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Abstract: Micro-tensile behaviour and the corresponding microstructural evolution under hydrogen pre-charging
conditions were examined on single-crystalline and twinned bi-crystalline specimens with the same [111]
loading axis to elucidate the hydrogen-induced twin boundary separation in type 304 stainless steel. A
hydrogen pre-charge increased the flow stress during tensile testing but decreased the elongation-to-fail-
ure in both single-crystalline and twinned specimens. Although the hydrogen-charged single-crystalline
specimen exhibited a quasi-cleavage, the presence of a twin boundary induced a premature failure at the
twin boundary interface. Flat-facetted features due to the twin boundary separation had linear steps in
the three <110> directions, which corresponded to the intersections between the twin plane and the other
{111} close-packed planes of austenite. Matching halves of the fracture surface along the three directions
perpendicular to the linear steps, i.e. <112> on the (111) twin plane, revealed two sets of concavity—flat
surface and a peak-and-valley correspondence. In addition, electron backscatter diffraction analysis of the
substructures below the fracture surfaces revealed that martensite variants developed mainly with their
habit planes parallel to the most favourably shear-stressed plane in each crystal, and they grew towards
the concavities on the fracture surfaces. These findings suggest that the hydrogen-induced twin boundary
separation is triggered by cracks generated by the high hydrogen concentration at the twin boundary due
to deformation-induced martensitic transfor-
mation, and this is followed by coalescence of (a) ek mapis
cracks through hydrogen-enhanced alternating )
shear on the slip planes situated symmetrically / .
with respect to the twin boundary. '

Keywords: metastable austenitic steel; hydrogen embrittle-
ment; twin boundary; martensitic transforma-

(b)

Martensite(CP-1)

tion; micro-tensile teSting. Crack generation Coalescence of cracks
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Crystallographic Characterisation of Hydrogen-induced Twin Boundary Separation

in Type 304 Stainless Steel Using Micro-tensile Testing

Shohei Uek1, Kaoru KoGa, Yoji Mine and Kazuki TAKASHIMA

1. #E

KREL I E—FIFABERY 2T L OREMEERT S
72T, AKFENE AR 0O ARB I 25 PR S EH B 25 SR T
b B KEEERTIE, KERCERSZEMENZ & h 5,
3L Z 7V L A D & 5 &g A — 25 F A b
HEhTnWb, A —27FH4 P RAT VL AHDONIGEE
DOPWATFEAMHIIRD A2 &3, @i ic e HHITH 5,
LA LAENRG, =275 4 Mz 5 KRN Ez M
A =27 F 4 MHOREMEICE S KT T 5 Z &
INTVE Y A =27 F A4 P REEOETIE, AEEL
BRI PICEWTHEHHET7 72y P B K UCEANZHOREE %
i E ) WP o KO LA B R sk
3 IR EDIR T 248 < . 304G D & 5 76 Ni & O
WHEREA — 27 F 4 M, BRSREYLT A N
BEISEIN L THE LOARL 2RI, kFEFr—v
U 72 304 UG O B kB 2 F W2~ 4 7 a5 [RERER I
X0, BBHTIBRENEZYLTF VYA L F—AFF
A bR O SN EWISH > THAZRAMKEI 5 Z L
PREINTNEY, —F, FHT 72y b OTEHIE NG5
ROSEIZ LB DL XN TS, Caskey I3 M GhbE
ROTEIZIZRO & 5 P EABINS L HE LT 57,
H—DFHT7 7y MIH -ORBERIZH> T 5, F
W7 7xy b FICE3fon s v— 228840, 1/#H0 b
L— 23tk D WA TH 5, Caskey BRI EIZHED
W, PL =AY, BEFRex 72lda' LT VY
A eIy MEDEHIZHET S E LTS, L2l
W6, WEEIR L ZEHE~ LT V4 P OHEE-%

SRR 25 MR S X T AW, F 72, TJackson 5 Y
i, BSR4 FORSERELE L nkES
el & 20 AR 2 0B L T B, KRR 1 5 4 il
X, B & IR DO EIBITTER & W7z % { Ofu2E
THOMAEIZ X > TOEIT T2 Z EARB IR TS, 7T
FHE 613, 304U DA B T2 B VNGRS AKE T
Fy—VENEL T & ZEERAR A T2 L, R
AELIET (EBSD) A& W TEHINIO ¥ v F ¥ 7 & K

