels, and the deformation mechanism in TWIP steels, resulting in 

a change of resistance of TWIP steels to hydrogen embrittlement. Al additions to such alloys 

are known to enhance the resistance to static failure; it is speculated that Al promotes more 

homogeneous deformation via its influence on the increase of the stacking fault energy [63, 

64]. Alloying with Al has been shown to lead to a reduction of residual stress in Fe–18Mn–

0.6C wt%, and this could contribute to an increased resistance to hydrogen embrittlement 

[65]. The formation of an alumina layer on the surface of the steel during hydrogen charging 

of a Fe–19Mn–0.6C–2Al wt% steel may hinder hydrogen absorption on the surface [54]. 

Ryu et al. [66] investigated the effect of Al on hydrogen-induced embrittlement in TWIP 

steels. The addition of Al reduced the loss in both elongation and ultimate tensile strength. 

The fracture surface had regions near the surface of brittle features that were both 

intergranular and transgranular, and those in the center were ductile with dimples. The depth 

of the brittle zones increased with the increasing hydrogen charging current density, but was 

reduced by the addition of Al, consistent with the results that the mechanical properties of 

TWIP steel with Al were less sensitive to hydrogen. This effect of Al was attributed to the 

fact that Al could increase the stacking fault energy of austenite, reducing the possibility of 

mechanical twinning and suppressing the transformation of ɛ-martensite during deformation, 

both of which would contribute to the hydrogen trapping and promote transgranular fracture, 

and thus lead to a lower susceptibility of the steel to hydrogen embrittlement. 

Consistent results showing that the hydrogen embrittlement susceptibility decreased with 

increasing Al content was also provided by Koyama et al. [67]. Moreover, strengthening by 

strain aging can improve the resistance to hydrogen embrittlement. Al addition contributed 

to the suppression of static strain aging under loading, and the increased Al content and strain 
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rate led to the suppression of dynamic strain aging during pre-deformation. Since dynamic 

and static strain aging influenced the hydrogen embrittlement, the increased Al content could 

affect the susceptibility to hydrogen embrittlement. Figures 1.3 and 1.4 show the high 

hydrogen embrittlement resistance by presence of Al in Fe-22Mn-0.6C [68] .  

 

1.1.4.5 Effects of alloying elements Mn, Si in high-Mn steels 

Most recent works on hydrogen embrittlement in high-Mn austenitic steels have been 

carried out for typical TWIP steel compositions such as Fe-Mn-C or Fe-Mn-Al-C systems. 

However, it is also interesting how other alloying elements affect hydrogen embrittlement 

susceptibility in high-Mn austenitic steels. In fact, in addition to the Al effect, the influencing 

effects of Mn [69] , Si [70], Cu [71], and P [71] in solid solution states have been 

investigated systematically also. 

The Mn effect was examined by using binary Fe-Mn austenitic alloys [69]. As is well 

known, Mn increases the stability of the austenite phase, which decreases hydrogen 

embrittlement susceptibility since both, the trend towards twin and towards martensite 

formation are reduced. However, when austenite is fully stable, excess Mn assists in the 

intergranular cracking probably because of a reduction in the cohesive energy of grain 

boundaries [72, 73]. 

Fig. 1.5 shows the effect of Si on the hydrogen embrittlement susceptibility in an Fe-

18Mn-0.6C TWIP steel. The addition of 1.6%Si increases the hydrogen embrittlement 

susceptibility as revealed when comparing Fig. 1.5a and b [70]. Further addition of Si results 

in a considerable amount of deformation-induced ε-martensite, which causes distinct 

hydrogen-induced deterioration of the elongation to fracture pertaining to the occurrence of 

brittle fracture as shown in Fig. 1.5c. 

 

https://www.sciencedirect.com/science/article/pii/S0360319917308418#fig14
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1.1.4.6 Effects of grain refinement  

Grain size is an important parameter influencing hydrogen embrittlement susceptibility 

of steels. Grain refinement helps in reducing susceptibility to hydrogen embrittlement in two 

possible ways. Grain boundaries can act as permanent traps for hydrogen [41]. Therefore, 

by increasing the grain boundary area per unit volume it is feasible to trap more hydrogen. 

This will help in decreasing hydrogen mobility in the bulk matrix, especially the movement 

of hydrogen towards potential crack initiation sites. As a result, the resistance of the material 

to hydrogen embrittlement will improve drastically. 

A promising way to increase yield strength while maintaining austenite stability is grain 

refinement [74-77]. In general, hydrogen embrittlement susceptibility increases with 

increasing strength [78-80]. By contrast, the grain refinement methodology does not 

deteriorate resistance to hydrogen-related failure [80-85]. Thus, the effects of grain size on 

the deformation mechanisms and work hardening rates in TWIP steels have been intensively 

investigated [75, 86-88]. In fact, grain refinement enables the simultaneous improvement of 

the yield strength and the resistance to hydrogen-related failure. The reasons for the 

reduction in hydrogen embrittlement susceptibility are related to the local hydrogen content 

[83-85, 89, 90], local stress concentration [61, 67], and deformation twinning behavior [61, 

67, 91]. In terms of the hydrogen content, grain-refined TWIP steel also shows a decrease in 

strength with increasing hydrogen content, but the loss of strength is significantly less than 

that of coarse-grained TWIP steels [83]. This can be attributed to the fact that the decreasing 

grain size reduces the local hydrogen content at grain boundaries where hydrogen-assisted 

cracking occurs preferentially. According to previous studies [75, 92], the local stress 

concentration at grain boundaries in a fine-grained specimen is much lower than that in a 

coarse-grained one due to the decrease in the number of piled-up dislocations. This in turn 

reduces the accumulated local hydrogen content at the grain boundaries of the fine-grained 
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specimen, which is a possible rationale for the improvement in the resistance to hydrogen 

embrittlement upon grain refinement [82, 83]. Certainly, the decrease in the local stress 

concentration at grain boundaries contributes to the decrease in hydrogen embrittlement 

susceptibility even without a reduction in the local hydrogen content. In addition, 

deformation twinning is suppressed by grain refinement [41, 93]. The interaction between 

twins and grain boundaries can lead to the growth of twins, e.g. [8]. As these act as crack 

initiation sites and propagation paths, the suppression of deformation twinning should also 

decrease the hydrogen susceptibility of TWIP steels [61, 83].  

However, the tensile strength increases with decreasing grain size and the grain 

refinement also suppresses hydrogen-induced degradation of the tensile mechanical 

properties. Fig. 1.6 shows an example of the grain size dependence of the tensile behavior 

of specimens with and without hydrogen charging [94]. In summary, the positive effect of 

grain refinement can be explained in terms of three factors. First, the grain refinement 

suppresses deformation twinning [82, 95, 96] . Second, it reduces the diffusible hydrogen 

content per grain boundary area [75, 83]. Third, the frequency of local stress concentration 

spots at grain boundaries decreases with decreasing grain size, which may also affect the 

local hydrogen content at grain boundaries [75]. 

 

1.1.4.7 Bimodal-grained TWIP steel 

In general, the ultra-fine grained steels with homogenized grain size distribution exhibit 

high strength and desired but not high ductility at room temperature. The latter is attributed 

to the lack of optimized work hardening behavior during plastic deformation [97, 98]. The 

development of bimodal grain size distribution, which simultaneously consists of coarse and 

fine grains mixture, was introduced as a key concept to improve the strength and formability 

of the ferrous and non-ferrous alloys [99, 100]. Bimodal grain structures, owing to the high 
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work hardening capacity of coarser grains along with the strengthening ability of finer ones, 

exhibit superior combination of strength and ductility [101]. For example, pure copper with 

a bimodal grain structure and fcc structure like TWIP steels has a 400 MPa tensile strength 

with over 60% elongation, which is a much higher ductility/strength balance than that of 

homogeneously grain-refined copper [98]. The bimodal grain structure enhances the work 

hardening capability because of plastic strain inhomogeneity that causes a high accumulation 

rate of dislocations [98]. The enhanced work hardening delays the onset of necking, thus 

increasing the uniform elongation [98, 102-105]. In the same context, a fully austenitic 

TWIP steel with a bimodal grain structure has been reported to feature a superior 

ductility/strength balance. For instance, a TWIP steel with the bimodal grain structure 

demonstrated 600 MPa 0.2% proof strength, 800 MPa tensile strength, and 35% elastic 

engineering strain [106]. 

Despite this structure has an exceptional mechanical condition, however, so far, the role 

of bimodal grain distribution on hydrogen embrittlement of TWIP steel is not investigated 

in previous research. 

 

1.1.5 Fracture behavior  

1.1.5.1 Ductile and brittle failure  

Most metals at room temperature fail in a ductile fashion, preceded by extensive plastic 

deformation and associated energy dissipation (toughness), in contrast with brittle fracture 

(Fig. 1.7), which occurs without noticeable permanent deformations. Notch blunting, 

necking and cup-cone failure under tension are also characteristic phenomena of ductile 

fracture [17]. Crack propagation occurs in a stable manner, i.e. with crack growth resistance 

during crack propagation, and extensive plastic deformation [107]. A ductile behavior in 

failure is preferred over a brittle response in most engineering applications. For example, in 
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civil or naval engineering, ductile failure can prevent the catastrophic failure of a bridge or 

a ship. In metal forming processes, e.g. deep drawing, ductile materials may undergo very 

large deformation without breaking. 

Microscopically, ductile failure is caused by the initiation, growth and coalescence of 

voids. Initiation occurs at inclusions [108] and void growth is promoted by positive 

hydrostatic stress states [109, 110]. During ductile failure two general modes of void growth 

can be identified [110]. The first mode (depicted schematically in Fig. 1.8a) is driven by 

hydrostatic tensile stress, due to which the nucleated microvoids expand more or less 

spherically [111]. This may lead to a significant increase of the void volume fraction. When 

the void spacing becomes critical individual microvoids will coalesce and form larger voids 

or microcracks [112, 113]. 

The second mode (Fig. 1.8b) develops in regions of intense shearing. This shearing causes 

the nucleated microvoids and the matrix material around them to extend in the direction of 

the major principal strain [114], whereas perpendicular to this direction, i.e. in the direction 

of the minor principal strain, hardly any elongation is present. Consequently, no significant 

increase of the void volume fraction can be observed, in contrast with the previously 

discussed spherical void growth mechanism. The local strength reduction by the presence of 

the elongated microvoids may lead to the development of shear bands, i.e. localized zones 

of intense plastic shearing. Finally, in this case coalescence is triggered by instabilities in the 

ligaments between neighboring voids within the shear bands rather than due to impingement 

by growing microvoids [113]. Therefore, coalescence of voids can be due to the a ‘void 

sheeting mechanism’ within the ligaments joining adjacent voids or by internal necking of 

these ligaments as explained above (Fig. 1.8). Crack advancement occurs by the continuous 

joining of voids to the main crack.  
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The two main factors that lead to the ductile failure are plastic strain and hydrostatic 

stress. Depending on the type of loading, their relative importance varies. Under tension 

loading, both plastic strain and hydrostatic stress play an important role. In the case of shear 

loading, failure is caused by plastic straining and the relative volume occupied by voids 

remains limited.  

 However, void nucleation, growth and coalescence play a prominent role as an initiation 

and propagation mechanism hydrogen-assisted cracking. Koyama et al. [115] represented 

that the grain boundary cracking in high Mn steel resulted from micro-void formation and 

coalescence along the grain boundaries. The slip localization enhanced by hydrogen uptake 

[116] induces micro-void formations and ductile failure along the grain boundaries by  

association  HELP mechanism [117, 118]. In addition, quasi-cleavage fracture surface 

occurred through the coalescence of microvoids/cracks[119, 120] has been reported to arise 

from twin boundary cracking in hydrogen-assisted cracking of TWIP steels [66, 121]. 

  

1.1.5.2. Intrinsic versus extrinsic toughening 

Traditionally, toughness has been thought of as the ability of a material to dissipate 

deformation energy without propagation of a crack [122]. In fracture mechanics terms, 

however, the initiation and subsequent extension of a crack can be considered, specifically 

in terms of the ‘‘crack-driving force’’ (e.g., K, G, or J) opposed by the resistance of the 

microstructure. 

Toughness can be enhanced by increasing the microstructural resistance [123, 124], such 

as by changing the nature, distribution and/or interface properties of second-phase particles 

to suppress damage in the form of microcracking or microvoid formation ahead of the crack 

tip; this is termed intrinsic toughening and is the principal means by which ductile materials, 

e.g., metallic materials, derive their toughness.  However, this approach is largely ineffective 
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with brittle materials such as ceramics [125], which invariably must rely on extrinsic 

toughening. Extrinsic toughening involves microstructural mechanisms that act primarily 

behind the crack tip to effectively reduce the crack-driving force actually experienced at the 

crack tip; this is termed crack-tip shielding and can occur by such mechanisms as crack 

bridging, in situ phase transformations and plastic wake [126, 127]. Indeed, fracture is the 

result of a mutual competition of intrinsic (damage) mechanisms ahead of the crack tip that 

promote cracking and extrinsic (shielding) mechanisms mainly behind the tip trying to 

impede it (Fig. 1.9) [128]. Intrinsic toughening mechanisms are an inherent property of the 

material, and thus are active irrespective of crack size and geometry; they affect primarily 

the initiation but also the growth of a crack. In metallic materials, intrinsic damage 

mechanisms typically involve processes which create microcracks or voids, e.g., by 

dislocation pile-ups or interface decohesion, in the highly stressed region ahead of the tip, 

leading to classical failure by cleavage, intergranular cracking or microvoid coalescence 

[126]. Extrinsic mechanisms, conversely, act in the crack wake and are thus dependent on 

crack size (and to some degree specimen geometry). Consequently, they result in crack-size 

dependent fracture behavior, a principal manifestation of which is resistance-curve (R-curve) 

toughness behavior where the crack driving force to sustain cracking increases with crack 

extension. Where extrinsic shielding mechanisms are active, rising R-curve toughness 

behavior and small-crack effects are to be expected. Extrinsic mechanisms affect only the 

crack growth toughness; they have little effect on crack initiation. 

 

1.1.5.3 R-curve 

Generally, the fracture behavior relates to the micro-mechanism of fracture, and is usually 

described as being ductile or brittle. Brittle fracture behavior results in the development of 

rapid and unstable crack extension (1.10a). Macroscopically, a test specimen demonstrating 
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this mode of fracture has a unique and well-defined point of crack initiation corresponds to 

the certain critical fracture toughness, corresponding to a sudden drop in load, characterizing 

fracture failure, and provides a measurement of a point value of fracture toughness. Due to 

crack extension by micro ductile void growth and coalescence which tends to absorb more 

energy, ductile fracture behavior results in slow and stable crack extension (Fig.10.b). This 

macro mode of fracture has a continuous process of ductile tearing rather than a point 

fracture, and requires an R-curve to be measured for characterizing ductile fracture. The R-

curve behavior can cause some uncertainty as to where to specify the fracture point since 

crack extension can occur under increasing load conditions due to material strain hardening. 

