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As for the alloying additions of carbon (C) and nitrogen (N), the involvement of solute hydrogen (H) in face-centered-cubic (FCC) Fe-Cr-
Ni-based austenitic steels causes considerable magnitude of solid solution-hardening. Notably, the strengthening ability of these three interstitial
elements is almost comparable to each other, although H is significantly smaller than C and N in its atomic size. The present paper overviews the
phenomenology of such H-induced solid solution-hardening and its underlying rationales in commercial 300-series Fe-Cr-Ni austenitic steels after
uniform H-charging in pressurized gaseous H» environment at elevated temperatures. The effects of H concentration, deformation temperature,
strain rate, and chemical composition of the alloy, as well as the thermal activation process of deformation, are extensively reviewed based mainly
on the authors’ recent works. Potential roles of three key factors: 1) solute drag of H atmosphere around a dislocation; 2) H-diffusion-controlled
glide of dislocation core; and 3) the presence of H-substitutional complex, are discussed in light of the conventionally established theories of
dislocation dynamics and plasticity. The H-induced solid solution-hardening is maximized when the factors 1) and 2) (i.e., dynamic interactions
between diffusible H and mobile dislocation) exert primary contributions to the flow stress. This fact is attributed to the exclusively high mobility of
H atoms in austenite lattice even at around an ambient temperature, which is not the case for C and N that remain immobile during the deformation.
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AL QN X B KRFEOBRAPEE S NBRE, #kT, N
T, TA ARV — ) D) EOEIZ, Fe-Cr-Ni % 55
E55 300 RDF —ATFA FRAT VLV ASMEH ST
Wh, L (FCO) Mg 2 BHE §2 4 — X7+ 4 b
L, BPEZETZATHE D R0 (BCC) F 72 1% /< 7 (HCP)
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PEH b LR IHFF E N D6, MWOBMME L EET 5
BENTRERE~OMEEZRT[3-8]. oz ers, BT
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ZIUTHE U7 FCC B bt o T A= (Ni 242 ) 1 mhk
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ML 7285612 Li#d % (Fig. 1).
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R HKFEMEE, W, OTAEE, S8R TOEEBEOHL
R IERICI R, INHKINT A —F O FIE %
CHMATTREZ WM ET VOREZHIEL T, ~ 7 ulk )y
REBEFETYIal—Ya OS2t LT 7
[23,24,38-41]. RIS TIEEHOLPBHA LT CTELEHTOMA
% B & AT 2 S ORI L, M IIAESE L 7KK S
WALET VO 7 M e, BENNRHREIC O W THIR
ZIRRD,

2. JKFREFRIEDHERIRAVEE

21 KFICLBRRTFOT A& EBEBFRMEDKFREKRTME

TR R R 7 EMF RGN DRI 2 % 2 e, RE,
EF#R, KE IS 3HEToRAMERICEIL, FCCHE
S T O VAR E (O -4 M) %58 % (Fig. 2). Hiliz
AARERET VA VA L, 300 2R T ¥ L AMIZBIT 54—
ATFA MO OHFA PRI S52-53pm TH Y, TN
TREREHZDOIARHA PRI 70 pm & K EW[42]. B
WIZERE T LB ARITE & OFEAIRRERLHI AR O 5228
HbH7zH, ZOEYPNREZ T TIEMED? &) BERNIEZER S 23,
F—=ATFA PRORERERZOLHICIIET 1 HH2D
AV = 8.6x1073 nm3 FEEE DMK IS, X MO TR S h
T\ 5[43]. Ohkubo 5 1% Fe-17Cr-12Ni-0.8Mn (mass%) % F
W ETBF—ATFA MR A ORAT S EHRRTTHE
WL, B4R L BT EMENO RN & BERLRIC
HOMMERH 2 2 L et Lz013], 72, RO,
Marshall DZHNIZD IR SN TS [44]. BkD X9
12, RABIGCFE E &l s E M o ek So K- 0D
RN TIEIVB[11,124546] b DD, k¥ - ERIET L
DOEF O T APREERIC—ERBOFGE R LTnwET L
X, MEDTERVWHEETH S . FEBRIITHE S N7H
b o T — 5 2 RICK R T o e g L
Slater O 3CHK[42]1C X AuE, KFRET-O IR ELAIL 30 pm
WZHi7z v (Fig. 2). #F#H 513 7600 at ppm DKFE Z —KRIC
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Solid solution-hardening in Fe-Cr-Ni austenitic stainless steels by various concentrations of

carbon [11,12,51], nitrogen [11,12,51], and hydrogen [24,33,34,38,50] at ambient temperature.



%10 5

[ 75 & 4 72 3108 (Fe—24Cr—19Ni) $il /3 )b 7 3B L T
PEFRREIITIE &2 S0 L, AKREF 172012 X 26558
RAYAV=227x103mm? TH 5 Z L #HL NI L72[47]. 2
OWEMIZIRFE - BRICIDHETBEORN 14 THY, flio
WMFEFIC X 2 UEBI 48] RIHF ¥ I 2 L — ¥ 3 ¥ DR [49]
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Fig. 1 1%, WEA VKD Fe-Cr-Ni +— A7 F+ 4 MilIZh
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MER L2 TIESNZEDOTH Y, BWINTELRAK
FHE1E 10000 at ppm (1 at%) LFIZR SN TW5D. 2T L
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SOF—F TIE, KFES5at% 282, B E 2 B
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Fig. 2 Configuration of octahedral site (O-site) in FCC austenite lattice
according to the simple rigid sphere model and covalent radius of interstitial
solute atoms (C, N, H) [42]. (online color)
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Fig. 3 Effects of temperature and strain rate on the characteristics of solid solution-hardening in Type310S (Fe-24Cr-19Ni) austenitic
steel with (7300-7600 at ppm) and without hydrogen [38]. (a) true stress-strain curves; (b) yield strength as a function of temperature; and
(c) hydrogen-induced increase in yield strength at different temperatures and strain rates.
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D—Dex<~@> W ZZT, KRKRFEFADWELRFZDOERLANF -2 &
v\ "Rr WEMRGE D85 A — 5 FIEERSK 5 0 TRl % 21 L7
e 24D ) IKFZH X DOFGREE (fugacity) TH 1), KA TEFRSI NS [63].
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TR AL TE 2IREBICDH 5. KEOIERETIAY 300 K & Hik[34,50,641 0 LN A KEBBEBED T — 7 ZHH L
BT D hFE - EREMAMEICETHTTLDIE 200K U FD 725D THDH. KEBMBRIZCr-,2 L RWILBIBIRERL
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ALK LT, B OB 2R K RGBS H 2 7 e & e 72 ERIBNZ L EUEETH ), KFEORBERFEZ Cr DAto
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VF— Ex(1 HORER T ZEE S0 EL T AL
IR FEEETRAIZ K TR IR B (Fig. 1) 3757280, A F—)DEALZ T W5 [41,65]. Fig. 612, Cr/NiJfiFIZ &
M SRALTL BAEICLDMALERRMICHKISED L B Eo OBALE, Ep 2R T 2 HFHI AN F— (KEE
O, G2aohiE - TAETOTFTTEINE L okEE: T ORAHE) BiPE O3 A I 4 U F — : Elastic energy) & b5
BATE 5, 74 bHLAKKREEE (Solubility) DK EWHERE WA VF— (BFHEMMOLLLR LIS AL F—
FeiidT LENDHL. ZORIIBWT, F—ATF A FHIZ Chemical energy) €M ENDZAL % /R, Fig. 6(a) 25 b
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Fig. 4 (a) Diffusivity and (b) jump frequency of carbon [55-57], nitrogen [58-60], and hydrogen [8,61,62] in austenitic steels as a
function of temperature, reproduced from the literature data. (online color)
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Fig. 5 Thermal equilibrium hydrogen concentration in Fe-Cr-Ni-based alloys as a function of the product between Cr
content (mass%) and the fugacity of hydrogen gas [24,34,50,64].
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elastic and chemical energy, respectively [41,65]. (online color)
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3.1 KFEFRETIC L B Solute drag SHER

3.1.1 EEHmAICLZFAE

Cottrell & Jaswon 1%, BEAZICH]I EFE ST R 2 RE)§
LI HETF OFRMRADS, B OIPT (Solute drag) & 72 1)
152 L MR OMEN LMD T/ LZ[75]. 5o
X 2 O Hirth ©[37,76]%° Yoshinaga 5 [77,78112 & » T
mEALE N, FRKPOBE-EET 54 O, iz ES)
M va B X VAR T & JKPTJT (Drag force) Dl & % F
DT 2 BARWBIARAAE N 5 & & H 1T, ixiIL T Sills
5[79,80]12 & o TH— AT+ A b HOKFENDE A
BNTWA. B, A31EHTOHEREMIIOWTIL, Hi
HIIETOREWANSL S B EAEB OIS - O3 A
WHHMEL72d 0 THr 2 e 2EELTBL. ALK EKEL
OMEAEAREIZOWTIE, RO 3.2 JilTRY 5.

