 Enhancing hydrogen embrittlement resistance of TRIP-rich medium Mn steel by morphology optimization
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ABSTRACT
The transformation-induced plasticity (TRIP) effect in medium Mn steel generally provides a considerable enhancement to its work hardening capability and therefore an excellent combination of strength and ductility. However, the resultant fresh martensite formed during deformation is highly susceptible to hydrogen embrittlement (HE). Here, we propose an elongated, banded morphology (EBM) to mitigate HE caused by fresh martensite. EBM produced by warm rolling possesses a comparably high work hardening rate, but a better resistance to HE than the equiaxed grain morphology (EGM) produced via conventional intercritical annealing. For the EGM, hydrogen-induced crack (HIC) can propagate rapidly due to insignificant obstacles for crack propagation. On the contrary, for the EBM, HIC can be stopped or deflected at elongated grain or phase boundaries. The EBM morphology design may improve hydrogen embrittlement resistance in other steels and alloys with intensive TRIP effect.
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INTRODUCTION
Medium Mn steels (MMS), standing out from the advanced high-strength steels (AHSS) with excellent mechanical properties, have potential applications in automobile, construction, and military industries. Conventional MMS microstructure contains ferrite (α), martensite (α’) and austenite (γ) that can be tailored via diverse thermomechanical processes [1]. In particular, different combinations of constituents and mechanical properties can be achieved by intercritical annealing (IA) [2, 3]. With such convenience, multiple deformation responses can be activated and provide tremendous work hardening, such as dislocation multiplication [4], back-stress hardening [5], deformation twinning [6], and transformation-induced plasticity (TRIP) effect. Among these, the TRIP effect is the most essential mechanism for developing high-strength MMS due to a flexibly controlled γ fraction and hierarchical stability [7, 8]. In particular, Miller [9] categorized MMS into three types according to the rise in flow stress during plastic deformation, where Type I MMS neck and fracture during Lüders deformation; Type II MMS show a moderate work hardening; and Type III MMS show a high work hardening.
An inevitable issue raised spontaneously with increasing strength is hydrogen embrittlement (HE), to which stronger AHSS are generally more vulnerable [10, 11]. Since the superior work hardening in MMS comes from the TRIP effect of metastable retained γ, this unique phase plays a vital role in HE. On the one hand, the retained γ generally has a higher hydrogen desorption activation energy than α/α’ counterparts [12, 13] and can be utilized as an effective hydrogen trap to reduce diffusible hydrogen concentration [14, 15]. On the other hand, the concomitant martensitic transformation during deformation generates a considerable amount of fresh α’, enhancing hydrogen-defects interactions and increasing localized hydrogen redistribution to weak microstructural constituents such as grain boundary, resulting in hydrogen-induced cracks (HIC) [12, 13, 16]. An efficient method to address this issue is suppressing martensitic transformation, yet it may compromise the TRIP effect and desired work hardening [17]. In this sense, how to mitigate HE while maintaining the TRIP effect is of great interest in academia and industry. Recent works on optimizing microstructures to inhibit or delay the propagation of HIC provide some solutions. For instance, a chemical heterogeneity concept has been proposed to control the intragranular stability of γ grains, thus impeding HIC once they arise [18]. Furthermore, a compositional core-shell architecture of γ shows a promising ability to arrest HIC by stable Mn-rich shell structures [19]. These studies apply successfully in Type II MMS, where the central idea is to control the γ stability and distribution. Nevertheless, practical strategies to tackle this problem in Type III MMS is are still lacking.
Type III MMS generally possess a high fraction of γ, contributing to the TRIP effect during plastic deformation and producing a high work hardening [9]. The high fraction and the concurrent low stability of γ make MMS rather susceptible to HE [17] and unlikely to adopt reported strategies. Further efforts must be made to resolve the HE issues in Type III MMS. To this end, an MMS with a unique elongated, banded microstructure (EBM) is fabricated via warm rolling (WR) and proven to be better resistant to HE than the IA counterpart in this work. A concept of morphology design is proposed for retarding HIC propagation and therefore improves HE resistance in other TRIP-rich steels.
