Acta Materialia 280 (2024) 120288

Contents lists available at ScienceDirect

Acta Materialia i

& o/ .
aterialia

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/actamat

Effect of carbon segregation at prior austenite grain boundary on
hydrogen-related crack propagation behavior in 3Mn-0.2C
martensitic steels

Kazuho Okada ™", Akinobu Shibata®, Yuuji Kimura®, Masatake Yamaguchi *-°,
Ken-ichi Ebihara ¢, Nobuhiro Tsuji "*

@ Research Center for Structural Materials, National Institute for Materials Science (NIMS), 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
b Department of Materials Science and Engineering, Kyoto University, Yoshida- honmachi, Sakyo-ku, Kyoto 606-8501, Japan

¢ Elements Strategy Initiative for Structural Materials (ESISM), Kyoto University, Yoshida-honmachi, Sakyo-ku, Kyoto 606-8501, Japan

d Center For Computational Science and e-systems, Japan Atomic Energy Agency, Tokai-mura, Ibaraki 319-1195, Japan

€ Department of Materials Science and Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen embrittlement
Martensitic steel

Crack propagation
Grain-boundary segregation
Intergranular failure

The present study aimed at strengthening prior austenite grain boundary (PAGB) cohesive energy using carbon
segregation and investigated the effect of carbon segregation at PAGB on the microscopic crack propagation
behavior of hydrogen-related intergranular fractures in high-strength martensitic steels. At the low hydrogen
content (below 0.2 wt. ppm), the fracture initiation toughness (Jic) and tearing modulus (Tg), corresponding to
crack growth resistance, were significantly improved by carbon segregation. In contrast, Jic and Tg did not
change by carbon segregation at the high hydrogen content (above 0.5 wt. ppm). Considering the non-linear
relationship between the toughness properties and the PAGB cohesive energy, the experimentally evaluated
toughness properties (Jic and Tr) and the GB cohesive energy previously calculated by first-principles calcula-
tions were semi-quantitatively consistent even at the high hydrogen content. The microstructure observation
confirmed that the plastic deformation associated with crack propagation, such as the local ductile fracture of
uncracked ligaments and the formation of dislocation cell structures / nano-voids, played an important role in
the non-linear relationship between the toughness properties and PAGB cohesive energy.

1. Introduction cleavage are the typical fracture modes in the hydrogen-related frac-

ture of martensitic steels. In general, as the hydrogen content increases,

Since the reduction of automobile weight is required by exhaust gas
regulations, it is demanded to commercialize steels with as high strength
as possible. However, it is well known that steels become more sus-
ceptible to hydrogen embrittlement with increasing their strength level.
Hydrogen embrittlement is the phenomenon by which metals and alloys
become brittle due to the hydrogen introduction [1-5]. Because the
introduction of a certain amount of hydrogen into steels during fabri-
cation and application is inevitable, it has been desired to improve the
resistance to hydrogen embrittlement in high-strength steels.

Martensitic steels, which are typical high-strength steels, are highly
susceptible to hydrogen embrittlement. Intergranular and quasi-

fracture mode changes from quasi-cleavage to intergranular which re-
sults in more severe embrittlement [6]. A lath martensitic structure
consists of several structural units with different size scales, namely,
lath, block, packet, and prior austenite grain [7-11]. Although the
martensitic structure comprises several types of high-angle boundaries,
hydrogen-related intergranular fracture mainly occurs along prior
austenite grain boundaries (PAGB) [12-19]. Hydrogen accumulation
around PAGB could be the possible reason for preferential intergranular
fracture at PAGB [20-23]. It has been revealed that hydrogen reduces
the cohesive energy of grain boundaries (ygg) in iron using
first-principles calculations [2,24,25], molecular statics simulations
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[26], and molecular dynamics simulations [27]. Recently, Yamaguchi
et al. [28] performed first-principles calculations and revealed that
carbon segregation at iron GB increased the cohesive energy and effec-
tively suppressed the hydrogen-induced reduction of ygg. In addition, we
experimentally demonstrated that fracture stress of the
hydrogen-charged martensitic steel can be improved by increasing
carbon segregation at PAGB [29]. However, the previous study per-
formed uniaxial tensile tests for evaluating hydrogen embrittlement
properties, and uniaxial tensile tests are unsuitable for discussing the
mechanical response from the fracture mechanics in detail. Because
rapid crack propagation in structural materials can lead to serious ac-
cidents, it is essential to quantitatively understand the crack propagation
behavior from the perspective of fracture mechanics. In general, the
fracture process can be divided into three microscopic stages: (i) crack
initiation, (ii) start of crack propagation, and (iii) crack propagation
leading to final rupture. The mechanical response corresponding to each
microscopic fracture stage cannot be evaluated from the fracture stress
and elongation obtained from the uniaxial tensile tests. On the other
hand, it is well known that a crack-growth resistance curve obtained by
elastic-plastic fracture mechanics experiments is useful to evaluate
fracture toughness properties corresponding to each microscopic frac-
ture stage. Though crack-growth resistance curves have been applied to
ductile fracture in many cases, they were recently also applied to
hydrogen-related fracture in martensitic steels [30-32], ferritic steels
[33,34], and austenitic steels [35-38]. For example, Shibata et al. [30]
obtained crack-growth resistance curves (J — Aa resistance curves) of the
hydrogen-charged as-quenched martensitic steels by unload compliance
tests and evaluated fracture initiation toughness (Jic) and tearing
modulus (TR). Jic is related to the microscopic fracture stage (ii). Tr
represents crack-growth resistance corresponding to the microscopic
fracture stage (iii). Furthermore, combining the J — Aa resistance curve
with microstructure observation allows for comparing fracture behav-
iors, such as fracture surfaces, crack path, and deformation micro-
structures, at approximately the same Aa between two materials.