Sills 5 (3ERfLHE T HETHEE) L T L2 REB2AMEL, &
BIRTF RS & B Solute drag D25 % IS 2 MR ICALIE
fEEHE E LT, IFO/8T X =4 Q %\ 7=[80].

v.f
= 4DkT ®)
Z Z°C, ki Boltzmann B3, A IXBEEE T2 X 5 KR
AV &2 GO THOMEEH ST XA =7 ThH b, &
5 R ICHEM & RS2 B 1T S Drag force DA H#E & K/,
COOMHIZX S THRE S, Sills S DIFHHEHAHE R 1L, Drag
force 1342 0.01 <Q <100 Z/EHEEM L L, 0=1 L TORK
KIEEZHZ, QO - K FIZHE-> T35 [80]. —H,
0>100 $7213 0 <0.01 Ti&, EWAFEMAEZESEDICL
THEBE) T 5 (Breakaway limit), F 7213 R 545 O £
FHRALIZIBHE T 5 (Equilibrium limit) 728, Drag force 13584
Lz, (5%, WEHERAEEE pm & O AP & 2450
i} % Orowan DX (€ = p,bvg /My : b1 Burgers X7 M b, Mr
1 Taylor HF)ICAT B L, ROX(6) 2155,

(- to0iT, o

Fig. 71, & —A 7+ 4 MR TOMIKRIRAMITK LT, KE
DYLHOEPE (Fig. 4) & AVE X O(5), R(6) Z I, OF hak
FEZALIZHED 0=0.01, 0=1, Q=100 DEKEE, pm=10"/m?,

o

HA &R #

% ik (2025) %89 &
pm =10'2m2, pm =10"3/m2 ® 3 125 L ClBEOM K & L
TIN5 7TH A GHEDOFEMIZ OV TIZ X [38] 22
W), EBEOEBRTF—F LT 212H 725 T pn OFEHD
WlECTH 5 = LI3HEL TIEdH 575, FCCHFH(Cu [81]1% 304
i (82]) D¥ptr, W BIHRAL OB LT RIS T DHI IS BT
101/m2 F — & =25 103/m2 DL b~ & aucimy s 2 &
73, Orowan P & Bailey-Hirsch D3 (0 = aGb/p 6 1ZHH)
IS, a \EHRALPEAR & AMRHCARAE L7228 8L, GRS, p ik
SRR E) IR LSO F AN O ET) Y Ik o
TRENRTWS. L7225 T, Fig 7(a)-Fig. 7(c) lZF N Zh
MRS 2 MR BRI ~HDOFET 2RI L Tnwb LFE 2 THE
L2237\, Fig 7 22 HatAa BN 5 X 912, KREERILAS
K E % B OF AR 5X1075/s DM, 300 K A28 W
TO=1DHEFEFEIZH Y, BRI B EEDS 1013 /m?
ZRZBIZONT Q0=001 flINE[AH. ZO#ERIE, Drag
force 2SFERIFICIRKAEZ M %2, ZOBEROMITE & HITHK
HILHILEERLTEY, MaWiHATE»2b0D, &
PRIEH € — 27 OB (Fig. 3(c)) 12 LTREFEMRD Solute
drag F—ERmDHFG 2 R L TVWAEI LZRET A, AT
Solute drag \2F89 %% { O3\ TlZ, Drag force 1342 KT
DRI HBIT 5 [37]. T2 L, SRR TOKEREE
AL AR F RIS T S (Fig. DB 1 D TixRnwhre B
birs.

3.1.2 Solute drag NEES %/~ RERIER
(1) BREICHTIEERILBOETEH
CCTRHERIT L o TURK S N7KFEFZHR D Solute
drag \ZoWTC, EOFAERRTEBHFEZ WO/ LT
V. Fig. 813, Fig. 31IRL7zd DL [—d 3108 0B
BT, KFAI & R O TEBYIE T D 755 (R AL
H)ZEMTARIIHLTTay b LD THSH[38]. 373K
YL o CLEoK K REEmAL SRR S kbt L TEH 3 %
A, B2 e LT 298 K+ 9 AEE 5x1075s TUE, B
Rt LE DT A 0.05 FREISHT T, # 60 MPa %5 30 MPa
RN & FERILRE OB P RIEPBRDO LN, 2D LT,
LEEDOBILEMF B CTRIRED QEAS 1 205 0.01 ~ & ER
L, Drag force D& 4 ([ZIEET 5 &\ I fijak @& (Fig .7) 7

100 100 5 100
a =10""/m?2 =10"2/m2 C =10"3/m?
1071 ) P 10-1 ) P 107" ) P
102 o o+ 102} o« o+
i c.l.'.o o.'.
S o) e’ 10} o
°
© 104} 5X10%s 10} 5X10%/s
C
© 105 1075
»
1076 10-¢
107 107
10-8 L L 1078 L
100 200 300 400 500 100 200 200 300 400 500

Temperature (K)

Temperature (K)

Temperature (K)

Fig. 7 Strain rate characterizing dynamic hydrogen-dislocation interactions, which are defined by O = 100, 1, and 0.01 in eq. (5) and
(6), as a function of temperature [38]. Mobile dislocation density, pm, is parametrically set as (a) 10!, (b) 10'2, and (c) 10'3/m?2. The
hatched areas denote the temperature and strain rate ranges where drag force by solute atmosphere is feasible to emerge.
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LHTEHMINLS. T4bb, T2 TllE SNz 30 MPa
§5 D[ IRAL T O WA 4 AR FEFE P SUZ & % Drag force DHF
LGOS T 52 L%, ZOEBEREIWE->TVWD. 20
BT E LT, BARATOIREA Fig. 7 iy F ¥ 7 L7z
WOHF 721 3IHRE S ALE T A ERSMATIE, 2089 %
Rie PR A% 0 S 11 200 W 7 B 5 5 L O AT IR B S
(Fig. 8).

Fig. 8 CIXIREIL I D% & 57272012 Lilo & 9 2o
IMET ZFERE T & 7298, B OIS - 0§ AARIK _E T3 TR
(LDEENKE W72, TENG ) O HEIX BRSO3 A
EEHICHBFBEMT A IR ESNWw. L, ez
eI -OF AR ECTHEFTIE %R < &£ b, Drag force 2° b Off
B AE ) BER b s T OB, BB o —Reiy 2 Ak
LRSI T L LCBT % 2 & 25C& 5 [38]. Nishida 5 13%
D &9 I TAILE ) OFE# %, 3108 #1212 C 3098, 316L
% EEBOMBETHELTWA[24]. ThoDFHERS, K
FHEPAENC & B Solute drag 1%, % { ® Fe-Cr-Ni + — A7
A MCHE L CTHN L EEWIHRE L W5 THA ). ik
McDowell & 1 316L 8 % & G 12K FE DB A B AN 755
BAPEAT BREEFRTEIRAT 2 AT\, BEAR BRI 4 T @ Drag force D%
AR EET D LT, ERCTHONDIET-0F A% G
BLAHRTLIEICHIIL T [83].

BRI E P O 125 T
BT &, BCC &F % LiF & E o AR AER RIS
N5 X97%, Wwbwwb Johnston-Gilman (J-G) Bl i [84 1 1K L
L72RAR SR O—F L 2 TH X, — RIS E Bk
DISHRAFNEZ va = Arn (2 1IZEAWIET, A & m 32RO
NEFUTRILENDD, REAPKESBMHBHEOH
W ECC &8 TlE, — IS AN il % 8 2 TR, 5 o
TR EE) & HEATBIAA S A &, 3 2 a0 R EE AL
WA LEMS N EROFAEEZ RIS ER>TLE S
7o, -G REREIC X BN TTIE A U 2o v (5l SZ L O F
) [85]. —75 Horiuchi & Yoshinaga I& Al-Mg &54&IZ B\ T,

=100
L 4o [ Type 310S steel A 173K
e L (7600 at ppm H) & 223K
@ 80 ® : 298K
o Strain rate 373K
% 70 | Solid : 5 10-5/s

3 60 F Open : 5x107%s e
= Y b=
T =
840 F\y SacAA—A—A |
S 30 |

= n Stress-decrease
9 20 B

Q |

3 10 f a—m—N

£ H

II 0 L L L L 1 N N

0 002 004 006 008 0.1
True strain

Fig. 8 Magnitude of solid solution-hardening in Type310S (Fe-24Cr-19Ni)
steel containing 7600 at ppm H at various temperatures and strain rate [38].

Fe-Cr-Ni +— A7 F 4 M2 B ) 2 KEFEERILOBIR G & e pHE 293

Solute drag 258 <, 22N TREALAY N & Wi T, Drag force
WX BB BEORTIC X - THEZRBERE2EHN L Z &
B L, ZhisimbEik a4 (High temperature yield point
phenomenon) & #4113 T % [86,87]. Fig. 8 IZ/RL72FH D
DOFEFIL, Yoshinaga & A3 L 72 G AR T CHLEL T 5K
FICLoTHELZDDTHY, KIEFHRIC L IR R
DT (Br¥ A OAKTT) A%, 45T O FAR % 5 B) B SRl o [
RN AER LV Z LD TIERVIES I H. FERIZ,
BER R T 1 at% 2 K& B R AHKFEZ 3108 S I2d L
7z Abraham & Altstetter ® FEER[33] T, Zii - O 9 A
5.5%1075/s DL THRAR T OFEHATRD B, T Fig. 8 D
) BRISIMETHEERDS, BWIKEREICX > T—EHEAELL
TbDLHMITES., B, REMIIBITZEREO LI,
R R I D S AR AT - R F- SR PR S & 8 LG 2 & s 203
BLL 723G BE LS. Toga, IWIHKTIZOT A
BECBIR R K BT 2133 TH 525, Fig 8 IIBITHZEED
BRTIE, BOTABED 5x1073/5 2BV TIBIE T HS
WETAH., ZoZlid, BIRT TOKREIC X ZIEMESEH»H
HThWI L ERT.