L7 BT 7 &y N & & 5 B 5 OB R L 7=
AR, KSR TF A P eF—ZFFA LD
HMABDETHZZEMNHMIL Y, 72, BRHL~ L
FUHA VERNEGISRZ BRIEE, FH7 7 £ b
R k0 EHETHATWEY, ZThbn T &, #%k
EA = 2T A FOKEFEN SR W TEE
ERTILT VA MBS PERN RS EE R L AR
BLT\W3,
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(K-S) HHiBRAE & > T, 1204 —ZFF+ 4 FRid 524
WODOVALTVH A4 N TV EPERLES, 22T,
WEDAEMIZTINETNA — 2T FA PETLT VHA
PEIRT, VLT VA FEER IR E) ) & B A
%23 254, KO ARNIL I AER$ 5 {111},
<TI2> ANDF B AWIZ K > T X h 5 G % i 4 4
HTBHVILT VYA N TV FONEIRENSE Z &R &
NTWa™, FThbb, ZRHTOVLF V44 LD
7V MERZIC O T E RO A — X7 F 4 O
i & ORARIZHR AT 5., 2 2T, KWfZETid, FH7 7
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Yy MREBOKRITZIREEBIZK > THRET IV LT v
YA MBEOBRICEAL T, KEFVF v —V il
304 RUMEZE X — 2 T F 4 bOMT A 6 7 B WA kR
FraHOTY A 7 agiEERic & i L 7z,

2. KBRAE

Atz cid, HIROA — 25 F 4 FRZX T ¥ L X JIS-
SUS304 % FA 72, A8 o 1L 27k 43 13, 0.05C, 18.54Cr,
8.09Ni, 0.58Si, 1.24Mn, 0.025P, 0.003S (mass%), %% i Fe
Tdh b, 1403 KIZHEGR, 2 OMRE T2 hikfFL, Kind 5
22k, FEREEREA A um ORLKRIM % 572,
ZOMARMETA) —MBLPEA YEY FX=Z b %
AT L, JE X930 um OSEIREAR & U 7z, EBSD f##T
D 72812, GO i 2% 1 (2 W TS A it U 72, EBSD B
o A B L 7 A WS (SEM) 7 &5 TNZ TSL OIM
V7 by 7 (v7.1.0.) RO ERE L 7. %
A K Ve —24 (FIB) MTEGE % O CORTE LA ~20
um X 20 pm X 50 um D~ 4 7 a5 [RERERF 23R L 72, Z
DFE, SIEHIAE (LD) 2 [1NIZE47I2 5 5 & 5 12 HLkS &,
(SC) ik f6 & U2 & 72 B WU (TW) FRBR T 4 Y
L7 TWIRBRFFICBI L T3, MBI A LD IC TR ®IC &
% K512 L7 Fig lIZTWREBh oK E/R"$, 22T,
WEHUBXUO“H I, ThEhExFv—VMBLVT
KEF v — VM E £, TW-Ud & O TW-H O kB F % i
(Figs.1 (a) I KU1 (b) D ARG THl - 72 5K) (2801 C,
WEBERICB > THEOVLT VA R ALR S, Th
WFBMTIZED LT V34 PAFRIARLTNZDT
Hb, THITHL T, TW-H TEMFERICIH->72v LT
VYA MREg I 572 (Figl (o). KEF v — Vi,
pH = 3.5 DI KIETE % VT, BREE 27 Am ™ ?, Wik
353 KIS TRl F v — DHEIC K 01T - 7=, IEECEE o Tl
IZHDNT, JE X 20 um DFRERF AN KE TR S N B
EIIZF v — VM ARE Lz, TOEME T TD 30475
O FIFIAK Y IE 13 ~100 mass ppm T H 5 'Y, FRERFT 478
DXFFEBAE VLV — I TS K DU L, KEF ¥ — V%3N
MILAPIZ 5 R ER & BRAE L 72, 5 IRRER I IR, K&
TAEMBEE0.1 um s~ (WO AMEE2X 1077 s~ HIHM
W) T o 72, BB ORISR 1SR L T\ B, BRY
O E L TOFAREBNIZGHT 2 720, Kt
(OM) % MW CHIBRRER T OFABR R EAT 88 & Algk L 72, B
W7 #% D EBSD fi#fff D 72 12, — i ORERF X FIBII T2 &
D MEWTE 2 # O WU 72, ERE20 kv, 2T » Y4 X
0.08 um DFEFHEAIZ K D AT 2 RE L 72, TW-H’
AREEA 2 W TR X I 72 SFHE B 12 D ¢, Alicona
Imaging GmbH#L vV 7 | &7 = 7 MeX 5.1 % H\» T3 T
(3D) JERE 24T 577, 3D A 7 L A HiRIE, W&+ 5
FEHIR D SEMI% & Z ISR L TH6°fEHFEIL 728 DD3DOD

