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ABSTRACT Engineering nano-scale twin boundaries has been recognized as a novel strategy to
achieve a superior combination of tensile strength, ductility, and fatigue limit in metallic materials. However,
to date, the strain-controlled fatigue behavior of nanotwin (NT)-strengthened metals is still rarely
explored, most possibly owing to the difficulty in preparing bulk fatigue samples. In this work, a bulk heter-
ogeneously structured 304 stainless steel (304 SS) containing 30% volume fraction of NT bundles
embedded in the micrometer-sized grain matrix was prepared and studied under constant plastic strain
amplitude-controlled fatigue tests. A considerable fatigue life and much higher cyclic flow stress level,
while maintaining a weaker degree of cyclic softening at larger strain amplitude, was achieved in NT-
strengthened 304 SS, compared with its coarse-grained counterpart in the same strain-controlled fatigue
tests. This is fundamentally distinct from the more obvious softening behavior of conventional nanostruc-
tured metals induced by strain localization at larger strain amplitude. Such exceptional low-cycle fatigue
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properties were attributed to the presence of a high-strength NT structure associated with novel mechani-

cal stability and its co-deformation with surrounding grains, effectively suppressing strain localization and

fatigue crack initiation.
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Fig.1 Cross-sectional SEM image of nanotwin (NT)-strengthened 304 stainless steel (304 SS) comprising NT bundles em-
bedded in micrometer-sized grain matrix (a), TEM images of static recrystallized (SRX) grains with few dislocations
(b) and nanotwins with numerous dislocations (c¢) (Insets in Figs.1b and c¢ are the selected area electron diffraction
(SAED) patterns)
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Fig.2 Cyclic stress response curves (a) and corresponding cyclic softening ratio (R) (b) of NT-strengthened 304 SS and
coarse grained (CG) 304 SS under constant plastic strain amplitude (Ae, / 2) control (Arrows in Fig.2a denote the
sample without failure, N, denotes the fatigue-to-failure life)
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Fig.3 SEM image of surface fatigue features in NT strengthened 304 SS fatigued at A,/ 2 of 0.05% (a, b) and 0.25% (c, d)
(LA denotes the cyclic loading axis. The white arrows in Figs.3a and d denote the slip bands and crack in coare grains,
”ectively. The black arrows in Figs.3b and ¢ denote the zigzag slip bands across twin boundaries while the white

es in Fig.3b indicate the slip bands parallel to twin boundaries)
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Fig.4 CLSM images of 3-dimentional surface fatigue features in NT-strengthened 304 SS fatigued at Ag, / 2 of 0.05% (a)
and 0.25% (b), and corresponding height fluctuation of slip band along the lines in Fig.4a (h—net height variation

between adjacent hill and valley) (c) and Fig.4b (d)
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Fig.5 Bright-field TEM images of typical NT grain with intact twins (a) and detwinned structures in the vicinity of SRX

grains in NT strengthened 304 SS fatigued at Ag, / 2 of 0.05% (b), and TEM image of rectangle area in Fig.5b showing
twin boundaries with steps and dislocation tangles in the twin interior (c)
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Fig.6 Overview TEM images of the microstructure in NT-strengthened 304 SS fatigued at Ae,/2 of 0.25% (a), high-
magnification image of one typical NT grain undegoing cyclic plastic strain with correlated necklace dislocations de-
noted by white arrows (b) and its surrounding SRX grains with tiny o’ martensite (denoted by the black arrows) around
dislocation walls (c), compared to that far away from NT grains (d), and corresponding distribution of twin lamella
thickness (1) (e) (The black arrows in Figs.6a denote dislocation cell in SRX, inset in Fig.6c is the SAED pattern)



1 4] T RS - 9K 2R S AL 304 B ERAR AN AN AR T 18 55 4T N 51

P8 8 DX A 2 A 3 v R R U L
A7 B AT 55 (1 6¢) 5 T 08 207 i ML B 3L th A7
FE AR REE I HAR o' EAAAR (21 B 6c v 28 ¢ 3
S 7R ) BRI 25 40 0K 25 i 54 1) 2 T T
#8 DU I AROK RUBE R B i 45 44 (1 6d)