BERBOLEE L EmT ABICH ) | HBETREIL, B
DFERE &M TRHALRFEN DK K DB TH L. FMNi R Ni &
7k E—H @ FCC MABTIE, KFEIT X 2 i LR R R din
EUH A ZOEAPBE SN TE Y [21,88-90], TN 505k
RIEDWRENEIINC -2 2 BB TE R\, L Led s,
FZHODRA — AT F A MK L TIT o 72 &8 BV E 1 B
12 & BRI AR ZE [39] 2 HP It F-R I IS & B dis o %85 1 oo il
E[47], EHIIIERBEARFZZ BB S ¢ TOMENE[91]T
&, AL b 20% BEE TOJR~HOTARBUIBNT, &
PERE - MRS E IS T 2B KREORE RO ATV
. L7278 o TARN Tlkim L T 4 Fe-Cr-Ni D6, B
RBEOFREIFE D2k, 4 OO BB 5 KE
DREORIZEDBDEEPLTINTHS .

(2) Strain rate sensitivity Dzt

Solute drag DFFE% RT D ) 1 DOERGIMIE, O3 A
J %2 PEFR £ (Strain rate sensitivity) S OJERE R TH 5. FH
513 7600 at ppm OKFE R L 72 3108 I3 LT, =L T
DUT AhAPEBLRER (LR, O3 AMEE 10 5~ & 2
X5 WER) #4175 72[40]. Fig. 9(a) I213F & L CHHE D
A ¥ (Base strain rate © 10 f5~ & 23 X2 2O HE) 10/s
OFTHE SN H-OFT A% RIS, HFh 0K
ZBWT, BHAPRLEA LTV LI AP % H ik
S ZD 10 B EEL &, WHPETRLTWS
T 10 f52 S BN LR LB OBl Eh 2 iy
T5. ZOX)RISNES 2 EEOFEEDT HBED T TH
EL, O AHEEDREORIILT] EA& oc(FCC LMD
Taylor 7 Mt = 3.06 % I\ CIRIIG T %2 A WG 2 ZH)
Z, S=0t/olné L LTHUOFAIIHLTRMLALYF 7%
Fig. 9(b)IZ/R L7z, KFERIMM TIERBMF L 0 b S A4
KRB EH3 AEIANC D 5755, S OB DWW TRk IR
I Nz,

Fig. 9 (b) F DO RERINM T, SAHAILHE O AHESE & O
FTAHRDOMHFICRELMA L TWEIENRAITLTHA ).
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3 & 400 | OT e
= = A
7] = L
§ 200 5> ///1}4
2 £ 360 [ 107 /s
2 J— g
= 100 :Monotonic = **° //’/\/
deformation 320
with 1074 /s 0.040 0.045 0.050
True strain
0 1 1
0.00 0.05 0.10 0.15

True tensile strain, &,

% 5k (2025) % 89 &
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Fig. 9 (a) Examples of true stress-strain curves during strain rate jump test of Type310S steel at room temperature and (b) the

measured strain rate sensitivity as a function of strain [40].

FRICHEME O BT 10753/s & 1075 DM TIE, BERELS
BHOT A 0.1 BT T, 1 MPa—4MPa~&, SO
DWW AP SNS. 2 Solute drag \ IS H Z L &
RNT728, Fig. 10(a) 121, MWE 2 SR EE L 72 REE CHfin
Z BRI L 0, Fig. 7 ORMERE R 2 B L /2. BRIR
L% DR O AL T O BN EZ pm=~1012/m2 FEJE, 2
NUBEDESI % pm=1013/m2 + — ¥ — & BET D 1L, JLite
O 9 RMPE 10735, 107%s, 1075 P H454 D 10 L 2E S
&% #fEI, Fig. 10(a) FICFEA Lz LI & KENCHYE T 5.
ZN O DK% Drag force & O3 A DBIFR A 29 Hif L
\ZHERL T AUE, Fig. 10(b), Fig. 10(c) ® X 9 R HiHh
5. ZZTHEHTNEIE, KOd A (Fig. 10(b)) 1B 5 3L
HEOFREE 1053/s BL 10749 OEMED, O FHREEDA
H4 125 T Drag force 28RS KON BB > TWE T
L TH 5. Solute drag DFEEEN T2 WG E VK FEIRINM AR
b0 SEAERE M OFRE : 3-4 MPa(Z DV S TEOEN
2DV Tk faal) 72 & 3, Fig. 9(b) TEEWIIICR SN 5
1 MPa FREE DKW SHIE, O3 AMEEZIEIZ X % Drag force
DWEEGHELIDPNIZODEEZBRETHAH., HEBE, O
T AEEZHIIME D Drag force DEEAIT L A L EHE
ENBILHEOFT AR 105/ DEMTIE, BROMICBIT S
SAEDOZE B S /NS (Fig. 9(b)). UK LT Fig. 10(c) £
LLbnb L), BREBNTIOTAEEZ 1073 /21
10%/s %5 10 f5129 5% Z & T, Drag force 2SI K& < L&
THREBEHLZENRATING. oz i3, EROMEST
& & 3|2 Drag force O S ENDOF LD HIEN 44 12Y)
DEDLLIEZERELTEBY, Fig. 9(b) TROLND SHD
BREREHEFEZHWAT 5. ERIEDTAREE 103 T,
BN OIRIEADT 0 =100 DRI L Y 3T (Fig. 10(a)) 72
B, FBROAEAPSEANDOY D FEDLYITHLTI10%s LD
BELDVTAZLEET S, ZOBEIZXY, Fig. 9(b)
2B 5 107%/s M ORFRIMM O h#E, o S HEL
HT10Ys £ 0 RMIZE O T AU L PATRE L7z X
IR LS.

100 ———— \ .
Ha) T i i ’,‘/H
-1 Be==—re————ny W
10 E— Strainrate a\NQ‘J‘.\m =
0 _ump_ x50
SN === A e $
|
% 10_3 ‘%l = : T T
£ 4n-4 >
B - s
® 105 SR
: e
& 107 eg= 00 E
{ ~T] Later ]
107 // Just after. deformation
— —yielding— stage
0-8 R J LT
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5 ,-~'='-.* g
L Q=1 L
o H [=2)
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a o

Q= |
0.01 |

\ L/
2f 0.01

Log-Strain rate
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v

Base strain rate : --» 1075/s —» 107%/s =—»1073/s

Fig. 10 (a) Strain rate range, where H atmosphere exerts drag force against
dislocation motion, as a function of mobile dislocation density. (b) and (c)
schematically correlate the situations in strain rate jump tests under different
base strain rate with the magnitude of drag force [40].

3.2 EHALEFHOHEME(LETR

FEi - 0T AEE 5}1075/s FHETORRIEIE— 27123 L
TRFEFFSRD Solute drag H3%55- L TwbH T Lid, T2 FET
O HFFE L BN S, —J, Drag force HHET 5L
B, B B I BELRIF 5 C Drag force 2SBEIC¥ 0 & HE SN S
O3 AP 531075 (Fig. 10() ZBH) I2BWTH, KHEITL S
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EEE LR IR E LTHETH 5 (Fig. 3(c)). F72, Fig.9
(b) THEEIZMN /=25, RFEBIMM T SH, THhbH0T A
M ESCHE ) BN RRIM LD b RE V. 2o
Zlid, REFHRER LML OMBEIEMIZmZ, e o
IR AYRHEPE (B B & L CoMBE % b o TRITEM

L AEATWE Z EERT.

3.2.1 FaEEME (2480 EEMORMR & 2 BALES

—#IZ Fig. 11 ® X9 AR TREINS LB Y, JHHiPHRE
EWHHEE L7230 L EE T 2 5E, WAL LR
FOBIRS), B5OWT 24 ) CTREEY %2 5 )k x5 [52].
Fig. 11(c) 25 bW 5 A7 X H 12, 2 OBBIRENIC X - TR
ENBERELAINT— AG I, BEHBIIEH L T 58 AW

et OEBE LT, UToX)icidins.

AG = AG, - 'V

(7)

ZZT, AGolE o =012 BT B EEYEA OERELT 2
F—, VIIHEHALERTH D, BIEMHEAL OB T2 »
7o TR AL IR Al 2 OREEY OWE d x 35585 FE L)
& Burgers X2 bV b DFE V=bdL(Fig. 11) TEFK SN 5[92].
T/, = IIARIETT L BIFIEN, MRHIEM STV 2 iiH)
IS A, IREE - O REEEIARAE L R RIS )5 T
LIV DOTHE c=r*+17). XD LDH, UUTOMH

RESHWATHA .
V= _JAG
ar* Ir

(8)

—J5, RS o, BEREIT AL E— AG DT TOR LD
AT OFBHNE 713, ORI, B0 5 iR L 3
X O BB E pm B 5 72 B ER% 70 & LT, Arrhenius @

RS HE 9 [36,52].

. . AG
= oo (-49)

)

RO WLO K E & > TAGIZOWTEIL, X(8) B

o THBIS DWW TS T UL,
kT _ ot* _ ot
V = dlny  dlny

(10)

L, R0) A1, 3.12 8 (2) TR L 72O Al 2
PAEEL S = oc/olne LEfliTHAH. 2D ehn, VESE

a) B) ----- Slip plane
. s *
L
[ Y-
Short-range \
obstacles . ®

® Dislocation line

Spacing
b) between
obstacles

Area swept by
dislocation: dL

W HBIRGRICH 5 & v ) EELRHESEINSE. &
B, RUOFTH P eANLEXEDbSTWAEDIE, WIS
7w DT ABEMG R L b2 TH 5.