EXPERIMENTAL SECTION
The investigated MMS has a chemical composition of Fe-0.2C-9.96Mn-1.99Al-0.091V (wt.%). The ingot was soaked at 1200 ℃ for 2 h before hot forged, and subsequently hot rolled to a thickness of 3 mm and finally air cooled. Two thermomechanical processes were conducted on the plates. The first route was a simple warm rolling that the steel plates were heated at 700 ℃ for 10 min and immediately rolled for each pass until a final thickness reduction of 50%. The products were designated as WR700. For comparison, the other process was first softening the plates at 650 ℃ for 2 h and then cold rolling to a total thickness reduction of 50%, followed by an intercritical annealing at 680 ℃ for 2 h. The products were abbreviated as IA680.
For mechanical property tests, dog-bone-shaped samples were fabricated via electrical discharged machining to have a gauge size of 12 × 3.2 × 1.5 mm (length × width × thickness) and subjected to deep mechanical polishing to a final 4000 grit. Slow strain rate tensile tests (SSRT) were conducted using a servo-hydraulic MTS810 system (MTS Corporation, USA) equipped with a 10 mm extensometer (Epsilon Technology, USA) at a crosshead speed of 0.001 mm/s (corresponding to a maximum strain rate of 10-4 s-1). The loading direction is along the rolling direction. To investigate the HE sensitivity, WR700 and IA680 samples were H-charged at 1 mA/cm2 in a solution of 3% NaCl and 0.3% NH4SCN (in wt%) for 1 h and tested. The samples were transferred to SSRT within 5 min after finishing charging to minimize the hydrogen outgassing.ss
Thermal desorption spectrum (TDS) was measured on tensile samples after the same charging procedure using a G4 Phoenix analyzer (Bruker, USA) to obtain the hydrogen content. TDS samples were heated to 400 ℃ at a rate of 0.25 ℃/s. For microstructural characterization, the samples were further electrochemical polished in an acetic acid solution with 10% perchloric acid at 15.8 V in a DC mode, in addition to mechanical polishing. The phase information was collected by X-ray diffraction (XRD) using Cu Kα in one-dimensional reflection mode via a laboratory diffractometer (Rigaku, Japan). At least two samples were measured at different interrupted strains, and at least three samples were measured at the initial state and after fracture. The microstructures were observed in a Sigma 300 (Zeiss, Germany) scanning electron microscope (SEM) equipped with an electron back-scattered diffraction (EBSD) detector (Oxford Instrument, UK). SEM pictures were obtained under 5 kV, while EBSD was conducted under 20 kV. The obtained EBSD data was analyzed using HKL CHANNEL5 software. The transmission electron microscopy (TEM) samples were prepared by twinjet electropolishing with 5% perchloric acid, 25% glycerol, and 70% ethanol. The characterization was performed on a Talos F200X STEM (Thermo Fisher Scientific, USA) operated at 200 kV equipped with an energy dispersive spectroscopy (EDS) detector (Oxford Instrument, UK).
RESULTS
Initial microstructure
The initial microstructures after thermomechanical processes for IA680 and WR700 are present in Fig.1 from a transverse direction (TD) view. Both steels comprise mainly γ and α. IA680 has a typical recrystallized morphology with equiaxed grains, as shown in Fig.1(a). γ matrix and discontinuous α dispersion compose a homogeneous dual-phase microstructure where the average grain sizes are estimated to be 773 nm and 592 nm, respectively, in Fig.1(b). In contrast, WR700 shows primarily an elongated morphology with prior austenite grain boundaries (PAGB) partially remaining, as seen in Fig.1(d). The blocky and filmy γ bands separated by band boundaries can be identified according to the γ morphology in Fig.1(e). These band boundaries probably correlate well with PAGB according to the orientation of γ. The blocky γ prevail in the blocky γ bands while alternating filmy γ and filmy α dominate in the other. The recrystallization of IA680 contributes to a low KAM distribution in Fig.1(c), while WR700 shows a higher KAM in Fig.1(f), indicating a higher dislocation density. This suggests that dynamic recrystallization plays a minor role, and dislocation multiplies during warm rolling, which is similar to the results shown in [20].
