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Abstract: A typical hydrogen-related transgranular fracture, namely quasi-cleavage fracture, is usually accompanied
by serrated markings on the resultant fracture surfaces in steels with body-centered cubic phases. The pres-
ent paper investigated the microscopic three-dimensional morphology and crystallographic feature of ser-
rated markings in a 2Mn-0.1C steel mainly composed of ferrite microstructure. The serrated markings cor-
responded to the corners of the step-like morphologies which consisted of microscopic {011} facets whose
longitudinal directions were almost parallel to <011> or <211> direction. In addition, the microscopic {011}
quasi-cleavage facets had the largest inclination angle from tensile axis among six crystallographically
equivalent {011} planes, suggesting that resolved normal stress imposed on the {011} plane is an impor-
tant factor for the hydrogen-related quasi-cleavage fracture. We propose that not only the slip deformation
enhanced by hydrogen but also the coalescence of vacancies/voids induced by hydrogen-enhanced plastic
deformation should be consid-
ered for understanding the mech-
anism of the hydrogen-related
quasi-cleavage fracture along the
{011} planes.

Keywords: hydrogen embrittlement; ferritic
steel; quasi-cleavage fracture;
transmission electron microscopy
(TEM); focused ion beam (FIB);
three-dimensional morphology.
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Origin of Serrated Markings on the Hydrogen Related Quasi-cleavage Fracture

in Low-carbon Steel with Ferrite Microstructure

Kazuho OxapA, Akinobu SHIBATA, Hisashi MaTtsumiya and Nobuhiro Tsun
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Fig. 1. Optical microscopy image of the heat-treated specimen.
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DJFIANZ[0.842 0.319 -0.434] TH 1, [21-1] )71 & IIFFA4T
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FUPLRE 7545 il % O B 1 SEM A% T & % . STEM aloft D #iL%5%
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K (S) % Table 112 F &@ 7z, T2 T, <111>{011} §X
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Oy PR ZEWEIZ6 DD {011} 1 AFRT I D, AR5

\‘ ) e
/ P N
W\
. 'v"qa 5 ?
- b )

Fig. 2. SEM images of the hydrogen-related quasi-cleavage fracture surface; (a—c) before Pt deposition observed with tilting angles of
0°, +5°, and —5°, (d) after Pt deposition, and (e) the reconstructed three-dimensional image of the fracture surface.
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T, 7274 MlOEBHEMEEBEL, () KE1H
PREERI IS 5 5 1 A sy O 7 Sy By & 890 X
WEOA->EMNERESER ST S Z &, (i) =208 ERH
TEERT DO OF ARIZE T, KREH S AN E % B
BT &, Gil) 7/ KA P01} b L — 2 &FFTFIS
Bk - AT 5 2 8T, AREMaMESEA = B & 2R
ERETEZEEHSEMI L, AL, ThoDHELS,
SRAMNDY 3 751 EFT DI K > TELEOZELE
AZN, TNEDREMANEH - T2 Z &1k {011}
TR W 72K RN Z FBEESEC 2 &0 S &
FIU A& EIB L 72, Matsumoto 5 'V 1d, BRI E 4 fTW,

11

" (d) plane normal
[ )

001 011
11

(e) directions of
serrated markings

ew%

001 011

500 nm

serrated markings

~

~

cross section parallel to the STEM foil i Tovg

Fig. 3. (a) SEM image of the hydrogen-related quasi-cleavage fracture surface formed in Grain I. Points A and B shown in Figs. 2(d)
and 3(a) indicate the identical positions. (b) STEM image of the microstructure beneath the white solid line in (a). The white
chain lines indicate the positions of the serrated markings. (c) Schematic illustration of the three-dimensional morphology of
the quasi-cleavage fracture surface. Stereographic triangles showing the crystallographic orientation of (d) normal directions of
the fracture facets and (e) directions of serrated markings. The number of each pole indicated in (d) and (e) corresponds to each
fracture facet component in (b) and serrated marking in (a), respectively.
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TEA S NZZILOEMS - AR EEAN X FBHEIC W H
WEABEEZR-ZL TS E NS, RANEBLEZEF LA
FTHTZ2EDTH B, LERoT, KRIZKDEIEX KR