322 KFEIZ L BEMECEEDRD

PR EY OME & BIR T 5121, BEEYOH AL XLy
BORREICHE T 2 1EME 5 25 VORIEDSHEHMTHY, 20
72D DIIIFRAGRERR 7 ) — TRE e &, WA oW IER
P& R L 72 BUEVEALAT A E ISV 5 T & 72[52,93].
Fig. 12 121%, F#H 5% ~7600 at ppm DK % @80 L 72 3108
L L CTAT - 728 DAEFIERERIC B 28 1- 03 AR 0
—Bl&, BHMBBOBGRNT 1 v 71 ¥ 271 X BIEHALRR
V ORERE R ZRT[39] (Vo BRBYE B3IV Tidh
DILHK[94,95] % ZR) . KRFRINM ORFBLE LTETHIT S
NREF, RN (S 2T 30 s) DIBHEAEDS, KR
BHEWRTHLPIIKEL o TWHEETHAH. T/2FCCH
Bo—frZsEhE LT, VIZOTADBEME & HITHIT 5
B3, IKFEFRINM CRAKFZIBERINT 21N T VOUT A
KGEHEDETE D, ZRBREELZELTVORKTRE L.
K (10) IZHE 2L, Fig. 12 (b) DML O A R He 5 S
BAFIZE o TER LT EITHY TS, 2L, Fig 9(b)
IR L72KFEIC & B SEOEEKN FA OB & 2w
VORAREEE LTI, BEEWD Peierls KTV ¥ ¥ Ve
COBTEREOBAIZ 1005 LT, BEETOESIER
10-%2 100 b3, FREAZ & DZZYI DA ITIEEL 100-5L 1000 b3 23
i STV 5 [85,96]. FCC M EF Tl Peierls K7~ 3 % Vs
METEDIIENSINWTLEEEZ DL, Fig. 12(b) Tl S
72 100-200 b3 DAL, KEB L OO A EITCHEE &L H R
T, ESIIIMIEMD, BROEENTTHH L 2R,

323 TEHEREME L TOXKEOFEDHEY

321 HTIEBEEY AT 1 FEH O & — 2 % 0 RAZHRAL 0 BE
TLIEED % ifiam L7225, EMRCIIBED PSR E T h 5
BHENT EINA, WiEERL 2 SETHNIC b iz B EY A
WAENS (Fig. 13(a)). D X9 MR ZOBTREDR
ERHO2ICT 2720120, HHALERNICEEZ 5 2 A N
FOHFG % WUNHY Bz BT, KFEIC L 2EREEAAL
ZH L 200 E7% 5 2w,

Obstacle profile

A

Effective
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A Y
-) ‘ T*bL
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RAUALXNRNS
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a NV
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Fig. 11 (a) Schematic drawing of the movement of a dislocation line through the field of short-range obstacles on its slip plane.
(b) magnifies the process overcoming single obstacle via thermal activation, while (c) denotes the side view of (b) and the physical

sense of activation parameters.



296 HAR & B 45

Kocks [97] & Mulford [98]1%, Haasen [99] D XHKIZH 5H
RS OFEFR )T A EIR L, BB OB EY 2SR T 5
BT, SEEWONG L ST S HEERE L. PR
EWH 2 HHOLE, W ES, &4 OREWRIC L 2
S IINDOHG 11 & 0 DS, EWIZHIEIENINICH 5 2 & 2K
L7z

T=1,4+71, (11)

DX BBIEIMENAKA T % DIXFFED 7 — AR S
NP, LKW EREOMEICE ERBMOMAEDE
(Fig. 13(a)) 1&, ZOMIBITH %[92,97,100). LLF, BEEIC
FILLB%55% o, MIBV.OFLG % v EFKiLT 5. ik
0 DFTEMELTH B4, ZOWMETH B O AT 2
PEFREL S 12D, F O ISRIANK Y 2o,
ar, ar, or, dlnt
Szaﬁ}zam;+a£y=aﬁ}+am;“ (12)
F(12) 43305 2 HOZBHIZBWT, dlnr/dlny = (dlnz,/dz,)
07/0Iny) = (1/7)(074/0Iny) TH 5 Z LI EB I N\, T 72,

700

a) Type3108S steel

600
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500 | (7640 at ppm)

400

300
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A
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360 |

100 340

True tensile stress, o, (MPa)

Strain rate: 10™4/s 1000 1-?—?39 : (2:)0 1300
o 1 1 1
0.00 0.05 0.10 0.15 0.20

True tensile strain, &

£ & (2025)

%89 &

o VM TAIAGAC & 2 SRENIG 3 IS 3 2 720, RO R
Wiz g2,

S = (;i:}_/ + 00111:11; (T - ry) (13)
LiEFA. 25ICRU0ICBVTSxI/VTH DI EEEET
%L, BEIGE LRI ZNENICHRT 2 VOEES% Vi
BLOVaELT, RUDBEUTFOIHITERmINS.

11,1

Vo Vi o1l
L7225 T, FIRABROBETRE S vouik 203
ZORBIERICH D Slix t—ry I LTTay Mgiud,
) VIS 2 EEICEOREE, W INEOFS
WS 5. Z OB :E Haasen plot (Fig. 13 (b)) & FEE
n, BRI A, PTG &k L, LM R oAb
PR BIE LIS S T 5 [98,101-105].

BEARIS ) ASIEH AT/ & < MREE AL LIS o S pH s 50 % & &
v, TabbR(13), 14 OABE1H~ 0D Ni R Ag
% & FCC Mi&)E DY;G, Haasen plot |35 AT % 8§ %

T-1) (14)

300
b) Type310S steel
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= ° A: 2140 at ppm H
2 ‘... m: 3920 at ppm H
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Fig. 12 (a) True stress-strain curves during the stress-relaxation tests of Type310S steel at room temperature and (b) the
measured activation volume under various hydrogen concentrations [39].
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Fig. 13 Schematic drawings of (a) the movement of dislocations through the field of two different types of obstacles
(e.g., solute atoms and forest dislocations) and (b) corresponding Haasen plot, where strain rate sensitivity (or inverse

activation volume) is plotted against stress.
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Fig. 14 Haasen plot of non-charged and hydrogen-charged Type310S steel at room temperature. The plotted strain rate sensitivity, S,
were obtained by converting the activation volume in Fig. 12 (b) via eq. (10) [39]. (b) indicates the ordinate intercept of Haasen plot in
(a). The plot points in (b) were converted into activation volume via eq. (10) and reproduced in (c).
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Fig. 15 Schematic drawings of the trough model for solid solution-hardening proposed by Kocks [54]. (a) Dislocation
line, stabilized by row of solute atoms on the slip plane, tries to move via (b) bulging a small segment. The initial
stabilized state is assumed as (b) the bottom of energy trough. The parameters characterizing the bulge are shown in (c).
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Fig. 16 Description of diffusion- and drift-controlled glide mechanisms
and their correspondence with dislocation velocity [37,116]. The two
mechanisms switch each other around the Q ~ 1 limit.
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Fig. 17 Schematic drawings of dislocation motion via short bulge nucleation by collective thermally activated diffusion
jump of multiple hydrogen atoms segregated along the dislocation core: Low hydrogen concentration (left); and high

hydrogen concentration (right) [39]. (online color)
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Fig. 18 Temperature-dependence of the local hydrogen concentration
along dislocation lines, Cr, in austenitic steel estimated from eq. (16). The
inset shows the relationship between average hydrogen concentration in the
material, Co, and Cr at room temperature.
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elasto-plastic solids. (a-1) and (b-1) represent non-charged state where frictional coefficient of dumper is small, while (a-2) and
(b-2) denote H-charged condition with large dumper friction owing to solute hydrogen atoms working as thermal obstacles.
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Fig. 20 Room temperature creep behavior of non-charged and hydrogen-charged Type310S austenitic steel [91]. In
(a) and (b), 1000 s load holdings were implemented during normal tensile tests, while hydrogen-charged specimen was
unloaded to the same flow stress level with the non-charged specimen before load holding in (c) and (d). The inset in (d)
magnifies the creep curves in H-charged specimen.
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Fig. 22 Temperature- and strain rate-dependent changes and synergies of
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(online color)

WZREEWHSEGEELR OGAI2E, Sl - ROTABEDT
B THRALASBE ) % BARBI ORI TRk LA 25 2 &
W& 5. ARFERE®RLE, D)-3)IC X 2HfbROR L &b
WRERAEGAEITHRDAEWICHHT S, Zom#E SN,
FHOOBFEIZEED Y, 2D 300 K i, O A
HEEDS1075-10Ys DY TH o 7z

Fig. 22 ORI, FH O BRI FERRN 2 Mk % 17 - 72
wE - O FTAREHAZRLZDOTH LY, ZNSEEMO
T=2 37y Tk, —BE HO LB E L. FKREN
7o 7 — 7 HIROMSEE, RS Tiltam L 72K F G Rbo 4
W E R - IBIET 5 BT, AEMYMEFNLREIFETDH
5. HEIZ, KEOLERED SBT3 % 200 K DL F OREE
WAIBIT AUIENT— 7 0BT, BHIREDAEH L T F5%
EN7z i-s complex DIXENZONWT, ZOFH~NOEELR A%
252 TNBdDEEZTWE. T2, WEERAHRED
2L, Fig. 22 1O Solute drag FEIRAYES O HEFEH A~ & 78
B9 5 BERBEOEREETIE, BEMALISH LT Diffusion—
controlled glide D G-Ik b REL B EBEINLD,
® Diffusion—controlled glide DFEREIZOWTH, BT TY
VI EORI 22— T, BALENE T ORKEOIRE
WREEITLFEDOEEN D W THEH L REDE £ > TV BT
F, RAEE) KB OBGERAL ST X =%, KE-&
SILKMOMANEH T AN X —, KFH S DO FHIPAREEY) &
LTORT v v VIEIR A &% &I T 52 587 7
O—FIIINZ, S5FEs EORHER 2 A L 7ciRAL
EBETNVOEMTN, COXANRELS>TLDTHS).
72, FCC &I OEMMILIROEE R, BRIHE- T
A SN DO TR (B 2 X T-224L) D255 2 1 ICA
haZ ey, BTS2~ % 2 138N v,
HOHIORRNI) Mz &0, SHROMICITNEGT 5.

