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a b s t r a c t 

In this study, the deformation microstructure of hydrogen-charged ferritic-pearlitic 2Mn-0.1C steel was 

characterized using SEM-BSE, SEM-EBSD, TEM, and neutron diffraction. The microscopic mechanism of 

hydrogen-related quasi-cleavage fracture along the {011} planes was also discussed. It was found that 

hydrogen increased the relative velocity of screw dislocations to edge dislocations, leading to a tangled 

dislocation morphology, even at the initial stage of deformation ( e = 3%). In addition, the density of screw 

dislocations at the later stage of deformation ( e = 20%) increased in the presence of hydrogen. Based on 

the experimental results, it is proposed that a high density of vacancies accumulated along {011} slip 

planes by jog-dragging of screw dislocations, and coalescence of the accumulated vacancies led to the 

hydrogen-related quasi-cleavage fracture along the {011} slip planes. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The premature fracture of metals and alloys induced by hy- 

rogen is called ‘hydrogen embrittlement,’ ‘hydrogen-related frac- 

ure,’ or ‘delayed fracture.’ Several models have been proposed 

o account for hydrogen-related fractures. The proposed models 

re classified into two types depending on the mode of frac- 

ure, either brittle or ductile. High hydrogen pressure bubble or 

oid [ 1 , 2 ] and hydrogen-enhanced decohesion (HEDE) [3–5] mod- 

ls consider hydrogen-induced brittle fracture, whereas hydrogen- 

nhanced localized plasticity (HELP) [6–8] and hydrogen-enhanced 

train-induced vacancies (HESIV) [ 9 , 10 ] models are based on the 

dea that hydrogen promotes ductile fracture. 

High-strength materials like martensitic steel are more suscep- 

ible to hydrogen embrittlement due to their increased strength. 

he introduction of a certain amount of hydrogen into steel during 

abrication and application is inevitable, thus, hydrogen embrittle- 

ent has become a major issue in steel research. 

Hydrogen-related quasi-cleavage fracture, which is a typical 

ydrogen-related fracture mode in martensitic steels, is a trans- 
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ranular fracture on a non-typical cleavage plane. The resultant 

racture surface usually consists of serrated markings, which differ 

rom typical river patterns on cleavage surfaces [11–15] . Kim et al. 

 16 , 17 ] and Nagao et al. [18] reported that hydrogen-related quasi-

leavage fracture occurred on the lath boundaries. On the other 

and, Shibata et al. [19–21] performed precise crystallographic ori- 

ntation analysis and revealed that the hydrogen-related quasi- 

leavage fracture propagated parallel to the {011} planes within the 

ath. To understand the intrinsic characteristics of hydrogen-related 

uasi-cleavage fractures, we investigated the crystallographic fea- 

ures of hydrogen-related quasi-cleavage fracture surfaces in steel 

ainly composed of ferrite microstructures [22] . The results clearly 

emonstrated that the hydrogen-related quasi-cleavage fracture 

long the {011} planes was not due to the martensitic structure. 

ather it was the intrinsic nature of the hydrogen-related quasi- 

leavage fracture in steels with body-centered cubic (BCC) phases. 

ecause the {011} plane corresponds to the slip plane in BCC crys- 

als, further study on the effect of hydrogen on plastic deformation 

s needed to understand the mechanism of hydrogen-related quasi- 

leavage fracture. 

Tabata et al. [8] performed in situ TEM observations during ten- 

ile testing of pure iron under a hydrogen atmosphere and clarified 

hat the dislocation motion around the crack tip was enhanced by 

he presence of hydrogen. Martin et al. [15] observed a deformed 

icrostructure just beneath the hydrogen-related quasi-cleavage 
. This is an open access article under the CC BY license 
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racture surface in pipeline steel and reported that voids initi- 

ted at and extended along the intersections between slip bands. 

akai et al. [23] studied the effects of hydrogen and pre-strain on 

he hydrogen-related fractures of pure iron. The tensile-tested and 

nloaded hydrogen-charged specimens were aged at 30 °C to al- 

ow the hydrogen to diffuse out or annealed at 200 °C to elim- 

nate strain-induced defects. The fracture strain of the hydrogen- 

iffused-out specimen was significantly smaller than that of the 

ncharged specimen in the reloading stage, while the stress–strain 

ehavior of the specimen in which the defects were eliminated 

as similar to that of the uncharged specimen. Based on the re- 

ults, it was proposed that the introduction of vacancies during 

ydrogen-related deformation was a key factor in hydrogen em- 

rittlement rather than hydrogen itself. Although several studies, 

uch as those described above, have reported the effect of hydro- 

en on plastic deformation, it is still unclear how the accelerated 

lastic deformation due to hydrogen leads to quasi-cleavage frac- 

ure. 

In this study, we characterized the evolution of the deforma- 

ion microstructure in a hydrogen-charged steel with ferrite (and 

 small amount of pearlite) microstructure. The microscopic mech- 

nism of hydrogen-related quasi-cleavage fracture along {011} slip 

lanes is also discussed in terms of the acceleration of plastic de- 

ormation by hydrogen. 