The present study utilized the J — Aa resistance curve and evaluated
the effect of carbon segregation at PAGB on fracture toughness proper-
ties under the presence of hydrogen from the perspective of fracture
mechanics. In addition, we investigated crack propagation behavior
through microstructure observation and discussed the relationship be-
tween fracture toughness properties and crack propagation behavior.

2. Experimental procedure

An Fe-3Mn-0.2C alloy (Mn: 3.02, C: 0.18, Si: 0.01, P: <0.002, S:
0.001, Al: 0.002, N: 0.002, O: 0.001, and Fe: bal. (wt.%)) was used in the
present study. According to the previous study [29], the as-received
ingot was heat-treated in two different ways. One is one-step austeniti-
zation; the specimen was austenitized at 1100 °C for 30 min in a vac-
uum, ice-brine quenched, and sub-zero cooled in liquid nitrogen. The
other is two-step austenitization; after the austenitization (1100 °C, 30
min), the specimen was held at 790 °C (just above A3) for 30 min, fol-
lowed by ice-brine quenching and sub-zero cooling in liquid nitrogen.
The isothermal holding at 790 °C aimed at increasing carbon segregation
at (prior) austenite grain boundaries. Hereafter, we refer to the speci-
mens with one-step and two-step austenitizations as the “Non-seg
specimen” and the “Seg specimen”, respectively. As reported previously
[29], the size of each structural unit and dislocation density were almost
the same between the Non-seg and Seg specimens. On the other hand,
the concentration of segregated carbon at PAGB measured by
three-dimensional atom probe analysis (3DAP) was 4.58 at.% in the Seg
specimen, which was drastically increased from the Non-seg specimen
(2.90 at.%). The increase in the concentration of segregated carbon at
PAGB does not affect the average carbon concentration at PAG interior
(see the supplementary materials). The 0.2 % proof strength (¢ 2) and
tensile strength (op) of the uncharged Non-seg specimen were 1067 and
1524 MPa, respectively, which were similar to those of the uncharged
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Seg specimen (6¢ 2: 1032 MPa, op: 1529 MPa) [29].

After the heat-treatments, pre-cracked compact tension (CT) speci-
mens were prepared (thickness: 12.5 mm, width: 25 mm, and net
thickness at the side grooves’ root: 10 mm). The pre-cracked CT speci-
mens were cathodically pre-charged with hydrogen in an aqueous so-
lution of 3 % NaCl + 3 g L1 NH4SCN for 72 h at room temperature. We
have confirmed that a charging period of 72 h was enough for the ho-
mogenous hydrogen distribution inside the present specimen geometries
because the diffusible hydrogen content (Hp) saturated before 72 h and
did not increase with charging periods longer than 72 h [30]. To obtain
the specimens with different hydrogen contents, the current density of
the hydrogen charging was changed from 0.005 to 2.0 A m~2. The Hp
was measured by thermal desorption spectroscopy (TDS) using a
quadru-pole mass (Q-mass) spectrometer (R-DEC: HTDS-002) at a
heating rate of 100 °C h™!. For the TDS measurements, specimens with a
dimension of ~12.5 x 15 x 15 mm® were used. The cumulative
hydrogen content desorbed below 500 °C was regarded as Hp. The in-
terval between the completion of hydrogen pre-charging and the start of
TDS measurement was always 40 min, including contingency time
added to the minimum required operation time of 25 min. We have
confirmed that the difference in the Hp between the intervals of 25 and
40 min was negligibly small at a current density of 1.0 A m~2 (Non-seg
specimen).

After the pre-chargings, unloading compliance tests based on the
single specimen test method of ASTM E1820 were performed under
concurrent hydrogen-charging conditions at the same current densities
as the pre-chargings. The concurrent chargings aimed at preventing the
desorption of homogeneously distributed hydrogen after the pre-
chargings. J — Aa resistance curves were obtained from the results of
unload compliance tests according to ASTM E1820. Crack mouth
opening displacement (CMOD) was measured using a clip gauge. The
elastic compliance at a certain CMOD was determined by unload/reload
sequences repeated three times. All of the unload/reload sequences were
conducted for a displacement interval of 0.0200 and 0.0070 mm in the
uncharged and hydrogen-charged specimens, respectively. Aa, crack
extension, can be obtained from the change in elastic compliance in
accordance with ASTM E1820, and J is the sum of the elastic component
and the plastic component. The elastic component was computed from
linear elastic fracture mechanics, while the plastic component was
incrementally computed using the plastic area under the load - CMOD
curves. The unloading compliance tests were carried out under
displacement control at the CMOD rate of 1.0 x 10~* mm s~!. The un-
load compliance test for each charging condition was repeated three
times to ensure reproducibility. From the J — Aa resistance curves, Jic
and Tgr were evaluated. The Ji¢ is defined as the J-integral value at the
intersection of the J — Aa resistance curve and 0.2 mm offset line whose
slope is 69 2 + 0. We confirmed that all of the tested specimens satisfied
the specimen size criteria for obtaining valid plane-strain Ji¢ according
to ASTM E1820. The Ty is defined as the following equation;