(e) plane normal
of the facets

001 011

(f) direction of

MAETIZ K > CEA X 322 K4 FOAKRIZEH T,
TN HREEICHVPEETHSEHEL 6N 5,
7z, fEE & PR O RS BOIR S 1, Tﬁ%&wﬁmwn}
77ty POEMICHET B O LS, TR
DIERO L —HTBEDTH 5, 72771, Mﬂ%mi, [
011y 77Xy bOMfEL S XV b, ThbbS, B
PSS O JIRIN IR 25 ¥ 2 A v b OFEH AR A 5 = 2 4
EHOMITHI I TE 77,

Fig.6 1279 & 9 12, Serrated Markings D /7 AL, Grain II
DA cid<011>F A EFEFTTH D, Grain T Tlid<211>J51A
EFITTH o7z, GHAMMNOY a3 7520 #EENZ X 5
TRALAEA N5 NS, A, 30 mEsm e

serrated marking observation

\‘—-L“\:’

Pt-layer

tensile axis

serrated marking

10.842 0.319 -0.434]

001 011

Fig. 4. (a—c) SEM images of the hydrogen-related quasi-cleavage fracture surface formed in Grain II; (a, c) before Pt deposition
and (b) after Pt deposition. Points A, B, and white solid lines in (b) and (c) indicate the identical positions. (d) STEM image
of the microstructure beneath the white solid line in (b, c). Stereographic triangles showing the crystallographic orientation
of (e) normal directions of the fracture facets and (f) direction of serrated marking. The number of each pole indicated in (e)
corresponds to each fracture facet component in (d).

895



gk M Tetsu-to-Hagané Vol. 110 (2024) No. 11

5 AEN DN AR TR DOSE» S H T2 2 LN TE
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+——— serrated mark

ing

DEC K - TEA SN BRI FFIaE<211> 517 T
H B 728, <011>J5 Al & 47 7 Serrated Markings D 42 i %
BHONICT A2 LT TE AR5 HEOTR) RO
ok > THEASINLZAD Y 7 22 —(LEBH, <011>
J71Al & AT 75 Serrated Markings DIEHIZ 284 MIT L 72 8
DEEZOND, KEF v — YV EhizFellk i} 5%
T AR —=DFKIZDNTE, W D2r0HERH 5, fil 1
1Z, Tateyama and Ohno' 1, KEFE FIZH W TiE<111>
FREFTEBIR 7 24 =R, {01111 dH 5T {001}
& AT ATEIR Y 7 A4 =B 3 LF—MIHFTH 5
& L Ty %, Hayward and Fu 3, %Ly 5 A 2 —%
HIZ b7y T ENZZAKKICLDZERELT L F — DIk %
RIELL, IRIR2 7 2 4 = o8k B2 W03k 7 24 — &
HBLTII L - THZ EHmEL TS, L

1
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~ ~
~ 1
b A

. ’ - ~ p. y
'y - R A

)
L o " %
- ’ .
K N o

Fig. 5. (a, b, ¢, and f) SEM images of the hydrogen-related quasi-cleavage fracture surface formed in Grain III; (a, c, f) before Pt
deposition and (b) after Pt deposition. Points A, B, C, D, and white solid lines indicate the identical positions. (d, g STEM
images of the microstructure beneath the white solid lines in (c, f), respectively. White chain lines indicate the positions of the
serrated markings. (e, h) Schematic illustrations of the dislocation cell structure in (d, g).
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1M1 1M1

(a) normal direction
of facets

(b) directions of
serrated markings R
/
along
grain
boundary

A
001 011 001 011
11

@ Grain 1
(STEM sample was extracted vertical to serrated markings)

¥ Grain I
(c) tensile direction (STEM sample was extracted parallel to serrated markings)

M Grain I
(STEM sample was extracted vertical to serrated markings)

@ Grain I
(STEM sample was extracted parallel to serrated markings)

A Grain IV
(STEM sample was extracted vertical to serrated markings)

V¥ Grain V

(STEM sample was extracted vertical to serrated markings)

001 011

Fig. 6. Stereographic triangles showing the (a) normal directions of the microscopic quasi-cleavage facets, (b) directions of serrated
markings, and (c) tensile directions of the analyzed grains.