~Aoas [ifaAERE FV 72 304 B2 T L GO 7K KA RSN ST o3 Bl DA & 27 O R EAT

99

SEMIRIZ K D RESEL 7=, &£ 72, NIEEIE3OKY, 2T v 7
# 4 20.008 um DZAMTiEBEEBSD (t-EBSD) € — FIZT,
SESH 1] OO KLk & RS A L 72, -EBSD O FkHE, FIB %
CEHEBE RN U TR 72,

3. RBRHERBLUEE

Fig2ld~ 4 7 u5liikBiic X 0 B o N2 (o)
— B OT A (6) W2 SR L 72, B (6) —HO
T A (e) WA /RT, 22T, or 5 & Vel op=0, 1+
&) B&Ue=ml (1+¢) OXEHNTHEM L, Z2hED
RiF, RO OHPIZK L CHEHTRETH % 7-%, ¥
ALELHD 0 — e, W & 5 R & 55, ghifgh ORAITR
T, BB IS W T OB U2 md b st
REDRIEN AR L T3, SCE LU TWDAKRF v —
UM, MigkER & & AL E A BIG S LIRS Bk L
720 ZAGEM OB L RIBIZ, SCI LU TW ikl H 12
B CEEKFRIC & 2 FEIG ORI & W H O O34 »
A b5, SCRREF ORRIRIB I, KFKIZTK D ~267 MPa

(b)TW_H

Fig. 1. SEM images of the (a) TW-U, (b) TW-H and (c) TW-H’
specimens in the initial state. Region marked by arrows
in (a) and (b) show a small fraction of martensite, and
TB indicates the twin boundary.
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2 6 ~448 MPalZ#8I U 7z, [123] fai s diliod SCakERH T &
RIS AR FRIZ & O BRIRIE ST 23~169 MPa A 6 ~231 MPa\ &
ML T3 Z ek, AFIXBEAERLICER LT
W5EDEEZEND, SC-URBF L, FRIRHICIZIZHER
() 2 WAL 268 %71 L 7245, SC-H ikl F i3 2 B oo il T L
FWER L7z, £, SC-HikBE T, 2SN L
fLENRFEL BN 720 KF v — VMR L Z KT 5 &,
R AR A1 OO I AL =13 TW-U SR ER F D 5 A3 SC-U ik Bk
F&he@En, 202 &id, NIRRT L2 0 f]
WIS IS B A RITT Z L 2R LT 5, 72, TW-Hik
BR R 13 SC-HARBR Il T i Tk 278 L, Ll
LD 2 BRFEICBET B HTICHEMI L T b, 2D Z &id
KRB ROAAEZ, KET ) F v — VE&MA P2V s
MEEZRXEZ 2L AEKL TS,

Fig.31Z [111] faf E D SC-U % & U SC-Hak ik i D & T
MR AR T, SC-UTIE, MIRERZIZ2HAD TN 2T
TR, ZholdiRAB XU2FHIZEOEAWIG
B3EHS 5 {11 12 IE L Tun 7z (Fig3 (a)). [123] fif
ElD SC-URERN 'O L3 A0, [111] ME#O SC-UR
B o)1 — O3 AFENIE S TR0 B3 BN L5 5
7z (Fig2)o Z4uid, [111] MEENZ BV T3 DD {111},
FIFEM 2 AW 2EH$ 2 Z L ICEIL TWh 5,
SC-URBH DEOTAB 023D L E, TRD 2T v Tk
W e B AR LR S BINAG D 72 (Fig3 (b)) Z DfEfR
i, Tsurui 5 12k > THEENTVWB XS, LTV
A FPEEISEKLTHWEEDEE L 5N 5, SC-HiklbR
FricBIL Tid, BRELRRICT RO A RET 5T &4 <,
AN R 2 B 72 (Fig.3 (c)) - Pontini and Hermida 2
& B XHREHEE > TR, 30482 7 UL I BT
RF v —VICKORRERBZ AL T =K T T2 Z LAUR
ENTWB, ZThoDZ &, KRIZEk->TwLT VA
b ZERE I A e Fy PR SRED 1 3 iR L, TR L O 9] B

