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Abstract

The present study investigated the hydrogen-related fracture behavior of specimens with different

stress concentration factors through microstructure observation, finite element (FE) simulation, and

digital image correlation (DIC) analysis. The alloy studied was a simple model alloy (Fe-0.2C

binary alloy) with fully martensite structure. When the hydrogen content was large (2.21 mass

ppm (121 at ppm)), the crack initiation and propagation occurred along the prior austenite grain

boundaries. Through the FE simulations, we found that the crack initiation sites corresponded to

the region with high stress and high hydrogen content. Although the stress concentration factors

were different, the stress level and the hydrogen content at the crack initiation sites were almost the

same, indicating that the hydrogen-related intergranular fracture originated from stress-controlled

decohesion at the prior austenite grain boundaries. For the specimen with small hydrogen content

(0.41 mass ppm (22.5 at ppm)), the quasi-cleavage cracks formed at the surface of the notch root

and propagated along the {011} planes. The FE simulations revealed that the plastic strains were

maximum at the initiation sites of the quasi-cleavage cracks. Moreover, we confirmed that

hydrogen enhanced the local plastic deformation by DIC analysis. As the local values of

maximum principal stress, plastic strain ameunt, and hydrogen content at the initiation sites of the

quasi-cleavage cracks were different depending on the stress concentration factor, the critical

quantitative condition for the initiation of quasi-cleavage cracking was not simple compared to that

of the case of intergranular cracking.

Keywords; hydrogen embrittlement; martensite; stress and strain; finite-element simulation; digital
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1. Introduction

Recently, the demand for high-strength steel has been increasing from economic and

environmental viewpoints. As the susceptibility of high-strength steel, particularly martensitic

steel, to hydrogen embrittlement is considerably high, one of the issues in the practical application

of high-strength steel is hydrogen embrittlement. Several models have been proposed to account

for the hydrogen-related fracture [1, 2]. However, to date, the underlying mechanism for

hydrogen-related fracture is yet to be fully understood.

Low and medium carbon martensitic steels comprise several structural units with different

length scale: lath, block, packet, and prior austenite grain [3]. A lath is a single-crystal martensite

plate with a thickness of about 0.2 um, and boundaries between laths are low-angle boundaries with

misorientation angle less than three degrees [3]. A block consists of many laths having nearly

identical crystallographic orientation, and a packet consists of several blocks with nearly the same

habit planes. As the name suggests, a prior austenite grain is a region corresponding to a single

grain at austenite state. Typical modes of hydrogen-related fracture of martensitic steels are

intergranular and quasi-cleavage. Intergranular fracture occurs due to a decrease in the cohesive

energy at the boundary by the segregation of hydrogen [4-6]. In the case of martensitic steels,

hydrogen-related intergranular fracture often occurs on prior austenite grain boundaries [7-13].

On the other hand, quasi-cleavage corresponds to a transgranular fracture occurring on non-typical

cleavage planes [14, 15]. It is well known that increasing the hydrogen content changes the



fracture mode from quasi-cleavage to intergranular even in a given material [16]. Elucidating the

critical factors that determine whether quasi-cleavage fracture or intergranular fracture occurs is one

of the most important technical challenges in the research field of hydrogen embrittlement.

Takeda and McMahon [17] conducted a pioneering study on the effect of strain and stress on

hydrogen-related fracture modes. They studied the hydrogen-related fracture behavior of

tempered martensitic steels with different impurity contents. The quasi-cleavage cracking

occurred when the impurity segregation was small, while the specimen with a large amount of

impurity segregation exhibited intergranular cracking. They proposed that the quasi-cleavage

fracture corresponded to strain-controlled Mode II fracture and occurred along the planes of

maximum shear stress. On the other hand, the intergranular cracking was stress-controlled

decohesion at the prior austenite grain boundaries. However, their study also involved the effect

of segregated impurities. Wang et al. [9] studied the effect of stress concentration on the

hydrogen-related fracture behavior of tempered martensitic steel using notched round bar specimens

with different notch root radii. The dominant mode of hydrogen-related fracture was intergranular.

Their conclusion was that the local stress field (maximum principal stress) and the local hydrogen

content controlled the intergranular cracking. Novak et al. [18] studied the initiation site of

hydrogen-related intergranular cracking in tempered martensitic steel and revealed that the local

event of intergranular cracking was stress-controlled as the fracture was initiated ahead of the notch

root, typically near the elastic — plastic interface, where the local tensile stress was the highest. We



previously reported that the quasi-cleavage fracture occurred along the {011} crystallographic

planes in both martensitic and ferritic steels [10, 12, 19-21]. Particularly, the references of [12,

21] definitively determined the crystallographic orientations of the quasi-cleavage facets by

two-surface trace analysis and demonstrated that the quasi-cleavage fractures occurred along {011}

planes.  Several papers [22-25] proposed that the hydrogen-related quasi-cleavage fracture

occurred on lath boundaries and / or block boundaries, because the crystallographic orientation of

these boundaries are nearly parallel to {O11} planes. However, we previously showed the clear

evidence that the quasi-cleavage crack propagated inside the lath, not on the lath boundaries [12].