-
—

4

% 89 &

5

7k (2025)

KRS E N DR AL, JSPS BHIFEE 21K14045 B
X UV 24K 17180, (A1) IFE21 AL B $kSiBAmrze Bk, (&
W) SR M SR BN, (AW) F A
WHBE RIS W& 0L T2 ZTTHLNZDOTT.
32HIDHEMICBNTERELTWMEEZ W2V, UK
FHPISC #o%, RHEZ AE8IRIC, LX) E#HEHL
FRFET

F-—TT7IEX

AFSLIE, CCBY-NC-ND 7 1 > A (https://creativecommons.
org/licenses/by-nc-nd/4.0/deed) D FTI A4 £ AENTWFE T,
Ay RGN URIEIOR, AR, SEEEIR) IS5 B
D, WHEZEHAHT LI ENTEET.

X 3

[1] R.P. Gangloff and B.P. Somerday(eds.): Gaseous Hydrogen
Embrittlement of Materials in Energy Technologies: The Problem,
its Characterisation and Effects on Particular Alloy Classes,
(Woodhead Publishing, Cambridge, 2012).

M. Nagumo: Fundamentals of Hydrogen Embrittlement, Second
Edition, (Springer, Berlin, 2023).

L. Zhang, M. Wen, M. Imade, S. Fukuyama and K. Yokogawa: Effect
of nickel equivalent on hydrogen gas embrittlement of austenitic
stainless steels based on type 316 at low temperatures, Acta Mater.
56 (2008) 3414-3421.

G. Han, J. He, S. Fukuyama and K. Yokogawa: Effect of strain-
induced martensite on hydrogen environment embrittlement of
sensitized austenitic stainless steels at low temperatures, Acta Mater.
46 (1998) 4559-4570.

M. Koyama, T. Ogawa, D. Yan, Y. Matsumoto, C.C. Tasan, K. Takai
and K. Tsuzaki: Hydrogen desorption and cracking associated with
martensitic transformation in Fe-Cr-Ni-Based austenitic steels with
different carbon contents, Int. J. Hydrogen Energy 42 (2017) 26423-
26435.

T. Kanezaki, C. Narazaki, Y. Mine, S. Matsuoka and Y. Murakami:
Effects of hydrogen on fatigue crack growth behavior of austenitic
stainless steels, Int. J. Hydrogen Energy 33 (2008) 2604-2619.

M. Koyama, S. Okazaki, T. Sawaguchi and K. Tsuzaki: Hydrogen
Embrittlement Susceptibility of Fe-Mn Binary Alloys with High
Mn Content: Effects of Stable and Metastable e-Martensite, and Mn
Concentration, Metall. Mater. Trans. A 47 (2016) 2656-2673.

J. Yamabe, O. Takakuwa, H. Matsunaga, H. Itoga and S. Matsuoka:
Hydrogen diffusivity and tensile-ductility loss of solution-treated
austenitic stainless steels with external and internal hydrogen, Int. J.
Hydrogen Energy 42 (2017) 13289-13299.

T. Omura, H. Hirata, M. Miyahara and T. Kudo: Effect of Chemical
Compositions on Embrittlement Properties of Stainless Steels in
Highly Pressurized Gaseous Hydrogen Environments, Zairyo-to-
Kankyo 57 (2008) 30-36.

S. Takaki, S. Nanba, K. Imakawa, A. Macadre, J. Yamabe,
H. Matsunaga and S. Matsuoka: Determination of hydrogen
compatibility for solution-treated austenitic stainless steels based
on a newly proposed nickel-equivalent equation, Int. J. Hydrogen
Energy 41 (2016) 15095-15100.

B.-H. Chi, T. Nakazawa and K. Shibata: Effects of Alloying
Elements on Hardening and Restoration Behavior of 15Cr-15Ni
High Hardness Non-magnetic Stainless Steel, ISIJ Int. 30 (1990)
615-624.

K. Oda, N. Kondo and K. Shibata: X-ray Absorption Fine Structure
Analysis of Interstitial (C, N)-Substitutional (Cr) Complexes in
Austenitic Stainless Steels, ISIJ Int. 30 (1990) 625-631.

N. Ohkubo, K. Miyakusu, Y. Uematsu and H. Kimura: Effect of
Alloying Elements on the Mechanical Properties of the Stable
Austenitic Stainless Steel, ISIJ Int. 34 (1994) 764-772.

M.L.G. Byrnes, M. Grujicic and W.S. Owen: Nitrogen strengthening
of a stable austenitic stainless steel, Acta Metall. 35 (1987) 1853-
1862.

E. Werner: Solid solution and grain size hardening of nitrogen-
alloyed austenitic steels, Mater. Sci. Eng. A 101 (1988) 93-98.

(2]
(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]


https://doi.org/10.1016/j.actamat.2008.03.022
https://doi.org/10.1016/j.actamat.2008.03.022
https://doi.org/10.1016/S1359-6454(98)00136-0
https://doi.org/10.1016/S1359-6454(98)00136-0
https://doi.org/10.1016/j.ijhydene.2017.08.209
https://doi.org/10.1016/j.ijhydene.2017.08.209
https://doi.org/10.1016/j.ijhydene.2008.02.067
https://doi.org/10.1007/s11661-016-3431-9
https://doi.org/10.1016/j.ijhydene.2017.04.055
https://doi.org/10.1016/j.ijhydene.2017.04.055
https://doi.org/10.3323/jcorr.57.30
https://doi.org/10.3323/jcorr.57.30
https://doi.org/10.1016/j.ijhydene.2016.06.193
https://doi.org/10.1016/j.ijhydene.2016.06.193
https://doi.org/10.2355/isijinternational.30.615
https://doi.org/10.2355/isijinternational.30.615
https://doi.org/10.2355/isijinternational.30.625
https://doi.org/10.2355/isijinternational.34.764
https://doi.org/10.1016/0001-6160(87)90131-3
https://doi.org/10.1016/0001-6160(87)90131-3
https://doi.org/10.1016/0921-5093(88)90054-8

%10

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]
[37]

(38]

[39]

[40]

2 Fe-Cr-Ni +— A 7 F 4 MIZ BT 2 KFEFERIL OB G & B AEHEHE 305

A.W. Thompson and J.A. Brooks: The mechanism of precipitation
strengthening in an iron-base superalloy, Acta Metall. 30 (1982)
2197-2203.

T. Hosoda, Y. Ogawa, O. Takakuwa, S. Motomura, H. Hosoi and H.
Matsunaga: Effects of Ni Concentration and Aging Heat Treatment
on the Hydrogen Embrittlement Behavior of Precipitation-Hardened
High-Mn Austenitic Steel, Tetsu-to-Hagané 108 (2022) 156-172.

S. TAKAKI, S. TANIMOTO, K. TOMIMURA and Y. TOKUNAGA:
Strengthening of Metastable 16-10 Austenitic Stainless Steel by
Ultra Grain Refining, Tetsu-to-Hagan¢ 74 (1988) 1058-1064.

R. Ke, C. Hu, M. Zhong, X. Wan and K. Wu: Grain refinement
strengthening mechanism of an austenitic stainless steel: critically
analyze the impacts of grain interior and grain boundary, J. Mater.
Res. Technol. 17 (2022) 2999-3012.

S. Takaki: Strengthening Mechanisms and Ultimate Strength of Iron,
Materia Japan 36 (1997) 675-679.

K. Wada, J. Yamabe, Y. Ogawa, O. Takakuwa, T. Iijima and H.
Matsunaga: Comparative study of hydrogen-induced intergranular
fracture behavior in Ni and Cu-Ni alloy at ambient and cryogenic
temperatures, Mater. Sci. Eng. A 766 (2019) 138349.

K. Ichii, M. Koyama, C.C. Tasan and K. Tsuzaki: Comparative study
of hydrogen embrittlement in stable and metastable high-entropy
alloys, Scr. Mater. 150 (2018) 74-77.

Y. Ogawa, H. Hosoi, K. Tsuzaki, T. Redarce, O. Takakuwa and H.
Matsunaga: Hydrogen, as an alloying element, enables a greater
strength-ductility balance in an Fe-Cr-Ni-based, stable austenitic
stainless steel, Acta Mater. 199 (2020) 181-192.