The entire R-curve can be used to describe the ductile fracture. However, many methods that 

use fracture toughness for structural integrity assessment require a single-point value of 

toughness. A typical point value of ductile fracture toughness is usually defined near the 

onset of stable crack tearing and deduced from the R-curve near the transition from initial 

crack blunting to crack tearing which is usually characterized by a distinct change in slope 

of the R-curve. This result is referred to as fracture initiation toughness.  

While hydrogen has a considerable effect of crack initiation and propagation, 

subsequently has a strong effect on R-curve behavior. Many studies were carried out 

experimentally and numerically to explain the effect of hydrogen on the resistance of the 

materials [129-133]. Results indicated that hydrogen has a considerable effect of fracture 

resistance due to the acceleration of crack growth process and a reduction of fracture 

toughness and the resistance curves decreased as the hydrogen content was increased. Figure 

1.11 shows the hydrogen effect on the initiation toughness and the tearing resistance of the 

Zircaloy-4 alloy. The fracture resistance is reduced by increasing hydrogen content [134].  
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1.2 Purpose of this study 

Generally, practical problems in structures are related to two parts of material 

microstructure and structure geometry. The motivation of this research is based on these two 

practical issues in the presence of hydrogen to understand the mechanisms of crack initiation 

and propagation and related factors of these mechanisms.  

Practical consideration for light-weight manufacturing requires the material with high 

strength and reasonable ductility. The exceptional combination of these two mechanical 

parameters provides high quality and low cost for industries particularly in automotive and 

aerospace industries. Furthermore, there is an interest in numerous application where 

hydrogen embrittlement may occur, such as use of hydrogen gas as an energy carrier for both 

transportation and energy sectors. However, material microstructures play an important role 

to resist the hydrogen embrittlement. On the other hand, most structure members always 

contain the geometric discontinuities, such as notch or crack-like defects from the 

manufacturing and machining as well as servicing processes. The main difficulty in 

designing against fracture in materials particularly in high-strength steels is that the presence 

of notches or cracks can modify the local stresses at the crack or notch tip. This stress 

concentration makes hydrogen more aggressive as a hydrogen embrittlement agent. 

Regarding as mentioned concepts, I study on the practical material which has been 

received attention from the automotive industry, namely: TWIP steel to underlie the 

mechanisms of hydrogen-assisted crack initiation and propagation in the applicable 

geometries such as notch and crack-like defects under electrochemical hydrogen charging. 

One of the important issue that should be considered in the crack propagation is hydrogen 

kinetic. This mechanism is also studied to the viewpoints of local and global strain rates by 

introducing different precrack lengths and various applied strain rates, respectively.  
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1.3 Thesis outline 

The thesis consists of six chapters. All chapters are arranged in order to achieve the main 

theme and objectives of the research work as explained briefly as a purpose of this study. 

The dissertation is organized as follow: 

Chapter 1 describes a general introduction of this work. A newly-developed high-

strength steel called TWIP steel shows an exceptional combination of strength and 

elongation. Unlike general high-strength steels such as low carbon steels, marteistic steels 

and dual-phase steels, TWIP steels present high resistance to hydrogen embrittlement. 

Therefore, what has launched TWIP steel into the limelight of practical steel in a design of 

light-weight structures particularly automotive industries and hydrogen-based applications 

is a focus on the extraordinary balance between strength and elongation and also high 

resistance against hydrogen embrittlement. 

Chapter 2 illustrates the mechanisms of hydrogen-assisted crack initiation and 

propagation in the one type of interesting microstructure of TWIP steel, namely, bimodal-

grained TWIP steel. In case of smooth specimen, the crack initiation and propagation 

mechanisms of equi-axed TWIP steel have been studied under hydrogen environment, but 

the practical one contains a bit peculiar microstructure, i.e., bimodal-grained has not been 

fully understood. However, no systematic work has been reported on the effects of the 

bimodal grain size distribution on hydrogen embrittlement in TWIP steel. Hydrogen is 

introduced to the smooth specimen by electrochemical charging under slow strain rate tensile 

test. Results indicated that crack initiation sites showed transgranular and intergranulr 

cracking. In addition, the observed fracture surface exhibited quasi-cleavage fracture 

features combination with ductile delamination cracking. In this chapter, we confirmed that 

the bimodal grain size distribution of TWIP steel plays a major role in hydrogen-assisted 

cracking and the evolution of delamination-related damage. 
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Chapter 3 illustrates the behavior of the hydrogen-assisted crack growth of pre-strained 

twinning-induced plasticity (TWIP) steel with an artificial defect (micro-drill hole/s) as an artificial 

crack initiation site. Hydrogen was introduced to the specimens by electrochemical hydrogen 

charging during the slow strain rate tensile test. The observed fracture surface exhibited quasi-

cleavage fracture features. The quasi-cleavage crack propagation was caused by repetition of crack 

initiation near a crack tip and subsequent coalescence. The crack initiation near the crack tip occurs 

after crack-tip plastic deformation. An effect of the pre-strain facilitates the plasticity-driven crack 

initiation. An early stage of the plasticity-driven crack growth was sensitive to crack length and 

remote stress, accordingly, the crack growth rate in the early stage increased with increasing initial 

defect size. On one hand, in a late stage of the crack growth, the crack propagation rate did not show 

simple trend against the crack length, which is perhaps due to stress field around the crack tip that 

depends on initial defect size. In this chapter, we confirmed that the structure strength of very ductile, 

slightly hydrogen susceptible steels, i.e. TWIP steels is mainly determined by the stable crack 

propagation properties which is not influenced by the specific feature of the bimodal microstructure. 

Chapter 4 focuses on the effect of the different precrack length introduced by fatigue on 

the hydrogen-assisted cracking in the uniform-grained TWIP steel. Hydrogen was introduced 

to the specimens by electrochemical hydrogen charging during the slow strain rate of 10-4 s-1 under 

tension. The use of precracked in slow strain rate testing has important advantages, the main 

one being the localization of the hydrogen and stress in the vicinity of the crack tip.  

Different crack lengths can induce different local strain rates in front of the crack tip. The 

results showed that there is a critical precrack length which hydrogen does not have any 

effect larger than that. There is, however, an important interpretation of results that the local 

strain rate at the crack tip, and not the externally applied strain rate, is the variable that 

controls the hydrogen-assisted cracking in the cracked specimens and should be considered 

as an effective variable even in the slow strain rate tensile test.  
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     Chapter 5 describes the effect of very slow strain rate of 10-5 s-1 in precracked TWIP 

steel specimens. The reduction in strain rate did not have any influence in uncharged 

specimens. By contrast, the susceptibility of hydrogen embrittlement increased dramatically 

by reducing the strain rate in the cracked specimens. Particularly, specimens which have not 

shown any effect of hydrogen on mechanical properties in the chapter 4 showed sensitivity 

to hydrogen embrittlement at lower strain rate.  

Chapter 6 summarized the results and proposed the outlook.
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1.6 Figures 

 

 

 

 

 

 

Figure 1.1. Tensile behavior  of the Fe-23Mn-0.5C TWIP steels with and 

without hydrogen charging at different strain rates [28]. 
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Figure 1.2. Superior combination of strength and elongation of TWIP steels compare to 

other materials [29]. 
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Figure 1.3. (a) TDA profiles with different Al contents in Fe-18Mn-xAl TWIP steels at an 

identical hydrogen charging condition. (b) Fracture strength of notched specimens plotted 

against diffusible hydrogen content obtained from Fig. 1.3a . Alloy compositions are given 

in weight % [135]. 
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Figure 1.4. Hydrogen-induced delayed fracture in Al-free TWIP steel and its suppression 

by the addition of Al. D.R.: drawing ratio. % refers to weight % [68]. 
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Fig. 1.5. Effect of Si on hydrogen embrittlement susceptibility in (a) Fe- 8Mn-0.6C 

and (b) Fe-18Mn-0.6C-1.6Si steels pre-hydrogen-charged at a current density of 50 A/m2 in 

a 3% NaCl + 0.3% NH4SCN aqueous solution. (c) Si concentration dependence of area 

fraction of the brittle-fracture region and elongation loss. The initial strain rate is 

4.8 × 10−5 s−1. Alloy compositions are given in weight % [70].  
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Fig. 1.6. Impact of grain refinement on hydrogen embrittlement in an Fe-31Mn-3Al-

3Si TWIP steel hydrogen-pre-charged at 100 A/m2 in a 3% NaCl aqueous solution 

containing 3 g/L of NH4SCN. The initial strain rate is 8.3 × 10−6 s−1. Alloy composition is 

given in weight %[94]. 
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Fig. 1.7. Ductile versus brittle failure. Ductile failure is accompanied by extensive 

plastic deformation and energy absorption (toughness) before fracture. 
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Figure 1.8. Schematic description of failure mechanism at (a) void growth and coalescence 

under hydrostatic tension, (b) void-sheeting under shear [112]. 
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Figure 1.9. Schematic illustration of mutual competition between intrinsic mechanisms of 

damage/crack advance and extrinsic mechanisms of crack-tip shielding involved in crack 

growth [127, 128]. 
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Figure 1.10: Schematic plots of a flat and a rising R curve for a fracture of the length a0. 

Thick lines denote R, which is the length-dependent resistance of a fracture to propagation 

in terms of fracture energy G. Thin lines denote the available fracture energy in relation to 

the fracture length a at distinct load levels σa < σb < σc. GC is the fracture energy at which 

unstable fracture propagation takes place and aC is the corresponding fracture length [126]. 
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Fig. 1.11. J-R curve of Zircaloy-4 alloy for different hydrogen content at 293 K [134]. 
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CHAPTER 2. Hydrogen-Assisted Failure in a Bimodal-grained TWIP Steel: 

Delamination Events and Damage Evolution 

 

2.1 Introduction 

Recently, high Mn-C twinning-induced plasticity (TWIP) austenitic steels have received 

increasing attention as potential next-generation high-strength materials for various loading 

conditions including operation at cryogenic temperatures [1-3], under cyclic loading [4-7], 

under high velocity loading [8-10], and in a hydrogen environment [11-14]. In particular, the 

close-packed structure of austenite has been expected to play an advantageous role in the 

resistance to hydrogen embrittlement owing to the low diffusivity [15-17]. A problem in 

austenitic steels is the low yield strength compared with the high strength of 

ferritic/martensitic steels. Therefore, steel researchers have attempted to increase the yield 

strength of austenitic TWIP steels. 

A promising way to increase yield strength while maintaining austenite stability is grain 

refinement [18-21]. In general, hydrogen embrittlement susceptibility increases with 

increasing strength [22-24]. By contrast, the grain refinement methodology does not 

deteriorate resistance to hydrogen-related failure [24-29]. Thus, the effects of grain size on 

the deformation mechanisms and work hardening rates in TWIP steels have been intensively 

investigated [19, 30-32]. In fact, grain refinement enables the simultaneous improvement of 

the yield strength and the resistance to hydrogen-related failure. The reasons for the 

reduction in hydrogen embrittlement susceptibility are related to the local hydrogen content 

[27-29, 33, 34], local stress concentration [16, 35], and deformation twinning behavior [16, 

35, 36]. In terms of the hydrogen content, grain-refined TWIP steel also shows a decrease in 

strength with increasing hydrogen content, but the loss of strength is significantly less than 

that of coarse-grained TWIP steels [27]. This can be attributed to the fact that the decreasing 
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grain size reduces the local hydrogen content at grain boundaries where hydrogen-assisted 

cracking occurs preferentially. According to previous studies [19, 37], the local stress 

concentration at grain boundaries in a fine-grained specimen is much lower than that in a 

coarse-grained one due to the decrease in the number of piled-up dislocations. This in turn 

reduces the accumulated local hydrogen content at the grain boundaries of the fine-grained 

specimen, which is a possible rationale for the improvement in the resistance to hydrogen 

embrittlement upon grain refinement [26, 27]. Certainly, the decrease in the local stress 

concentration at grain boundaries contributes to the decrease in hydrogen embrittlement 

susceptibility even without a reduction in the local hydrogen content. In addition, 

deformation twinning is suppressed by grain refinement [38, 39]. The interaction between 

twins and grain boundaries can lead to the growth of twins. As these act as crack initiation 

sites and propagation paths, the suppression of deformation twinning should also decrease 

the hydrogen susceptibility of TWIP steels [27, 35]. 

A fine/coarse bimodal grain distribution can drastically increase not only the yield and 

tensile strengths but also the ductility [40-46]. For example, pure copper with a bimodal 

grain structure and FCC structure like TWIP steels has a 400 MPa tensile strength with over 

60% elongation, which is a much higher ductility/strength balance than that of 

homogeneously grain-refined copper [42]. The bimodal grain structure enhances the work 

hardening capability because of plastic strain inhomogeneity that causes a high accumulation 

rate of dislocations [42]. The enhanced work hardening delays the onset of necking, thus 

increasing the uniform elongation [42-44, 47, 48]. In the same context, a fully austenitic 

TWIP steel with a bimodal grain structure has been reported to feature a superior 

ductility/strength balance. For instance, a TWIP steel with the bimodal grain structure 

demonstrated 600 MPa 0.2% proof strength, 800 MPa tensile strength, and 35% elastic 

engineering strain [49]. 
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However, no systematic work has been reported on the effects of the bimodal grain size 

distribution on hydrogen embrittlement in TWIP steel. In this paper, we report a 

microstructural analysis of hydrogen embrittlement in such a material to understand the 

mechanisms of crack initiation and propagation under hydrogen charging.  

 

2.2 Experimental procedure 

2.2.1 Material 

In the present study a Fe-15Mn-2.5Al-2.5Si-0.7C (wt.%) fully austenitic TWIP steel 

with a bimodal grain structure that had been produced by warm rolling was used. As shown 

in Fig. 2.1 the as-received TWIP steel featured a bimodal microstructure with partial 

recrystallization. The micrograph in Fig. 2.1a was obtained by mechanical polishing with 

colloidal silica and chemical etching with a solution of 3% nital (nitric acid in ethanol), 

followed by cleaning with ethanol. In Fig. 2.1b the microstructure of the as-received 

condition characterized by electron backscatter diffraction (EBSD). The rolling-direction 

(RD)-inverse pole figure (IPF) map shows that the TWIP steel featured a bimodal grain 

size microstructure. Figures also demonstrates that the as-received steel has fine grains 

along coarse grain boundaries. The initial microstructure does not contain deformation 

twins. The corresponding grain distribution plotted in terms of the area fraction using 

EBSD indicated the grain size can be classified into two groups by the presence of two-

separate peaks: fine grain size around 10 μm and coarse grain size around 100 μm, as 

shown in Fig. 2.2. The average grain size, including coarse and fine grains, is 25 μm. 