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Fig.1 Microstructures of (a, b, c) IA680 and (d, e, f) WR700. (a, d) inverse polar figures (IPF) of face-centered cubic (FCC) phase and band contrast (BC) maps of body-centered (BCC) phase. The high angle (> 15°) and low angle grain boundaries (2°-15°) are depicted by black and white lines, respectively. Normal direction, rolling direction, and loading direction are abbreviated as ND, RD, and LD, respectively. (b, e) phase maps overlapped with BC maps. (c, f) kernel average misorientation (KAM) maps. The coordinate system and legends are inserted in (a, b, c). The zero solution is marked by the black pixel. The scanning step size is 0.1 μm.
Mechanical response and HE sensitivity
Fig.2 shows the hydrogen desorption data from the H-charged tensile samples. Both steels have a diffusible hydrogen desorption peak at around 110 ℃. The integrated values from the plots show that IA680 and WR700 absorb a similar amount of hydrogen during the charging process, i.e., 0.77±0.04 wppm and 0.75±0.02 wppm for IA680 and WR700, respectively. 
[image: ]
Fig.2 Hydrogen desorption rate with temperature.
Mechanical properties for IA680 and WR700 are evaluated without/with H-charged. When free of hydrogen, WR700 displays superior properties in terms of upper yield strength (YS), ultimate tensile strength (UTS), and total elongation (TEL) than the counterpart IA680 as presented in Fig.3(a). Both steels belong to Type III MMS as the high work hardening rates lead to UTS/YS ratios of 1.79 and 1.59 for IA680 and WR700, respectively. The ~200 MPa higher YS in WR700 is attributed to its higher dislocation density, and the total rise of flow stress is close in both steels, i.e., about 600 MPa.
With H-charged, IA680 fractures immediately after the Lüders strain (Fig.3(a)). In comparison, WR700 is also embrittled by hydrogen but to a less severe extent. Specifically, the UTS loss ratio is much less in WR700, and the absolute UTS reduction is -257 MPa for WR700 and -577 MPa for IA680 in Fig.3(b). This means that the work hardeningrise in flow stress is better preserved in WR700 in the presence of hydrogen.
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Fig.3 Mechanical property for both steels. (a) SSRT curves and (b) UTS data with/without H-charging.
TRIP effect and martensitic transformation
As Type III MMS, their TRIP effect shall contribute significantly to work hardening, while the corresponding martensitic transformation is a critical factor influencing HE behavior. It is, therefore, necessary to find out the phase evolution during plastic deformation, as indicated in Fig.4. Before tensile deformation, WR700 possesses ~80 vol.% of γ, ~7 vol.% higher than the counterpart IA680. Upon Lüders deformation, ~30 vol.% of γ in IA680 has been transformed to martensite, while only ~15% in the case of WR700 (Fig.4(a, b)). The higher dislocation density and the higher γ stability of WR700 are held accountable for its shorter Lüders strain [21]. After that, the martensitic transformation rate remains high in IA680 while increasing increases rapidly in both steelsWR700, leading to a fast reduction of γ fraction until true strains of around 0.15 and 0.1 in IA680 and WR700, respectively. The work hardening increases substantially during this rapid transformation period, as shown by Fig.4(c). In the subsequent stage, the γ exhausts gradually till the sample fractures. Besides, the γ fractions of HE degraded samples are also included in the evolution curves for comparison in Fig.4(a, b). Hydrogen seems to have minimal effect on phase transformation within the detected volume.
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Fig.4 Phase evolution of (a) IA680 and (b) WR700, and (c) their work hardening rates.
EBSD analysis was conducted on the interrupted samples to probe the microscopic phase evolution. As shown in Fig.5(a, b), the retained γ gradually and homogeneously transform upon straining, indicating a sequential transformation behavior due to the annealed γ in IA680. On the contrary, the transformation of retained γ in WR700 is governed by two stages: the blocky γ is prone to transform first, while the filmy γ remains unchanged even at a large engineering strain of 15% as shown in Fig.5(c). In other words, it is the blocky γ that predominantly provides the vast and increasing work hardening rate as demonstrated in Fig.4(c).
[image: ]
Fig.5 Phase maps of (a, b) IA680 and (c) WR700 after interrupted SSRT. The scanning step size is 0.05 μm.