. Experimental 

A 2Mn-0.1C (mass%) steel with ferrite and pearlite phases was 

sed in the present study. The detailed chemical composition 

wt.%) is C: 0.103, Mn: 2.03, Si: 0.01, P: < 0.002, S: 0.0010, and

e: bal. The as-cast ingot of the 2Mn-0.1C steel was cold-rolled 

rom 15 mm to 1.5 mm in thickness and austenitized at 1173 K 

or 1.8 ks under vacuum, followed by furnace cooling. Then, the 

pecimens were mechanically ground to a thickness of 1 mm 

o remove the decarburized layers formed during the heat treat- 

ent. Sheet-type tensile test specimens with a gage length of 

0 mm, a width of 5 mm, and a thickness of 1 mm were ca-

hodically pre-charged with hydrogen in an aqueous solution of 

% NaCl + 3 g L −1 NH 4 SCN at a current density of 5 A m 

−2 .

he diffusible hydrogen content measured by thermal desorption 

nalysis was 0.16 wt. ppm. Uniaxial tensile tests were then per- 

ormed at a strain rate of 8.3 × 10 −6 s −1 , at ambient temperature 

nder hydrogen concurrent-charging conditions (same as the pre- 

harging condition). The microstructure and thermal desorption 

nalysis results are presented in our previous paper [22] . Some 

f the tensile tests were stopped and the specimens were un- 

oaded at strain amounts of 3%, 11.5%, 20%, and 24%, corresponding 

o the end of the Lüders deformation, the middle point of work 

ardening, the ultimate tensile strength, and prior to final rupture, 

espectively. 

The microstructure of the tensile-tested specimens was charac- 

erized by analyzing data from neutron diffraction, scanning trans- 

ission electron microscopy (STEM, JEOL: JEM-2100F), backscat- 

ering electron (BSE) images using scanning electron microscopy 

SEM, JEOL: JSM-7800F), and electron backscattering diffraction 

EBSD, JEOL: JSM-7100F). To obtain the average macroscopic in- 

ormation of the deformation microstructure, the tensile-tested 

nd unloaded specimens at strain amounts of 3%–20% were ana- 

yzed by neutron diffraction using BL19 “TAKUMI” in the Materi- 

ls and Life Science Experimental Facility (MLF) of the Japan Pro- 

on Accelerator Research Complex (J-PARC). The irradiated area of 

he neutron beam was 5 mm square. From the obtained neutron 

iffraction profiles, the dislocation densities and the fractions of 

crew/edge dislocations were evaluated by a convolutional multi- 

le whole profile (CMWP) fitting proposed by Ungar [24–26] . The 

ractions of screw and edge dislocations were determined from pa- 
2 
ameter q obtained from CMWP fitting. Parameter q has to be in 

etween 1.29 (for 100% edge) and 2.64 (for 100% screw) in BCC 

teels [27] . The microscopic dislocation morphologies were charac- 

erized using STEM at an acceleration voltage of 200 kV. Disks hav- 

ng a diameter of 1.5 mm were cut from the specimens used for 

he neutron diffraction experiments and mechanically ground to 

0–40 μm in thickness, followed by electropolishing in a solution 

f 10% HClO 4 + 90% CH 3 COOH at ambient temperature. For the 

SE and EBSD analyses, a Ni layer was electrodeposited onto the 

ensile-tested specimens at a strain amount of 24% to preserve the 

ydrogen-related crack surfaces. Electrodeposition was conducted 

n an aqueous solution of 150 g L −1 Ni 2 SO 4 + 15 g L −1 H 3 BO 4 

t ambient temperature with a current density of 30 Am 

−2 for 

65.6 ks. Then, the mid-thickness sections of the electrodeposited 

pecimens were analyzed using BSE and EBSD. The surfaces of the 

pecimens for BSE observations and EBSD measurements were pre- 

ared by vibration polishing with a 0.02 μm colloidal silica suspen- 

ion. EBSD measurements and analyses were performed using the 

SL OIM Data Collection and the TSL OIM Analysis programs, re- 

pectively. 