From the steel plates tensile specimen with gauge dimensions of 4 mm in width, 0.4 mm 

in thickness and 10 mm in length were cut by electrical discharge machining. Next, the 

thickness of the specimens was reduced by mechanical grinding. The resulting specimen 
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geometry is shown in Fig. 2.3a. Finally, the surface of the specimens was mechanically 

polished to a mirror finish.  

 

2.2.2 Tensile tests and microstructure characterization 

Tensile tests were conducted with and without hydrogen charging at an initial strain rate 

of 10-5 s-1. A test was carried out for each experimental condition. Hydrogen was introduced 

to the specimen during the tensile tests by electrochemical charging in a 3% NaCl aqueous 

solution containing 3 g L-1 of NH4SCN at a current density of 30 A m-2. With this approach, 

hydrogen could enter the specimen deeply via hydrogen-decorated dislocation motion. The 

solution was continually added to fully cover the gauge part of the specimen during the 

tensile tests. A platinum wire was used as the counter-electrode. A schematic and image of 

the experimental setup for in-situ hydrogen charged specimen are shown in Figs. 2.4a and 

2.4b, respectively. 

The fracture surface was observed by scanning electron microscopy (SEM) at an 

accelerating voltage of 15 kV. In addition, the SEM was used for secondary electron imaging 

and electron backscatter diffraction (EBSD) measurements of the hydrogen-charged 

specimen. The microstructure observations were carried out from two directions: (1) toward 

the specimen surface (Fig. 2.3b) and (2) toward a cut cross-section (Fig. 2.3c). For the 

microstructural characterization on the cross section, the fractured specimen was cut by a 

low-speed saw perpendicular to the fracture surface and parallel to the tensile axes. The 

EBSD measurements were conducted on the mechanically polished surface at an 

acceleration voltage of 20 kV with a beam step size of 70 nm. Figures 2.5a and 2.5b show 

the image of SEM and EBSD instruments, respectively, at the center of advanced 

instrumental analysis, Kyushu university employed in this research. 
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2.3 Results  

2.3.1 Hydrogen effects on the mechanical response 

Figure 2.6 shows engineering stress-engineering strain curves of the tensile tests of 

uncharged and hydrogen-charged specimens. Similar to other TWIP steels [13, 19, 50, 51], 

the present bimodal TWIP steel demonstrated a significant deterioration in the total 

elongation and ultimate tensile strength from 42% to 15% and from 910 to 720 MPa, 

respectively. Surface cracks formed, and, subsequently, failure occurred rapidly in the 

hydrogen-charged specimen.  

 

2.3.2 Hydrogen-assisted cracking  

Figure 2.7 exhibits surface of uncharged and hydrogen-charged specimens after failure. 

As shown in Figs. 2.7a and 2.7b, no significant defects were observed on the surface of the 

uncharged specimen. By contrast, a considerable number of sub-cracks was observed 

everywhere on the surface of the hydrogen-charged specimen after fracture, as shown in 

Figs. 2.7c and 2.7d. Most of these cracks were aligned approximately perpendicular to the 

tensile axis, similar to previous reports [16, 52]. The microstructural features of the sub-

cracks were then characterized to understand the crack initiation mechanism in the bimodal 

microstructure through EBSD measurements.  

The initial focus was on the crack initiation behavior of the hydrogen-charged specimen. 

Figure 2.8 shows an SEM image and the corresponding rolling direction (RD)-inverse pole 

figure (IPF) map around a transgranular sub-crack. The sub-crack had initiated in different 

sites within the interior of a coarse grain. Note that the deformation twins form along 

different twin planes, as shown in Fig. 2.8b. The transgranular crack is zigzagged (as 

indicated by the yellow arrows), which is related to the formation of the primary and 

secondary deformation twins. Furthermore, it can be observed that one crack initiation event 

http://www.sciencedirect.com/science/article/pii/S1359645413003030#f0055
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is associated with the deformation twins. It has been reported that twin-related cracking 

stems from twin–twin interactions [15, 53]. Figure 2.9 shows another example of the crack 

formation in a hydrogen-charged specimen in an RD-IPF map recorded around a crack 

formed along the grain boundaries between coarse and fine grains. It turned out that this type 

of cracking mode is the dominant one for the bimodal TWIP steel charged with hydrogen. 

Next, hydrogen-assisted crack growth behavior was analyzed. Figure 2.10 shows an 

example of crack propagation through several grains. Here, both transgranular and 

intergranular crack growth appears in this single long crack, as indicated by the yellow and 

red arrows, respectively. Notably, the transgranular crack tends to grow into coarse grains. 

In contrast, the intergranular crack tends to propagate along grain boundaries between fine 

grains or between fine and coarse grains.  

Figure 2.11 shows a set of SEM images recorded from a fractured hydrogen-charged 

specimen. Figure 2.11a simultaneously indicates the fracture surface and cross-sectional 

image. Numerous voids are observed using secondary electron contrast (Fig. 2.11a and b).  

It is evident in the cross section that the voids are aligned preferentially along the tensile 

direction (Fig. 2.11b). As shown in the RD-IPF map (Fig. 2.11c), groups of voids exist at 

both grain boundaries and grain interiors, as indicated by the white and red dashed 

rectangles, respectively. The voids are present in all the plastically deformed regions on the 

cross section, and are particularly dense near the fracture surface. However, lattice distortion 

distribution, which is mainly attributed to the presence of geometrically necessary 

dislocations, shows a significant plastic deformation near the twin and grain boundaries as 

depicted by the Kernel average misorientation (KAM) as shown in Fig. 2.11d. 

Figure 2.12a reveals the microstructure of the cross section that had been chemically 

etched, where spherical and long micro-voids can be seen on the etched cross section. The 

void morphology shown in Fig. 2.12b indicates that the long micro-void resulted from the 
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coalescence of the spherical micro-voids. Note again that the void coalescence occurred 

parallel to the tensile axis. 

 

2.3.3 Fractographic analysis 

Figure 2.13 displays the fracture surface of an uncharged specimen. Figure 2.13b shows 

that the fracture surface is covered with fine dimples and partially includes coarse dimples. 

Next to the specimen surface, a shear lip is observed, which appeared when the final failure 

occurred. As seen in Fig. 2.13c, the dominant feature of the fracture surface is the presence 

of fine dimples. 

By contrast, Figure 2.14 demonstrates that brittle features appear on the fracture surface 

of a hydrogen-charged specimen. The brittle feature is a result of quasi-cleavage fracture, as 

indicated by the magnified image in Fig. 2.14c. The quasi-cleavage fracture region contains 

many step-like ridges. Quasi-cleavage is a commonly observed feature in hydrogen-induced 

fracture of high-Mn austenitic steels [53]. In addition, delamination cracks, as indicated by 

the white arrows in Fig. 2.14d, can be noted.  

 

2.4 Discussion  

The hydrogen embrittlement susceptibility depends on the strength level, hydrogen 

content and local microstructure. From the microstructural viewpoint, the phase/grain size 

distribution, crystallographic orientation, segregation and local elastic misfit near the grain 

boundary, etc. have been reported to affect the hydrogen-assisted cracking/propagation and 

associated hydrogen-induced property degradation.  
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2.4.1 Characteristics of the hydrogen-induced changes in crack path 

The key features of hydrogen-assisted cracking are (1) microstructural crack 

initiation/propagation along the grain and twin boundaries and (2) delamination crack 

growth. Similar to previous studies, grain and twin boundary cracking was frequently 

observed, as this is a common feature of hydrogen embrittlement of TWIP steels. 

Specifically, grain and twin boundary cracking have been reported to stem from micro-stress 

concentration at the twin–twin intersections and at boundaries, where dislocation movement 

and twin growth impinge [15, 16]. The plastic strain localization assists hydrogen 

segregation and the associated cracking. In the present case, the twin–twin 

intersection/interception caused hydrogen-assisted crack initiation and growth, as shown in 

Fig. 2.8b. 

It should be noted that deformation-twinning activity depends on the grain size. 

Specifically, grain refinement suppresses deformation twinning [15, 27]. Therefore, in the 

bimodal TWIP steel used in this study, the fine grain region mostly showed intergranular 

cracking (Fig. 2.9), and the coarse grain region showed transgranular cracking along the twin 

boundaries (Fig. 2.8). Therefore, the crack growth progressed via both intergranular and 

transgranular propagation (Fig. 2.10). Interestingly, the intergranular crack growth occurred 

preferentially along the grain boundaries between the fine and coarse grains, as shown in 

Fig. 2.9.  

The crack growth that resulted in delamination stems from the void coalescence that 

formed along the tensile direction, as illustrated in Figs. 2.11 and 2.12. In general, micro-

void formation requires plastic deformation; in other words, dislocation motion and 

subsequent dislocation accumulation are dominant. Since atomic hydrogen locally affects 

dislocation mobility, dislocation accumulation at a critical microstructural feature can occur 

more easily in hydrogen-charged steels. For instance, dislocation–twin interactions reduce 
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the coherency of twin boundaries, which induces steps at the atomic scale that act as 

hydrogen trap sites. Hydrogen accumulation at these steps causes micro-voids or cracks [53]. 

Another example is the interaction between hydrogen-localized slip and grain boundaries. 

The interaction causes elastic misfit and lattice defect accumulation, which induces micro-

voids along the grain boundaries. In most cases of hydrogen-assisted void formation, local 

stress and plastic strain localization play a key role in the damage evolution mechanism. In 

this context, the relationship between grain size distribution and the stress/strain distribution 

needs to be discussed to understand the underlying mechanism of the crack-induced 

delamination growth. 

A case in point is the effect of grain refinement on micro-stress concentration. It has been 

reported that the micro-stress concentration associated with dislocation pileup at grain 

boundaries in fine-grained specimens is much lower than that in coarse-grained ones[19]. 

Therefore, when micro-void growth occurred in the grain interior, it was mainly observed in 

the coarse grains, as shown in Fig. 2.11c. On the other hand, when micro-void growth 

occurred along grain boundaries, the grain boundaries between the fine and coarse grains 

acted as the preferential sites (Fig. 2.11c), which is similar to the observation of crack 

initiation shown in Fig. 2.9. This fact can be explained by the elastic misfit and associated 

plastic strain evolution in the vicinity of the grain boundaries between the fine and coarse 

grains.  

 

2.4.2 Growth mechanism of hydrogen-assisted delamination cracks 

In this section, the mechanism of void growth along the fine and coarse grains will be 

discussed along with the crack initiation issue to answer the question: Why did the void 

growth occur along the longitudinal direction (tensile direction) in the hydrogen-charged 
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specimens (Fig. 2.12). In particular, an important aspect in this context is the ductile behavior 

related to the growth of delamination cracks. 

The proposed delamination crack growth process is shown schematically in Fig. 2.15. 

First, it is assumed that hydrogen assists the formation of micro-voids via dislocation-twin 

interaction or slip localization-grain boundary interaction as discussed in the previous 

section. As mentioned above, the micro-voids grow in the interior of the coarse grains and 

along the grain boundaries between the fine and coarse grains. This type of a hydrogen-

related ductile failure mechanism causing nano- and micro-void formation has already been 

reported for high-Mn austenitic steels [11]. Dislocation slip localization is enhanced by 

hydrogen-enhanced localized plasticity (HELP) [54-58] (i.e. local material softening arising 

from hydrogen-enhanced dislocation mobility [58]), which promotes damage evolution 

along the slip planes or grain boundaries and other microstructural interfaces where 

dislocations impinge. In fact, it has been reported that based on the HELP mechanism the 

nucleation of nano-voids occurs as a result of the interactions between hydrogen and 

dislocations in the localized slip regions. The hydrogen-dislocation interaction occurs 

particularly at a low strain rate such as 10-5 s-1 selected for this study, because of their 

competitive motion. Furthermore, the hydrogen-decorated dislocation motion may assist 

segregation of hydrogen atoms at a given microstructural site, which accelerates hydrogen-

assisted damage evolution. As a result, the coalescence of these voids, thus, can invoke crack 

initiation and propagation [59]. 

In the present study the most characteristic feature associated with hydrogen-assisted 

damage evolution is the micro-void growth along the tensile direction. This can be correlated 

with the bimodal grain distribution. Three factors can be identified that cause the micro-void 

growth along the tensile direction in the steel with the bimodal grain microstructure. Firstly, 

the fine grains have a higher strength than the coarse ones, which causes a difference in strain 
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along the direction perpendicular to the tensile direction. In other words, coarse grains with 

a lower strength tend to show a higher plastic elongation compared to the fine grains, which 

causes stress along the direction perpendicular to the tensile direction. To accommodate the 

stress along the vertical direction, crack or plastic strain evolves in the vicinity of the grain 

boundaries between fine and coarse grains aligned along the tensile direction. In particular, 

the HELP effect enhances the effect of the plastic strain localization for stress 

accommodation, which preferentially causes micro-voids to form in the vicinity of the 

boundary and align in the tensile direction (Fig. 2.15a). Secondly, the micro-voids are 

elongated along the tensile direction because stress triaxiality is high at side tips of the micro-

voids (Fig. 2.15b).Thirdly, even in the tensile direction, the elongated defect has a 

mechanical driving force to propagate along the longitudinal direction [60]. Furthermore, 

the coalescence process may be assisted by hydrogen-enhanced decohesion [61]. Therefore, 

the micro-voids can coalesce along the tensile direction (Figs. 2.12 and 2.15c). As a result, 

growth/coalescence of hydrogen-assisted micro-voids results in the tensile direction in the 

hydrogen-charged specimen, as observed experimentally (Fig. 2.12). Subsequently, the 

micro-voids that had coalesced along the tensile direction are linked via the propagation of 

the main crack from the specimen surface (Fig. 2.15d). The linkage process of the 

delaminated voids would accelerate the propagation of the main crack. Consequently, final 

failure occurs, resulting in the fracture surface revealing the feature of the delamination crack 

growth (Figs. 2.14d and 2.15e).  