3 Hfitie

AR 0 S AL A A 1 AT A (TG 2 38 A8 )
KE R AR AR FIE 57 5 o B L AOM 45 4 DA
T 95 57 AR FE AL 2 DA 579 K A 304 B8 G AR
B AN R 1 I AR R Y B (R /N T 0.25%) P 95 55
I 2 B PR R AL , HL AR AR AR g I 4 R FE K
(B2)o 3X 3 B H R TR 2 5 B8 48 0% 57 B = 30 4K
E ) 0L P A7 1 T R A 5 B0 5 1 6 4 ) 58
HEHU EMHEASNmESRMKESD
Eﬁ &[8,3842] R

YK 2R 5 AL 304 SS AN R I H = 16 R N
IR, TRARR 5K i 304 SS AL I B 4 A R 2 A
I 57 A AT, 1K B S 5 YR AR 45 S LR A AR TE AL
WM. HEGGIKE @I 57 5l RS AT A
[ 5 8 20 G A 2 i it R AN [) 8 e 7 A% M 7 577
VIR HHE RS RE & s ey, sTHER,
X HL 5] ON 128 F R — R RR I L% I, L )
(1 et bt S B TR XK, [T T R LI, AN O 73 K A
I 110 72 45, A ARAE LS/ R Y. BT 9)
KA BR AL 304 SSAE A S 7 G K AR i I 5 0%
55 IR T 1A AT , 9K AR S 25 48 v vl B H B —
Tl b A 100 o7 A% A J= 3 A0 AN 5 WL A1 5 B S 6 T 37
GO 7 28 W T A R B SR IS A Y B AR, T
R I VF 2 AR b SN “2” B B i TSR O BN
RGN ZE i 45 W O e MESY . 3 5 1 B 77 5 i v
JEI 9% 55 3 AR TR R AR A R AT 2B

FHXEFAL A 304 SS, 9K 2R i AL 304 SS (11
IR AR KT8 R e, X EE R TR E KR
J 28 T 5 R AR B 1) v R R v 1 T (3.6 GPa). 4K
25 B 304 SS 7E R I % AR I 987 5 i R A KR G
FH &6 304 SS BB IE A ALK 2b). X —T7 TS
KL JE A A o7 A8~ T T R A R A6 0 85 44 T (I
ERAS AR B2 5 —J7 T, 35 9K 2R i g5 4
KA IR AR A S BUEE ML AR AE 1 R %, th ok
TEIR AL o [l 201 AR W 30, 992K 22 i 3 4K 304
SS G B FE S ook 55 , MK T4 4 304 SS. 1X 5
5 25 K S5 A PR AR M K, R R R A B
(A LE> 50%)” I AEIAAE . 1AL Rk
B, 209 K 25 it 5 ) 7 B8 I8 A 1 0.05% 1 0.25% 9

55 Ji BT SR 2 43 510 0N 3.0 A1 3.2 GPa, A T 4146
BEEMA 5 FBE T 0.6 710.4 GPa. AR, 9k
mm R 304 SS AE B AR 5 i1l 5 57 IO S 1R A6 24 4K
18 ) 32 BT 55 T 9K 28 S S5 MR B AR S 0 57
BT e SR i Ra s (B S R0 6).

b T ARG S 5T, 40K AR 5 FOoRE B
FHARFE 45 & R R AE BB G IR AR, X
VA AT T o i B R oK 2R R R A R AR EOR T
T o ik 5 22 T 51 62 1) R AR B P R 22 Bl I g R
AU A B AR R % 55 I, A A0 FE 2 o
AR VRN R QRS T SESEe TASEILPS
20 0 A AR DI ) R A — e R R AR A . A A
RE 15T, BAB/NE R IR 2008 5
T R JE YO 57 i F2 rp 5| i B IR A8 AR, SR BT
Rl e S5 A oK 22 i Cu B 0 57 51 R 1) ot 5 B 3
FHIR AR A Xk, B ZRAE NI A B — e R B
PGSBS TE , HA R T 5% A 5 T8 5 0] £ 12 A%
EYNAE St