1600

1400 |

1200 |
1000 |
800 |

600 |

True stress, o, /| MPa

400 |

200 |

True strain, &

Fig. 2. True stress—strain curves for the (a) SC and (b) TW
specimens.

ETvILT V34 NVEENRI 5722 L 2REBLTNWS
(Fig.2) . FEERIC, [110] EBFICATE %2 & D SC-HAE
T3, #ﬁf@%ﬂﬁq?x%“(‘?)b'r VA MNEENE T 5T
29 1] fE O SC-HaRBRH O 45 2 BERE T, 8D
A WSRO & RIS, ANEHBE 2 2R A3 iR O 1788
EatiN TPVJ>OTL\<%?75 sz (Fig3 (d).
Fig.412SC-U ¥ & U SC-Hiklii [ DI IETZRE 75 & VNI
Wﬁ%%TﬁTwmium<m>ﬁA%f®@@%
RELT, £ =27 F 4 FRHHO & {111}, %1 T DI K
/1\vbl?%%&bfwéo;@iiSOUk$U
SC-HiEiFr TR X NB LT V¥ A bNY TV FDF
HIZHWeRB, 22T, {111, HE, Y23y PETFOK

(d) &,=0.19

Fig. 3. Optical micrographs showing the deformation processes
of the (a and b) SC-U and (c and d) SC-H specimens.
The flecks on the specimen surface are debris arising
from cutting the supporting members for the gauge
section using laser beam.



Z WIEIZCP-14 6 CP-4 & T RILfHF X Ty B, Figs.4

(a) BELV4 (b) 121 BHARIL, BEHR2DOSC-UL LD
SC-HiBEF 2B B~ LT V¥ A bS) 7V b &2EsyT
L72EBSD~ v 7T %, Figs.4 (c) X UV4 () &2hZ
N Figs.4 (a) BX V4 (b) DEBSD~ v FIZHIET 5V ILT
YHA D (011) M EX A 7R3, EBSD##TIZ & D, CP-1,
CP2 B L VCP3IC AT BN E AR T2V T VA
k3 7Y R ASC-U ¥ & U'SC-H D i ikl 12 5\ T
KENFZZEPRENTND, LT V¥4 FEEIZEWL
THREHE 7V — T THEL54, /N 7 v FERPECE
WEA LN,

Figs.5 (a) & K U5 (b) & ZzhZ2h [111] far 2 FH 4
% SC-U #5 & UFSC-H kBt D i 2 /89, SC-U ki b id,
FLWLSOhEMED BAWBEEZR L 72 (Figs @), —
i, SC-HikBk b OB, BANZRICKDRHEOT o
CP-1, CP2 B K UCP3D VI F V4 A4 X)) TV DL
ANEWHIRIET B 2T v TEAFL T3 (Figs (b)) . [123]
fi el O SC-HRBRH ' & FBkIZ, [111] fEic v T
LR I N2 T VA4 FOENZRIIZHE >
T, REFEBEANZHPRZ 572, 72, KEHET 7+ —
FTAROIGERI LT, LT V44 PETEREZ B R
I T B Z L 3FEHITRERHTH B, KFEEEH

~Aoas [ifaAERE FV 72 304 B2 T L GO 7K KA RSN ST o3 Bl DA & 27 O R EAT

TEF—ATFA MBVILT VA MIERETSE X, £
DOHTRERZENER S N, FH AT A — 27 F 4
PSS B, 2L, LT VYA P TCIEA— 2T
A MZHARTKROIENED & <, — T TRRD[EEE 53
Bz e IcRELTWS, ThoDZ LEEETS L,
A — 274 MCB I ARFARENT) ORI E
BiR4%Z & T, SC-HiB D52 BERE O I Tii{t= % B
M4 (Fig2), RAEMIZCP-1, CP-23 K TNCP-3 1 IZH -
TEANERIC X2 R A L 26T 2N EIEND
(Fig.5s (b))

Fig.6 (3 TW-UikBi i O & e 5 & O RE % /R,

Table 1. Highest Schmid factors of {111},<112>, shear systems
in each shear plane of the SC-U and SC-H specimens.