In summary, the bimodal grain-structured TWIP steel showed a similar failure behavior 

compared to that reported for hydrogen-assisted crack growth in TWIP steels with 

homogenous grain sizes. The characteristic difference is the occurrence of a delamination-

type crack growth mode. In this study, a possible mechanism for this type of hydrogen- 

induced damage and its contribution to overall crack growth is presented. A key point of this 
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fracture mode is the evolution of ductile damage along the grain boundaries between the fine 

and coarse grains, as discussed above. 

 

2.5 Conclusions 

Hydrogen embrittlement of a high-Mn fully austenitic TWIP steel with a bimodal grain 

size distribution was examined by tensile testing with in-situ electrochemical hydrogen 

charging. The occurrence of embrittlement in the bimodal grains can be explained by two 

main factors. Firstly, crack initiation/propagation along the grain and twin boundaries and 

second, delamination crack growth. 

The micro-stress concentration and plastic strain localization at the twin–twin 

intersection/interception caused hydrogen assisted crack initiation and growth. Furthermore, 

deformation twinning played an important role in the intergranular and transgranular 

cracking. Intergranular cracks tended to grow along the grain boundaries between the fine 

and coarse grains, while, the transgranular cracks tended to propagate into the coarse grains. 

The delamination observed on the fracture surface of the hydrogen-charged specimen was 

caused by void coalescence that nucleated along the tensile axes. The coalesced micro-voids 

elongated at the grain boundaries between the fine and coarse grains due to the elastic misfit 

and in the grain interior of the coarse grains because of the associated localization of stresses 

and strains. The increased susceptibility in the direction of void coalescence, i.e. along the 

tensile direction, can be explained by three main factors. Firstly, the difference in plastic 

strain localization in the coarse and fine grains; secondly, the presence of stress triaxiality at 

the side tips of the micro-voids; and, thirdly, the defect elongation propagation in the 

longitudinal direction. 
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2.7 Figures 

 

 

 

Fig. 2.1. (a) Optical of the etched specimen (b) RD-IPF, of micrograph of the initial 

microstructure showing the bimodal microstructure featuring fine grains along the 

boundaries of the coarse ones. 
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Fig. 2.2. Fig. 2.2 The grain size distribution of fine and coarse grains. 
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Fig. 2.3. (a) Geometry of the tensile specimens; (b) and (c) areas analyzed by scanning 

electron microscopy and electron backscatter diffraction observation. 
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Fig. 2.4. (a) schematic [50] and (b) image of installation of tools into a cell for hydrogen-

charged experiments. 

 

 

 

 

 

 

 



Hydrogen embrittlement of twinning-induced plasticity steel in a viewpoint of practical issues 

70 

 

 

 

 

 

\ 

 

 

 

Fig. 2.5. Image of (a) SEM and (b) EBSD instruments at center of advanced instrumental 

analysis, Kyushu university employed in this research. 
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Fig. 2.6. Engineering stress–strain curves of hydrogen-charged and uncharged specimens. 
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Fig. 2.7. Optical micrographs of the surfaces of the fractured specimens: (a) Uncharged 

specimen, (b) a magnified image of the section marked by the dashed rectangle in (a), (c) 

hydrogen-charged specimen, and (d) a magnified image of the section marked by the dashed 

rectangle in (c); red arrows indicate the sub-cracks in the hydrogen-charged specimen. 
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Fig. 2.8. (a) SEM image and (b) corresponding RD-IPF map of a sub-crack on the surface 

of the hydrogen-charged specimen in the vicinity of the fracture surface, the RD-IPF map is 

superimposed by the image quality (IQ) contrast. 
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Fig. 2.9. RD-IPF map of hydrogen-assisted intergranular cracking. The RD-IPF map is 

superimposed with the IQ contrast. 
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Fig. 2.10. RD-IPF map of a single crack through several grains on the surface of the 

hydrogen-charged specimen. The RD-IPF map is superimposed with the IQ contrast; red and 

yellow arrows mark intergranular and transgranular propagation events, respectively  
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Fig. 2.11. SEM images from a hydrogen-charged specimen: (a) the intersection of the cross 

section with the fracture and specimen surfaces, (b) the cross section showing the presence 

of a void density along the tensile direction, (c) the corresponding RD-IPF orientation map 

of the cross section superimposed with the IQ contrast and (d) the corresponding KAM map. 
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Fig. 2.12. SEM images of (a) the microstructure of the cross section of a hydrogen-charged 

specimen, which was etched with 3% nital. and (b) higher magnification detail of the marked 

region in (a) 
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Fig. 2.13. SEM images showing (a) an overview of the entire fracture surface of an 

uncharged specimen with (b), and (c) showing high magnification details of the areas 

highlighted in (a). 
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Fig. 2.14. (a) SEM images of the entire fracture surface of a hydrogen-charged specimen; 

(b) and (c) show quasi-cleavage features on the fracture surface at increasingly higher 

magnification and (d) demonstrates delamination crack features on the fracture surface by 

white arrows in the area marked in (a). 
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Fig. 2.15. Schematics demonstrating void nucleation, growth, and coalescence along the 

tensile direction, followed by final failure resulting from delamination cracking for 

hydrogen-charged TWIP steel with bimodal grain size. 
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CHAPTER 3. Hydrogen-assisted crack propagation in a pre-strained twinning-

induced plasticity steel: from initiation at a small defect to failure 

 

3.1 Introduction 

As well recognized, stable austenitic steels show superior hydrogen embrittlement 

resistance [1-3]. Even when hydrogen-induced mechanical degradation appears, the failure 

occurs after significant plastic deformation [4, 5]. More specifically, even if crack initiation 

occurs in an early deformation stage, most of the cracks blunt and stop growing once when 

the crack size [6-8], i.e., microstructural damage arrest. Therefore, a risk of hydrogen-

induced fracture in solution-treated austenitic steels is quite low compared to martensitic 

steels. 

Nevertheless, hydrogen embrittlement problems in austenitic steels have been concerned 

as an important issue. This is perhaps because of pre-strain effects. In fact, plastic strain 

effect in highly deformable steels plays an important role on failure even without hydrogen. 

In particular, formation and growth of crack/void stem from accumulations of lattice defects 

such as vacancy [9, 10], dislocation [11, 12], and twin [13, 14] that reduce stress 

accommodation capability and create a microstructural crack growth path. Then, the 

plasticity-induced damage can co-act with hydrogen effects [15]. Since the plasticity-

induced damage has been introduced during forming process of structural components 

particularly in room temperature, we must recognize that some of the plastically deformed 

austenitic steel components contain a potential risk associated with deterioration of small 

crack arrest property. In addition, cold/warm pre-deformation has been performed in 

austenitic steel to increase yield strength, which is another route that introduces plasticity-

induced damage. Therefore, to understand hydrogen embrittlement resistance of very ductile 

material such as austenitic steels, we must note an effect of pre-plastic deformation on 

hydrogen-assisted crack propagation.  

High-Mn twinning-induced plasticity (TWIP) steels are typical examples of austenitic 

steels that show high strength but also show hydrogen embrittlement after a significant 

plastic deformation [16, 17]. Moreover, this type of steels shows hydrogen-induced delayed 

failure when the structural components are severely plastically deformed [18, 19]. With this 

background, we here attempt to examine hydrogen-assisted crack propagation behavior of a 

plastically pre-deformed TWIP steel in terms of crack propagation rate and associated 
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microstructure evolution. Moreover, to investigate effects of stress concentration factor, two 

different artificial defect sizes were prepared. Hence, the purpose of the present study is to 

understand the behavior of hydrogen-assisted crack propagation in a TWIP steel by presence 

of micro-defect as a stress concentration under hydrogen charging. 

  

3.2 Experimental procedure 

In this chapter, received material is a warm-rolled Fe-15Mn-2.5Si-2.5Al-0.7C (wt.%) 

fully austenitic TWIP steel [20], same as previous chapter. The microstructure of the as-

received condition is a bimodal grain size microstructure which shown in Figs. 2.1 and 2.2. 

The tensile specimens with gauge dimensions of 4 mm in width, 0.3 mm in thickness and 10 

mm in length were cut by electrical discharge machining (EDM). The thickness of the 

specimens was reduced by mechanical grinding after EDM (Fig. 2.3a).  

As mentioned in the introduction part, hydrogen-assisted crack propagation occurs only 

after significant plastic deformation. To investigate crack propagation after the plastic 

deformation, the specimens were first pre-deformed by 30% tensile strain at an initial strain 

rate of 10-5 s-1. The surface of the specimens was mechanically polished with a mirror finish 

condition. Then, two types of artificial small stress concentration source were introduced by 

micro-drilling technique in a central part of the gauge part. A micro drill hole (1DH) with a 

diameter of 300 μm for both hydrogen-charged and uncharged specimens and three-drill 

holes (3DH) following each other in the same centerline perpendicular to the tensile direction 

with a diameter of 300 μm for each hole for another hydrogen-charged specimen. The final 

configuration of the specimens before the crack propagation observation is illustrated in  

Fig. 3.1.  

Tensile tests with the pre-strain and micro-drill hole were conducted with and without 

hydrogen charging at a cross-head speed of 10-4 mm/s at temperature of 295 K. The crack 

propagation was observed by in situ optical microscopy. Hydrogen was electrochemically 

introduced in a 3% NaCl aqueous solution containing 3 g/L of NH4SCN at a current density 

of 30 A/m2 under the tensile tests. A platinum wire was employed as a counter-electrode. We 

have successfully observed the crack growth under loading for the case with in situ hydrogen 

charging. The in situ crack growth observation was carried out with an optical microscope 

with a focal length of 10 cm. Optical images were taken at each 30 s up to the end of the test.  



Hydrogen embrittlement of twinning-induced plasticity steel in a viewpoint of practical issues 

83 

 

Fracture surfaces were observed by scanning electron microscopy (SEM) at an 

accelerating voltage of 15 kV. In addition, the SEM was used for secondary electron imaging 

and EBSD measurements to observe cracks and microstructure near fracture surfaces of the 

hydrogen-charged specimens. The specimens for the microstructure observations were 

mechanically polished using a colloidal silica with a particle size of 60 nm. The EBSD 

measurements were conducted at an acceleration voltage of 20 kV with a beam step size of 

100 nm. 

 

3.3 Results  

3.3.1 Hydrogen effects on mechanical response 

Figure 3.2 shows engineering stress–displacement diagrams for the 30% pre-strained 

specimens. The engineering stress was defined as: 

     𝜎𝑒 =
𝑃

𝐴0
                                                                                                                             (1) 

where P and A0 are applied load and initial cross-sectional area, respectively. The uncharged 

1DH specimen showed failure at a displacement of 0.47 mm (dashed line). The hydrogen 

charging caused a loss of ~15% of the overall displacement (1DH: black solid line). 

Accordingly, the ultimate tensile strength (UTS) was also decreased from 1140 MPa to 1020 

MPa by hydrogen charging. The increase in drill hole size, namely 3DH specimen, showed 

further earlier fracture compared with the   hydrogen-charged 3DH specimen (red line).   

  

3.3.2 Crack propagation behavior in the hydrogen-charged specimen 

Figure 3.3 shows a set of optical images taken by the in situ optical microscopy under 

tensile testing in the hydrogen-charged 1DH specimen. After plastic zone evolution near the 

drill hole, cracks were initiated from both sides of the micro-hole (Fig. 3.3(b)), and gradually 

grew perpendicular to the tensile axis until fracture (Figs. 3.3(c-f)). The crack length 

measured from the in situ images was plotted against time and engineering stress plotted 

against crack length as shown in Fig. 3.4a and 3.4b, respectively. Here, the crack length was 

defined as projected crack length including the initial drill hole/s size. The crack propagation 

can be divided to two stages of low and high crack propagation rate. After crack initiation, 

rate of crack propagation sharply increased until failure, but it progresses with gradual 

decrease in engineering stress, which indicates that fracture mode is not completely brittle 

and looks like quasi-brittle fracture. 
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Figure 3.5 shows true net sectional stress vs total crack length in hydrogen-charged 

specimens. The true net sectional stress was defined as: 

𝜎𝐹 =
𝑃

𝐴𝑓
                                                                                                                                                 (2) 

where P and Af are applied load and local cross-sectional area, respectively.  Black and red 

lines indicate results of 1DH and 3DH specimens, respectively. This stress is reduced 

gradually after maximum value in 3DH specimen, while, it is an almost plateau by increasing 

the crack length in 1DH specimen. The results illustare that apparent stress level in 1DH 

specimen is higher than that in 3DH specimen when compared at the same crack length. The 

difference in the stress level between 1DH and 3DH specimens increased after the maximun 

value of 3DH sapecimen, which corresponds to the second stage in Fig. 3.4. 

Figure 3.6a shows overall microstructure distribution of hydrogen-charged 1DH specimen 

after failure. Owing to the presence of the micro-hole (stress concentration source), 

heterogeneous distribution of deformation microstructures such as twins was observed, as 

clearly seen in Figs. 3.6b and 3.6c. Specifically, the twin density at the region far from the 

micro-hole along the tensile direction is lower than that in the vicinity of the fracture surface. 

It should be noted that there were only a few micro-cracks on the specimen surface after 

fracture unlike a case of the smooth TWIP steel plate where numerous subcracks were 

observed after fracture with hydrogen [20]. 

Figure 3.7 shows an SEM image and the corresponding RD-IPF map near the fracture 

surface of 1DH specimen. Figure 3.7a exhibits a few sub-cracks initiated from the micro-

hole. Additionally, the RD-IPF map in Fig. 3.7b illustrates that a sub-crack formed from the 

micro-hole, propagated in the grain interior, and finally was terminated at the grain boundary. 

In addition, the plate-like microstructure with different orientation from the matrix or with 

low image quality in Fig. 7.b indicates formation of deformation twins within grain interior. 

3DH specimen with hydrogen also showed transgranular crack propagation and formation 

of deformation twins as shown in the set of Fig. 3.8. 

Figure 3.9 shows another example of an SEM image near the fracture surface of 

hydrogen-charged 3DH specimen. This image demonstrates subcrack initiation in front of 

the subcrack tip. Figure 3.10 exhibits a set of SEM and EBSD images taken around the 

fracture surface in 1DH and 3DH specimens. RD-IPF maps shown in Figs. 3.10a2 and b2 

display a considerable amount of lattice distortion associated with plastic deformation 

involving an effect of deformation twins [21, 22]. However, lattice distortion distribution, 
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which is mainly attributed to the presence of geometrically necessary dislocations, did not 

show a significant difference between 1DH and 3DH specimens with hydrogen, as depicted 

by the Kernel average misorientation (KAM) [23, 24] and grain reference orientation 

deviation (GROD) maps (Figs. 3.10a3 and b3 and Fig. 3.10a4 and b4, respectively.). This is 

perhaps due to an effect of the large plastic pre-strain. 