. Results 

.1. Neutron diffraction results 

Fig. 1 shows the neutron diffraction profiles (black) and the 

MWP fitting results (red) of (a, c and e) uncharged specimens and 

b, d and f) hydrogen-charged specimens ((a and b) e = 3%, (c and 

) e = 11.5%, and (e and f) e = 20%). The difference between the

easured data and the fitted pattern is shown in blue lines. The 

 wp of every fitting result were below 2%, though the 110 peak tails 

f the fitted patterns were slightly deviated from the experimen- 

ally measured profiles. The R wp is the most significant agreement 

actor of CMWP fitting and it has value below 12% for typical ade- 

uate refinement [28] . Therefore, we can say that all the fitting re- 

ults are plausible. Fig. 2 shows the nominal stress–nominal strain 

urves (adapted from [22] ) and dislocation densities of the un- 

harged specimens (black, circle marks) and the hydrogen-charged 

pecimens (red, triangle marks). Although the total elongation of 

he hydrogen-charged specimen (27%) is much smaller than that of 

he uncharged specimen (48%), the dislocation densities are hardly 

ffected by the presence of hydrogen at the corresponding strain 

mounts. Fig. 3 (a) shows the fractions of screw and edge dis- 

ocations estimated from the neutron diffraction analysis, where 

he triangle marks and the circle marks correspond the hydrogen- 

harged and uncharged specimens, respectively. The left and right 

xes indicate the fractions of the edge and screw components, re- 

pectively. In the uncharged specimens, almost all of the disloca- 

ions were screw-type at the initial stage of deformation ( e = 3%), 

nd the fraction of the edge component increased monotonically 

ith increasing strain. In contrast, almost equal fractions of screw 

nd edge components were present that did not vary greatly with 

he strain amount in the hydrogen-charged specimens. From the 

islocation density data ( Fig. 2 ) and the fractions of the disloca- 

ions ( Fig. 3 (a)), we calculated the individual densities of each type 

f dislocations. Fig. 3 (b) and (c) show the changes in the screw 

nd edge dislocation densities with strain amount. We found that 

he screw dislocation density in the hydrogen-charged specimen 

as much higher than that of the uncharged specimen at the later 

tage of deformation ( e = 20%). 

A certain amount of dislocations that form cell boundaries are 

xcluded in the neutron diffraction results shown in Figs. 2 and 

 , because their elastic strain fields mutually cancel each other. 

ngar and Mughrabi et al. [29] demonstrated that the densi- 

ies of total dislocations (existing outside the cell boundaries 

nd constituting cell boundaries) measured by X-ray diffrac- 
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Fig. 1. The neutron diffraction profiles (black) and the CMWP fitting results (red) of (a, c and e) uncharged specimens and (b, d and f) hydrogen-charged specimens ((a and 

b) e = 3%, (c and d) e = 11.5%, and (e and f) e = 20%). The difference between the measured data and the fitted pattern is shown in blue lines. 
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ion experiment and TEM observation were well consistent. In 

ontrast, underestimated dislocation densities due to the diffi- 

ulty of counting all the dislocations constituting cell bound- 

ries in TEM observation [30] and the cancelation of elastic 

elds of dislocation dipole and multi-pole in diffraction method 

31] were reported. Dislocations that form cell boundaries are 

lso closely related with crystallite size which is estimated in the 

MWP. 
3 
.2. STEM observation results 

Fig. 4 shows low magnification STEM images of the dislocation 

orphologies in (a and b) the uncharged specimens and (c and d) 

he hydrogen-charged specimens. The incident electron beam di- 

ections for all of the images are ∼< 111 > and the two-beam con- 

itions are satisfied ( g = 011). The dislocation morphology of the 

ncharged and hydrogen-charged specimens are significantly dif- 
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Fig. 2. Nominal stress–nominal strain curves and dislocation densities of the un- 

charged specimens (black, circle marks) and the hydrogen-charged specimens (red, 

triangle marks). Nominal stress–nominal strain curves are adapted from [22] . 
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erent even at the initial stage of deformation ( e = 3%). The dis- 

ocations are linear in the uncharged specimen ( Fig. 4 (a)), while 

hey are curved and tangled in the hydrogen-charged specimen 

 Fig. 4 (c)). The tangled dislocation morphology in the hydrogen- 

harged specimen was also observed previously [32] . At the later 

tage of deformation ( e = 20%), we can recognize the well devel- 

ped dislocation cell structures in both the uncharged ( Fig. 4 (b)) 

nd hydrogen-charged specimens ( Fig. 4 (d)). In this study, the cell 

tructures will be reffered to as low energy dislocation structures 

LEDS). The size of the LEDS in the hydrogen-charged specimen 

ends to be smaller than that in the uncharged specimen. 

To further investigate the deformation microstructure, the na- 

ure of the dislocations was characterized. Fig. 5 (a)–(c) show STEM 

mages from the same area with different diffraction vectors in the 

ncharged specimen at a strain amount of 3%. The Kikuchi diffrac- 

ion patterns presented on the right side of the images demon- 

trate that the two-beam condition is satisfied when the diffrac- 

ion vectors are (a) g = 011, (b) g = −110, and (c) g = 101. Con-

idering the {011} < 111 > slip system in the BCC crystal, disloca- 

ions with four types of Burgers vectors can exist: b = a / 2[11–1],

/2[1–1–1], a/2[111], and a/2[ −11–1]. According to the g ·b = 0 in- 

isibility criterion, the dislocations having two out of four types of 

urgers vectors are visible in each STEM image, which are listed 

t the top of each image. The orientations of the Burgers vec- 

ors are indicated by black arrows in the stereographic projections. 