Shear

Specimen Symbol Shear plane direction Schmid factor
CP-1 (111)a [121]a 0.33
CP-2 (111)a [112]a 0.32
SC-U _
CP-3 (111)a [211]a 0.31
CP-4 (111)a [112]a 0
CP-1 (111)a [121]a 0.34
CP-2 N [211]a 0.31
SC-H —
CP-3 A11)a [112]a 0.29
CP-4 (111)a [112]a 0

SC_U (c)

Fig. 4. SEM micrographs comparing the fracture morphology of the (a) SC-U and (b) SC-H specimens. The insets in (a and b) show
the EBSD colour-coded maps—which distinguish martensite variants— taken in the areas marked by the boxes. The flecks on
the specimen surface are debris arising from cutting the supporting members for the gauge section using laser beam. (¢ and
d) (011)m pole figures of martensite corresponding to the colour-coded maps in (a and b), respectively (orange, blue, and green
marks represent CP-1, CP-2, and CP-3, respectively). The areas in grey and black correspond to points indexed as austenite and
non-indexed patterns, respectively. (Online version in color.)
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TW-U gkl F O I T b O 1A BRS¢, W A 12
WG 72 ¢ RO X FE L T h 5 7248 (Figé (a)), #I
RTINS & A TR A 5 72 (Fig6 (b)). i

LD

Fig. 5. SEM micrographs comparing the fracture surfaces of
the (a) SC-U and (b) SC-H specimens. (Online version
in color.)

(a) After failure

(b)terfailure

K12, TW-URRBRF 123 L U & F > TH M5
PRI CTHEEIZ T 5 72 (Fig6 (¢)) o T D728, KENK WY
A, PSRRI F IS T L O YIRS - H 55 5.

Fig. 712 TW-H I X O TW-H' ikl OB E % 7R 4, 7K

Fig. 6. (a and b) optical micrographs showing the deformation
process and (c) SEM micrograph of fracture morphology
after failure in the TW-U specimen. The flecks on the
specimen surface are debris arising from cutting the
supporting members for the gauge section using laser
beam.

" 5um

Fig. 7. SEM micrographs showing the fracture morphology of the (a and ¢) TW-H and (b and d) TW-H’ specimens, (e) (111)a pole
figure of parent austenite corresponding to (c), obtained at the top surface using EBSD. The flecks on the specimen surface are
debris arising from cutting the supporting members for the gauge section using laser beam. (Online version in color.)



FF v =V L2mTWRERH 123\ T, RUIRER TR
WA Z 0 (Figs.7 (a) X U7 (b)), BEHIE3 5RO EHR
IR2ZT o TEMESFIHT 7 £ o MEEAETRL T 7= (Figs.7
(c) B X V7 (d). Fig.7 (e) (& TW-HakB&F o faf E il 2> &
Bl =27 F A4 O (111) Wi X 2R84, B Bigs &
NMHIR 2 T v 7O 3DOJ5 AN, Mk & W7 o 5
2B Ao {111}, RO & O E L T
(Figs.7 (c) K TV'7 (e))o TW-HakBRF T, 5IoRaABRATIC
ST VYA FPEEL TR O AR Z 5 T
K51/ ZI6NS (FigT (c) DRERIIT/RTRE) . 2D
720, KETVF ¥ —VRMHFETFTTH->TE, BIfFOYLT
VA MIEWEE ST H B, TW-H kB F T, 5l
TERER RIS A PSR IS LT v A MIZFEEL 5
7278 (Fig.1 (c)), IAREERICERRD < Oha Bih 7z (Fig.7