Moreover, we confirmed that the hydrogen-related quasi-cleavage fracture occurred along {011}

planes even in a low carbon steel with a simple ferritic microstructure and proposed that the fracture

on {011} planes was an intrinsic characteristic of hydrogen-related quasi-cleavage fracture in steels

having body centered cubic (bcc) phases, not related with the complicated martensite microstructure

[21]. Considering that {011} plane corresponds to slip planes in a bcc structure, plastic

deformation would have an important role in quasi-cleavage fracture.

To deepen the understanding of the factors that determine the mode of hydrogen-related fracture,

whether intergranular or quasi-cleavage, the present study investigated the hydrogen-related

fracture behaviors under stress concentration conditions in as-quenched low-carbon martensite steel

with different hydrogen content, and discussed the effects of local stress, strain, and hydrogen

content on the mode of hydrogen-related fracture by utilizing an FE simulation.



2. Experimental Procedure

The steel used in the present study was an Fe-0.2C (mass %) binary alloy. The detailed
chemical composition was C: 0.23, Si: < 0.02, Mn: < 0.02, P: < 0.005, S: < 0.0005, O: 0.0010, N:
0.0012, and Fe: bal. (mass %). The as-received steel with a thickness of 12 mm was cold-rolled to
1.7 mm thickness. The cold-rolled sheets were austenitized at 900 °C for 30 min in vacuum,
followed by ice-brine quenching and sub-zero cooling in liquid nitrogen. The as-quenched
specimens exhibited a fully martensitic structure. The heat-treated specimens were mechanically
polished on both sides until a final thickness of 1 mm was reached to remove the decarburized
layers formed during the heat treatment. Sheet-type smooth and double-notched tensile test
specimens with a gauge length of 10 mm, gauge width of 5 mm, and gauge thickness of 1 mm were
prepared by spark wire cutting. As shown in the schematic illustration of Figure 1(a), the notch
radii are 1 mm and 0.25 mm, and the un-notched ligament length is 2.5 mm. The stress
concentration factors (Kt) of the specimens with notch radii of 1 mm and 0.25 mm are 2.1 and 3.2,
respectively.

The double-notched tensile test specimens were cathodically pre-charged with hydrogen in an
aqueous solution of 3 % NaCl and 3 g L' NH4SCN for 24 h at room temperature. The current
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density of the hydrogen charging was 0.625 Am™ or 1 Am™. A platinum plate was used as the

counter electrode. The diffusible hydrogen contents (Hp) of the specimens at the current densities



of 0.625 Am? and 1 A m, measured by thermal desorption analysis (TDA), were 0.41 mass ppm
(22.5 at ppm) and 2.21 mass ppm (121 at ppm), respectively. The desorption profiles are
presented in Figure 2 (open circles: 0.625 A m™, solid circles: 1 A m™). The calibration of the
TDA was performed by using a mixture gas of Ar + Hz. Here, Hp was defined as the cumulative
hydrogen content desorbed below 300 °C, where the first TDA peak ended. Slow strain rate
tensile tests at a crosshead speed of 5 x 10° mm min'! were performed at room temperature in air.
An extensometer was used to measure the displacement of the gauge area. The TDA
measurements and the slow strain rate tensile tests were always started 40 min after the completion
of the hydrogen charging.

The fracture surfaces of the tensile-tested specimens were observed using scanning electron
microscopy (SEM, JEOL: JSM-7800F). To investigate the crack initiation and propagation
behaviors, some of the slow strain rate tensile tests were stopped just after reaching the maximum
stress. Then, a Ni layer was electroplated onto the tensile-tested specimen to preserve the cracks
near the notch root. An aqueous solution of 150 g L'! Ni»SOs + 15 g L' H3BO4 was used as the
electrodeposition solution. Plating was performed at room temperature and at a current density of
100 A m™ with a plating time of 24 h.  Crystal orientation mappings on the mid-thickness sections
of the tensile-tested specimens were performed by electron backscattering diffraction (EBSD) using
SEM (JEOL JSM-7100F) operated at 15 kV. The specimen surfaces for the EBSD measurements

were prepared by electrolytic polishing in a solution of 90 % CH3COOH and 10 % HCIO4. The



EBSD measurement and analysis were performed with the TSL OIM Data Collection program and
the TSL OIM Analysis program, respectively.