H. Nishida, Y. Ogawa and K. Tsuzaki: Chemical composition
dependence of the strength and ductility enhancement by solute
hydrogen in Fe-Cr-Ni-based austenitic alloys, Mater. Sci. Eng. A 836
(2022) 142681.

Y. Ogawa: Temperature-sensitive ductilization in hydrogen-alloyed
Fe-Cr-Ni austenitic steel by enhanced deformation twinning, Scr.
Mater. 238 (2024) 115760.

Y. Murakami, T. Kanezaki and Y. Mine: Hydrogen Effect against
Hydrogen Embrittlement, Metall. Mater. Trans. A 41 (2010) 2548-
2562.

T. Boniszewski and G.C. Smith: The influence of hydrogen on the
plastic deformation ductility, and fracture of nickel in tension, Acta
Metall. 11 (1963) 165-178.

S.K. Lawrence, Y. Yagodzinskyy, H. Hanninen, E. Korhonen, F.
Tuomisto, Z.D. Harris and B.P. Somerday: Effects of grain size and
deformation temperature on hydrogen-enhanced vacancy formation
in Ni alloys, Acta Mater. 128 (2017) 218-226.

J.S. Blakemore: The Portevin-Le Chatelier Effect in hydrogenated
nickel, Metall. Trans. 1 (1970) 145-149.

J.S. Blakemore: The Portevin-Le Chatelier Effect in hydrogenated
nickel alloys, Metall. Mater. Trans. 1 (1970) 151-156.

K. Wada and J. Yamabe: The effect of the Ni/Cu ratio on H-induced
ductility loss and its mechanism in Cu-Ni binary alloy system, Int. J.
Hydrogen Energy 46 (2021) 39577-39589.

O. Takakuwa, Y. Mano and H. Soyama: Increase in the local yield
stress near surface of austenitic stainless steel due to invasion by
hydrogen, Int. J. Hydrogen Energy 39 (2014) 6095-6103.

D.P. Abraham and C.J. Altstetter: The effect of hydrogen on the yield
and flow stress of an austenitic stainless steel, Metall. Mater. Trans.
A 26 (1995) 2849-2858.

C. San Marchi, B.P. Somerday, X. Tang and G.H. Schiroky: Effects
of alloy composition and strain hardening on tensile fracture of
hydrogen-precharged type 316 stainless steels, Int. J. Hydrogen
Energy 33 (2008) 889-904.

M. Koyama, K. Ichii and K. Tsuzaki: Strain Rate and Temperature
Effects on Hydrogen Embrittlement of Stable and Metastable High-
Entropy Alloys, Phys. Mesomech. 25 (2022) 385-392.

D. Hull and D.J. Bacon: Introduction to Dislocations, 5th ed.,
(Butterworth-Heinemann, Oxford, 2011).

P.M. Anderson, J.P. Hirth and J. Lothe: Theory of Dislocations, 3rd
ed., (Cambridge University Press, Cambridge, 2017).

Y. Ogawa, O. Takakuwa and K. Tsuzaki: Solid-solution hardening by
hydrogen in Fe—Cr—Ni-based austenitic steel: Temperature and strain
rate effects, Mater. Sci. Eng. A 10 (2023) 145281.

Y. Ogawa, M. Tanaka, T. Fujita and A. Shibata: Thermally activated
dislocation motion in hydrogen-alloyed Fe—Cr—Ni austenitic steel
revisited via Haasen plot, Int. J. Hydrogen Energy 74 (2024) 170-
182.

Y. Ogawa and T. Fujita: Solid solution-hardening by hydrogen in
Fe—Cr—Ni-based austenitic steel studied by strain rate sensitivity
measurement: Contributions of effective stress and solute drag,

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Mater. Sci. Eng. A 911 (2024) 146941,

J. Moriyama, O. Takakuwa, M. Yamaguchi, Y. Ogawa and K.
Tsuzaki: The contribution of Cr and Ni to hydrogen absorption
energy in Fe-Cr-Ni austenitic systems: A first-principles study,
Comput. Mater. Sci. 232 (2024) 112650.

J.C. Slater: Atomic Radii in Crystals, J. Chem. Phys. 41 (1964)
3199-3204.

H.M. Ledbetter and M.W. Austin: Dilation of an fcc Fe—Cr—Ni alloy
by interstitial carbon and nitrogen, Mater. Sci. Technol. 3 (1987)
101-104.

P. Marshall: Austenitic Stainless Steels: Microstructure and
mechanical properties, (Springer Dordrecht, 1984).

K. SHIBATA, M. KOGITA, C.-S. CHEN and T. FUJITA: Effects of
Carbon and Silicon on Softening in Low-cycle Fatigue of Austenitic
Stainless Steels, Transactions of the Iron and Steel Institute of Japan
28 (1988) 406-412.

K. SHIBATA, N. NAMURA, Y. KISHIMOTO and T. FUJITA: Low
Cyclic Fatigue Softening of Austenitic Stainless Steels, Tetsu-to-
Hagané 69 (1983) 2076-2083.

T. Ito, Y. Ogawa, W. Gong, W. Mao, T. Kawasaki, K. Okada, A.
Shibata and S. Harjo: Role of solute hydrogen on mechanical
property enhancement in Fe-24Cr—19Ni austenitic steel: An in situ
neutron diffraction study, Acta Mater. 287(2025) 120767.

D.G. Ulmer and C.J. Altstetter: Phase relations in the hydrogen-
austenite system, Acta Metall. Mater. 41 (1993) 2235-2241.

X.W. Zhou, C. Nowak, R.S. Skelton, M.E. Foster, J.A. Ronevich,
C. San Marchi and R.B. Sills: An Fe-Ni—Cr—H interatomic potential
and predictions of hydrogen-affected stacking fault energies in
austenitic stainless steels, Int. J. Hydrogen Energy 47 (2022) 651-
665.

C. San Marchi, T. Michler, K.A. Nibur and B.P. Somerday: On the
physical differences between tensile testing of type 304 and 316
austenitic stainless steels with internal hydrogen and in external
hydrogen, Int. J. Hydrogen Energy 35 (2010) 9736-9745.

K.J. Irvine, T. Gladman and F.B. Pickering: The strength of austenitic
stainless steels, J. Iron Steel Inst. 207 (1969) 1017-1028.

D. Caillard and J.L. Martin: Thermally Activated Mechanisms in
Crystal Plasticity, 1st ed., (Elsevier Science, Amsterdam, 2003).

A. van den Beukel: Theory of the effect of dynamic strain aging on
mechanical properties, Phys. Status Solidi (a) 30 (1975) 197-206.
U.F. Kocks: Kinetics of solution hardening, Metall. Trans. A 16
(1985) 2109-2129.

X. ZHANG, R. TAKAHASHI, T. AKIYAMA and J. YAGI:
Carburization Rate into Solid Iron at CO-CO; Atmosphere, Tetsu-to-
Hagané 83 (1997) 299-304.

P. Thibaux, A. Métenier and C. Xhoffer: Carbon Diffusion
Measurement in Austenite in the Temperature Range 500°C to
900°C, Metall. Mater. Trans. A 38 (2007) 1169-1176.

M.IL Ismail, S.S. Iskander and E.B. Saleh: Carburizing of steels,
Surface Technology 12 (1981) 341-349.

A. Kiihl, D. Bergner, H.-J. Ullrich, M. Schlaubitz and P. Karduck:
Investigations of nitrogen diffusion in austenitic CrNi steels,
Microchim. Acta 107 (1992) 295-302.

R. Hales and A.C. Hill: The diffusion of nitrogen in an austenitic
stainless steel, Met. Sci. 11 (1977) 241-244.

J. Hirvonen and A. Anttila: Annealing behavior of implanted
nitrogen in AISI 316 stainless steel, Appl. Phys. Lett. 46 (1985) 835-
836.

T.-P. Perng and C.J. Altstetter: Effects of deformation on hydrogen
permeation in austenitic stainless steels, Acta Metall. 34 (1986)
1771-1781.

Y. Mine and T. Kimoto: Hydrogen uptake in austenitic stainless
steels by exposure to gaseous hydrogen and its effect on tensile
deformation, Corros. Sci. 53 (2011) 2619-2629.

C. San Marchi, B.P. Somerday and S.L. Robinson: Permeability,
solubility and diffusivity of hydrogen isotopes in stainless steels at
high gas pressures, Int. J. Hydrogen Energy 32 (2007) 100-116.

O. Takakuwa, J. Yamabe, H. Matsunaga, Y. Furuya and S. Matsuoka:
Comprehensive Understanding of Ductility Loss Mechanisms in
Various Steels with External and Internal Hydrogen, Metall. Mater.
Trans. A 48 (2017) 5717-5732.

J. Moriyama, M. Yamaguchi and O. Takakuwa: Effects of
antagonistic interaction between Cr and Ni on hydrogen solubility in
a Fe-Cr-Ni ternary austenitic system: A first-principles calculation,
Mater. Today Commun. 40 (2024) 110059.