Fractography and HIC
Fig.6 compares the fractography of two investigated MMS with/without H-charged. Without hydrogen, it displays an interior characteristic fracture area and surrounding shear lips in IA680, as shown in Fig.6(a1). Fig.6(a2) shows the dimples in the sample center. Besides, quasi-cleavage (QC) and intergranular (IG) micro-cracks are occasionally found, as indicated by blue and red arrows. Nevertheless, micro-void coalescence (MVC) is the primary failure mechanism in the interior area. Similarly, WR700 shows shear lips and a characteristic fracture area in Fig.6(b1). Stair-like fracture morphology is observed within the characteristic area, i.e., the delamination fracture. The main crack shows dense dimples identical to that in shear lips from the detailed observation in Fig.6(b1). Notably, the delamination cracks perpendicular to the main crack indicate weak structures/boundaries in the microstructure [22].
When hydrogen is involved, the fracture surface differs, as shown in Fig.6(c, d). In addition to the remarkable shrinkage of shear lips, multiple embrittled areas extend from the sample surface into the interior, as indicated by the dashed orange arrows in Fig.6(c1, d1). In IA680, the brittle areas originate from both TD surfaces and ND surfaces, while in WR700, they are seldom observed to initiate from ND surfaces. Moreover, denser delamination cracking near the brittle surface is noticed, as marked in Fig.6(d1).
One typical brittle area of IA680 is further studied in the magnified figure Fig.6(c2). In this area, dimples disappear, while IG and QC cracks become the mainstream, as the arrows indicate. Likewise, the fracture mechanism of the brittle area in WR700 changes totally to QC dominating, as seen in Fig.6(d2). Plenty of secondary cracks are observed, among which the long and deep ones are likely to follow the band boundaries.
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Fig.6 Fractography of (a, cb) IA680 and (cb, d) WR700 at (a, cb) uncharged and (bc, d) H-charged. The red dot-arrows refer to the sites of magnified views. Intergranular, quasi-cleavage, and secondary cracks are abbreviated as IG, QC, and SC for conciseness.
To find out the early features of HE, the main cracks and the surface HIC are observed from a TD view in Fig.7. With hydrogen, flat main cracks are observed, and multiple surface microcracks almost perpendicular to LD are nucleated in IA680, as shown in Fig.7(a, b). The propagation of representative HIC is further analyzed in Fig.7(c). Due to the different chemical compositions, the α and γ/α’ can be differentiated from SEM image [23], i.e., α with smooth and elevated surface and γ/α’ with deep cavities. As seen, two surface microcracks comprise QC segments and IG segments along α’/α’ and α’/α boundaries, which are consistent with fractography in Fig.6(c2). Note that these two cracks are slightly deflected by an α grain, preventing their propagating and coalescing.
In marked contrast, WR700 shows serrated main cracks after HE, and they are extensively diverted during propagation, as present in Fig.7(d). On the surface, analogous perpendicular microcracks frequently occur, as seen in Fig.7(e), which agrees with the dominant QC fracture in Fig.6(d2). It is worth mentioning that these HIC reside predominantly in blocky γ bands and do not align with each other. Further inspection is present in Fig.7(f). Two QC cracks penetrating blocky γ bands interconnect through an inter-band crack. This special inter-band crack is along the band boundary/PAGB and coincides with the fractography in Fig.6(d2).
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Fig.7 Surface cracks of (a, ba-c) IA680 and (c, dd-f) WR700 with H-charged after fracture.
DISCUSSION
HIC nucleation
Ample martensitic transformation in IA680 and WR700 provides enormous work hardening (Fig.4) meanwhile abundant possible sites for HIC nucleation (Fig.7). To understand how these HIC generate, it is necessary to figure out where the hydrogen resides originally and rearranges under stress in the first place. As presented in Fig.1(b, e) and Fig.4(a, b), both steels have a large-fraction γ matrix with intermittent α embedded despite different morphologies. This assures the mainstream of hydrogen diffusion via γ due to the lack of connectivity of α. Consequently, the hydrogen primarily distributes in γ grains or at γ/α interphase boundaries [12]. Moreover, a much higher dislocation density has been identified in WR700 in Fig.1(f). It is reported that dislocations are weak trap sites for γ [24] and therefore can locally influence the intragranular hydrogen distribution. Nevertheless, the dislocations may adversely affect the brittle fracture, which will be discussed later.