Elasto-plastic FE simulations were carried out using the commercial Z-set software [26, 27] to
compute the local stress, strain, and hydrogen distributions around the notch root region. The FE
meshes used for simulation are shown in Figure 1(b). Owing to the symmetry, one-eighth of the
specimen geometry was meshed with reduced-integration quadratic elements (20 nodes 3D
elements with 8 integration points). In order to obtain the material parameters for the FE
simulation, the true stress — true strain curve of the uncharged smooth specimen (displacement rate:
5 x 10* mm min™!) was fitted according to the following equation:

0 = gy + Q1(1 — exp(—b;€)) + Q2(1 — exp(—b,¢)) Eq. 1
where Ois the true stress, £1is the true plastic strain, 0y, Q1, Q2, b1, and b; are the fitting parameters.
The fitted values of the parameters were dy = 535.63 MPa, Q; = 296.88 MPa, Q> = 774.41 MPa, b;
=47.09, and b2 = 222.18. A Young’s modulus of 185.6 GPa (estimated from the stress — strain
curve) and Poisson’s ratio of 0.3 were used for the FE simulation.

To investigate the local plastic deformation behavior, the DIC technique was used. After
hydrogen-charging and electrolytic polishing with the same solution used for the EBSD analysis
specimens, SEM images of the specimen surface around the notch root region were taken.
Subsequently, the specimen was tensile-deformed to the maximum stress and SEM images were

taken again. The SEM images before and after the tensile deformation were analyzed using the



Correlated Solutions VIC-2D software.

3. Results

3.1 Mechanical properties

Figure 3 presents the engineering stress — displacement curves of the specimen with (a) Kt = 2.1

and (b) Kt = 3.2. Here, the engineering stress (s) is F'/ Ao, where F is the applied tensile load and

Ap is the initial cross-sectional area at the notch root. The tensile strengths of the uncharged

specimens with K7 = 2.1 and Kr = 3.2 were 1741 MPa and 1780 MPa, respectively, and they did not

significantly change with Kz. However, the elongation of the uncharged specimen with Kt = 3.2

was limited compared to that with K# = 2.1. The hydrogen-charged specimens (Kt = 2.1 and Kt =

3.2) with Hp of 0.41 mass ppm (22.5 at ppm) exhibited some plasticity before the fracture, while

those with Hp of 2.21 mass ppm (121 at ppm) fractured within the apparent elastic strain regimes.

When the Hp was 0.41 mass ppm (22.5 at ppm), the fracture stress did not change significantly with

Kt (1483MPa for Kt = 2.1 and 1430 MPa for Kr = 3.2). On the other hand, the fracture stress of

the specimens with Hp of 2.21 mass ppm (121 at ppm) decreased from 980 MPa to 527 MPa when

Kt increased from 2.1 to 3.2.

3.2 Fracture surface

The fracture surfaces of the uncharged specimens with Kt = 2.1 and Kt = 3.2 exhibited fully

ductile surfaces with dimple patterns (images not shown). The SEM images showing the fracture

surfaces of the hydrogen-charged specimens with Kt = 2.1 and Hp = 2.21 mass ppm (121 at ppm)
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are presented in Figure 4. Figure 4 shows (a) a low-magnification SEM image and (b-d) high

magnification SEM images. Three types of surface morphologies are observed: ductile dimple

surface (Figure 4(b)), quasi-cleavage surface (Figure 4(c)), and macroscopically intergranular

surface (Figure 4(d)). The macroscopically intergranular surface was composed of a relatively

smooth intergranular surface (indicated by white arrows) and intergranular-like surface with

serrated markings (indicated by black arrows). We previously reported that the intergranular-like

surface with serrated markings originated from the quasi-cleavage fracture propagated in the

vicinity of the prior austenite grain boundaries [10-12]. Here, we confirmed that the fracture

surfaces of all the hydrogen-charged specimens were quite similar to those in Figure 4 and

comprised ductile dimple surface, quasi-cleavage surface, and intergranular surface.