B W
- 0'()}22 dAa
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where E is Young’s modulus (= 200 GPa), and dJ/dAa is the average
slope of the J — Aa resistance curve after the intersection with the 0.2
mm offset line and before the intersection with the 1.5 mm offset line.
We used 6p2 and op of the uncharged specimens obtained from the
uniaxial tensile tests because almost all the hydrogen-charged specimens
fractured within the elastic strain regime [29].

The microstructures, fracture surfaces, and crack morphologies were
characterized using optical microscopy, scanning electron microscopy
(SEM, JEOL: JSM-7800F), and electron backscattering diffraction in
SEM (EBSD, JEOL: JSM-7100F). The EBSD measurement (step size: 0.2
pm, acceleration voltage: 15 kV) and analysis were performed with the
TSL OIM Data Collection program and the TSL OIM Analysis program,
respectively. Using a focused ion beam (FIB, FEI: Quanta 3D 200i), thin
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foils were lifted out from the hydrogen-related intergranular fracture
surface. The lifted-out samples were observed by scanning transmission
electron microscopy (STEM, JEOL: JEM-2100F) at an acceleration
voltage of 200 kV. According to the K-S orientation relationships [9,10],
the number of each martensite variant was determined by orientation
analysis using Kikuchi diffraction patterns.

3. Results

Fig. 1 shows the optical microscopy images of microstructures in the
Non-seg and Seg specimens. Both specimens show fully lath martensitic
microstructures and the average PAG sizes were 183 and 187 pm in the
Non-seg (Fig. 1(a)) and Seg (Fig. 1(b)) specimens, respectively [29].
Fig. 2 presents the Hp of specimens after the hydrogen pre-chargings at
different current densities measured by TDS. The Hp was almost the

Fig. 1. Optical microscopy images of the lath martensitic microstructures after
the heat treatments ((a) Non-seg specimen and (b) Seg specimen).
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Fig. 2. Relationship between the diffusible hydrogen content (Hp) and the
current density in the cathodic hydrogen charging.

same value between the Non-seg and Seg specimens at an identical
current density and increased with increasing current density. Both the
uncharged Non-seg and Seg specimens did not contain diffusible
hydrogen (Hp = 0.0 wt. ppm). It should be noted that all the following
results were summarized by current density, not by Hp. This is because
the fracture toughness properties obtained under concurrent hydrogen
charging conditions were different between 0.005 and 0.1 A m~2 (Fig. 3)
though Hp after the pre-chargings were similar values between these
current densities (~0.2 wt. ppm) (Fig. 2).

Fig. 3(a, b) show the load — CMOD curves with different current
densities in the Non-seg and Seg specimens, respectively. The slope of
unload/reload sequences decreased with increasing CMOD, which
means Aa increased. Fig. 3(c) presents the obtained J — Aa resistance
curves, and Fig. 3(d) is the enlarged view of the hydrogen-charged
specimens in (c). We can find that the J-integral values at an identical
Aa decreased with increasing current density both in the Non-seg and
Seg specimens. However, even at the highest current density (light blue,
2.0 Am~?, Hp ~ 1.5 wt. ppm), positive slopes of the J — Aa resistance
curves are confirmed after the start of crack propagation both in the
Non-seg and Seg specimens. As we reported previously [30,39], the
results indicate that the hydrogen-related fracture is not a completely
unstable brittle fracture, but involves a kind of stable crack propagation
stage. This is because positive dJ/dAa requires the supply of strain en-
ergy by the external load for further crack propagation [40]. The Jic and
Tg evaluated using the J — Aa resistance curves (Fig. 3(c, d)) are sum-
marized in Fig. 3(e, f), respectively. In the uncharged specimens, the Jic
was higher in the Seg specimen (red), whereas the T was higher in the
Non-seg specimen (black). Both the Jic and Tg of the hydrogen-charged
specimens were significantly reduced from the uncharged specimens
even at the lowest current density (0.005 A m_z). This indicates that a
small amount of hydrogen can promote crack propagation. Further in-
crease of the current density led to the gradual decreases of the Jic and
Tr. In addition, below 0.1 A m™2 (Hp ~ 0.2 wt. ppm), the Jic and Ty were
much higher in the Seg specimen than those in the Non-seg specimen,
demonstrating that carbon segregation at PAGB suppressed the promo-
tion of crack propagation by hydrogen. However, above 0.5 A m~2 (Hp
~ 0.5 wt. ppm), the Ji¢c and Tg were almost the same between the
Non-seg and Seg specimens.