ig. 5 (d) shows a schematic illustration of the dislocation config- 

rations where the Burgers vectors of the dislocations determined 

y contrast analysis using (a)–(c) are represented by different col- 
ig. 3. (a) Fractions of screw and edge dislocations, (b) screw dislocation densities, and (

nd the hydrogen-charged specimens (broken lines, triangle marks) plotted as a function 

4 
rs (red: a/2[111], blue: a/2[1–1–1], green: a/2[ −11–1], and gray: 

/2[11–1]). The dislocations with b = a / 2[11–1] are invisible in all 

he STEM images of (a)–(c) because the incident electron beam di- 

ection is nearly parallel to [11–1]. Although we can simply assume 

hat the straight dislocations have a large screw component, the 

nclination of the dislocation lines with respect to the paper depth 

irection is difficult to identify from the two-dimensional image. 

ig. 6 (a) shows a STEM image after tilting the specimen by 23.5 °
rom the condition of Fig. 5 (a), maintaining the same two-beam 

ondition ( g = 011). The result of the two-surface trace analysis for 

he straight dislocation indicated by the white arrow is shown in 

ig. 6 (b). The plane traces, which include projected dislocation line 

ectors (square marks) and incident electron beam directions (cir- 

le marks) in Figs. 5 (a) and 6 (a), are drawn in the solid and broken

ines, respectively. Because the true line vector of the dislocation 

hould lie on both planes (the solid and broken lines), the true line 

ector of the dislocation is determined to be [0.489 0.617 0.617]. 

he angle between the line vector (the red cross mark) and the 

urgers vector (the red triangle mark) of the dislocation is 5.96 °
hus, we can consider that the observed straight dislocation has 

 large screw component. Through two-surface trace analyses for 

everal dislocations, we confirmed that almost all of the straight 

islocations in the uncharged specimen ( e = 3%) had a large screw 

omponent. 

Fig. 7 shows that the dislocations at the later stage of deforma- 

ion ( e = 20%) were curved and tangled in comparison to those at 

he initial stage ( Fig. 5 ). The curved and tangled dislocation mor- 

hology resulted in an increase in the edge component. The STEM 

nalyses of the uncharged specimens shown above are consistent 

ith the results of neutron diffraction analysis ( Fig. 3 ), where the 

raction of the screw component was very large ( ∼97%) at the ini- 

ial stage of deformation, and the edge component increased with 

ncreasing strain. 

The dislocation configuration in the hydrogen-charged speci- 

en at the initial stage of deformation ( e = 3%) is presented in 

ig. 8 . The dislocations appeared to be more tangled compared to 

hat of the uncharged specimen ( Fig. 5 ). In addition, many dislo- 

ation components lie nearly perpendicular to their Burgers vec- 

ors, as indicated by the arrows in Fig. 8 (d). This implies that these 

islocation components comprise almost purely of edge disloca- 

ions. These features are consistent with the neutron diffraction 

esults shown in Fig. 3 (a). For dislocations with a large edge com- 

onent, the crystallographic orientation of the slip plane can be 

etermined by the cross product of the Burgers vector and the dis- 

ocation line vector. The Burgers vectors and line vectors of dislo- 

ation segments indicated by arrows (A–L) in Fig. 8 (d) were deter- 

ined by contrast analysis and two-surface trace analysis, respec- 

ively. The derived slip plane normal orientations of the disloca- 
c) edge dislocation densities of the uncharged specimens (solid lines, circle marks) 

of nominal strain. 
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Fig. 4. Low magnification STEM images of the dislocation morphologies in (a and b) the uncharged specimens and (c and d) the hydrogen-charged specimens. The strain 

amounts of (a and c) and (b and d) are 3% and 20%, respectively. The incident electron beam directions for all of the images are ∼< 111 > and two beam conditions are 

satisfied ( g = 011). 
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a LEDS-ave  
ion segments are plotted on a stereographic triangle, as shown in 

ig. 9 . Because the slip plane orientations of 9 out of 12 dislocation

egments are almost parallel to the {011} plane, we can conclude 

hat the dominant slip system of the hydrogen-charged specimen 

s {011} < 111 > . STEM images with different diffraction vectors and 

 corresponding dislocation configuration in the hydrogen-charged 

pecimen at the later stage of deformation ( e = 20%) are presented 

n Fig. 10 . In contrast to the uncharged specimen ( Fig. 7 ), many

traight dislocations whose line vectors are nearly parallel to their 

urgers vectors can be observed, as indicated by the white ar- 

ows in Fig. 10 (d). These straight dislocations would be the origin 

f the higher screw dislocation density in the hydrogen-charged 

pecimen at the later stage of deformation ( Fig. 3 (b)). As described 

bove, the results of the STEM observations are consistent with the 

eutron diffraction analysis results. 