3.3 Crack initiation / propagation behaviors for large Hp (2.21 mass ppm (121 at ppm))

Figure S shows (a, ¢) SEM images and (b, d) EBSD orientation maps around the notch roots: (a,

b) the specimen with Kt = 2.1, (¢, d) the specimen with Kt = 3.2 when the Hp was large (2.21 mass

ppm (121 at ppm)). The colors in the EBSD orientation map express the orientations parallel to

the normal direction of the observed section according to the stereographic triangle below the

EBSD orientation map. We found that several small and sharp cracks formed and propagated

discontinuously at least on the observed section, indicating that the crack propagation was not

uniform. For the specimen with K7 = 2.1 (Figure 5(a)), all the cracks exist ahead of the notch root

surface. Simply assuming that the crack closest to the notch root surface was the initial crack
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(though based on two-dimensional analysis), we considered that the crack was initiated about 50

Mm away from the notch root surface. On the other hand, the crack connected to the notch root

surface for the specimen with Kt = 3.2 (Figure 5(c)), implying that the crack was initiated at the

notch root surface. In the EBSD orientation maps of Figures 5(b, d), the positions of the block

boundaries, packet boundaries, and prior austenite grain boundaries determined by the orientation

analysis are indicated by the black solid lines, the yellow solid lines, and the white broken lines,

respectively. We characterized the observed cracks in the EBSD orientation maps of Figures 5(b,

d) as intergranular type or quasi-cleavage type. The intergranular crack components existing on

the prior austenite grain boundaries are indicated by the red solid lines. In addition, the crack

components parallel to the {011} plane traces are indicated by the orange solid lines. Our

previous studies reported that hydrogen-related quasi-cleavage fracture occurred on {011} planes

[10-12, 19-21]. Although the analysis on Figure S was single-surface trace analysis and did not

determine the exact orientation of crack plane, we can simply assume that the crack components

parallel to {011} plane traces correspond to quasi-cleavage fracture based on our previous studies

[10-12, 19-21]. We found that the initial cracks were intergranular-type for both the specimens

with Kfr = 2.1 and Kr = 3.2. Some of the quasi-cleavage cracks were observed at the regions far

away from the notch root surfaces.

FE simulations were performed in order to estimate the local stress, strain, and hydrogen

distributions around the notch root regions of the mid-thickness sections. Because clear crack
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initiations could not be observed before reaching the maximum stress, the applied stress in the FE
simulations was the same as the experimentally measured maximum stress (fracture stress). The
equations to estimate local hydrogen content have been well documented in previous papers [28,
29], and are briefly summarized as follows. It can be considered that hydrogen at the normal
interstitial sites and the reversible trapping sites, such as lattice defects, are always in equilibrium

according to the following equation [30]:

Or

_ b Wg
1-67  1-6, €Xp (RT) Eq.2

where & is the occupancy of the interstitial sites, &r is the occupancy of the trapping sites, Wp is the
trap binding energy, R is the gas constant (8.31 J mol'), and T is the absolute temperature. The
hydrogen atoms at the interstitial sites per unit volume, Cy, is expressed as Cr = 6. S Ni, where Sis
the number of interstitial sites per solvent atom, and N is the number of solvent atoms per unit
volume. Ny is given by Na / Vi, where Na is Avogadro’s number (6.0232 x 10?*> mol™"), and Vi is
the molar volume of the host lattice. Similarly, the hydrogen atoms existing at the trapping sites
per unit volume, Cr, is expressed as Cr = Gr a Nr (&), where @ is the number of hydrogen atom
sites per trap, and Nt (&) is the trap density per unit volume expressed as a function of plastic strain
(&). Under a stress field, hydrogen tends to accumulate in the region where hydrostatic stress

(0w) is large and satisfies the following equilibrium:

0, _ 6.° (O'kaH)

1-6, 1-6,° 3RT Eq.3

where &Y is the initial occupancy of the interstitial sites without a stress field, and Vy is the partial
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molar volume of hydrogen. Combining Egs. 2 and 3, the total atomic concentration of hydrogen, c,

can be expressed as:

Cp+Cr
= Ot _ g+
O o,

Nt (&p)
Ny,

Or Eq.4

Seeger [31] reported that hydrogen was likely to exist at tetrahedral interstitial sites in iron, so that 3
is equal to 6. Hydrogen might be trapped at lath / block / packet boundaries in martensite structure.
To date, however, there has been no clear evidence that hydrogen is likely to be trapped at these
boundaries. Moreover, our previous experiments using hydrogen micro-print technique suggested
that hydrogen was not trapped at any boundaries in martensite structure just after hydrogen charging
[19], and that dislocation movement transported hydrogen to prior austenite grain boundaries during
deformation [32]. Considering the fact that hydrogen trapping at boundaries in martensite
structure has yet to be clarified, we simply assumed that most of the hydrogen was trapped by
dislocations (Wp = 26.8 kJ mol™! [33] in Eq.2 and a =1 in Eq.4). According to Taha and Sofronis
[34], Nris given by:

Np="2  Egs

where pis the dislocation density, and a is the lattice constant (0.28664 nm of pure iron was used in
the present study). From the dislocation density data of the low-carbon martensitic steel measured
by neutron diffraction [35], the relationship between p and & was estimated to be p = 3.99872 x