Table 1. Summary of the inclination angles of the {011} slip planes from tensile axes (6, ,,) and the largest Schmidt factors (S) for each

SP-TA

six crystallographically equivalent {011} slip plane in the analyzed grains. The six {011} slip planes are listed in the order of

larger 6, ,, for each grain. The {011} plane parallel to the microscopic quasi-cleavage facets in each grain is highlighted by
gray.
Grain I Grain Il Grain I Grain IV Grain V
No. serrated markings // [1-10] serrated markings // [2 1 -1] serrated markings // [1-10] serrated markings // [01-1] serrated markings // [1-10]
{011} largest S; {011} largest S, {011} largest S; {011} largest S, {011} largest S,
slip plane "™ [slip direction] slip plane **™ [slip direction] slip plane ° ™ [slip direction] slip plane ™ [slip direction] slip plane "™ [slip direction]
1 110 76.4° 0.202 [1-1-1] 101 64.2° 0.366 [-111] 110 77.4° 0.202 [1-1-1] 011 68.8° 0.335[1-11] 110 70.4°  0.265 [-111]
2 110 43.4°  0.462 [11-1 011 55.8°  0.435 [1-11] 011 42.2°  0.458 [11-1 101 50.5°  0.48 [-111 011 48.9° 0.444 [-1-11
3 101 35.5° 0.391[11-1] 110 35.8° 0.308 [-11-1] 101 36.0° 0.4 [11-1] 110 30.2° 0313 [-111] 101 39.0° 0.371 [-1-11]
4 0-11 23.0°  0.358[111] 0-11 18.4°  0.298 [111] 0-11 22.8°  0.354[111] -101 25.5°  0.387[111] 0-11 18.2°  0.297[111]
5 -101 16.5°  0.26 [111] -101 14.0°  0.229[111] -101 17.7°  0.277[111] 0-11 15.6° 0.242[111] -101 10.9°  0.179 [111]
6 -110 6.1°  0.098 [111] -110 4.2°  0.069 [111] -110 4.8°  0.077[111] -110 9.3°  0.145[111] -110 7.1°  0.118 [111]

Gray highlight: quasi-cleavage facet, 0y, ,: inclination angle of {011} slip plane from tensile axis, ~S;: Schmidt factor

NLAERL, WINROFER S <011> /718 & F-1T 75 Serrated 5EZi6N5,

Markings D A 1 = X L &2 FEICHATH 2 L idTE R

W\, Serrated Markings DJEH X 51 = X 4 % K D EFHIIZAEH & 5. #EE

MU BTN, & PESREGHIROIE N 0T 5%, ¥

5 A B —TH AL L 7 KEOWIBIES % HIE T 5 LA ABRTH, 27 254 bl 5 % B ISHEMIT
b5, & 512, KEDEIZ K > TEALOEHUHE ) W AP~ B O BB 7 3 YT TR &
TINXL D707 L2 5 2 4 —DEKI LT 3L B R A TN 5 AR RO T 5.
R R RIED BT <, AAUENCET S EWT N2 TH (1) Serrated Markings 1%, BB (011 7 7 4 v F 1= & 0 H

897



$k & 8 Tetsu-to-Hagané Vol. 110 (2024) No. 11

RENBREERRERE L B L TR D, ZhZho 7 7
Yy P ORFEFAE<011>DH 50 E<211> & 4TI
"ol

AR {01 BENZEBR 7 7 2w MiE, RS20 1 5
6 DD {011} IO H TH iR 2> & OERHHEE 23 ik
THho72ZLn6, {011} I < 53 R EEIS ) 28K
B X PRI O CEE LA E A4S Z LA
HE»ERE ST,

{011} TS - 72 ARBBEMEE A E BIED X = X 4
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