Fig. 4 shows the SEM images of the fracture surfaces after the unload
compliance tests; the uncharged Non-seg specimen (Fig. 4(a-1-3)), the
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Fig. 3. Load - crack mouth opening displacement (CMOD) curves of the (a) Non-seg specimens and (b) Seg specimens at various current densities. Crack growth
resistance curves (J — Aa resistance curves) of (c) all the specimens and (d) only the hydrogen-charged specimens. Changes in (e) fracture initiation toughness (Jic)
and (f) tearing modulus (TR) with current density in the Non-seg specimens (black, circle) and the Seg specimens (red, square).
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quasi-cleavage
cleavage fracture surface
fracture surface

Fig. 4. SEM images showing the fracture surfaces after the unloading compliance tests; (a) the uncharged Non-seg specimen, (b) the uncharged Seg specimen, (c) the
hydrogen-charged Non-seg specimen (0.005 A m~2), and (d) the hydrogen-charged Seg specimen (0.005 A m~2). (a—d-1) Low-magnification images in which the
regions of ductile fracture surfaces with dimple patterns, cleavage fracture surfaces, intergranular fracture surfaces, and quasi-cleavage fracture surfaces are indicated
by red, yellow, blue, and green, respectively. (a-2, 3), (b-2, 3), (c-2, 3), and (d-2, 3) are the high-magnification images of typical fracture surfaces in (a-1), (b-1), (c-1),

and (d-1), respectively.

uncharged Seg specimen (Fig. 4(b-1-3)), the hydrogen-charged Non-seg
specimen (0.005 A m~2, Fig. 4(c-1-3)), and the hydrogen-charged Seg
specimen (0.005 A m~2, Fig. 4(d-1-3)). Fig. 4(a~d-1) are the low-
magnification images in which the regions of ductile fracture surfaces
with dimple patterns, cleavage fracture surfaces, intergranular fracture
surfaces, and quasi-cleavage fracture surfaces are indicated by red,
yellow, blue, and green, respectively. Fig. 4(a~d-2, 3) are the high-
magnification images of typical fracture surfaces. In this study, the

fracture surface around the mid-thickness section of each specimen,
with Aa below ~2 mm, was observed because the maximum Aa used for
calculating the toughness properties, that is, the intersection of the J —
Aa resistance curve and the 1.5 mm offset line, was always smaller than
2 mm. Because cleavage and quasi-cleavage surfaces are characterized
by river patterns and serrated markings, respectively, we can distinguish
them from a morphological perspective [13,14,41]. In the uncharged
specimens, ductile fracture surfaces with dimple patterns (Fig. 4(a-2)
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and (b-2)) and cleavage fracture surfaces (Fig. 4(a-3) and (b-3)) were
observed. The fraction of ductile fracture surface was higher in the
Non-seg specimen (84.7 %) than in the Seg specimen (71.5 %), which is
consistent with the higher Tg in the uncharged Non-seg specimen.
However, we could not find any cleavage fracture surface adjacent to the
tip of fatigue pre-crack in the Seg specimen (Fig. 4(b-1)), while it was
observed in the Non-seg specimen (Fig. 4(a-1)). This would lead to the
higher Ji¢ in the Seg specimen because Ji¢ can be correlated to the
resistance against the start of crack propagation. In the
hydrogen-charged specimens, intergranular fracture surfaces (Fig. 4
(c-2) and (d-2)) and quasi-cleavage fracture surfaces (Fig. 4(c-3) and
(d-3)) were observed, and ductile fracture surface with dimple pattern
and cleavage fracture surface were not observed. Therefore, we
conclude that the change in fracture mode led to the significant de-
creases in the Jic and Ty by the presence of hydrogen. We confirmed that
the fracture surfaces were also covered by intergranular surfaces and
quasi-cleavage surfaces in the hydrogen-charged specimens at current
densities other than 0.005 A m 2 (Fig. S1). The fracture surfaces within
approximately 2 mm square areas were observed in three specimens for
each test condition, and the fractions of intergranular fracture surfaces
are summarized as a function of current density in Fig. 5. Intergranular
fracture was the dominant fracture mode and the fraction of inter-
granular fracture surface was almost the same between the Non-seg and
Seg specimens at each current density. For example, the fractions of
intergranular fracture surfaces were 94.8 % and 94.3 % in the Non-seg
and Seg specimens, respectively, at a current density of 0.005 A m 2.
This indicates that the improvement of the Jic and Ty in the Seg spec-
imen, particularly below 0.1 A m~2, was not due to the change in frac-
ture mode.