10" (1 +5.159 &) m™>.  We also assumed that hydrogen diffusion was fast enough so that the local

hydrogen content reached the equilibrium value derived from Eq. 4 when the fracture occurred.
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However, the total hydrogen content in the specimen obtained using Eq.4 becomes larger than that
before applying deformation. According to Wang et al. [9], to keep the mass conservation law at

the notched area, the hydrogen content obtained by Eq.4 was multiplied by a factor given by:

f= % Eq.6
where Vi is the volume of an element, and Hi is the hydrogen content of an element obtained from
Eq.4. For the above calculations, the desorption of hydrogen during the tensile test was not taken
into account. As shown in Figure 2, the desorption rate of the specimen at a current density of
0.625 A m™ is almost zero around room temperature, implying that the hydrogen desorption during
the tensile test at room temperature was small. When the current density was 1 A m™, on the other
hand, the desorption rate at room temperature (22.8 °C) is 0.005975 mass ppm min!. Simple
estimation for hydrogen desorption during the tensile test by using the value suggests that the
amount of desorbed hydrogen until reaching the maximum stress is 0.310 mass ppm for the
specimen with K7 = 2.1 and 0.191 mass ppm for the specimen with K =3.2. These values are less
than approximately 15 % of the total hydrogen content (2.21 mass ppm). Moreover, our previous
paper [20] showed that about 10 % of total hydrogen was desorbed from the specimen during the
tensile test (alloy composition, strain rate, and fractured strain were almost the same as those in the
present study). Based on these facts, the present paper simply estimated local hydrogen

concentrations using the Egs. 1 ~ 6 without considering hydrogen desorption during the tensile

tests.

15



Figure 6 shows the FE simulation results on the mid-thickness sections when Hp is 2.21 mass

ppm (121 at ppm) for the specimens with (a-f) Kt = 2.1 and (g-1) Kt = 3.2: (a-c, g-i) distribution

maps and (d-f, j-1) profiles at the notch root of (a, d, g, j) maximum principal stress (), (b, e, h, k)

equivalent plastic strain (e,), and (c, f, i, 1) local hydrogen content (H;). In addition, the positions

of the initial cracks are indicated in each profile. It can be seen that the local hydrogen contents at

the notch root regions are higher than the global hydrogen contents (Figures 6 (f, 1)). For the

specimen with Kz = 2.1 (Figures 6 (a-f)), the peak positions of the maximum principal stress and

equivalent plastic strain are the notch root surface. On the other hand, the local hydrogen content

is the highest at the position about 50 um away from the notch root surface. In the case of the

specimen with Kt = 3.2 (Figures 6 (g-1)), the peak positions of all the maximum principal stress,

equivalent plastic strain, and local hydrogen content correspond to the surface of the notch root. In

both the specimens, the plastic strain values are considerably small. We find that the maximum

principal stress and the local hydrogen content at the positions of initial intergranular cracks in the

specimen with Kt = 2.1 are gp = 1257 ~ 1283 MPa and H; = 143 ~ 144 at ppm, respectively

(Figures 6 (d, f)). As shown in Figures S (c, d), the intergranular crack was initiated at the notch

root surface in the specimen with Kr = 3.2. Though there still remains a possibility that the crack

was initiated ahead of the notch and then grew back to the notch surface as deformation proceeded,

the highest values of maximum principal stress, plastic strain, and local hydrogen content at the

notch-root surface strongly support the crack initiation at the notch root surface. The maximum
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principal stress and the local hydrogen content at the notch root surface are gp = 1212 MPa and H;.

= 159 at ppm, respectively (Figures 6 (j, 1)). This suggests that the intergranular cracks were

initiated under almost the same local stress field and hydrogen content, even though the stress

concentration factors were different.

3.4 Crack initiation / propagation behaviors for small Hp (0.41 mass ppm (22.5 at ppm))

Figure 7 shows the crack initiation and propagation behaviors when the Hp was small (0.41

mass ppm (22.5 at ppm)): (a, b) the specimen with Kt = 2.1, (¢, d) the specimen with Kr = 3.2.

The intergranular crack components and the quasi-cleavage crack components (parallel to the {011}

plane traces) are indicated by the red solid lines and the orange solid lines, respectively, in Figures

7 (b, d). In contrast with the case of larger Hp (Figure §), the crack morphology (almost the

largest opening displacement at the notch root surface) strongly suggests that one large crack

formed at the notch root surface and propagated in a quasi-cleavage manner (parallel to the {011}

plane traces) in both the specimens with Kt = 2.1 and Kt = 3.2.