 

3.3.3 Fractographic analysis 

Figure 3.11 displays the fracture surface of 1DH specimen without hydrogen charging. 

The uncharged specimen exhibits typical ductile fracture surface which is covered by fine 

dimples and partially includes coarse ones (Fig. 3.11b). In addition, the fracture surface 

shows some secondary fracture along the rolling direction as indicated by arrows in a 

magnified image in Fig. 3.11c. This splitting phenomenon, sometimes referred to as 

delamination, is commonly observed in hot rolled high strength steels [25, 26] or hydrogen-

charged specimen with the same TWIP steel [20]. In this case, the appearance of 

delamination might be caused by the presence of stress triaxiality at the micro drill hole.  

Figures 3.12 and 3.13 show the fracture surfaces of hydrogen-charged 1DH and 3DH 

specimens. The entire and magnified images of fracture surfaces exhibit quasi-cleavage 

feature containing many step-like ridge [27, 28] (marked by white arrows in Figs. 3.12b and 

3.13b). In addition, higher magnification SEM micrograph (Fig. 3.12c and 3.13c) reveals 

that uncountable dimples are distributed along quasi-cleavage feature. This can be explained 

by the hydrostatic stress condition that stress level is very high and plastic deformation due 

to the twin planes. 

 

3.4 Discussion 

First note that the introduction of the through hole altered the failure behavior. 

Specifically, in the smooth specimen of hydrogen-charged bimodal TWIP steel, the failure 

occurs via intergranular crack initiation on the specimen surface and in the specimen interior 

and subsequent coalescence of the cracks [20]. In contrast, the present experiment 

demonstrated that the crack initiated from the drill hole, and propagated perpendicular to the 

tensile direction as shown in Fig. 3.3, which did not contain intergranular feature as shown 

in Figs. 3.12 and 3.13.  
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 In terms of crack propagation, the growth progressed with increasing displacement step 

by step, namely, stable crack propagation occurred in the hydrogen-assisted failure. The 

crack was extended within the plastic zone in front of the notch and head of an advancing 

crack tip in the hydrogen-charged specimen (Fig. 3.3) which is one of the primary factors 

that causes stable crack growth in sufficiently ductile materials [29].   

Results in Fig. 3.4 indicate that crack goes through three stages of behavior under 

displacement control monotonic loading until failure: (1) a period of no crack growth, (2) a 

period of stable crack growth with low rate and (3) stable crack growth with high rate. The 

hydrogen-assisted crack growth and the effect of different notch sizes in the two stages of 

cracking are explained in the following sections. 

 

3.4.1 First stage of crack growth 

In the early crack growth regime (Fig. 3.4), which is referred to as first stage, the crack in 

3DH specimen grew more rapidly than that in 1DH specimen (3DH: 0.5 µm/s and 1DH: 0.4 

µm/s). The initial defect size dependence is reasonable, because the crack with the longer 

initial defect causes higher stress concentration at the crack tip. The stress accommodation 

at the crack tip causes large plastic straining, which results in a crack initiation in front of 

the main crack when the plastic strain reaches a critical value for cracking event as observed 

in Fig. 3.9. The cracking event preferentially occurred in grain interior, irrespective of the 

drill hole size, as shown in Figs. 3.7b and 3.8b. More specifically, the transgranular cracking 

in TWIP steels, have been reported to occur along twin boundaries or coalescence of cracks 

that are formed at twin-twin intersections [14, 20, 30]. Coalescence of the cracks causes 

crack growth, which results in quasi-cleavage fracture surface as shown in Figs. 3.12 and 

3.13.  In this context, with the conventional knowledge [31-34], the plastic strain plays four 

roles on the crack growth: (1) work hardening for increasing local stress that causes the twin 

boundary cracking, (2) increasing twin density to increase cracking site density, (3) defect 

formation on twin boundaries [35, 36], and (4) hydrogen transport to twin boundaries [37, 

38]. The high twin density and highly deformed twin plates were actually observed in Figs. 

3.6 and 3.7b. In addition, quasi-cleavage fracture surface with step-like ridges, which has 

been recognized to correspond to twin cracking, was observed as shown in Figs. 3.12(b) and 

3.13(b). These four factors are the reasons why the stress-accommodation-induced plastic 

straining at the crack tip is important and why the crack did not propagate to failure 
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immediately in the first stage. Obviously, the increases in yield strength and the initial twin 

density by pre-straining accelerates the transgranular crack growth, which thereby enhances 

the effect of drill hole size effects in the first stage. After this apparent stress/strain-

controlled, the initial defect size dependence of the crack growth behavior changed 

significantly in the second stage, as discussed in the next section.  

 

3.4.2 Second crack growth stage 

In contrast to the first stage, the second stage crack growth in 1DH specimen was almost 

comparable to that in 3DH one. Here we must note two considerations in the second stage. 

First, the fractographic feature did not significantly change with increasing crack length as 

depicted in Figs. 3.12(c) and 3.13(c). Hence, cracking mechanism did not change by 

increasing crack length. Second, the apparent stress level in 1DH is always significantly 

higher than that in 3DH specimen when compared at an identical crack length as shown in 

Fig. 3.5. For instance, the true net sectional stress of 1DH specimen was approximately 1.5 

times as high as that of 3DH one at the total crack length of 1.4 mm. These facts indicate 

that the initial defect size dependence of the crack growth cannot be explained by only 

apparent stress level at the crack tip unlike the first stage crack growth.  

To explain the crack growth behavior in the second stage, we would need to consider 

“extrinsic factor”. Conventionally, ductile crack growth has been discussed with multiple 

factors that are classified into two groups: Intrinsic factor and extrinsic factor [39, 40]. 

Intrinsic factor means resistance to crack tip deformation that was mainly discussed for the 

first stage. On the other hand, the extrinsic factor is crack-tip shielding mechanisms, which 

act primarily behind the crack tip to retard crack growth. By increasing the advancing crack 

length, extrinsic factor effects become more significant. The difference between apparent 

stress in an identical crack length with same crack growth rate can be explained 

simultaneously by the intrinsic and extrinsic factors. This reason is assumed in the plastic 

zones on crack flanks act behind the crack tip primarily experienced at the crack tip to 

effectively reduce the crack-driving force. Trace of this effect must appear in dislocation 

microstructure on the fracture surface. However, any significant difference in 

microstructural feature was not observed between the fractured 1DH and 3DH specimens 

with hydrogen as shown in Fig. 3.10, because the large amount of pre-strain smeared out the 

trace of the extrinsic factor. Therefore, finding a microstructure characterization-based 
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method to clarify significance of the extrinsic factor in highly pre-strained materials will be 

required in future.   

    It is also noteworthy that the factor affecting the hydrogen-assisted cracking are not 

specific features of the bimodal microstructure. The transgranular crack growth path in the 

first stage was grain interior microstructure such as twins, which has been observed in 

various solution-treated TWIP steels charged with hydrogen [4, 16, 41]. On one hand, the 

extrinsic factor, which was assumed to occur in the second stage, is dependent on 

macroscopic mechanical parameters such as yield strength and work hardening rate. 

Furthermore, hydrogen kinetic effects also can affect both the first and second stages. 

However, these factors can be analyzed even without considering specialty of the bimodal 

feature. In other words, the present results are regarded as a general feature of hydrogen-

assisted crack propagation in very ductile, slightly hydrogen susceptible steels, i.e. TWIP 

steels.  

 

3.5 Conclusions  

In the present work, the crack propagation behavior of the pre-deformed TWIP steel under 

electrochemical hydrogen charging was investigated.  Hydrogen-assisted crack growth 

occurred via a quasi-cleavage feature, and the crack growth rate increased with increasing 

drill hole size when the crack length was small. The stress accommodation at the crack tip 

caused large plastic straining, resulting in work hardening and increasing twin density. These 

plasticity-related factors cause a crack formation in front of the main crack tip. The crack 

initiation and subsequent coalescence are the crack growth process, accordingly, the 

hydrogen-assisted crack growth mechanism is discontinuous, which involves step-like 

ridges and local formation of dimples on the fracture surface. A significant pre-plastic 

deformation accelerates a formation of the plasticity-induced precursor of the crack, which 

is considered to assist transgranular crack propagation.  
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3.7 Figures 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Tensile specimen geometry (in mm). The thickness is 0.25 mm. 
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Fig. 3.2. Engineering stress-displacement curves. 
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Fig. 3.3.  A set of optical images of crack propagation in the hydrogen-charged 1DH 

specimen taken at (a) before tensile test with 300 µm as a drill hole diameter, (b) 520 µm 

crack length in 3000 s at 0.3 mm displacement, (c) 850 µm crack length in 3400 s at 0.34 

mm displacement, (d) 1420 µm crack length in 3550 s at 0.355 mm displacement, (e) 2400 

µm crack length in 3650 s at 0.365 and (f) facture point at 0.4 mm displacement. 
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Fig. 3.4. (a) Crack length plotted against test time (b) engineering stress plotted against crack 

length in the hydrogen charged specimens. 
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Fig. 3.5. True net sectional stress-total crack length curves in hydrogen charged specimen.  
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Fig. 3.6. (a) Overall view of the microstructure of hydrogen-charged 1DH specimen after 

failure; (b) light dense of twining far from micro-hole along tensile direction; (c) high density 

of twins in the vicinity of the fracture surface. The positions of (b) and (c) correspond to the 

locations outlined in Fig. 3.3f. 
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Fig. 3.7.  (a) SEM image and (b) corresponding RD-IPF map of surface at the one side of 

the micro-hole at the vicinity of the fracture surface of hydrogen-charged 1DH specimen 

after tensile test. The RD-IPF map is superimposed with the IQ contrast. 
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Fig. 3.8.  (a) SEM image and (b) corresponding RD-IPF map of the surface crack at the 

vicinity of the fracture surface in 3DH specimen. The RD-IPF map is superimposed with the 

IQ contrast. 
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Fig. 3.9. An SEM image showing cracks at a crack tip near the fracture surface. 
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Fig. 3.10. A set of SEM-EBSD results obtained in the hydrogen-charged (a) 1DH and (b) 

3DH specimens. (x1), (x2), (x3), and (x4) exhibit SEM image, RD-IPF map, KAM map, and 

GROD map, respectively.  
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Fig. 3.11. (a) The entire fracture surface of the uncharged 1DH specimen. High 

magnification details of the areas highlighted in (a) are presented in (b) and (c).  
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Fig. 3.12. (a) The entire fracture surface of the hydrogen-charged 1DH specimen. High 

magnification details of the areas highlighted in (a) are presented in (b) and (c). 
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Fig. 3.13. (a) The entire fracture surface of the hydrogen-charged 3DH specimen. High 

magnification details of the areas highlighted in (a) are presented in (b) and (c). 
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CHAPTER 4. Precrack length dependency on hydrogen embrittlement of 

TWIP steel 

 

4.1 Introduction 

 Most structure members always contain the geometric discontinuities, such as notch or 

crack-like defects from the manufacturing and machining as well as servicing processes. The 

main difficulty in designing against fracture in materials particularly in high-strength steels 

is that the presence of notches or cracks can modify the local stresses. Since crack or notch 

causes locally triaxial stresses ahead of it, increasing the stress concentration makes 

hydrogen more aggressive as an embrittling agent [1, 2]. It is reported that there is a 

systematic loss in fracture stress in hydrogen upon increasing the notch severity [1, 2]. Thus, 

it is important to select hydrogen-resistant materials, such as fcc austenitic steels. These 

alloys generally retain significant ductility when exposed to hydrogen, owing to the low 

diffusivity of hydrogen [3]. High-Mn TWIP steels are typical examples of high strength 

austenitic steels that showed higher resistance to hydrogen embrittlement compare to low 

carbon steels, martensite steels, dual-phase steels [4-7]. It is well known that hydrogen-

assisted cracking processes depend markedly on kinematic variables such as the strain rate 

[8-11]. However, the applied strain rate is not the most suitable variable in notched or 

cracked specimens. To obtain the hydrogen-assisted cracking of these specimens we have to 

consider the effect of the local strain rate at the crack or notch tip, because at that point the 

hydrogen concentration is localized, and the crack or notch tip strain rate controls the 

hydrogen-assisted cracking process [12, 13]. In other words, cracking is time dependent and 

consequently local kinematic variables more precisely, the local strain rate at the crack or 

notch tip should play a vital role. 

Introduction of crack to the specimen can induce the local strain rate at the crack tip under 

tensile test. However, to the best of my knowledge, there is no previous study on the 

influence of crack length on hydrogen-assisted cracking of TWIP steel. In order to 

understand the importance of local strain rate at the crack tip on hydrogen-assisted cracking 

of TWIP steel, slow strain rate tensile tests were conducted through the electrochemical 

hydrogen charging for specimens with different precrack lengths introduced under the 

fatigue service.  
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4.2 Material and investigation method 

4.2.1 Material and test procedure 

The material used in this study was Fe-23Mn-0.5C steels (mass%). The chemical 

compositions of the present steel are listed in details in Table 4.1. Fig. 4.1 demonstrates the 

initial microstructure of fully austenite TWIP steel. The micrograph in Fig. 4.1a was obtained 

by mechanical polishing with colloidal silica and chemical etching with a solution of 3% 

nital (nitric acid in ethanol), followed by cleaning with ethanol. In Fig. 4.1b the 

microstructure of this material characterized by electron backscatter diffraction (EBSD). The 

rolling-direction (RD)-inverse pole figure (IPF) map shows that the TWIP steel featured as 

a uniform grain structure. The corresponding grain distribution plotted in terms of the 

number and area fraction using EBSD indicated the uniform grain size distribution, as shown 

in Fig. 4.2. The average grain size, including annealing twin boundaries is measured as 33 

μm. The ingots were prepared by vacuum induction melting, and were then forged and 

groove-rolled at a temperature of 1273 K. Next, the hot rolled bars were solution treated at 

1273 K for 1 h and were subsequently water-quenched to suppress the uncontrolled 

formation of second phases and segregation. The specimens were cut by electrical discharge 

machining (EDM). The thicknesses were reduced by mechanical grinding. Then, the surface 

of the specimens was mechanically polished with a mirror finish condition. The final 

dimensions of the tensile specimens were 10 mm in width, 0.5mm in thickness and 10 mm 

in gauge length as shown in Fig. 4.3. 