To investigate the microscopic crack propagation behavior, the
unloading compliance tests at a current density of 0.005 A m~2 were
stopped at Aa ~ 0.8 mm, and the mid-thickness sections of the tested
Non-seg and Seg specimens were observed. Fig. 6 shows (a) an SEM
image, (b) the corresponding EBSD orientation map at a region around
the main crack in the Non-seg specimen, and (c-e) SEM-BSE images
whose observed areas are the white rectangles indicated in (a). The
cracks mainly propagated along the PAGB indicated by the white broken
lines in Fig. 6(b). This is consistent with the high fraction (94.8 %) of the
intergranular fracture surface. As indicated by the yellow arrows in
Fig. 6(a), large uncracked ligaments with ~100 pm length were
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Fig. 5. Relationship between the fraction of intergranular fracture surface and
current density in the Non-seg specimens (black, circle) and the Seg specimens
(red, square).
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observed. In addition, small uncracked ligaments with 0.5-3 pm length
were formed near the crack-tip regions (red arrows, Fig. 6(c)). The re-
sults demonstrate that the hydrogen-related crack discontinuously
propagated both in macroscopic and microscopic scales. As shown in
Fig. 6(d), dislocation cell structures were formed in front of the arrested
intergranular crack tip which started to deviate from the PAGB. It was
also found that the arrested intergranular crack started to propagate in a
transgranular manner, coalescing nano-voids (green arrows, Fig. 6(e)).
The macroscopically / microscopically discontinuous crack propagation
along PAGB was also observed in the Seg specimen as shown in Fig. 7
(a—c): (a) SEM image, (b) EBSD orientation map corresponding to (a) at a
region around the main crack in the Seg specimen, and (c) SEM-BSE
image whose observed area is the white rectangle indicated in (a).
Fig. 7(d) shows SEM-BSE images around the tip of the arrested crack
whose observed area is the white rectangle indicated in (a). Fig. 7(e) is
the enlarged view corresponding to the yellow rectangle in (d). It is clear
that the arrested intergranular crack started to deviate from the PAGB,
forming dislocation cell structures and nano-voids (indicated by green
arrows) within a lath in front of the crack tip. As explained above, the
hydrogen-related crack propagation behaviors, such as the macro-
scopical / microscopical discontinuity and the formation of dislocation
cell structures / nano-voids within a lath, were mostly the same between
the Non-seg and Seg specimens. The total lengths of observed cracks
(Lerack) in Figs. 6(a) and 7(a), including the crack meandering and the
secondary cracks, against the Aa were evaluated. Here, the Aa, crack
extension length, is the crack length projected in the section perpen-
dicular to the load line direction (TD section). We found that the Leack/
Aa value was 1.92 in the Non-seg specimen, which was larger than that
in the Seg specimen (L¢rack/Aa = 1.34). This means that the degree of
crack meandering was larger and the secondary crack length was longer
in the Non-seg specimen.

4. Discussion

As shown in Fig. 3(e, f), the Jic and Tr were reduced to one-tenth by
the presence of hydrogen even at the lowest current density (0.005 A
m~?) both in the Non-seg and Seg specimens. These reductions origi-
nated from the change in fracture mode, i.e., from a ductile manner in
the uncharged specimens (Fig. 4(a, b)) to an intergranular manner in the
hydrogen-charged specimens (Fig. 4(c, d)). This would be due to the
reduction of the PAGB cohesive energy (ypags) by hydrogen [2,24-27].

Even though the hydrogen-related crack propagated mainly in an
intergranular manner, the macroscopical / microscopical discontinuity
(Fig. 6(a—c) and 7(a—c)) and the formation of dislocation cell structure /
nano-voids within a lath (Figs. 6(d, e) and 7(d, e)) were observed both in
the Non-seg and Seg specimens. Fig. 8 shows (a) an SEM image of the
intergranular fracture surface in the Non-seg specimen hydrogen-
charged at 0.005 A m~2, (b) an enlarged view of the red rectangle in
(a), (c) an STEM image of the microstructure beneath the white solid line
in (b), and (d, e) enlarged views of the red rectangles in (c). The
hydrogen-related intergranular fracture surface was accompanied by
stripe patterns (Fig. 8(a)). As shown in Fig. 8(c), these stripe patterns
were formed along the lath boundaries, block boundaries (yellow dotted
lines), and packet boundaries (yellow solid lines), which were charac-
terized by orientation analysis using Kikuchi diffraction patterns. In
addition, some patterns corresponded with the protuberances that could
be formed by plastic deformation (Fig. 8(d, e)). The result suggests that
the stripe patterns are the traces of local ductile fracture of small un-
cracked ligaments (Figs. 6(c) and 7(c)), which are evidence of plastic
deformation. This is consistent with the previous reports [15,42] that
the hydrogen-related intergranular cracks were arrested at the PAGB
segments with small misorientation, forming small uncracked liga-
ments. It is presumed that the misorientation of PAGB changed across
the substructure boundaries and the local ductile fracture at small un-
cracked ligaments corresponded to the protuberances formed on the
intergranular fracture surface. The formation of dislocation cell
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Fig. 6. (a) SEM image and (b) corresponding EBSD orientation map at a region around the main crack in the hydrogen-charged Non-seg specimen (0.005 A m~2)
after the unloading compliance test stopped at Aa ~ 0.8 mm. (c—e) SEM-BSE images whose observed areas are the white rectangles indicated in (a). The white broken
lines, black lines, yellow arrows, red arrows, and green arrows indicate the positions of prior austenite grain boundaries (PAGB), micro-cracks, large uncracked
ligaments, small uncracked ligaments, and nano-voids, respectively.
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Fig. 7. (a) SEM image and (b) corresponding EBSD orientation map at a region around the main crack in the hydrogen-charged Seg specimen (0.005 A m~2) after the
unloading compliance test stopped at Aa ~ 0.8 mm. (¢, d) SEM-BSE images whose observed areas are the white rectangles indicated in (a). (e) is the enlarged view of
the yellow rectangle in (d). The white broken lines, black lines, yellow arrow, red arrows, and green arrows indicate the positions of prior austenite grain boundaries
(PAGB), micro-cracks, a large uncracked ligament, small uncracked ligaments, and nano-voids within a lath, respectively.