K. Hirata, S. Iikubo and H. Ohtani: First-principles Calculations of
the Effects of Mn, Cr, and Ni on Hydrogen Diffusion in BCC, FCC,
and HCP Fe, Tetsu-to-Hagané 105 (2019) 231-239.


https://doi.org/10.1016/0001-6160(82)90140-7
https://doi.org/10.1016/0001-6160(82)90140-7
https://doi.org/10.2355/tetsutohagane.TETSU-2021-093
https://doi.org/10.2355/tetsutohagane1955.74.6_1058
https://doi.org/10.1016/j.jmrt.2022.02.056
https://doi.org/10.1016/j.jmrt.2022.02.056
https://doi.org/10.2320/materia.36.675
https://doi.org/10.1016/j.msea.2019.138349
https://doi.org/10.1016/j.scriptamat.2018.03.003
https://doi.org/10.1016/j.actamat.2020.08.024
https://doi.org/10.1016/j.msea.2022.142681
https://doi.org/10.1016/j.msea.2022.142681
https://doi.org/10.1016/j.scriptamat.2023.115760
https://doi.org/10.1016/j.scriptamat.2023.115760
https://doi.org/10.1007/s11661-010-0275-6
https://doi.org/10.1007/s11661-010-0275-6
https://doi.org/10.1016/0001-6160(63)90209-8
https://doi.org/10.1016/0001-6160(63)90209-8
https://doi.org/10.1016/j.actamat.2017.02.016
https://doi.org/10.1007/BF02819254
https://doi.org/10.1007/BF02819255
https://doi.org/10.1016/j.ijhydene.2021.09.140
https://doi.org/10.1016/j.ijhydene.2021.09.140
https://doi.org/10.1016/j.ijhydene.2014.01.190
https://doi.org/10.1007/BF02669643
https://doi.org/10.1007/BF02669643
https://doi.org/10.1016/j.ijhydene.2007.10.046
https://doi.org/10.1016/j.ijhydene.2007.10.046
https://doi.org/10.1134/S1029959922050010
https://doi.org/10.1016/C2009-0-64358-0
https://doi.org/10.1016/j.msea.2023.145281
https://doi.org/10.1016/j.ijhydene.2024.06.113
https://doi.org/10.1016/j.ijhydene.2024.06.113
https://doi.org/10.1016/j.msea.2024.146941
https://doi.org/10.1016/j.commatsci.2023.112650
https://doi.org/10.1063/1.1725697
https://doi.org/10.1063/1.1725697
https://doi.org/10.1179/mst.1987.3.2.101
https://doi.org/10.1179/mst.1987.3.2.101
https://doi.org/10.2355/isijinternational1966.28.406
https://doi.org/10.2355/isijinternational1966.28.406
https://doi.org/10.2355/tetsutohagane1955.69.16_2076
https://doi.org/10.2355/tetsutohagane1955.69.16_2076
https://doi.org/10.1016/j.actamat.2025.120767
https://doi.org/10.1016/0956-7151(93)90393-7
https://doi.org/10.1016/j.ijhydene.2021.09.261
https://doi.org/10.1016/j.ijhydene.2021.09.261
https://doi.org/10.1016/j.ijhydene.2010.06.018
https://doi.org/10.1002/pssa.2210300120
https://doi.org/10.1007/BF02670415
https://doi.org/10.1007/BF02670415
https://doi.org/10.2355/tetsutohagane1955.83.5_299
https://doi.org/10.2355/tetsutohagane1955.83.5_299
https://doi.org/10.1007/s11661-007-9150-5
https://doi.org/10.1016/0376-4583(81)90028-5
https://doi.org/10.1007/BF01244484
https://doi.org/10.1179/msc.1977.11.7.241
https://doi.org/10.1063/1.95901
https://doi.org/10.1063/1.95901
https://doi.org/10.1016/0001-6160(86)90123-9
https://doi.org/10.1016/0001-6160(86)90123-9
https://doi.org/10.1016/j.corsci.2011.04.022
https://doi.org/10.1016/j.ijhydene.2006.05.008
https://doi.org/10.1007/s11661-017-4323-3
https://doi.org/10.1007/s11661-017-4323-3
https://doi.org/10.1016/j.mtcomm.2024.110059
https://doi.org/10.2355/tetsutohagane.TETSU-2018-070

306

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]
[80]
[81]
[82]
[83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

[92]

[93]

HA &R

E.J. Song, H.K.D.H. Bhadeshia and D.-W. Suh: Interaction of
aluminium with hydrogen in twinning-induced plasticity steel, Scr.
Mater. 87 (2014) 9-12.

N. Ide, T. Naito and S. Asano: Internal Friction Peak in FCC Fe-Cr-
Ni Alloys Hydrogen-Charged by Gas-Equilibration Method, Jpn. J.
Appl. Phys., Part 1: 44 (2005) 8088-8090.

S. Asano, R. Tsunoda and R. Otsuka: Internal Friction due to
Hydrogen in Austenitic Stainless Steels, J. Japan Inst. Metals 41
(1977) 338-344.

V.G. Gavriljuk, H. Hadnninen, S.Y. Smouk, A.V. Tarasenko and K.
Ullakko: Internal friction in hydrogen-charged CrNi and CrNiMn
austenitic stainless steels, Metall. Mater. Trans. A 27 (1996) 1815-
1821.

A.H. Cottrell: Dislocations and Plastic Flow in Crystals, (Oxford
Univ. Press, New York, 1953).

H.K. Birnbaum and P. Sofronis: Hydrogen-enhanced localized
plasticity—a mechanism for hydrogen-related fracture, Mater. Sci.
Eng. A 176 (1994) 191-202.

M. Kurkela and R.M. Latanision: The effect of plastic deformation
on the transport of hydrogen in nickel, Scr. Metall. 13 (1979) 927-
932.

R. Matsumoto, S.T. Oyinbo, M. Vijendran and S. Taketomi:
Hydrogen Effect on the Mobility of Edge Dislocation in a-Iron:
A Long-Timescale Molecular Dynamics Simulation, ISIJ Int. 62
(2022) 2402-2409.

A.H. Cottrell and M.A. Jaswon: Distribution of solute atoms round a
slow dislocation, Proc. R. Soc. Lond., A 199 (1949) 104-114.

R. Fuentes-samaniego, R. Gasca-Neri and J.P. Hirth: Solute drag on
moving edge dislocations, Philos. Mag. A 49 (1984) 31-43.

H. Yoshinaga and S. Morozumi: The solute atmosphere round a
moving dislocation and its dragging stress, Philos. Mag. 23 (1971)
1367-1385.

H. Yoshinaga and S. Morozumi: A Portevin-Le Chatelier effect
expected from solute atmosphere dragging, Philos. Mag. 23 (1971)
1351-1366.

R.B. Sills and W. Cai: Solute drag on perfect and extended
dislocations, Philos. Mag. 96 (2016) 895-921.

E.N. Epperly and R.B. Sills: Transient solute drag and strain aging of
dislocations, Acta Mater. 193 (2020) 182-190.

Y. Estrin and L.P. Kubin: Local strain hardening and nonuniformity
of plastic deformation, Acta Metall. 34 (1986) 2455-2464.

T.H. Alden: Theory of mobile dislocation density: Application to the
deformation of 304 stainless steel, Metall. Trans. A 18 (1987) 51-62.
T. Zirkle, L. Costello and D.L. McDowell: Crystal Plasticity
Modeling of Hydrogen and Hydrogen-Related Defects in Initial
Yield and Plastic Flow of Single-Crystal Stainless Steel 316L,
Metall. Mater. Trans. A 52 (2021) 3961-3977.

W.G. Johnston and J.J. Gilman: Dislocation Velocities, Dislocation
Densities, and Plastic Flow in Lithium Fluoride Crystals, J. Appl.
Phys. 30 (1959) 129-144.

H. Saka: Classical Theory of Crystal Dislocations: From Iron to
Gallium Nitride, (World Scientific Pub. Co. Inc., 2017).

R. Horiuchi, H. Yoshinaga and S. Hama: New Yielding Phenomenon
in Some Aluminium Alloys at High Temperatures, Trans. JIM 6
(1965) 123-130.

R. Horiuchi and H. Yoshinaga: Mechanism of the High Temperature
Yield Point Phenomenon in Some Aluminium Alloys, Trans. JIM 6
(1965) 131-138.

G. Girardin, C. Huvier, D. Delafosse and X. Feaugas: Correlation
between dislocation organization and slip bands: TEM and AFM
investigations in hydrogen-containing nickel and nickel-chromium,
Acta Mater. 91 (2015) 141-151.

S. Wang, A. Nagao, K. Edalati, Z. Horita and I.M. Robertson:
Influence of hydrogen on dislocation self-organization in Ni, Acta
Mater. 135 (2017) 96-102.

Q. Sun, J. He, A. Nagao, Y. Ni and S. Wang: Hydrogen-prompted
heterogeneous development of dislocation structure in Ni, Acta
Mater. 246 (2023) 118660.

Y. Ogawa and A. Shibata: Plastic flow in Fe-Cr-Ni austenitic steel
under the presence of solute H: A study via room temperature creep,
Acta Mater. (2025) 120659.

U.F. Kocks, A.S. Argon and M.F. Ashby: Thermodynamics and
Kinetics of Slip (Progress in Materials Science S.), (Pergamon Press,
Oxford, 1974) pp.1-291.

J.L. Martin, B. Lo Piccolo, T. Kruml and J. Bonneville:
Characterization of thermally activated dislocation mechanisms

4

5

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
[109]
[110]

[111]
[112]

[113]

[114]

[115]

[116]
[117]

[118]

[119]

[120]

[121]

[122]

7k (2025)

% 89 &

using transient tests, Mater. Sci. Eng. A 322 (2002) 118-125.

P. Groh and R. Conte: Stress relaxation and creep in a-iron
filamentary single crystals at low temperature, Acta Metall. 19
(1971) 895-902.