.3. SEM observation results 

Fig. 11 shows (a, c and e) SEM-BSE images and (b, d and f) cor-

esponding boundary maps obtained by EBSD orientation analysis 

n the specimens that were tensile-deformed to 24%; (a and b) the 

ncharged specimen, (c–f) the hydrogen-charged specimen. In the 

oundary maps, the LEDS boundaries are drawn by different colors 

epending on the misorientation angle. A large crack propagated 
5 
t the strain amount in the hydrogen-charged specimen ( Fig. 13 , 

he details are explained later), while no crack was observed in 

he uncharged specimen. Fig. 11 (c) and (d) show the microstruc- 

ure of the region 1 mm from the crack tip in the direction parallel

o the tensile axis, and the observed region of Fig. 11 (e) and (f) is

ust beneath the crack surface. We can regard the region beneath 

he crack surface as that beneath the quasi-cleavage surface be- 

ause over 90% area of the fracture surface was covered by quasi- 

leavage surface in the hydrogen-charged specimen [22] . Previous 

tudies reported that the evolution of deformation microstructure 

trongly depends on the crystallographic orientation with respect 

o the tensile direction [33–36] . In order to consider only the ef- 

ect of hydrogen, we observed the grains having nearly the same 

rientations; the crystallographic orientations of the tensile direc- 

ion and the observed direction are almost the same in all the 

hree observed grains as presented in Fig. 11 (g). It was observed 

hat the size of LEDS tends to be smaller and the misorientation of 

EDS is larger in the hydrogen-charged specimen than those in the 

ncharged specimen. The statistical size distributions of LEDS and 

isorientation distributions of LEDS boundaries are summarized in 

ig. 12 (a) and (b), respectively. We analyzed more than 600 LEDSs 

n each area. The d LEDS-ave and the θ LEDS-ave represent the aver- 

ge size of LEDS and the average misorientation of LEDS bound- 

ries in each observed area. As shown in Fig. 12 (a), the d in
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Fig. 5. (a–c) High magnification STEM images with different diffraction vectors under two-beam conditions in the uncharged specimen at a strain amount of 3%. The Kikuchi 

diffraction patterns are presented at the right side of the images; (a) g = 011, (b) g = −110, and (c) g = 101. (d) Schematic illustration of the dislocation configurations where 

the Burgers vectors of the dislocations determined by contrast analysis using (a)–(c) are represented by different colors (red: a/2[111], blue: a/2[1–1–1], green: a/2[ −11–1], 

and gray: a/2[11–1]). 

Fig. 6. (a) STEM image after tilting the specimen by 23.5 ° from the condition shown in Fig. 5 (a) while maintaining the same two-beam condition ( g = 011). (b) Stereographic 

projection showing the result of two-surface trace analysis for the straight dislocation indicated by the white arrow in (a). 

6 
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Fig. 7. (a–c) STEM images with different diffraction vectors under two-beam conditions ((a) g = 0–1–1, (b) g = 1–10, and (c) g = −10–1) in the uncharged specimen at the 

later stage of deformation ( e = 20%), and (d) corresponding schematic illustration of the dislocation configurations where Burgers vectors of the dislocations were determined 

by contrast analysis using STEM images of (a)–(c). 

Fig. 8. (a–c) STEM images with different diffraction vectors under two-beam conditions ((a) g = 011, (b) g = 101, and (c) g = −110) in the hydrogen-charged specimen 

at the initial stage of deformation ( e = 3%), and (d) corresponding schematic illustration of the dislocation configurations where Burgers vectors of the dislocations were 

determined by contrast analysis using STEM images of (a)–(c). 

7 
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Fig. 9. Stereographic triangle showing the crystallographic orientation of slip plane 

normal of the dislocation segments with a large edge component which are indi- 

cated by arrows (A–L) in Fig. 8 (d). 
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he regions 1 mm from the crack tip and just beneath the quasi- 

leavage surface of the hydrogen-charged specimen are 0.510 μm 

nd 0.359 μm, respectively, which are significantly smaller than 

hat of the uncharged specimen ( d LEDS-ave = 0.795 μm). The sizes of 

EDSs observed using STEM ( Fig. 4 (b) and (d)) were well consistent 

ith d LEDS-ave both in the uncharged and hydrogen-charged (1 mm 

rom crack tip) specimens. In addition, the θ LEDS-ave in the region 

 mm from the crack tip is 7.06 °, much larger than that of the

ncharged specimen (2.75 °). However, the θ LEDS-ave in the region 

ust beneath the quasi-cleavage surface (2.84 °) is similar to that of 

he uncharged specimen. A previous study [37] also reported the 
ig. 10. (a–c) STEM images with different diffraction vectors under two-beam condition

t the later stage of deformation ( e = 20%), and (d) corresponding schematic illustration

etermined by contrast analysis using STEM images of (a)–(c). 