The tensile tests were conducted for smooth and center pre-cracked specimens with and 

without hydrogen charging at an initial strain rate of 10-4 s-1 equal to the cross-head speed of 

10-3 mm/s at temperature of 295 K. In case of hydrogen charging, specimens were 

electrochemically charged with hydrogen in a 3% NaCl aqueous solution containing 3 gL-1 

of NH4SCN at a current density of 10 Am-2 under the tensile test. The solution was 

continually added to cover the gauge part of the specimen during the tensile test. A platinum 

wire was employed as a counter-electrode. The setup the in-situ hydrogen charged specimen 

is same as indicated in Fig. 2.4. 

 

4.2.2. The precrack introducing 

A fatigue servo-hydraulic testing machine was employed to introduce precracks by 

tension-tension cyclic loading at a load ratio of 0.1 and frequency of 10 Hz. For controlling 
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the precrack initiation site, we used artificial high stress concentration source by introducing 

three drill holes following each other at the center of the gauge length perpendicular to the 

tensile direction. A diameter of each hole equal to 200 µm was introduced by micro drilling 

technique through the entire of thickness. Subsequently an initial mode I fatigue precrack 

was introduced ahead of the drill holes. During the fatigue process, the crack length was 

monitored by optical microscope. The introduced surface fatigue precrack lengths were 

controlled to be within 1 to 3.2 mm by 1, 1.8, 2.5 and 3.2 mm (± 0.1 mm) in length for both 

hydrogen-charged and uncharged specimens. Finally, before tensile tests, all fatigued-

precracks specimens were mechanically polished with a mirror finish condition to remove 

all surface relief and distortion that could possibly arise from the introduction of holes and 

fatigued-precracks. 

 

4.2.3. Microstructure characterization 

The fracture surface was observed by SEM at an accelerating voltage of 15 kV. In 

addition, the SEM was used for secondary electron imaging and EBSD measurements of the 

specimens at an acceleration voltage of 20 kV with a beam step size of 700 nm for the 

observation of initial microstructure. SEM and EBSD instruments employed in this study 

are shown in Fig. 2.5. 

 

4.2.4. Modeling for plastic strain rate distribution 

The equivalent plastic strain rate distribution in the cracked specimens were calculated 

by means of FEA using ANSYS Workbench 18.2. A two-dimensional model that equals to 

one-quarter of the geometry was analyzed due to symmetry, as shown in Fig. 4.4a. The Y-

axial displacement of ligament and X-axial displacement of center axis are fixed at 0. A Y-

axial displacement, Uy = 0.25 mm, is applied on the top edge of the model. Element type of 

PLANE183(8-node) was adopted for meshing. Refinement of meshing were arranged in the 

region near the crack tip, as shown in Fig. 4.4b, and the minimum element size is 0.05 mm. 

The element numbers for the specimens with pre-crack length of L= 1, 1.8, 2.5 and 3.2 were 

3104, 3086, 3064 and 3042, respectively. The The strain hardening model is described by a 

power-law relation in the form of σt = Kɛt
n, where σt and ɛt are true stress and strain obtained 

from the tensile test mentioned above, K = 2660.05 MPa is strain hardening coefficient and 

n = 0.89 is the strain hardening exponent. The influence of hydrogen on the stress–strain 
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response was not taken into account in the present study because the tensile stress–strain 

curve of hydrogen charged smooth specimens did not show any clear difference from that of 

the uncharged specimen before tensile strength. 

 

4.3 Results  

4.3.1 Hydrogen effects on mechanical response 

Fig. 4.5 shows engineering stress-engineering strain curves in the hydrogen-charged and 

uncharged smooth specimens. The serrations on the curves are known to be caused by 

dynamic strain aging as reported in previous studies [14, 15]. The total strain and ultimate 

tensile strength of the uncharged specimen were 64 % and 870 MPa, respectively. A loss of 

approximately 50% in ductility and 20% in tensile strength is observed in the presence of 

hydrogen. The elastic deformation behavior and yield strength were unaffected after 

hydrogen charging. 

Fig. 4.6 displays net section stress-elongation curves of hydrogen-charged and uncharged 

specimens consistence of precrack length of 1 and 1.8 mm as a definition of short precracks. 

The net section stress is calculated by dividing the load during tensile test per area of initial 

net ligament size. This figure indicates the degradation of mechanical properties of short 

precracks in the presence of hydrogen which deterioration of strength and ductility in 

specimen with 1 mm precrack is higher than one with 1.8 mm precrack.  

Fig. 4.7 shows net section stress-elongation curves of hydrogen-charged and uncharged 

specimens with precracks of 2.5 and 3.2 mm lengths as a definition of long precracks. Unlike 

specimens with short precrack, results indicate negligible changes in tensile strength and 

ductility of hydrogen-charged and uncharged specimens. Results suggest that macroscopic 

mechanical properties were not affected by the hydrogen charging in long precracked-

specimens. 

The effect of precrack length on tensile strength and equivalent elongation examined in 

hydrogen-charged and uncharged specimens is illustrated in Figs. 4.8a and 4.8.b, 

respectively. The dependence of tensile strength upon precrack shows an obvious decrease 

in the tensile strength compared the smooth specimen in both hydrogen-charged and 

uncharged specimens. Results indicate that by increasing the precrack length the effect of 

hydrogen has been reduced, consequently, the loss of tensile strength and elongation is 
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decreased, while there is no considerable effect of hydrogen degradation on strength and 

ductility of specimens with long precrack.  

 

4.3.2 Fractographic analysis 

Fig. 4.9 displays the fracture surfaces of hydrogen-charged and uncharged smooth 

specimens. Observation of fracture surface of uncharged specimen demonstrates a 

typical ductile fracture surface composed of numerous fine dimples in all areas as 

shown in overall image of fracture surface in Fig. 4.9a and also in magnified images 

of Figs. 4.9a1 and 4.9a2 of the parts highlighted in Fig. 4.9a. In contrast, a clear region 

of intergranular combined with partially quasi-cleavage features is observed on the 

fracture surface of the hydrogen-charged specimen as shown in overall image of 

charged specimen in Fig. 4.9b and magnified in a Fig. 4.9b1. The remain part of the 

fracture surface shows considerable dimples as shown in a magnified image in Fig. 

4.9b2.  

Fig. 4.10a and 4.10b show the overview of typical features of the fracture surfaces 

of uncharged specimens with 1 mm and 3.2 mm precrack as an examples of short and 

long precrack, respectively. The rest of figures are magnified images corresponding to 

the highlighted locations indicated in the overviews. The fracture surfaces of both 

uncharged specimens are characterized by a combination of quasi-cleavage feature 

regarding to the cyclic loading introduced by fatigued-precrack [16] and follows 

ductile features with dimples (Figs. 4.10a1, a2, b1 and b2).  

Fig. 4.11 demonstrates the fracture surfaces of hydrogen-charged specimens with 

1, 1.8 and 3.2 mm precrack. In case of 1 and 1.8 mm precracked specimens, the 

fracture surface exhibits a shallow intergranular cracking zone with secondary crack 

along prior austenite grain boundaries after quasi-cleavage features of precrack. 

Quasi-cleavage-like features are also observed in the brittle region, as shown in Figs. 

4.11a1, a2, b1 and b2. This brittle region surrounded by dimples and the rest of fracture 

surface shows ductile feature due to the microvoid coalescence as indicated in Figs. 

4.11a3 and b3. In contrast, the charged specimens with 3.2 mm precrack shows no 

brittle feature on the fracture surface, as shown on an overview image of fracture 

surface in Fig. 4.11c. The fracture surface shows typically ductile with fully dimples 

same as uncharged one after quasi-cleavage features of precrack region (Figs. 4.11c1-
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c3). This is to say, there is no effect of hydrogen charging on fracture feature of long-

precracked specimens.   

Fig. 4.12 shows the surface of uncharged and hydrogen-charged specimens with 1 

and 3.2 mm precrack lengths at the vicinity of the fracture surface. There is no 

observable surface damage of fractured uncharged specimens as shown in Figs. 4.12a 

and b for 1 and 3.2 mm precracked specimens, respectively, and the magnified images 

of 4.12a1 and b1. In contrast, considerable surface damages due to hydrogen charging 

can be observed beside the fracture surfaces of both specimens (Figs. 4.12c and d). 

However, the fraction area of these surface cracks is higher in 1 mm precrack than 3.2 

precracked charged specimens as shown clearly in magnified images in Figs. 4.12c1 

and d1, respectively.  

Fig. 4.13 displays the brittle-fracture region length for smooth and precracked 

specimens under electrochemical hydrogen charging measured from fracture surfaces. 

This area corresponds to the maximum length of hydrogen affected zone which can 

be observed on the fracture surface as a brittle area. The area fractions of the 

intergranular fracture decreased and replaced to the ductile fracture by increasing the 

precrack length. While, this brittle features diminished completely in the specimens 

including precrack more than 2 mm (as shown by black arrows) indicated no effect of 

hydrogen on failure. 

 

4.3.3 Plastic strain rate distribution   

Fig. 4.14 displays the distribution of plastic strain rate particularly in the vicinity 

of the crack tip of specimen with 3.2 mm precrack. This parameter is in the maximum 

value at the crack tip and has a reduction tendency to the far from crack tip. 

Fig. 4.15 shows the calculation results of the distribution of the maximum plastic 

strain rate for the specimens with various precrack lengths. The strain rate presented 

here is an average of equivalent plastic strain rate during the 500 s of experiment 

correspond to the 0.5 mm displacement. Since the stress intensity factor is higher in 

longer precrack length the plastic strain rate has an increase tendency from 1 to 3.2 

mm precrack. This tendency slightly decreases up to the convergence of curves 

together at approximately 2 mm in front of the crack tip.  
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4.4 Discussion  

Degradation in strength and elongation was occurred in the smooth and short 

precracked (less than 2 mm) specimens in the presence of hydrogen (Figs. 4.5 and 

4.6). The hydrogen-induced intergranular and quasi-cleavage features were observed 

at these specimens (Figs. 4.9b1, 4.11a1, a2 and 4.11b1, b2), as both intergranular and 

quasi-cleavage are common features of hydrogen embrittlement of TWIP steels [6, 17-

19]. Specifically, intergranular cracking has been reported to stem from high micro-

stress concentration at grain boundaries interacting with deformation twins [17] and 

at the grain boundary triple junction [17, 20]. In contrast, the hydrogen-assisted quasi-

cleavage in TWIP steels has been reported to arise from twin boundary cracking within 

the interior of the grains [17, 19, 21]. In case of smooth specimen, hydrogen-assisted 

failure in TWIP steel has been intensively investigated [6, 7, 21-23]. In short-

precracked specimens, the brittle cracking area perceived a head of the precrack tip, 

particularly localized at the internal section of the fracture surface (Figs. 4.11a1, a2, 

4.11b1 and b2), which is surrounded by dimples, indicating a hydrogen-assisted 

cracking affected by the high stress triaxiality in the center of the tensile specimen. 

Additionally, the time for hydrogen to diffuse to the crack tip, contribute to brittle 

fracture and enhance crack propagation may be longer than that for crack propagation 

induced by the condition of constrain effect, load and strain rate in these specimens, 

and this may be the reason that ductile cracking occurred in the rest part of fracture 

surface (Figs. 4.11a3, b3). Some evolved hydrogen diffused in to the steel and enriched 

around the notch or crack tip because of the local stress and strain gradient [24]. As a 

specimen is stressed, an elastic stress field with a singularity soon develops, then the 

elastic singular stress immediately is relaxed as a result of plastic deformation within 

the notch region, where dislocation sourced in the steel have been activated and both 

gradient of plastic strain and dislocation density are rather high. Since dislocations are 

strong hydrogen traps, the local hydrogen concentration is higher in the area with the 

high dislocation density [24, 25] . Thus, at the crack tip where the plastic strain reaches 

its maximum value, the interaction between hydrogen and dislocation is significant 

[6]. Noteworthy that this hydrogen interaction with moving dislocations is correlated 

to the strain rate [10, 26]. 

By contrast, specimens by precrack length larger than 2 mm shows different 
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behavior in the presence of hydrogen. They exhibited negligible loss of tensile strength 

and ductility in electrochemical hydrogen charging and were considered to be immune 

from hydrogen embrittlement. In other words, although the stress state is more severe 

hydrogen could not diffuse sufficiently to the crack tip. Thus, another reason/s are 

necessary to explain the resistance to hydrogen embrittlement with an increase in the 

precrack length. This was correlated to the hydrogen diffusion distance which 

decreases with higher testing speed, as described in [27]. 

As mentioned above, hydrogen diffusion at the crack or notch tip is correlated to 

the interaction between hydrogen and dislocation movement which is related to the 

strain rate. In austenitic steels including TWIP steels the hydrogen diffusivity is a key 

parameter, which is strongly correlated to the strain rate dependence of the 

susceptibility for hydrogen embrittlement [18]. The primary reason why the hydrogen 

embrittlement was more pronounced at the lower strain rate can be attributed to the 

fact that sufficiently low strain rates allow the hydrogen to interact with moving 

dislocations [18, 26, 28], which in turn promotes hydrogen embrittlement. Note that 

cracking is time dependent and consequently local kinematic variables, more precisely 

the local strain rate at the crack or notch tip, should play a vital role [13]. Although the 

applied strain rate for all specimens with different precrack lengths is same, various 

precrack lengths induce different local strain rate at the crack tip; thus, the higher the 

strain rate at the crack tip, the shorter the time for the hydrogen diffusion.  Particularly, 

in slow strain rate tensile test with precracked or notched specimens, the local strain 

rate at the crack or notch tip is the variable that controls the hydrogen-induced cracking 

[13].  

Noteworthy, the fully austenitic TWIP steel exhibit low hydrogen diffusivity at 

room temperature with an approximately hydrogen diffusion coefficient of 10-12 cm2/s 

[29-32]. Table. 4.2 shows the migration distance of hydrogen in terms of √𝐷𝑡 (where 

D and t are the hydrogen diffusion coefficient and time of experiment, respectively) 

for each cracked specimen. Results indicates that the migration distance of hydrogen 

is too small to associate to the crack propagation. Therefore, hydrogen penetration 

depth is limited to the surface at the vicinity of the fracture surface where stress 

concentration is high, leading to surface cracking. Particularly due to the lower 

diffusion time in 3.2 mm precracked specimen, the near-surface damages are less 
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compare to the 1 mm one (Figs. 4.12c and 4.12d).  