I 23 e 2 7 T 386 T B K 1 0 e A Ay
JE R0 B 1 [ R 7K P40, ok 2 it FE L ) - 425 o
WL R A B IR (B VAR T, 5 30 A
SERIAHUIR o' Dy FAR A I . K25 5 K LA BT
g bR A A i 5 B AR AE I T IR M AR S 2
o0 B0 98 M AR T LR ) 8 30, A AR T 2 5 ST
A TR RS AN AR A, S35 0 1) AR Jey Ak, , B e T e
PE TR RE 1. DRI, 7E 9N K2R 5 5 B 7485 5
THD B3 AR 2 H IR 57 24 40, T 8 70 99 o5 480 82
HBILTE R Ae 7 B B I8 AR BRI P 4 X

YK i SR AL 304 B IR AN R AR LA UK AR
JE 957 55 75 S VA PR 5 55 P K AR R AR B AN
AN 38 S O R T A A AR AR A A AL ) R A
T, IR AT 55 i R 745 o ok & 2E B RSB I AR T, G 3K
SEfR T ST AR R )/ AR R SR R )% 57
RIS AR S R GKR AR A5
AAT DA AR G Mk ) i R R s A 5
RE , 71 0T [ B ORI S ROAEC R 9 55 M e, Je s HE B
Iz WA N FH A 5

4 g

(1) d & Kb e R ah & BV ) Jm 221R K
AEE T2, i 1T 30% (FR > B gh ok 2R
s 45 1) (R HLAA 304 B ERAR AR AT it -

(2) BB BLAS AR 57 W FU R, SINGR AR
25 6 ] W B v 304 B ER AR ANAR B [ 5 24 8L 77 K
1 [RI BAT U A PUE A R AL RE IRV 57 73 6, S5 1%


shxiao
高亮
后加的，请注意核对。

shxiao
高亮
后加的，请注意核对。

QS Pan
附注
正确

QS Pan
附注
正确


52 & )&

¥k

58 &

GRINR GE K i SRR AN FE 5 55 5 R AN ] o 1K
AT I TR A R S A A AR E AN
JAZ AR R AR 5T LB

2 %F XM

[17 Suresh S. Fatigue of Materials [M]. 2nd Ed., Cambridge, UK:
Cambridge University Press, 1998: 679

[2] Pineau A, Benzerga A A, Pardoen T. Failure of metals III: Fracture
and fatigue of nanostructured metallic materials [J]. Acta Mater.,
2016, 107: 508

[3] Meyers M A, Chawla K K. Mechanical Behavior of Materials [M].
2nd Ed., Cambridge, UK: Cambridge University Press, 2009: 739

[4] LiQ, Yan F K, Tao N R, et al. Deformation compatibility between
nanotwinned and recrystallized grains enhances resistance to inter-
face cracking in cyclic loaded stainless steel [J]. Acta Mater.,
2019, 165: 87

[5] Majumdar S, Roy S, Ray K K. Fatigue performance of dual-phase
steels for automotive wheel application [J]. Fatigue Fract. Eng.
Mater. Struct., 2017, 40: 315

[6] Wang Z G, Wang G N, Ke W, et al. Influence of the martensite
content on the fatigue behavior of a dual-phase steel [J]. Mater.
Sci. Eng., 1987, 91: 39

[7] Anbarlooie B, Hosseini-Toudeshky H, Kadkhodapour J. High cy-
cle fatigue micromechanical behavior of dual phase steel: Damage
initiation, propagation and final failure [J]. Mech. Mater., 2017,
106: 8

[8] Bohner A, Niendorf T, Amberger D, et al. Martensitic transforma-
tion in ultrafine-grained stainless steel AISI 304L under monotonic
and cyclic loading [J]. Metals, 2012, 2: 56

[9] Kaneko Y, Hayashi S, Vinogradov A. Cyclic response of SUS316L
stainless steel processed by ECAP [J]. Mater. Trans., 2013, 54:
1612

[10] Renk O, Hohenwarter A, Pippan R. Cyclic deformation behavior
of a 316L austenitic stainless steel processed by high pressure tor-
sion [J]. Adv. Eng. Mater., 2012, 14: 948