8 
ignificantly small misorientation of LEDS boundaries just beneath 

he fracture surface for hydrogen-related fatigue fracture of ferritic- 

earlitic steel. Generally, the size of LEDS decreases and misorien- 

ation of the LEDS boundaries increases with an increase in the 

train [38–41] . Even though the local strain of the region close to 

he fracture surface is expected to be higher than the other areas, 

he misorientation of LEDS just beneath the quasi-cleavage surface 

s almost the same as that of the uncharged specimen. The effects 

f hydrogen on LEDS formation were extensibly studied in nickel- 

ase metals and alloys [42–46] . Their results indicated that LEDS 

ize was smaller under the presence of hydrogen in face-centered 

ubic (FCC) structures. 

. Discussion 

As shown in Fig. 2 , the dislocation densities of the hydrogen- 

harged and uncharged specimens obtained from diffraction ex- 

eriments were similar at each strain amount. As explained previ- 

usly, a certain amount of dislocation constituting the LEDS bound- 

ries were not involved in the dislocation densities and characters 

erived from the neutron diffraction analysis, because their elas- 

ic strain fields mutually cancel each other. However, considering 

hat the size of LEDS was smaller and the misorientation of LEDS 

oundaries was equal or larger in the hydrogen-charged specimen 

han those in the uncharged specimen ( Fig. 12 ), we can safely 

ssume that the amount of dislocation constituting LEDS bound- 

ries was larger in the hydrogen-charged specimen. Therefore, the 

mount of excluded dislocation in the neutron diffraction analysis 

hould be larger in the hydrogen-charged specimen and the den- 

ity of total dislocations (existing outside the LEDS boundaries and 

onstituting LEDS boundaries) was higher in the hydrogen-charged 

pecimen. 

It is widely accepted that in BCC steels [47–50] , and more 

enerally in BCC transition metals [ 51 , 52 ], edge dislocations have 
s ((a) g = 011, (b) g = 1–10, and (c) g = 101) in the hydrogen-charged specimen 

 of the dislocation configurations where Burgers vectors of the dislocations were 
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Fig. 11. (a, c and e) BSE images and (b, d and f) corresponding boundary maps obtained by EBSD orientation analysis in the specimens under tensile strain to 24%; (a and b) 

the uncharged specimen, (c and d) 1 mm from the crack tip in the hydrogen-charged specimen, and (e and f) just beneath the quasi-cleavage surface in the hydrogen-charged 

specimen. (g) Stereographic triangles showing the crystallographic orientation of the tensile directions and the observed directions in (a–f). 

Fig. 12. (a) Statistical size distribution of LEDS and (b) statistical misorientation distribution of LEDS boundaries of the microstructures in Fig. 11 . The red, green, and 

black bars indicate areas 1 mm from the crack tip in the hydrogen-charged specimen, just beneath the quasi-cleavage surface in the hydrogen-charged specimen, and the 

uncharged specimen, respectively. The d LEDS-ave and the θ LEDS-ave represent the average size of LEDS and the average misorientation of LEDS boundaries in each observed area, 

respectively. 
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reater mobility than screw dislocations because of the higher 

eierls potential of screw dislocations. Caillard [53] performed in 

itu TEM observation during tensile straining using uncharged pure 

e and confirmed that a dislocation loop evolved to a screw- 

egment-elongated morphology due to the relatively larger velocity 

f the non-screw segment. A similar screw-segment-elongated dis- 

ocation morphology was also observed in the analyzed uncharged 

erritic steel ( e = 3%) ( Figs. 4 (a), 5 and 6 ). On the other hand, the

islocation morphology became more curved and tangled during 

ork hardening, leading to an increasing fraction of the edge com- 

onent with an increase in the strain amount in the uncharged 

pecimen ( Figs. 3 (a) and 7 ). 

In the hydrogen-charged specimen, the fraction of the edge 

omponent was larger than that of the uncharged specimen at the 

nitial stage of deformation ( Fig. 3 (a)). Through STEM observations, 

e demonstrated that the larger fraction of edge dislocations was 
9 
ue to the curved and tangled dislocation morphology ( Fig. 8 ). The 

islocation morphology with edge-segment-elongated dislocation 

oops like dislocation loop A shown in Fig. 8 is different from the 

crew-segment-elongated morphology in the uncharged specimen 

 Figs. 5 and 6 ). Thus, the observation results strongly suggest that 

elative velocity of screw dislocation to edge dislocation was in- 

reased by hydrogen. To understand the origin of the dislocation 

orphology in the hydrogen-charged specimen, it is necessary to 

onsider the effect of hydrogen on screw and edge dislocations 

eparately. Birnbaum and Sofronis [7] calculated the elastic interac- 

ion between hydrogen atoms and edge dislocations and proposed 

hat hydrogen reduced the elastic interaction between edge dis- 

ocations and increased their mobility (hydrogen elastic shielding 

echanism). However, some of the parameters used (diffusible hy- 

rogen content: larger than 10 3 atm ppm, distance between two 

dge dislocations: smaller than 20 b ) are notably different from 
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he experimental condition in this study; the diffusible hydrogen 