Hydrogen embrittlement of the steel is correlated by local stress and local hydrogen 

concentration and only occurs when the combination of local stress and local hydrogen 

concentration is satisfied [11, 25, 33]. As a same context, Wang el. al [11] reported 

that the relationship between diffusible hydrogen and fracture stress is approximated 

to the power law in ferritic high strength steels. In addition, Koyama el. al [6] 

investigated that hydrogen embrittlement of TWIP steel could also be approximated 

to the power law. In general, it can be explained as the following equation: 

𝜎𝐹
∗ = 𝐴𝐻𝐷

∗−𝐵                                                                                                             (1) 

Where 𝜎𝐹
∗ and 𝐻𝐷

∗  are local fracture stress and local hydrogen concentration, 

respectively. A and B are constants and 0<B<1. According to the power law, the current 

condition of hydrogen embrittlement due to the relationship between local stress and 

hydrogen concentration of precracked specimens can be explained schematically in 

Fig. 4.16. In cracked specimens with 1 and 1.8 mm precracks the critical condition of 

stress and hydrogen concentration is satisfied and results in a brittle fracture front of 

the crack tip. In long precracks specimens, although the local stress state is more 

severe than short precrack one due to the lack of hydrogen diffusion could not reach 

to the critical condition. Therefore, the fracture is ductile failure.  

Particularly, in slow strain rate tensile test with precracked or notched specimens, 

local strain rate at the crack or notch tip is the variable that controls the hydrogen-

induced cracking. FEM results of local strain rate in the ligament path indicted that by 

increasing the precrack length the local strain rate particularly at the crack tip increases 

(Fig. 4.15). Increasing in the crack tip strain rate means increasing the dislocation 

motion and reducing the interaction of hydrogen with dislocation motion, thus, the 

number of dislocations which are actually carrying hydrogen decreases. Subsequently, 

diffusion of hydrogen to the crack tip reduces due to lower hydrogen transport on 

dislocations and hydrogen concentration at the crack tip cannot reach to the critical 

value to promote hydrogen-assisted cracking. This procedure also can be observed by 

comparing the fracture surfaces of short precracked specimens (Fig. 4.13). The 

hydrogen-affected area in 1.8 mm precracked specimen is lower than 1 mm one which 

clarified the effect of increasing local strain rate, while, there is a higher stress 

concentration in 1.8 mm precracked specimen. 
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Finally, by creating a precrack and a higher stress concentration leading to rapid 

failure, the low diffusivity limited the hydrogen introduced by the charging operation 

to near surface region. Therefore, hydrogen penetration depth is limited to small 

portion of crack front at short precracks and the surface at the vicinity of the fracture 

surface, while in long precrack where stress condition is more severe since the 

hydrogen has less time to enter and diffuse towards the inner parts of the sample the 

shallow depth of hydrogen penetration occurs on the surface beside the fracture 

surface and the ductile fracture occurs as a final failure mode. 

 

4.5 Conclusions 

Hydrogen-assisted cracking of TWIP steel in a wide range of precrack geometries 

tested under electrochemical hydrogen charging at slow strain rate tensile test of 10-4 

s-1. In case of short precracked specimens less than 2 mm, hydrogen deteriorates the 

tensile strength and ductility of the specimen compare to the uncharged one. In 

contrast, long precrack specimens or more than 2 mm which induced higher local 

strain rate at the crack tip shows no significant of degradation of mechanical properties 

in the presence of hydrogen. These results confirm the significant role of the local 

strain rate at the crack tip in hydrogen embrittlement specially at the low strain rate 

tensile test. 
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4.7 Tables and Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Table. 4.1. Chemical composition of the investigated TWIP steel 

 

Steel Ni Mn Cr Si C P S Fe 

Fe-23Mn-0.5C 0.003 22.6 <0.001 0.027 0.51 <0.001 0.0072 Bal. 
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Table 4.2. Calculation of the migration distance of hydrogen by hydrogen diffusion 

coefficient during the tensile test for each precrack length 

 

Precrack length 

[mm] 

Maximum 

elongation[mm] Time [s] √𝐷𝑡 [µm] 

1 2.416 2416 0.49152823 

1.8 2 2000 0.4472136 

2.5 1.85 1850 0.43011626 

3.2 1.53 1530 0.39115214 
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Fig. 4.1. (a) Optical image of the etched specimen (b) RD-IPF, of micrograph of the initial 

microstructure of TWIP steel. 
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Fig. 4.2. Number and area fraction of grain size distribution of investigated TWIP steel. 
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Fig. 4.3. Tensile specimen geometry (in mm). The thickness is 0.5 mm and L corresponds 

to the precrack length. 
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Fig. 4.4. (a) Model simplification for calculation of strain rate distribution, (b) magnified of 

meshed zone in the vicinity of the crack tip for the specimen with 3.2 mm precrack.  
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Fig. 4.5. Engineering stress–engineering strain curve for uncharged and hydrogen-

charged of smooth specimens. 
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Fig. 4.6. Net section stress-elongation curves for uncharged and hydrogen-charged 

specimens consistence of precrack length of 1 and 1.8 mm. 
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Fig. 4.7. Net section stress-elongation curves for uncharged and hydrogen-charged 

specimens consistence of precrack length of 2.5 and 3.2 mm. 
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Fig. 4.8. Comparison between maximum (a) tensile strength and (b) elongation of uncharged 

and hydrogen-charged specimens in different precrack lengths of 1, 1.8, 2.5 and 3.2 mm 

including smooth specimens.  

 

 

 



Hydrogen embrittlement of twinning-induced plasticity steel in a viewpoint of practical issues 

 

129 
 

 

 

 

 

Fig. 4.9. (a) and (b) overall images of fracture surfaces of uncharged and hydrogen-charged 

smooth specimens, respectively. (a1) and (a2) magnified images correspond to the highlight 

regions in (a) show ductile feature as a void coalescence in entire fracture surface. (b1) and 

(b2) magnified images correspond to the highlight area in (b). (b1) displays the brittle area 

combination of intergranular and quasi-cleavage and (b2) shows rest of the fracture surface 

covered by dimples as a ductile feature. 
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Fig. 4.10. (a) and (b) overall images of fracture surfaces of uncharged specimen with 1 and 

3.2 mm precracks, respectively. (a1) and (b1) are the magnified images highlighted in (a) and 

(b) respectively, correspond to the precrack tip fracture surface which followed by dimples 

after quasi-cleavage feature of fatigued-precracks as shown in (a2) and (b2). The yellow 

dashed lines indicate the precrack tip. 
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Fig. 4.11. (a), (b) and (c) overall images of fracture surfaces of hydrogen-charged specimen 

with 1, 1.8 and 3.2 mm precracks, respectively. X1 and X2 show the both sides of the fracture 

surfaces including precrack tips. For 1 and 1.8 mm precracks the fracture surfaces in front 

of the crack tip display the combination of intergranular and quasi-cleavage features, while, 

3.2 mm precracked specimen show ductile feature as a void coalescence similar to the 

uncharged specimens. The remain parts of the fracture surface covered by dimples as shown 

in Figs. (a3), (b3) and (c3). The yellow and red dashed-lines indicate the precrack tip and 

enclosed the brittle zone, respectively. 
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Fig. 4.12. Showing specimen surfaces in the vicinity of the fracture surfaces. (a) and (b) 

for 1 and 3.2 mm precracked uncharged specimens, respectively. Magnified images of (a1) 

and (b1) correspond to the highlight area in (a) and (b) show no surface crack appeared beside 

the fracture surface. (c) and (d) for 1 and 3.2 precracked hydrogen-charged specimens, 

respectively, display the surface damage near the fracture surface in the presence of 

hydrogen. Comparison between (c1) and (d1), the magnified images in (c) and (d), indicate 

that the hydrogen effect of 1 mm precrack is stronger in formation of surface cracks than 3.2 

mm.  
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Fig. 4.13. Maximum brittle fracture zone size after tensile test in specimens with different 

crack lengths. 
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Fig. 4.14. Average equivalent plastic strain rate distribution at the vicinity of the precrack 

tip of specimen with 3.2 mm precrack calculated by FEA. 
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Fig. 4.15. FEA calculation results on the distribution of average equivalent plastic strain rate 

of cracked specimens. 
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Fig. 4.16. the schematic of relationship between local fracture stress and local hydrogen 

concentration at the crack tip.  
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CHAPTER 5. Effect of strain rate on the hydrogen-assisted cracking in 

cracked-specimen of TWIP steel  

 

5.1 Introduction 

It is well-known that hydrogen embrittlement behavior depends on not only 

microstructure but also deformation conditions. Hydrogen-assisted cracking processes 

depend markedly on kinematic variables such as the strain rate. The effect of decreasing 

strain-rate and decreasing potential on ductility can be generally explained on the respective 

bases of a greater time being available during testing for hydrogen to enter the steel, and of 

more hydrogen being available for entry into the steel [1-3]. In common with higher strength 

steels, the observed hydrogen embrittlement is strain-rate dependent; the loss of ductility 

increases as the strain rate decreases.  

Strain rate dependence of hydrogen embrittlement demonstrates that the transportation of 

hydrogen to crack front is necessary and understanding the kinetics of hydrogen 

embrittlement is important.  Thus, subjecting the notched or cracked tensile specimens to 

slow strain rate tensile tests under hydrogen-charging condition is the most severe condition 

to study the effects of hydrogen on the tensile behavior of the materials [4]. 

In austenitic steels including TWIP steels the hydrogen diffusivity is a key parameter, 

which is strongly correlated to the strain rate dependence of the susceptibility for hydrogen 

embrittlement [5]. Therefore, the strain rate dependence of hydrogen embrittlement behavior 

in the TWIP steels is a crucial issue. 

In this chapter, I study the behavior of cracked specimens of TWIP steel to understand 

the effect of various applied strain rates on the hydrogen-assisted cracking under the 

electrochemical hydrogen charging condition.   

 

5.2 Material and investigation method 

The material in this chapter is same as used in the 4th chapter, Fe-23Mn-0.5C steels 

(mass%) fully austenitic TWIP steel with the average grain size of 35 µm. The procedure of 

preparing specimens is also same as the procedure in the previous chapter. In this chapter, 

specimens are same as previous chapter. The difference is just fatigued-precrack lengths.   

The introduced surface fatigued-precrack lengths were limited to 1.5 and 3 mm as an 

examples of short and long precracks defined in the 4th chapter. The final configuration of 

https://www.sciencedirect.com/topics/engineering/microstructure
https://www.sciencedirect.com/topics/engineering/deformation-condition
https://www.sciencedirect.com/topics/materials-science/austenitic-steel
https://www.sciencedirect.com/topics/engineering/key-parameter
https://www.sciencedirect.com/topics/engineering/rate-dependence
https://www.sciencedirect.com/topics/materials-science/hydrogen-embrittlement
https://www.sciencedirect.com/topics/materials-science/hydrogen-embrittlement
https://www.sciencedirect.com/topics/engineering/strain-rate
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the specimens is shown in Fig. 4.3. Finally, before tensile tests, all fatigued-precracks 

specimens were mechanically polished with a mirror finish condition to remove all surface 

relief and distortion that could possibly arise from the introduction of holes and fatigued-

precracks. 

The tensile tests were conducted for specimens with and without hydrogen charging at 

slow strain rates, namely at an initial strain rates of 10−4 and 10−5 s−1 for specimens with 1.8 

mm precrack length as an example of short precrack and specimens with 3.2 mm precrack 

length as an example of long precrack, defined in the 4th chapter, at ambient temperature.  

In case of hydrogen charging, specimens were electrochemically charged with hydrogen 

in a 3% NaCl aqueous solution containing 3 gL-1 of NH4SCN at a current density of 10 Am-

2 under the tensile test. The solution was continually added to cover the gauge part of the 

specimen during the tensile test. A platinum wire was employed as a counter-electrode. The 

setup the in-situ hydrogen charged specimen is same as indicated in Fig. 2.4. The fracture 

surface was observed by SEM at an accelerating voltage of 15 kV.  

 

5.3 Results 

5.3.1 Hydrogen effects on mechanical response 

Fig. 5.1 shows the net section stress-elongation curves with the corresponding tensile 

properties of the specimen with 1.8 mm precrack of Fe-23Mn-0.5C TWIP steels with and 

without hydrogen charging at room temperature and different strain rates. The specimens 

tested without hydrogen-charging did not show a pronounced strain rate dependence for 

maximum notched strength and elongation at failure. The hydrogen charging clearly 

deteriorates the elongation at failure, with the effect being more pronounced at the lower 

strain rate of 10–5 s–1. The strain rate of The decrease in the tensile properties of TWIP steel 

upon hydrogen charging was also observed previously [6, 7]. Reduction in elongation and 

maximum notched strength is proximally 42% and 17%, respectively. Fig. 5.2 also shows 

the net section stress-elongation curves of the specimen with 3.2 mm precrack with and 

without hydrogen charging at different strain rates. Uncharged specimens did not show any 

dependency of strain rate. In addition, as explained in the chapter 4, there is no degradation 

in strength and ductility in the specimen with 3.2 mm precrack in the strain rate of 10-4 s-1. 

In contrast, a degradation of tensile strength and elongation in the presence of hydrogen in 

the strain rate of 10-5 s-1 observed. Reduction in elongation and maximum notched strength 

is proximally 21% and 10%, respectively. 
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Fig. 5.3 shows the mechanical properties for each cracked specimen at different strain 

rate of 10-4 and 10-5 s-1. Fig. 5.3a and 5.3b display the maximum tensile strength and 

elongation of short and long precracked specimens in two strain rates of 10-4 and 10-5 s-1, 

respectively. In case of the uncharged specimens, there is no effect of strain rate reduction. 

By contrast, for hydrogen-charged specimens both specimens show dependency to the 

reduction of strain rate. 

Fig. 5.4 illustrates the behavior of maximum tensile strength and elongation of cracked 

specimens at strain rate of 10-5 s-1 for both hydrogen-charged and uncharged specimens. In 

addition, this results compared with the results of cracked specimens in strain rate of 10-4 s-

1 as shown in 4.8. 

 

5.3.2 Crack propagation behavior in the hydrogen-charged specimen   

   Fig. 5.5 displays the surface damage near the fracture surfaces of hydrogen-charged 

specimens at the slow strain rate of 10-5 s-1. Figs. 5.5a and 5.5c are the overview of the half 

of the width of the samples with precrack length of 1.8 and 3.2 mm, respectively. A 

considerable number of subcracks formed approximately perpendicular to the tensile axes 

were observed beside the fracture surfaces as shown Figs. Figs. 5.4b and 5.4d as a magnified 

images of highlighted area in Figs. 5.5a and 5.5c, respectively. 

   Fig. 5.6 shows an SEM image and the corresponding RD-IPF map one surface crack in the 

vicinity of the fracture surface. The RD-IPF map displays the significant number of 

deformation twins and a number of these deformation twins were observed to impinge on 

the grain boundaries around the main intergranular crack. Cracking mode is the intergranular 

crack and also transgranular sub cracks indicted by white arrows in Fig. 5.6b.  