During plastic deformation, some unstable γ transforms to α’ as shown in Fig.5(a, c), which means original γ/α boundaries and γ grain boundaries become BCC boundaries in this process. In the fresh α’, hydrogen is supersaturated and highly diffusible, allowing the rearrangement of hydrogen to neighbor trap sites, such as previous interphase boundaries. With the original hydrogen and further immigrated hydrogen, the cohesion strength of these boundaries is resultantly decreased [25, 26]. Considering the plasticity incompatibility of hard fresh α’ and soft α/retained γ, immense stress concentrations will occur during SSRT and cause considerable IG HIC nucleation in IA680. This hydrogen-enhanced decohesion (HEDE) mechanism is extensively reported in intercritical annealed MMS [27, 28]. In addition to IG, QC plays an important role in the brittle fracture of IA680 and WR700 in Fig.6(c, d). It is highly probable that the excessive hydrogen migrates to α’-related interfaces [29], such as the lath boundary [30], and triggers the HEDE mechanism.
Another scenario [12] may exist in IA680is proposed to occur in MMS, where the HIC may nucleate under high stress concentrations and hydrogen concentration between γ and α before α’ emerges.  This scenario case is unlikely to happen in WR700 since all observed HIC nuclei exist in completely transformed α’, e.g., Fig.8. As a result, the TRIP effect from undamaged blocky γ of WR700 is well preserved with hydrogen. This phenomenon could be attributed to decreased hydrogen diffusion by the trapping effect of the high-density dislocations [31]. In addition, since the hydrogen in γ tends to be trapped by dislocations instead of rapidly segregating to weak structures (e.g., inter-band boundary), the HEDE mechanism would take effect only after the generation of α’ in which the rapid hydrogen diffusion surpasses the trapping effect of dislocations. Therefore, the inter-band cracks are hardly observed though the transgranular QC cracks are already profuse in Fig.7(f).
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Fig.8 (a) Forward scattered diffraction (FSD) image and (b) BC overlapped with FCC phase of a typical QC crack in WR700. The step size is 0.05 μm.
Morphology-dependent HIC propagation
After nucleation, HIC propagate with further straining. It is found that ~33 vol.% of γ remain remains in IA680 at the strain HE occurs (Fig.4(a) and Fig.5(a)). As reported, α and γ are efficacious crack arresters [18, 32]. However, such arresting activity cannot always be activated by α grains in IA680 (e.g., Fig.7(c)) due to their small size and dysconnectivity. In addition, the retained γ can also deter HIC forwarding, as the circle in Fig.9 indicates. In most cases, stress concentrations are constructed ahead of the crack tips and stimulate the martensitic transformation locally [12]. This is confirmed in Fig.9(b), where most γ grains along the HIC path have already transformed. Note that this local acceleration of transformation has little effect on the XRD result in Fig.4(a) due to a limited volume. Therefore, the main cracks in IA680 are a consequence of the continuous propagation of HIC.
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Fig.9 (a) FSD image and (b) BC overlapped with the FCC phase of a typical HIC in IA680. The step size is 0.05 μm.
HIC in WR700 propagate in a very different way compared with that in IA680. As presented in Fig.7(e, f) and Fig.8, the HIC nuclei are mostly confined in the blocky γ band for two reasons. Firstly, the filmy γ are much stabler than the blocky ones, as proven by Fig.5(c), which could originate from the higher Mn concentration [27]. Fig.10 shows that the Mn concentration in filmy γ is as high as ~16 wt.%. Accordingly, these filmy γ grains in WR700 can withstand stress concentrations ahead of the crack tips and hinder the HIC propagation before they transform. The hydrogen in untransformed filmy γ is well preserved instead of relocating to other weak sites. Moreover, the elongated morphology of filmy α in WR700 can further obstruct the invasion of HIC, resulting in better crack arrestability than IA680.
[image: ]
Fig.10 Mn concentration map from STEM-EDS and line scan result in WR700.
As a result, those confined QC cracks must interconnect via an additional mechanism before jointing to form main cracks. As observed in Fig.7(d, f), many inter-band cracks occur along LD and connect those transgranular cracks. It is highly possible that the inter-band cracks are the result of enormous hydrogen diffusion since much denser delaminations are observed proximal to the brittle area than the distal in Fig.6(d1). HereforeTherefore, either the extension of the inter-band cracks or the penetration of QC cracks would continue to form highly deflected main cracks.