ontent and the average dislocation distance were 8.9 atm ppm 

0.16 wt ppm) and 237 b , respectively (based on the hypothesis that 

ydrogen atoms and dislocations were distributed uniformly at the 

nitial stage of deformation). Hydrogen elastic shielding mecha- 

ism was demonstrated by some three-dimensional discrete dis- 

ocation dynamics (DDD) simulations, but these simulations were 

lso performed under unrealistically high bulk hydrogen content 

5 × 10 4 ∼ 10 5 atm ppm) [ 54 , 55 ]. Excluding the crack tip where

igh hydrogen accumulation is expected [ 8 , 56 ], we could not find

ny literatures that directly observed the elastic shielding effect 

n edge dislocations in BCC steels. The effect of hydrogen on edge 

islocation was also studied using first-principles calculations, and 

oth the increased mobility (positive HELP effect) [57] and the 

ecreased mobility (negative HELP effect) [ 58 , 59 ] were reported. 

urthermore, the review paper by Feaugas et al. [60] stated the 

mportance of hydrogen effect on the mobility of screw disloca- 

ions in BCC metals. Tabata et al. [61] performed in situ TEM ob- 

ervations of pure Fe during tensile straining under a hydrogen 

as environment and reported that the velocity of screw disloca- 

ions increased with an increase in hydrogen gas pressure. Due 

o the absence of hydrostatic stress fields, it is considered that 

crew dislocations do not have any direct elastic interaction with 

ydrogen atoms. However, Itakura et al. [62] , Wen et al. [63] and 

irchheim [64] reported that hydrogen reduced the activation en- 

rgy for kink-pair nucleation which led to a decrease in the crit- 

cal shear stress for screw dislocation motion. In the calculation 

ondition performed by Itakura et al., the diffusible hydrogen con- 

ent was 0.1–10 atm ppm, which covers the experimental condi- 

ion in the present study (8.9 atm ppm). Yu et al. [65] performed 

hree-dimensional DDD simulations using a realistic bulk hydro- 

en concentration (0.1 atm ppm). Their results indicated the in- 

reased relative velocity of screw dislocation to edge dislocation, 

esulting in more circular dislocation loops under the presence of 

ydrogen than the screw-segment-elongated loops without hydro- 

en. Based on the results, they concluded that hydrogen increased 

crew dislocation mobility and the contribution of elastic shielding 

ffect on edge dislocations was negligible. Accordingly, a positive 

ELP effect on screw dislocations could be present (especially at 

he initial stage of deformation), while a positive HELP effect on 

dge dislocations would be negligible at least for the experimental 

ondition in the present study. Therefore, we can consider that the 

angled dislocation morphology in the hydrogen-charged specimen 
ig. 13. (a) Low magnification and (b) high magnification BSE images around the crack 

iew of the rectangular area indicated by the white broken lines in (a). Traces of the {011

he corresponding area. 

10 
esulted from the frequent cutting of screw dislocations due to the 

ncrease in their velocity. 

As shown in Fig. 12 , the misorientation of the LEDS boundaries 

eneath the quasi-cleavage surface was significantly smaller than 

hose 1 mm from the crack tip in the hydrogen-charged specimen. 

abata [56] performed in situ TEM observations on pure Fe under 

onstant tensile stress and reported that the dislocations piled-up 

n and constituted LEDS boundaries in vacuum condition started 

o move and overcame the stress field of the boundaries after the 

ydrogen gas injection (26 kPa). It is assumed that the high hydro- 

en accumulation around the crack surface significantly reduced 

he elastic interactions between dislocations (positive HELP), re- 

ulting in less misorientation in the LEDS boundaries beneath the 

uasi-cleavage surface. However, the exact formation mechanism 

f the LEDS boundaries with a significantly small misorientation 

emains unclear. 

The three characteristics of plastic deformation behavior in the 

ydrogen-charged specimens: (i) accelerated screw dislocation mo- 

ion, (ii) tangled dislocation morphology even at the initial stage 

f deformation ( Fig. 8 ), and (iii) large screw dislocation density 

t the later stage of deformation ( Fig. 3 (b)) were explained. These 

haracteristics suggest that jog-dragging by screw dislocations oc- 

urred frequently in the hydrogen-charged specimens, leading to 

he formation of a large number of vacancies on the {011} slip 

lanes. Matsumoto et al. [66] performed first-principles calcula- 

ions and reported that hydrogen increased the activation energy 

or vacancy diffusion, resulting in the reduced diffusivity of va- 

ancies. They showed that vacancies nucleated by jog-dragging by 

crew dislocations remained at a high density in the vicinity of 

he slip planes. Other literatures also reported that hydrogen sta- 

ilized vacancies and vacancy clusters in FCC structures [67–70] . 

ig. 13 presents SEM-BSE images of the area around the crack tip in 

he hydrogen-charged specimen ( e = 24%): (a) low magnification 

nd (b) an enlarged view of the rectangular area in (a). The traces 

f the {011} planes obtained from the EBSD orientation analysis of 

he corresponding area are indicated by the white dotted lines in 

ig. 13 (b). Some of the voids coalesced with each other, leading 

o discontinuous micro-cracks parallel to the {011} plane traces. 