Figure 8 shows the FE simulation results on the mid-thickness sections when Hp is 0.41 mass

ppm (22.5 at ppm) for the specimens with (a-f) Kr = 2.1 and (g-1) Kt = 3.2: (a-c, g-i) distribution

maps and (d-f, j-1) profiles at the notch root of (a, d, g, j) maximum principal stress, (b, e, h, k)

equivalent plastic strain, and (c, f, i, 1) local hydrogen content. The positions of the initial cracks

determined from Figure 7 are also indicated in each profile. For both the specimens with Kt = 2.1

and Kt = 3.2, the peaks of the maximum principal stress and local hydrogen contents were several
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hundred micrometers away from the notch root surfaces, while the plastic strains were maximum at

the surfaces of notch root. Accordingly, it can be said that the initiation sites of the quasi-cleavage

cracks correspond with the positions where the plastic strains are maximum.

The results shown in Figures 7 and 8 strongly suggest that plastic deformation is important for

quasi-cleavage cracking. Then, we analyzed the local plastic deformation behavior around the

notch root for the specimen with Kt = 2.1 by using the DIC technique. Figure 9 shows the DIC

analysis result on the free surface of the hydrogen-charged specimen (Hp = 0.41 mass ppm (22.5 at

ppm)) after applying the stress until reaching the maximum value approximately: (a) an EBSD

orientation map, (b, ¢) equivalent plastic strain distribution maps ((c) is an enlarged map

corresponding to the red rectangle in (b)), and (d) a {011} pole figure obtained using the orientation

of the deformation band with large plastic strain indicated by the red arrow in (¢). The distribution

of plastic strain is not uniform, and several deformation bands mainly elongating parallel to the

block boundaries (black lines) are observed. Crystallographic orientation analysis revealed that

the deformation band indicated by the red arrow in Figure 9(c) was parallel to the {011} plane trace

on the observed section, which corresponded to the habit plane / block boundary of the lath

martensite structure. Assuming that the slip system is <111> {011}, the Schmidt factors of simple

uniaxial tensile deformation for each {011} plane are listed in Figure 9(d). The listed values are

the higher values of the two <111> slip directions on each {011} slip plane. It should be noted that

the Schmidt factor of the {011} plane corresponding to the deformation band, i.e., parallel to the
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habit plane / block boundary, is not the maximum among the possible six {011} planes. We

confirmed that all of the deformation bands developed nearly parallel to the habit plane / block

boundary. Accordingly, we can propose that the concentration of plastic strain along habit planes /

block boundaries results in quasi-cleavage cracking. The formation of deformation bands parallel

to the habit plane is not a unique characteristic of the hydrogen-charged specimen. We confirmed

the same tendency in the uncharged specimen. Previous studies [36-38] reported that the slip

systems, whose slip planes were parallel to habit planes / block boundaries, were preferentially

operated in lath martensite structures.

The plastic strain values around the notch roots were evaluated in order to confirm the

hydrogen-enhanced localized plasticity (HELP) effect [1, 39-41]. As the plastic strain distribution

determined by DIC was not uniform, as shown in Figure 9, we measured the average plastic strain

values along the five parallel lines whose intervals along the tensile direction were 50 um. Figure

10 shows (a) the profiles of plastic strain values as a function of the distance from the notch root

surface (blue: the uncharged specimen, red: the hydrogen-charged specimen, and black: the FE

simulation result on the specimen surface), (b, ¢c) DIC analysis results where the positions of the

plastic strain value measurements are indicated (b: uncharged specimen, c: hydrogen-charged

specimen).  The plastic strain values determined by DIC in the uncharged and the

hydrogen-charged specimens are nearly equal to the FE simulation results. We find that the

hydrogen-charged specimen exhibits larger plastic strain values compared to the uncharged
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specimen, although the difference is small. This suggests that hydrogen enhanced the dislocation

mobility and increased the plastic strain value under the same stress level. As a result, the DIC

analysis confirmed that hydrogen promoted the local plastic deformation, i.e., HELP effect

occurred.

4. Discussion

When the Hp was large (2.21 mass ppm (121 at ppm)), the initial cracks were of the

intergranular-type at the prior austenite grain boundaries for both the specimens with Kz = 2.1 and

Kt = 3.2, as shown in Figure 5. We found that the crack initiation sites corresponded to the areas

where both the maximum principal stress and the local hydrogen content were high. Moreover,

the maximum principal stress and the local hydrogen content at the crack initiation sites for the

specimens with K¢ = 2.1 and Kt = 3.2 exhibited similar values (gp = 1257 ~ 1283 MPa and H; = 143

~ 144 at ppm for Kt = 2.1, 0p = 1212 MPa, and H;, = 159 at ppm for Kt = 3.2). This suggests that

the intergranular cracks were initiated under almost the same local stress field and hydrogen content,

even though the stress concentration factors of the specimens were different. Wang et al. [9] also

proposed that the local stress and hydrogen content were the key factors for hydrogen-related

intergranular cracking. Previously, we studied the local hydrogen accumulation behavior of

martensitic steels during deformation by utilizing hydrogen micro-printing technique [20, 32].