The HE mechanisms for IA680 and WR700 are summarized and illustrated in Fig.11. In initial, IA680 has an equiaxed grain morphology (EGM) of γ matrix and α dispersion (Fig.11(a1)), while WR700 has an elongated, banded morphology (EBM) of blocky γ and alternating filmy γ and α (Fig.11(b1)). After H-charging, the hydrogen predominantly resides in γ grains and at interphase boundaries. Martensitic transformation occurs with plastic deformation and causes two consequences. Firstly, the mechanical contrast of the hard fresh α’ and the soft α/retained γ will generate the stress concentrations at boundaries. Secondly, the supersaturated hydrogen will rapidly diffuse to the neighbor structures (e.g., α’ lath boundaries and grain boundaries) and decrease their cohesion strength. The synergy effect eventually leads to the nucleation of HIC, as shown in Fig.11(a2, b2). The HIC can directly propagate nearly perpendicular to LD in IA680 with further straining, as presented in Fig.11(a3). During this process, the HIC propagates along either grain or lath boundaries, resulting in an IG or QC fractography. The stress concentrations would trigger further martensitic transformation and induced hydrogen segregation ahead of crack tips, favoring the HIC propagation. α grains and stable γ grains can act as obstacles and only fluctuates fluctuate the cracks to an insignificant extent owing to the EGM. For WR700, as shown in Fig.11(b3), the filmy α and the retained γ also retard the transverse crack propagations of HIC. During this period, the hydrogen-decorated inter-band boundaries are cracking because of decohesion. Finally, the interconnection of transgranular cracks through inter-band cracks leads to the formation of the main cracks. For this mechanism, excessive inter-band cracks are required and therefore deflect the main cracks to a large extent. It is proven that the EBM is superior to the EGM in impeding HIC propagation when HIC nucleation is unpreventable in Type III MMS. This strategy is expected to apply in other steels and alloys that rely on the TRIP effect due to the flexible and cost-efficient warm rolling process.
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Fig.11 Schematic diagram showing the HIC propagation in (a) an equiaxed morphologyEGM and (b) an elongated morphologyEBM. (1) initial state; (2) crack nucleation; (3) crack propagation.
CONCLUSION
In this study, a morphology design concept to improve hydrogen embrittlement (HE) resistance was proposed and successfully applied to a TRIP-rich medium Mn steel. The main findings are summarized as follows:
Owing to the high dislocation density and profuse TRIP effect during deformation, the warm-rolled steel (WR700) exhibits a ~200 MPa higher yield strength and a comparable work hardening compared with the intercritical annealed counterpart (IA680). After hydrogen charging, both steels are degraded by HE, while WR700 shows better resistance.
Both steels are prone to easy nucleation of hydrogen-induced cracks because of the abundant martensitic transformation via the hydrogen-enhanced decohesion mechanism. Thanks to the trap effect of high-density dislocations, the TRIP effect from blocky γ in WR700 is well preserved.
In IA680, the hydrogen-induced cracks can propagate perpendicular to the loading direction with fewer fluctuations due to an ultrafine equiaxed grain morphology. The obstacles, the grain/phase boundaries, have an insignificant effect on the main crack deflection. In adverse, the hydrogen-induced crack  in WR700 can be blunt and deflected by the elongated, banded grain/phase boundaries, and therefore the crack propagation is inhibited. This morphology design strategy could be also applicable to other steels that rely on the TRIP effect.
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形貌优化提高富TRIP效应中锰钢的抗氢脆性能
刘宇轩，曹祚恒，黄成鹏，胡晨，黄明欣*
摘要 TRIP效应通常可显著提高中锰钢的加工硬化能力，从而获得出色的强度和塑性组合。然而，变形过程中生成的新鲜马氏体极易发生氢脆，是新型高强中锰钢开发的瓶颈问题。我们在此提出了一种长带状形貌（EBM）来减轻新鲜马氏体引起的氢脆。温轧制备的长带状中锰钢相比传统临界退火制备的等轴晶形貌（EGM）中锰钢，不仅具有同等的高加工硬化率，而且抗氢脆性能更好。等轴晶形貌中锰钢由于缺乏有效的阻碍机制，氢裂纹一旦出现便能快速扩展。相反，对于长带状形貌中锰钢，氢裂纹会被晶界和相界所阻碍或偏转。本形貌设计可以提高其他富TRIP效应的钢和合金的抗氢脆性能。
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