structures and nano-voids within a lath (Figs. 6(d, e) and 7(d, e)) sug-
gests that the arrested intergranular crack started to propagate in a
quasi-cleavage manner. Lynch [1,43], Neeraj et al. [44], Okada et al.
[45-47], and Doshida et al. [48] reported that the coalescence of
nano-voids led to the hydrogen-related quasi-cleavage fracture. The
plastic deformation-mediated mechanisms of the hydrogen-related
quasi-cleavage fracture have been also reported in many previous
works [49-51]. Therefore, the contribution of these plastic deformations
would be one of the origin for stable crack propagation which

corresponds to the positive slopes of the J — Aa resistance curves in Fig. 3
(c, d).

In the hydrogen-charged specimens at current densities below 0.1 A
m~2 (Hp ~ 0.2 wt. ppm), the Jic and Ty were much higher in the Seg
specimen than those in the Non-seg specimen, demonstrating that car-
bon segregation at PAGB mitigated the crack propagation by hydrogen
(Fig. 3(e, ). Considering the nearly same fraction of intergranular
fracture surface between the Non-seg and Seg specimens at an identical
current density (Fig. 5), the improvement in the toughness properties
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Fig. 8. (a) SEM image of the intergranular fracture surface in the Non-seg specimen hydrogen charged at 0.005 A m 2, (b) an enlarged view of the red rectangle in
(a), (c) STEM image of the microstructure beneath the white solid line in (b), and (d, e) enlarged views of the red rectangles in (c). Yellow dotted lines and yellow

solid lines in (c—e) indicate the potions of block boundaries and packet boundaries, respectively.
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would originate from the intrinsically increased energy necessary for
intergranular fracture per unit area, rather than the change in fracture
mode. The first-principles calculations reported by Yamaguchi and
Kameda [24,28] indicated that carbon segregation at GB in iron has two
effects on the hydrogen-related intergranular cracking. Firstly, the
segregated carbon atoms reduce the occupancy of hydrogen atoms at the
GB by site competition. Secondly, the segregated carbon atoms increase
yge- They proposed that these effects of segregated carbon resulted in the
suppression of the reduction of ygg by hydrogen. It has been reported
that hydrogen accumulated around PAGB during tensile deformation,
and the accumulated hydrogen induced intergranular cracking [22,23].
According to the previous first-principles calculations [24,28], we
conclude that the hydrogen accumulation around the PAGB was sup-
pressed by site competition, and the ypagg was increased by carbon
segregation in the Seg specimen. As a result, resistance against the
hydrogen-related intergranular fracture (that is, Jic and Tgr) was
improved.

On the other hand, above 0.5 A m 2 (Hp ~ 0.5 wt. ppm), the Jic and
Tr did not change by carbon segregation (Fig. 3(e, f)). This result can
appear to be not consistent with the previous results of first-principles
calculations [28] that the ygp of iron was increased by carbon segrega-
tion even at the extremely high Hp, (~10° atm. ppm, 1.8 x 10° wt. ppm).
However, the hydrogen embrittlement properties experimentally eval-
uated in the present study are consistent with those evaluated by
first-principles calculations, when we consider the non-linear
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relationship between the ygg and microscopic fracture toughness around
an intergranular crack path (kic). An intergranular crack propagates
when the strain energy release rate reaches the microscopic fracture
work (wg), which is defined by kjc, E, and Poisson’s ratio (v) [52-54].
The energy criterion for intergranular crack propagation is expressed by
the following equation [55,56].

(1 =1*)kic® JE=ws =165 + 1, @
The wyis the sum of the ygp and the plastic work (y},) that is much larger
than the ygp. Yamaguchi et al. [57,58] performed the combined analysis
with the density functional theory (DFT) calculations of £3(111) GB in
iron and the fracture mechanics experiments using Ni-Cr steels, which
were mainly fractured in an intergranular manner, and found that the y,
is the function of the ygp. As a result, they proposed the non-linear
relationship between the ygp and macroscopic fracture toughness
(K1c). To quantitatively compare the present experimental study and the
above DFT results, it is necessary to understand the density of segregated
carbon within the PAGB layer (Xpagp) in the Non-seg and Seg specimens.
As shown in the schematic illustrations (Fig. 9(a)), the concentration
profiles of segregated carbon atoms at PAGB measured by 3DAP had a
spread of about 10 nm, which is due to the artifact of 3DAP measure-
ment. The detailed concentration profiles can be found in our previous
study [29]. Using Auger electron spectroscopy, Seah [59] measured the
concentration of segregated interstitial elements at GB in iron and
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Fig. 9. (a, b) Schematic illustrations of carbon concentration profiles around PAGB (a) including the artifact of 3DAP measurement and (b) assuming that all of the
segregated carbon atoms exist within the distance twice the lattice constant from PAGB. (c) Relative decreases of the ypags by hydrogen in the Non-seg and Seg
specimens. (d) The non-linear relationship between the ypsgp and the Kjc on which the relative values of the ypagp in the Non-seg and Seg specimens are plotted (the
blue line in (d) was cited from [57]). (e) Relationship between the K¢ obtained form (d) and the Hp,.
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Table 1
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Concentrations of segregated carbon atoms at PAGB estimated directly from the 3DAP profiles [29] and those converted to the densities within the PAGB layer.
Relative improvements of the ypagp in the Seg specimen against Non-seg specimen evaluated using the previous results of first-principles calculations [28].