 

5.3.3 Fractographic analysis 

Fig. 5.7 shows the fracture surface of uncharged specimens at strain rate of 10-5 s-1. Figs. 

5.7a and 5.7b show the overview of fracture surface of specimens with 1.8 and 3.2 mm 

precrack, respectively. The rest of figures are magnified images corresponding to the 

highlighted locations in the overviews. The fracture surfaces of both uncharged specimens 

are characterized by a combination of quasi-cleavage feature regarding to the cyclic loading 

introduced by fatigued-precrack [8] and following ductile features with dimples (Figs. 5.7a1, 

a2, b1 and b2).  

Fig. 5.8 demonstrates the fracture surfaces of hydrogen-charged specimen with 1.8 mm 
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precrack in different strain rate of 10-4 and 10-5 s-1. In the strain rate of 10-4 s-1, the fracture 

surface exhibits a shallow intergranular cracking zone with secondary crack along prior 

austenite grain boundaries after quasi-cleavage features of precrack. Quasi-cleavage-like 

features are also observed in the brittle region, as shown in Figs. 5.8a1, a2. This brittle region 

surrounded by dimples and the rest of fracture surface shows ductile feature due to the 

microvoid coalescence as indicated in Fig. 5.8a3. In contrast, the charged specimen at strain 

rate of 10-5 s-1 shows the brittle feature of intergranular particularly and partially quasi-

cleavage features in approximately all part of the fracture surface as shown in the overview 

and magnified images of 5.8b-b2.  

Fig. 5.9 shows the fracture surfaces of hydrogen-charged specimen with 3.2 mm precrack 

in different strain rate of 10-4 and 10-5 s-1. As explained in the 4th chapter, in the strain rate of 

10-4 s-1, the fracture surface exhibits the combination of quasi-cleavage due to the fatigue 

and follows by ductile feature which indicate that there is no effect of hydrogen on the 

specimen with 3.2 mm precrack at the strain rate of 10-4 s-1. By contrast, the charged 

specimen at strain rate of 10-5 s-1 shows no the brittle feature of intergranular particularly 

and partially quasi-cleavage features in approximately all parts of the fracture surface as 

shown in the overview and magnified images of 5.9b-b2.  

Fig. 5.10 shows the magnified portion of the fracture surface of hydrogen charged 1.8 

mm precracked specimen conducted at the strain rate of 10-5 s-1. This image displays the 

intergranular cracking consistent of multiple slip traces which indicates by white arrows. In 

addition, transgranular fracture feature is also exist on the fracture surface as shown in the 

region highlighted by the red dotted lines.  

 

5.4 Discussion 

    To explain the effect of strain rate on hydrogen embrittlement of metals, previous 

investigations [9, 10] have suggested that the rate of hydrogen diffusion to microcracks or 

voids is the controlling process. As the strain rate is increased there is less time per unit strain 

for hydrogen to reach microcracks or voids, subsequently, the ductility increases with 

increasing strain rate. In other words, by reducing the strain rate hydrogen have sufficient 

time to diffusive to the metal and occur brittle failure. The results of cracked specimens are 

also in agreement with the previous studies of the strain rate dependency on hydrogen 

embrittlement of smooth specimens [11, 12]. By reduction the strain rate from 10-4 to  

10-5 s-1 the tensile strength and elongation of both specimens with 1.8 and 3.2 mm precracks 
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decreased markedly (Fig. 5.3). For instance, in this study, there is no hydrogen embrittlement 

in the specimen with 3.2 precrack length and small reduction in tensile strength and ductility 

of specimen with 1.8 mm precrack at the strain rate of 10-4 s-1, while by reducing the strain 

rate to 10-5 s-1, hydrogen deteriorated the tensile strength and ductility of both specimens 

significantly at room temperature (Figs. 5.2 and 5.3). The fractographic features have not 

shown significantly changes in both 1.8 and 3.2 mm precracked specimens at lower strain 

rate of 10-5 s-1 compare to the strain rate of 10-5 s-1 as depicted in Figs. 5.7 and 5.8.  

    The major site of hydrogen-assisted cracking is the grain boundaries. The crack nucleation 

sites for the intergranular fracture are the grain boundary triple junction and grain boundaries 

that are intercepted by progressing deformation twins as shown in Figs. 5.6b and 5.10.  Grain 

boundary triple junction cracking was observed also in the smooth specimen of TWIP steel 

[13]. The mechanism was explained in terms of plastic strain localization due to the 

formation of deformation bands around grain boundary triple junctions [14]. This effect was 

assumed to promote hydrogen localization around grain boundary triple junctions, assisting 

brittle cracking through a reduction in the cohesive energy at grain boundaries [15].The 

fracture appearance, can be explained by the influence of hydrogen on dislocation slip. It is 

knowing that twins are efficient obstacles for dislocation glide [16, 17]. Thus, dislocation 

pile up at twin or grain boundaries due to enhanced planar slip results in high stresses at such 

obstacles due to shielding effects [18] leading to twin or grain boundary separation [19, 20] 

with visible slip traces and thus to a macroscopically reduced ductility. An enhanced 

mobility of such dislocations should lead to faster twin formation and dislocation pile up at 

the already formed twins resulting in premature failure. The primary reason why the 

hydrogen embrittlement was more pronounced at the lower strain rate can be attributed to 

the fact that sufficiently low strain rates allow the hydrogen to interact with moving 

dislocations, which in turn promotes hydrogen embrittlement [21, 22]. Hydrogen is carried 

to the grain and twin boundary crack sites via dislocations and the effectiveness of 

dislocations is enhanced in concentrating hydrogen at those points on the grain and twin 

boundaries where the stress is also at maximum concentration [13, 23].Unlike to the previous 

chapter, crack length does not play the vital role in hydrogen-assisted cracking at the strain 

rate of 10-5 s-1. Based on the similarities in fracture appearance, it can be assumed that 

hydrogen effects on dislocation slip play a predominant role in hydrogen assisted cracking 

due to the reduction in strain rate. 

Accordingly, the cracked tensile strength is dependent on the strain rate because the 

https://www.sciencedirect.com/topics/materials-science/strain-rate
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hydrogen accumulation was controlled by the available time for hydrogen diffusion to the 

crack initiation site and the time was evidently dependent on the strain rate.  

Finally, the strain rate dependence of the tensile strength of the present steel indicated the 

important role of the hydrogen accumulation in the fracture process specially in the cracked 

specimen even in the slow strain rate tensile test. 

  

5.5 Conclusions 

Decreasing the strain rate provides sufficient time for hydrogen diffusion. Consequently, 

increasing the hydrogen concentration decreases the tensile strength and elongation, as well 

as, change the fracture surface from ductile to brittle of intergranular combine the 

transgranular feature of cracked specimens.  
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5.7 Figures  

 

 

 

 

 

 

Fig. 5.1. The net section stress-elongation curves of 1.8 mm precrack specimen at strain 

rates of 10-4 and 10-5 s-1. 
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Fig. 5.2. The net section stress-elongation curves of 3.2 mm precrack specimen at 

strain rates of 10-4 and 10-5 s-1. 
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Fig. 5.3. Showing the maximum (a) tensile strength and (b) elongation in 1.8 and 3.2 

mm precracks specimens at strain rate of 10-4 and 10-5 s-1.  
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Fig. 5.4. Showing the difference between maximum (a) tensile strength and (b) elongation 

in the cracked specimens at the different strain rates of 10-5 and 10-4 s-1. 
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Fig. 5.5. Showing the surface cracks in the vicinity of the fracture surface of (a) 1.8 

mm precracked specimen and (b) magnified image of highlighted area in (a) and (c) 

3.2 mm precracked specimen and (d) magnified image of highlighted area in (c) at the 

strain rate of 10 -5 s-1.  
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Fig. 5.6. (a) SEM image and (b) corresponding RD-IPF map of surface crack in the 

vicinity of the fracture surface of 1.8 mm precracked specimen at the strain rate of 10-5 

s-1. The RD-IPF map is superimposed with the IQ contrast.  
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Fig. 5.7. Fracture surface of uncharged specimens of 1.8 and 3.2 mm precrack specimens 

at strain rate of 10-5 s-1. (a)-(a2) 1.8 mm precracked specimen. (b)-(b2) 3.2 mm precracked 

specimen. Yellow dashed line indicate the fatigued-precrack tip. 
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Fig. 5.8. Fracture surface of hydrogen-charged specimens of 1.8 mm precrack 

specimens at strain rate of (a)-(a3) 10-4 s-1, and (b)-(b3) 10-5 s-1. Yellow dashed line 

indicate the fatigued-precrack tip. 
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Fig. 5.9. Fracture surface of hydrogen-charged specimens of 3.2 mm precrack specimens 

at strain rate of (a)-(a3) 10-4 s-1, and (b)-(b3) 10-5 s-1. Yellow dashed line indicate the 

fatigued-precrack tip. 
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Fig. 5.10. The high magnified portion of fracture surface of 1.8 mm precracked 

specimen. Multiplane slip traces exist on the intergranular surface indicated by white 

lines. Red dotted circle shows the transgranular fracture surface. 
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CHAPTER 6: General Conclusions and Outlook 

 

6.1 Conclusions 

As a new alloy, bimodal-grained TWIP steel presents extraordinary mechanical 

properties even in the presence of the hydrogen. This attributed to the aspect of superior 

combination of strength and ductility due to the simultaneously strengthening ability of fine 

grains and deformability of coarse grains. The occurrence of embrittlement in the bimodal 

grains can be explained by two main factors. Firstly, crack initiation/propagation along the 

grain and twin boundaries and second, delamination crack growth. The micro-stress 

concentration and plastic strain localization at the twin–twin intersection/interception 

caused hydrogen assisted crack initiation and growth. Furthermore, deformation twinning 

played an important role in the intergranular and transgranular cracking. Intergranular 

cracks tended to grow along the grain boundaries between the fine and coarse grains, while, 

the transgranular cracks tended to propagate into the coarse grains. The delamination 

observed on the fracture surface of the hydrogen-charged specimen was caused by void 

coalescence that nucleated along the tensile axes. The coalesced micro-voids elongated at 

the grain boundaries between the fine and coarse grains due to the elastic misfit and in the 

grain interior of the coarse grains because of the associated localization of stresses and 

strains. The results reveal that the bimodal grain size distribution of TWIP steel plays a 

major role on hydrogen-assisted cracking and the evolution of delamination-related 

damage. 

Crack propagation in the high strength high ductility steel such as TWIP steel has 

substantial importance. Such a large ductility in this material can change cracking behavior 

because of the significant plasticity at the crack tip. Therefore, studying on the hydrogen-

assisted crack propagation mechanism is significantly important. Hydrogen-assisted crack 

propagation in the pre-deformed TWIP steel occurred via a quasi-cleavage feature, and the 

crack growth rate increased with increasing initial defect sizes, as a stress concentration 

source, when the crack length was small. The stress accommodation at the crack tip caused 

large plastic straining, resulting in work hardening and increasing twin density. These 

plasticity-related factors cause a crack formation in front of the main crack tip. The crack 

initiation and subsequent coalescence are the crack growth process, accordingly, the 

hydrogen-assisted crack growth mechanism is discontinuous, which involves step-like 
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ridges and local formation of dimples on the fracture surface. A significant pre-plastic 

deformation accelerates a formation of the plasticity-induced precursor of the crack, which 

is considered to assist transgranular crack propagation. Finally, the factor affecting the 

hydrogen-assisted cracking are not specific features of the bimodal microstructure. 

In the term of hydrogen-assisted cracking, cracked specimens of TWIP steel showed 

considerable behavior at the slow strain rate of 10-4 s-1. Specimens with longer precrack 

length show higher resistance to hydrogen embrittlement than specimens with short 

precrack lengths. In other words, specimens with precrack length less than 2 mm are 

susceptible to hydrogen embrittlement, while hydrogen did not have any effect on the 

mechanical properties of specimens with precrack longer than 2 mm. Results confirmed the 

vital role of local strain rate at the crack tip at slow strain rate in hydrogen embrittlement. 

Decreasing the strain rate to 10-5 s-1 provides sufficient time for hydrogen diffusion for 

the cracked specimens, particularly for the longer precrakced one which did not show 

hydrogen embrittlement at 10-4 s-1. Consequently, increasing the hydrogen content 

decreased the tensile strength and elongation, as well as changed the fracture surface from 

ductile to fully brittle of combination of intergranular and transgranular. Results suggested 

that hydrogen embrittlement of cracked specimen in TWIP steel sensitive to the strain rate 

specially at the very slow strain rate.  

 

6.2 Outlook 

According to the present work, it is worth further research on factors can effect on the 

crack propagation, particularly quantify the local strain rate at the crack tip by using FEM 

analysis in the dynamic condition. Finding the relationship between constraint and the local 

strain rate in the cracked or notched specimens can help to understand deeply on the effect 

of the interaction between hydrogen and dislocation movement at the crack or notch tip. In 

addition, extrinsic factors such as plastic wake effect associates to the crack propagation. It 

is highly recommended to work on the crack propagation from the mechanical view point 

as well as metallurgical observations.  

 

 

 

 



Hydrogen embrittlement of twinning-induced plasticity steel in a viewpoint of practical issues 

157 

 

Acknowledgement 

First and foremost, I would like to express my deepest and sincerest thanks to my thesis 

supervisor Professor Hiroshi Noguchi, who gave me the opportunity to join and work in 

his prestigious Laboratory, Solid Mechanics Lab, at Kyushu university, Japan. He 

constantly gave me courage, taught me how to research and initiated very interesting and 

deep discussions to keep me on the right track. He, undoubtedly, opened new window of 

research vision in my studying life. By counting on his supports, I left behind the difficulties 

in Japan easily.  

I would like to thank the thesis committee members: Professor Kaneaki Tsuzaki and 

Professor Hiroyuki Toda, for their valuable time, encouragement and insightful comments. 

I am very much thankful to the Associate Professor Motomichi Koyama for his valuable 

advices and supports during my PhD. Additionally, I would like to extent my thanks to 

Associate Professor Shigeru Hamada for his support in our lab and Mrs. Masako Kadota, 

the secretary of lab. I also thank my friends in our lab, who I always was remotely 

consulting with. 

Last but not least, I owe my greatest debt of gratitude and thanks to my parents, brother 

and sister. This dissertation would not have been possible without their warm love, 

continued patience, and endless support. 

 

ABBAS MOHAMMADI 

アバス モハマディ 

Kyushu University, Japan 

九州大学、日本 

 “Land of the Rising Sun” 

July 2019 

                              

 