The results suggested that hydrogen tended to accumulate around the prior austenite grain
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boundaries during deformation, and the high hydrogen content at the prior austenite grain boundary

led to intergranular cracking. The present FE simulations used a continuum body and did not

consider the accumulation of hydrogen around the prior austenite grain boundaries. We can

assume that hydrogen accumulated more locally around the prior austenite grain boundaries, which

existed at the position with high hydrogen content in the FE simulations (Figures 6 (c, i)). It is

reasonable to consider that the high principal stress and the high hydrogen content can induce

hydrogen-related decohesion. Accordingly, we can conclude that the intergranular cracking

originated from stress-controlled decohesion at the prior austenite grain boundary.

When the Hp was small (0.41 mass ppm (22.5 at ppm)), the quasi-cleavage cracks formed at the

surface of the notch root and propagated along the {011} planes (Figure 7). As shown in Figure 8,

the maximum principal stress and the local hydrogen content does not exhibit the maximum value

at the initiation sites of the quasi-cleavage cracks, i.e., the notch root surface, although these values

are relatively high at the notch root surface. It is a common understanding that hydrogen-related

decohesion is most likely to occur at the position with the highest principal stress and hydrogen

content. The results shown in Figures 7 and 8 strongly suggest that the quasi-cleavage cracking

was not due to simple decohesion of particular atomic planes and / or boundaries, though several

previous papers proposed that quasi-cleavage cracking originated from hydrogen-enhanced

decohesion [22-25].—Fhe-erystallographicfeature—ofthe—quasi-cleavage—eracks;+e{0H}—erack

Figures

21



7 and 8 demonstrate that the initiation sites of quasi-cleavage cracking correspond to the positions

with the largest plastic strain. Based on these results, we can conclude that the quasi-cleavage

cracking was closely related to the local plastic deformation on the {011} planes. Birnbaum et al.

first proposed the HELP effect [39], and several studies directly observed the HELP effect using in

situ high-voltage transmission electron microscopy deformation experiments [40, 41]. The DIC

analysis, shown in Figure 10, confirms that hydrogen enhanced the local plastic deformation,

although the analysis was performed on the free surface of the specimen and the increase in plastic

strain value due to the existence of hydrogen was not significant. The first-principles calculations

by Matsumoto et al. [42] suggested that hydrogen reduced the vacancy formation energy and

increased the activation energy for vacancy diffusion. Accordingly, one possible explanation for

the mechanism of hydrogen-related quasi-cleavage cracking is that hydrogen-enhanced local plastic

deformation and hydrogen-induced stabilization of vacancy promote coalescence of micro-voids on

the {011} operated slip planes. Morsdof et al. reported that plastic deformation was localized

around block boundaries [38]. Considering the deformation localization would increase local

stress field and local hydrogen concentration around the block boundaries, hydrogen might induce

decohesion at block boundaries. Actually, as described above, several papers insisted that the

hydrogen-related quasi-cleavage fracture occurred on lath boundaries and / or block boundaries in

martensite structure [22-25]. However, we previously showed the clear evidence that the

quasi-cleavage crack propagated inside the lath, not on the lath boundaries [12]. As shown in
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Figures 7 and 8, the present study revealed that the initiation sites of quasi-cleavage cracking

correspond to the positions with the largest plastic strain, not likely condition for simple decohesion.

Moreover, one can easily confirm that there are several crack components which are not parallel to

but across the block boundaries in Figure 7 (b, d) (though these are two-dimensional observations).

Based on these facts, decohesion of lath and / or block boundaries would not be a common feature

of hydrogen-related quasi-cleavage fracture. Compared with the case of the intergranular cracking,

the local condition for the initiation of the quasi-cleavage cracking was not simple. The FE

simulation results in Figure 8 show that the local values of the maximum principal stress, plastic

strain ameunt, and hydrogen content at the quasi-cleavage crack initiation sites differ depending on

the stress concentration factor. Further studies are necessary to understand the local critical

condition for the initiation of quasi-cleavage cracking.

5. Conclusions

In the present study, we investigated the hydrogen-related fracture behavior of specimens with

different stress concentration factors through microstructure observation, FE simulation, and DIC

analysis. The following conclusions are drawn.