P. Spitig, J. Bonneville and J.-L. Martin: A new method for
activation volume measurements: application to Ni3(AlHf), Mater.
Sci. Eng. A 167 (1993) 73-79.

A.G. Evans and R.D. Rawlings: The Thermally Activated
Deformation of Crystalline Materials, Phys. Status Solidi (b) 34
(1969) 9-31.

U.F. Kocks: Strength of Metals and Alloys, (Aachen, Federal
Republic of Germany, 1979) pp. 1661-1680.

R.A. Mulford: Analysis of strengthening mechanisms in alloys by
means of thermal-activation theory, Acta Metall. 27 (1979) 1115-
1124.

P. Haasen: Plastic deformation of nickel single crystals at low
temperatures, Philos. Mag. 3 (1958) 384-418.

Y. Dong, T. Nogaret and W.A. Curtin: Scaling of Dislocation
Strengthening by Multiple Obstacle Types, Metall. Mater. Trans. A
41 (2010) 1954-1960.

W.A. Curtin: New interpretation of the Haasen plot for solute-
strengthened alloys, Scr. Mater. 63 (2010) 917-920.

S. Mishra, V.K. Beura, A. Singh and M. Yadava: Effect of obstacle
strength and spacing on the slope of Haasen plot, Mater. Sci.
Technol. 35 (2019) 403-408.

S. Saimoto: The Characterization of Materials by Precision Strain
Rate Sensitivity, J. Eng. Mater. Technol. 109 (1987) 230-235.

S. Saimoto and B.J. Diak: Advanced method for structure-strength-
ductility assessment of dispersion-strengthened FCC metals using
activation work, mean slip distance and constitutive relation
analyses: Decoding the Haasen plot, Mater. Sci. Eng. A 828 (2021)
142119.

J.A. del Valle, A.C. Picasso and R. Romero: The superposition of
flow stress contributions in a precipitate hardened Ni-based alloy
studied by strain rate sensitivity measurements, Acta Mater. 51
(2003) 6443-6452.

H. Mecking and U.F. Kocks: Kinetics of flow and strain-hardening,
Acta Metall. 29 (1981) 1865-1875.

A.H. Cottrell and R.J. Stokes: Effects of temperature on the plastic
properties of aluminium crystals, Proc. R. Soc. Lond. A 233 (1955)
17-34.

Z.S. Basinski, R.A. Foxall and R. Pascual: Stress equivalence of
solution hardening, Scr. Metall. 6 (1972) 807-814.

N.F. Mott and F.R.N. Nabarro: Physical Society Bristol Conference
Report, (Physical Society, 1948) pp. 1-19.

R.L. Fleischer: Substitutional solution hardening, Acta Metall. 11
(1963) 203-209.

R.L. Fleischer: Solution hardening, Acta Metall. 9 (1961) 996-1000.
R. Labusch: A Statistical Theory of Solid Solution Hardening, Phys.
Status Solidi (b) 41 (1970) 659-669.

J.C. Fisher: Application of Cottrell’ s theory of yielding to delayed
yield in steel, Trans. ASM 47 (1955) 451-462.

R. Kirchheim: Reducing grain boundary, dislocation line and
vacancy formation energies by solute segregation. I. Theoretical
background, Acta Mater. 55 (2007) 5129-5138.

R. Kirchheim: Revisiting hydrogen embrittlement models and
hydrogen-induced homogeneous nucleation of dislocations, Scr.
Mater. 62 (2010) 67-70.

J. Friedel: Dislocations, 1st ed., (Pergamon Press, Oxford, 1964).
A. Atrens, N.F. Fiore and K. Miura: Dislocation damping and
hydrogen pinning in austenitic stainless steels, J. Appl. Phys. 48
(1977) 4247-4251.

Y. Yagodzinskyy, M. Ivanchenko and H. Hanninen: Hydrogen-
Dislocation Interaction in Austenitic Stainless Steel Studied with
Mechanical Loss Spectroscopy, Solid State Phenomena 184 (2012)
227-232.

R.A. Oriani: The diffusion and trapping of hydrogen in steel, Acta
Metall. 18 (1970) 147-157.

V.G. Gavriljuk and H. Berns: High Nitrogen Steels Structure,
Properties, Manufacture, Applications, (Springer, 1999).

Y. Dong and W.A. Curtin: Thermally activated plastic flow in the
presence of multiple obstacle types, Modell. Simul. Mater. Sci. Eng.
20 (2012) 075006.

G. Schoeck: The superposition of thermal activation in dislocation
movement, Phys. Status Solidi (a) 87 (1985) 571-58]1.


https://doi.org/10.1016/j.scriptamat.2014.06.007
https://doi.org/10.1016/j.scriptamat.2014.06.007
https://doi.org/10.1143/JJAP.44.8088
https://doi.org/10.1143/JJAP.44.8088
https://doi.org/10.2320/jinstmet1952.41.4_338
https://doi.org/10.2320/jinstmet1952.41.4_338
https://doi.org/10.1007/BF02651931
https://doi.org/10.1007/BF02651931
https://doi.org/10.1016/0921-5093(94)90975-X
https://doi.org/10.1016/0921-5093(94)90975-X
https://doi.org/10.1016/0036-9748(79)90322-
https://doi.org/10.1016/0036-9748(79)90322-
https://doi.org/10.2355/isijinternational.ISIJINT-2022-311
https://doi.org/10.2355/isijinternational.ISIJINT-2022-311
https://doi.org/10.1098/rspa.1949.0128
https://doi.org/10.1080/01418618408233426
https://doi.org/10.1080/14786437108217008
https://doi.org/10.1080/14786437108217008
https://doi.org/10.1080/14786437108217007
https://doi.org/10.1080/14786437108217007
https://doi.org/10.1080/14786435.2016.1142677
https://doi.org/10.1016/j.actamat.2020.03.031
https://doi.org/10.1016/0001-6160(86)90148-3
https://doi.org/10.1007/BF02646221
https://doi.org/10.1007/s11661-021-06357-8
https://doi.org/10.1063/1.1735121
https://doi.org/10.1063/1.1735121
https://doi.org/10.2320/matertrans1960.6.123
https://doi.org/10.2320/matertrans1960.6.123
https://doi.org/10.2320/matertrans1960.6.131
https://doi.org/10.2320/matertrans1960.6.131
https://doi.org/10.1016/j.actamat.2015.03.016
https://doi.org/10.1016/j.actamat.2017.05.073
https://doi.org/10.1016/j.actamat.2017.05.073
https://doi.org/10.1016/j.actamat.2022.118660
https://doi.org/10.1016/j.actamat.2022.118660
https://doi.org/10.1016/j.actamat.2024.120659
https://linkinghub.elsevier.com/retrieve/pii/0079642575900055
https://linkinghub.elsevier.com/retrieve/pii/0079642575900055
https://doi.org/10.1016/S0921-5093(01)01124-8
https://doi.org/10.1016/0001-6160(71)90082-4
https://doi.org/10.1016/0001-6160(71)90082-4
https://doi.org/10.1016/0921-5093(93)90339-G
https://doi.org/10.1016/0921-5093(93)90339-G
https://doi.org/10.1002/pssb.19690340102
https://doi.org/10.1002/pssb.19690340102
https://doi.org/10.1016/B978-1-4832-8412-5.50250-2
https://doi.org/10.1016/B978-1-4832-8412-5.50250-2
https://doi.org/10.1016/0001-6160(79)90129-9
https://doi.org/10.1016/0001-6160(79)90129-9
https://doi.org/10.1080/14786435808236826
https://doi.org/10.1007/s11661-010-0229-z
https://doi.org/10.1007/s11661-010-0229-z
https://doi.org/10.1016/j.scriptamat.2010.07.003
https://doi.org/10.1080/02670836.2019.1567043
https://doi.org/10.1080/02670836.2019.1567043
https://doi.org/10.1115/1.3225969
https://doi.org/10.1016/j.msea.2021.142119
https://doi.org/10.1016/j.msea.2021.142119
https://doi.org/10.1016/j.actamat.2003.08.014
https://doi.org/10.1016/j.actamat.2003.08.014
https://doi.org/10.1016/0001-6160(81)90112-7
https://doi.org/10.1098/rspa.1955.0243
https://doi.org/10.1098/rspa.1955.0243
https://doi.org/10.1016/0036-9748(72)90052-X
https://doi.org/10.1016/0001-6160(63)90213-X
https://doi.org/10.1016/0001-6160(63)90213-X
https://doi.org/10.1016/0001-6160(61)90242-5
https://doi.org/10.1002/pssb.19700410221
https://doi.org/10.1002/pssb.19700410221
https://doi.org/10.1016/j.actamat.2007.05.047
https://doi.org/10.1016/j.scriptamat.2009.09.037
https://doi.org/10.1016/j.scriptamat.2009.09.037
https://doi.org/10.1063/1.323410
https://doi.org/10.1063/1.323410
https://doi.org/10.4028/www.scientific.net/SSP.184.227
https://doi.org/10.4028/www.scientific.net/SSP.184.227
https://doi.org/10.1016/0001-6160(70)90078-7
https://doi.org/10.1016/0001-6160(70)90078-7
https://doi.org/10.1088/0965-0393/20/7/075006
https://doi.org/10.1088/0965-0393/20/7/075006
https://doi.org/10.1002/pssa.2210870220

	_Hlk201615224
	_Hlk201577074