Concentration of segregated carbon at PAGB

Relative improvement of the ypagp in the Seg specimen (Aypagp)

3DAP [29] Within PAGB layer (Xpacs) Immobile Mobile Intermediate value
Non-seg 2.90 at.% 13.53 at.% 2 2 2
Seg 4.58 at.% 18.73 at.% 0.104Jm 0.146 J m 0.125J m

reported that the segregation was within two atomic layers from GB.
Therefore, in the present study, we evaluated the Xpsgp based on the
assumption that all the segregated carbon atoms exist within the dis-
tance twice the lattice constant (2ajattice) from PAGB (0.574 nm, Fig. 9
(b)). The Xpagp were obtained by the following equation:

A
XPAGB —BG+ carbon

Qattice

(€))

where BG is the background of the carbon concentration profile,
approximately corresponding to the bulk average chemical composition
of the present ingot (0.18 wt.%, 0.84 at.%). The Acarbon is the integrated
intensity of the profile with the BG subtracted. The Xpagp was 13.53 at.%
and 18.73 at.% in the Non-seg and Seg specimens, respectively
(Table 1). According to the Hillert-Ohtani model [60,61], in which the
local equilibrium between the GB layer and grain interior is considered,
the Xpagp of ~15 at.% in the Fe-C [62] or Fe-Mn-C [63] system would be
plausible. According to Yamaguchi et al. [28], when the hydrogen
content in bulk lattice (Hiatice) is above 2 x 107 wt. ppm (1078 atm.
fract.) and the Xpagp is below 25 at.%, the ygg of £3(111) iron GB in-
creases by 0.20 J m~2 ~ 0.28 J m~2 for every 10 at.% increase in the
Xpage- The increase of the ygp (Aygp.10%) depends on the mobility of
hydrogen at the moment of intergranular decohesion (immobile case:
Aygp-10% = 0.20 J m~2, mobile case: Aygp-1o%w = 0.28 J m~2). Thus, the
relative improvements of the ypagp in the Seg specimen against the
Non-seg specimen (Aypagp) can be calculated by the following equation.

Avpacs = AVes 10w % [(18.73at.% — 13.53 at.%) /10 at. %] 4

The Aypagpis 0.104 J m ™ for the immobile case and 0.146 J m ™~ for the
mobile case (Table 1). In the present study, we used the Ayppgp as 0.125
J m™2, which is the intermediate value between the immobile and mo-
bile cases, because the detailed mobile effect of hydrogen on inter-
granular fracture has not been clarified. Yamaguchi et al. [28] also
found that, when the Hjyyice doubles, the ygg of £3(111) iron GB de-
creases by 0.06 J m~2 at the Hiagice above 2 x 1074 wt. ppm [24]. Ac-
cording to this relationship, the relative decreases of the ypags by
hydrogen in the Non-seg and Seg specimens were estimated as shown in
Fig. 9(c), assuming that the Hj,tice is proportional to the Hp. In Fig. 9(d),
the relative values of the ypagp are plotted on the non-linear relationship
between the ypagp and the Kj¢ (blue line) reported by Yamaguchi et al.
[57]. We note that the relative values of the yppgp are determined but the
absolute values of them and the corresponding Kic are provisional
because we cannot know the absolute value of the local Hiyice at the
intergranular crack path. Thus, the following discussion is not
completely quantitative but is semi-quantitative. In Fig. 9(e), the K¢
obtained from (d) are plotted as a function of the Hp. At the low
hydrogen content (below 0.2 wt. ppm), an increase in the ypagp signif-
icantly increases the Kjc, leading to the significant improvement of the
fracture toughness properties in the Seg specimen. On the other hand, at
the high hydrogen content (above 0.5 wt. ppm), the Kj¢ is rather
insensitive to the ypagp, resulting in the minor improvement in the Seg
specimens. The results semi-quantitatively demonstrate the consistency
between the experimentally evaluated toughness properties (Jic and TR)
and the results of first-principles calculations (ygs, [28]) even at the high
Hp. Here, we emphasize that the y,, which dominates the non-linear
relationship between the ypagp and the toughness properties, is closely
related with the plastic deformation associated with crack propagation,
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such as the local ductile fracture of small uncracked ligaments (Figs. 6
(a—c), 7(a—c), and 8) and the formation of dislocation cell structures /
nano-voids within a lath (Figs. 6(d, e) and 7(d, €)).