(1) When the Hp was large (2.21 mass ppm (121 at ppm)), both the specimens with Kt = 2.1 and Kt

= 3.2 were fractured within the apparent elastic strain regime. The EBSD orientation analysis

revealed that the crack formed and propagated around the prior austenite grain boundaries.
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Through the FE simulations, we found that the crack initiation sites corresponded to the region

with high stress and high hydrogen content. Even though the specimen geometries (stress

concentration factors) were different, local states, i.e., stress level and hydrogen content, at the

crack initiations were almost the same. This indicates that the hydrogen-related intergranular

fracture originated from stress-controlled decohesion at the prior austenite grain boundaries.

(2) The specimen with small Hp (0.41 mass ppm (22.5 at ppm)) were fractured after exhibiting

some plastic deformation. The quasi-cleavage cracks formed at the surface of the notch root

and propagated along the {011} plane traces. The FE simulations revealed that the plastic

strains were maximum at the quasi-cleavage crack initiation sites. Moreover, we confirmed

that hydrogen enhanced local plastic deformation. Accordingly, we concluded that the

quasi-cleavage cracking was closely related to the local plastic deformation on the {011} slip

planes. As the local values of maximum principal stress, plastic strain ameunt, and hydrogen

content at the initiation sites of the quasi-cleavage cracks were different depending on the stress

concentration factor, the critical quantitative condition for the initiation of quasi-cleavage

cracking was not simple compared to that of the case of intergranular cracking.
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Figure captions

Figure 1 Schematic illustrations of (a) the double-notched tensile test specimen (unit: mm) and (b)
the FE meshes (one-eighth of the specimen geometry).

Figure 2 Desorption profiles of the hydrogen-charged specimens at the current densities of 0.625 A
m (open circles) and 1 A m (solid circles).

Figure 3 Engineering stress — displacement curves of the specimens with (a) Kt = 2.1 and (b) Kt =
3.2.

Figure 4 SEM images showing the fracture surfaces of the hydrogen-charged specimen with Kt =
2.1 and Hp = 2.21 mass ppm (121 at ppm): (a) low magnification image and (b-d) high
magnification images. The positions of relatively smooth intergranular surface and
intergranular-like surface with serrated markings are indicated by the white arrows and the black
arrows, respectively, in (d).

Figure 5 (a, ¢) SEM images and (b, d) EBSD orientation maps around the notch roots of the
hydrogen-charged specimens with Hp = 2.21 mass ppm (121 at ppm): (a, b) the specimen with Kt =
2.1 and (c, d) the specimen with Kt = 3.2.

Figure 6 FE simulation results on the mid-thickness sections when Hp is 2.21 mass ppm (121 at
ppm) for the specimen with (a-f) Kr = 2.1 and (g-1) Kt = 3.2: (a-c, g-i) distribution maps and (d-f,
j-1) profiles at the notch root of (a, d, g, j) maximum principal stress, (b, e, h, k) equivalent plastic

strain, and (c, f, i, ) local hydrogen content.
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Figure 7 (a, ¢) SEM images and (b, d) EBSD orientation maps around the notch roots of the

hydrogen-charged specimens with Hp = 0.41 mass ppm (22.5 at ppm): (a, b) the specimen with Kt =

2.1 and (c, d) the specimen with Kt = 3.2.

Figure 8 FE simulation results on the mid-thickness sections when Hp is 0.41 mass ppm (22.5 at

ppm) for the specimen with (a-f) Kr = 2.1 and (g-1) Kt = 3.2: (a-c, g-i) distribution maps and (d-f,

j-1) profiles at the notch root of (a, d, g, j) maximum principal stress, (b, e, h, k) equivalent plastic

strain, and (c, f, i, ) local hydrogen content.

Figure 9 DIC analysis result of the hydrogen-charged specimen (Kt = 2.1, Hp = 0.41 mass ppm

(22.5 at ppm)) after applying stress until reaching around the maximum value: (a) an EBSD

orientation map, (b, ¢) equivalent plastic strain distribution maps ((c) is an enlarged one

corresponding to the red rectangle in (b)), and (d) a {011} pole figure obtained using the orientation

of the deformation band with large plastic strain indicated by the red arrow in (c).

Figure 10 (a) Profiles of plastic strain value as a function of the distance from the notch root

surface (Kt =2.1). Blue: the uncharged specimen, red: the hydrogen-charged specimen (Hp = 0.41

mass ppm (22.5 at ppm)), and black: the FE simulation result. (b, ¢) DIC analysis results where the

positions of the plastic strain value measurements are indicated (b: uncharged specimen, c:

hydrogen-charged specimen).
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