ynch et al. [ 71 , 72 ] proposed the void nucleation, growth, and

oalescence mechanism in hydrogen-related fracture. In addition, 

hey indicated that, under hydrogen circumstance, void nucleation 

ould be facilitated by vacancy clusters. Doshida et al. [73] used 

ositron probe microanalyzer and reported the higher density of 
tip in the hydrogen-charged specimen at a strain amount of 24%. (b) An enlarged 

} planes, white dotted lines in (b), are obtained from EBSD orientation analysis of 
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Fig. 14. Schematic illustrations showing the proposed mechanism explaining the hydrogen-related quasi-cleavage fracture along the {011} slip planes in the ferritic steel. (a) 

Vacancies are frequently nucleated by jog-dragging of screw dislocations. (b) Hydrogen hinders the diffusion of vacancies. Vacancies remain at a high density in the vicinity 

of {011} slip planes. (c) Vacancies or nanovoids coalesced with each other, leading to the hydrogen-related quasi-cleavage fracture macroscopically along {011} slip planes. 
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acancies or vacancy clusters in the region near hydrogen-related 

uasi-cleavage fracture surface than in other regions in a tempered 

artensitic steel. Neeraj et al. [74] also reported nanoscale dim- 

les on hydrogen-related quasi-cleavage fracture surfaces of the 

erritic-pearlitic steel using SEM under surface-sensitive imaging 

onditions (low operating voltage: 3–7 kV) and atomic force mi- 

roscopy. According to the previous studies, it can be considered 

hat the hydrogen-related crack propagation by void coarescense 

as due to the high density of vacancies or vacancy clusters intro- 

uced by jog dragging of screw dislocations in the present steel. 

n addition, double cross slip of screw dislocations and annihila- 

ion of edge dislocation dipoles can also be considered as vacancy 

ucleation processes during plastic deformation. Vacancies are nu- 

leated along the slip planes by these processes, which is the same 

s jog dragging of screw dislocations. 

Based on the above discussion, we proposed a mechanism 

xplaining the hydrogen-related quasi-cleavage fracture along 

he {011} slip planes using combination of HELP and HESIV 

odels ( Fig. 14 ). In the hydrogen-charged specimen, vacancies 

re frequently nucleated by jog-dragging of screw dislocations 

 Fig. 14 (a)). Then, hydrogen suppresses the diffusion of vacancies, 

nd the vacancies remain at a high density in the vicinity of the 

011} slip planes ( Fig. 14 (b)). These vacancies or nanovoids coa- 

esce with each other ( Fig. 14 (c)). It should be noted that quasi-

leavage fracture does not occur on the atomic {011} plane; rather 

e propose that the coalescence of a large number of vacancies or 

anovoids leads to a quasi-cleavage fracture macroscopically along 

he {011} slip planes. 

. Summary 

In this study, the effect of hydrogen on the evolution of the 

eformation microstructure in a 2Mn-0.1C steel mainly composed 

f ferrite microstructure was systematically investigated. The major 

onclusions are as follows: 

I. The dislocation densities derived from neutron diffraction anal- 

ysis were similar in the hydrogen-charged specimen and the 
11 
uncharged specimen at each strain amount. However, there was 

a larger amount of dislocation constituting the LEDS bound- 

aries in the hydrogen-charged specimen and a certain amount 

of those dislocations were excluded in the dislocation densi- 

ties derived from neutron diffraction analysis. Consequently, the 

densities of the total dislocations (existing outside the LEDS 

boundaries and constituting LEDS boundaries) were higher in 

the hydrogen-charged specimens. 

II. In the uncharged specimen, the fraction of screw dislocations 

was significantly large ( ∼ 97%) at the initial stage of deforma- 

tion ( e = 3%). This originated from the dislocation loops that 

evolved into a screw-segment-elongated morphology owing to 

the relatively larger velocity of the non-screw segment. The 

fraction of edge dislocations increased with increasing strain. 

II. In the hydrogen-charged specimen, the fraction of edge dis- 

locations was much higher than that in the uncharged spec- 

imen at the initial stage of the deformation ( e = 3%) due to 

the increased relative velocity of screw dislocations to edge 

dislocations in the presence of hydrogen. This further led to 

the frequent cutting of screw dislocations and tangled disloca- 

tion morphology. In addition, the screw dislocation density was 

much higher in the hydrogen-charged specimen at the later 

stage of deformation ( e = 20%). 

V. In the hydrogen-charged specimen, vacancies were frequently 

nucleated by the jog-dragging of screw dislocations along the 

{011} slip planes. Hydrogen hindered the diffusion of vacan- 

cies leading to a high density of vacancies in the vicinity of the 

{011} slip planes. These vacancies or nanovoids coalesced with 

each other, leading to a hydrogen-related quasi-cleavage frac- 

ture not on the atomic {011} plane but macroscopically along 

the {011} slip planes. 
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