VA an ARG 2 304 BT L ZGHO 7K AL S 5L Ry B Y il 1 FRAT

(d)o L7zt 5T, 5IEMEA B & 45 Bl ORI AT
B2k BT VYA FDEEDEIEIZ & > T, WEE
REIZRASE 2@ 32k Uy, TW-HERERF 13 SC-HikBRF- &
DHEEONOTATHIEIZIE 572, TDZ LIE, KFRFELMN
e R BE N X PRI L ORI 5722 L A S
kL TWd, 72, TWakBiE 12 3 TR BT 23 fof S il
IPATISE L TV B A, KRR GEE A 3 2
59, BAEERIC I 2 B 3D RITHY - 7N E B
PHENKZ 2 Z LR M I ENT NS, TD70, Kk#E
AR A 7 e & i~ & I3 9 5 KBRS C
D, 26 OFREE AT EEN R S AEEBE RO SRR
K73 %,

Fig.8 {2 3D-SEM M IZ KD 72 TW-H' ikl 12 B 1) %
Wi 7' 7 7 4 L OISR % 789, Figs.8 (a) I KT8

2
“ Rl RY R}
4 CP-3 IR 8 spir 1R 18 po IR
1 1 = ul 1
5 os T § os 1 O £ os
E. 0 —6 E 0 E 0 ft =10
E’ 0.5 ] //6\\//‘ E’ 0.5 E’ 0 = N
g - /\_//" /\} % - /’—- z u
1= Z\j K -
iE CP- I'L | ; 1k CP-3 I_L | T CP-2 |t |
2 -2 -2
0 1 2 3 4 0 05 1 15 2 25 3 35 0 05 1 15 2 25 3
A Distance, L / um A B Distance, L / um B’ C Distance, L / um C’

Fig. 8. SEM micrograph indicative of the fracture surface of the boxed region in Fig. 7 (d), and (b) the counterpart of (a), (c and d)
(111)a pole figures of parent austenite in each crystal, which corresponding to (a and b), respectively (solid-, broken- and
dotted-lines correspond to the CP-1, CP-2, and CP-3 planes, respectively). The matching of the line profiles for (e) A-A', (f)
B-B’ and (g) C—C’ in each fracture surface of (a and b), where circled positions in (e, f and g) correspond to the triple point of

lines in (a and b). (Online version in color.)
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(b) &2 Z N Figs.7 (d) TH - 2RO FIHT 7 2 b
R e 2 & xd & 2 i O SEM A% 4 /R $ . Figs.8 (¢) ¥
U8 (d) &, zhenfifll (L) B LOHH (R) OS5I
BOTHERIZH > TBR L2 — 2774 O (111) Mk
RIXIT®H 5. Figs.8 (e), 8 (f) BKU8 (g IZKIFBTA V
Ta 7 7 A, W (Figs.8 (a) 3 L U'8 (b)) (220
T e 728 DT, ZhZhA-A", BB, BXUCC
IZRIBE LTS, ZTNE DOFENIEFIRA T v T ICEE T
b0, Tabb (111) M Lo<112> & —83 5., &4
lC B S A-A ICEE S EHIKZ T v 7IE, LTI
SHTA & CP-1TA & D AHRIZ, RATIION ST & CP-3TH & D
R FIB S 5. F 72, LEIOBE IS MEB AR X T
B0, ZAIRBOEEOT-HE L IS LT3 (Figs (e)
FORETRT). A-A” 707 7 4 LOXIE & AR, B-
B 707 7 A NMZHWTE, ME & FHED RIS AL
% (Fig.8 (f) MOREITRT), T T, B-B ICTEEL A
KA T 7F, REAITITA ST & CP-1TH & DARARIZ, LA
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Fig. 9. (a) Matching of the SEM micrographs in the longitudinal cross-section parallel to the line of B-B’ in Fig. 7. The insets in (a)
show the EBSD colour-coded maps—which distinguish austenite and martensite variants—taken in the areas marked by the
boxes in the L- and R-crystals. (b and ¢) (011)y pole figures of martensite corresponding to the colour-coded maps of the R-
and L- crystals in (a), respectively (orange, blue, and green marks represent CP-1, CP-2, and CP-3, respectively). (111)4 poles of
parent austenite crystal are also shown as triangles, and they are labelled CP-1 to CP-3, respectively. (Online version in color.)
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Fig. 10. Schematic illustration showing (a) the generation of cracks at the twin boundary due to the deformation-induced martensitic
transformation, and (b) the coalescence of cracks through alternating shear on the CP-2 slip planes situated symmetrically

with respect to the twin plane. (Online version in color.)
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