We consider another factor that influences the relationship between
the experimentally evaluated toughness properties (Jic and Tr) and the
results of first-principles calculations (ygg). As shown in Figs. 6(a) and 7
(a), the degree of crack meandering was larger and the secondary crack
length was longer in the Non-seg specimen than those in the Seg spec-
imen at a current density of 0.005 A m~2. To confirm this tendency at
every test condition, both sides (upper and lower) of the fractured CT
specimens were covered with resin, and the mid-thickness sections
within 3 mm from the tip of fatigue pre-crack were observed using op-
tical microscopy. Fig. 10 shows the optical microscopy images of one
side of mid-thickness sections in the (a) uncharged Non-seg specimen,
(b) hydrogen-charged Non-seg specimen (1.0 A m_z), (e) uncharged Seg
specimen, and (f) hydrogen-charged Seg specimen (1.0 A m~2). Fig. 10
(c) is the enlarged view of the yellow dotted rectangle in (b). The frac-
ture surfaces were macroscopically smooth and the secondary crack was
rarely observed in the uncharged specimens (Fig. 10(a, €)). On the other
hand, in the hydrogen-charged specimens (Fig. 10(b, c, f)), the fracture
surfaces were rougher and the number of secondary cracks (indicated by
the yellow arrows) was larger compared with those in the uncharged
specimens. The values of the total observed crack length divided by the
crack extension length (L¢rack/Aa) in the Non-seg and Seg specimens are
summarized as a function of Aa in Fig. 10(d, g), respectively. The Lcrack
was obtained using both the upper and lower fracture surface traces and
the secondary cracks, while the Aa, evaluated according to ASTM
E1820, is the projected crack length. In the uncharged specimens, the
Lcrack Was not much longer than Aa (Lerack/Aa ~ 1.2) both in the Non-seg
and Seg specimens. On the other hand, the L¢acx was much longer than
Aa in the hydrogen-charged specimens, particularly in the Non-seg
specimens. The L.ck/Aa value was approximately 3 in the Non-seg
specimens, which was larger than that in the Seg specimens (L¢ack/Aa
~ 2). This demonstrates that the total length of hydrogen-related crack
(Lerack) is longer in the Non-seg specimens at an identical Aa. Therefore,
we presume that the energy required for intergranular decohesion per
unit area might be higher in the Seg specimens even though the total
energy required for crack propagation per unit Aa was almost the same
between the Non-seg and Seg specimens at current densities above 0.5 A
m 2. However, when we precisely compare the hydrogen-related frac-
ture toughness properties, the modified evaluation methods need to be
established because almost all the fracture toughness test standards,
such as ASTM E1820, do not consider the crack meandering and the
existence of secondary cracks, i.e., they assume Lcack/Aa ~ 1. We
believe that the effects of the crack meandering and the existence of
secondary cracks on load — CMOD curve need to be clarified.

As explained above, we found that the effect of carbon segregation at
PAGB on the fracture toughness properties depends on hydrogen con-
centration, i.e., carbon segregation effectively improved the Jic and Tg
at the low Hp (below 0.2 wt. ppm) but is less effective at the high Hp
(above 0.5 wt. ppm). However, it was reported that the Hp, introduced
under atmospheric corrosion is less than 0.2 wt. ppm in most of the high-
strength steels [64-68]. Therefore, we can conclude that carbon segre-
gation at PAGB is very effective in overcoming hydrogen embrittlement
in the practical application of high-strength martensitic steels.
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Fig. 10. Optical microscopy images of one side of mid-thickness sections in the fractured specimens after the unloading compliance tests ((a) uncharged Non-seg
specimen, (b) hydrogen-charged Non-seg specimen (1.0 A m~2), (e) uncharged Seg specimen, and (f) hydrogen-charged Seg specimen (1.0 A m~2). (¢) is the
enlarged view of the yellow dotted rectangle in (b). The yellow arrows indicate the positions of secondary cracks. (d, g) The values of the total observed crack length
divided by the projected crack length (L ack/Aa) against Aa in the Non-seg and Seg specimens, respectively.

5. Conclusions

The present study quantitatively evaluated the effect of carbon
segregation at PAGB on the fracture toughness properties under the
presence of hydrogen and correlated them to the microscopic crack
propagation behavior. The major conclusions are as follows:

1. The positive slopes of the J — Aa resistance curves are confirmed after
the start of crack propagation both in the Non-seg and Seg specimens,
indicating that the hydrogen-related fracture is not a completely
unstable brittle fracture, but involves a kind of stable crack propa-
gation stage. The stable crack propagation is correlated with plastic
deformation, such as the local ductile fracture of small uncracked
ligaments and the formation of dislocation cell structures / nano-
voids within a lath which lead to the hydrogen-related quasi-cleav-
age fracture.

. At the low current densities below 0.1 Am~2 (Hp ~ 0.2 wt. ppm), the
fracture initiation toughness (Jic) and tearing modulus (Tgr), corre-
sponding to crack growth resistance, were improved by carbon
segregation. The improvement was attributed to the suppression of
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the accumulation of hydrogen around PAGB by site competition and
the increase of PAGB cohesive energy.

. At the high current densities above 0.5 A m~2 (Hp > 0.5 wt. ppm),
the Jic and Ty did not change by carbon segregation. This result can
appear to be not consistent with the previous results of first-
principles calculations that the GB cohesive energy of iron was
improved by carbon segregation even at the extremely high Hp (~1.8
x 10% wt. ppm). However, considering the non-linear relationship
between the toughness properties and the PAGB cohesive energy, the
experimentally evaluated toughness properties (Jic and Tg) and the
previously calculated GB cohesive energy were semi-quantitatively
consistent even at the high hydrogen content.
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