[11] Ueno H, Kakihata K, Kaneko Y, et al. Enhanced fatigue properties
of nanostructured austenitic SUS 316L stainless steel [J]. Acta Ma-
ter., 2011, 59: 7060

[12] Hoppel H W, Zhou Z M, Mughrabi H, et al. Microstructural study
of the parameters governing coarsening and cyclic softening in fa-
tigued ultrafine-grained copper [J]. Philos. Mag., 2002, 82A: 1781

[13] Mughrabi H, Hoppel H W, Kautz M. Fatigue and microstructure of
ultrafine-grained metals produced by severe plastic deformation
[J]. Scr. Mater., 2004, 51: 807

[14] Kunz L, Luka$ P, Svoboda M. Fatigue strength, microstructural
stability and strain localization in ultrafine-grained copper [J]. Ma-
ter. Sci. Eng., 2006, A424: 97

[15] Mughrabi H, Hoppel H W. Cyclic deformation and fatigue proper-
ties of very fine-grained metals and alloys [J]. Int. J. Fatigue,
2010, 32: 1413

[16] Lu K. Stabilizing nanostructures in metals using grain and twin
boundary architectures [J]. Nat. Rev. Mater., 2016, 1: 1

[17] Lu K, Lu L, Suresh S. Strengthening materials by engineering co-

herent internal boundaries at the nanoscale [J]. Science, 2009,
324: 349

[18] Sansoz F, Lu K, Zhu T, et al. Strengthening and plasticity in nanot-
winned metals [J]. MRS Bull., 2016, 41: 292

[19] Zhang X, Wang H, Chen X H, et al. High-strength sputter-
deposited Cu foils with preferred orientation of nanoscale growth
twins [J]. Appl. Phys. Lett., 2006, 88: 173116

[20] Lu L, Chen X, Huang X, et al. Revealing the maximum strength in
nanotwinned copper [J]. Science, 2009, 323: 607

[21]Lu L, Shen Y F, Chen X H, et al. Ultrahigh strength and high elec-
trical conductivity in copper [J]. Science, 2004, 304: 422

[22] Lu L, You Z S. Plastic deformation mechanisms in nanotwinned
metals [J]. Acta Metall. Sin., 2014, 50: 129
(U5 &, UEETE UK < R AR TR AL (7], )R 4R,
2014, 50: 129)

[23] Hodge A M, Furnish T A, Shute C J, et al. Twin stability in highly
nanotwinned Cu under compression, torsion and tension [J]. Scr.
Mater., 2012, 66: 872

[24] Pan Q S, Lu L. Strain-controlled cyclic stability and properties of
Cu with highly oriented nanoscale twins [J]. Acta Mater., 2014,
81: 248

[25] Pan Q S, Lu Q H, Lu L. Fatigue behavior of columnar-grained Cu
with preferentially oriented nanoscale twins [J]. Acta Mater., 2013,
61: 1383

[26] Pan Q S, Zhou H F, Lu Q H, et al. History-independent cyclic re-
sponse of nanotwinned metals [J]. Nature, 2017, 551: 214

[27] Li X Y, Dao M, Eberl C, et al. Fracture, fatigue, and creep of nano-
twinned metals [J]. MRS Bull., 2016, 41: 298

[28] Lu L, Pan Q S, Hattar K, et al. Fatigue and fracture of nanostruc-
tured metals and alloys [J]. MRS Bull., 2021, 46: 258

[29] You Z S, Li X Y, Gui L J, et al. Plastic anisotropy and associated
deformation mechanisms in nanotwinned metals [J]. Acta Mater.,
2013, 61:217

[30] Lu K, Yan F K, Wang H T, et al. Strengthening austenitic steels by
using nanotwinned austenitic grains [J]. Scr. Mater., 2012, 66: 878

[31] Yan F K, Liu G Z, Tao N R, et al. Strength and ductility of 316L
austenitic stainless steel strengthened by nano-scale twin bundles
[J]. Acta Mater., 2012, 60: 1059

[32] YiHY, Yan F K, Tao N R, et al. Comparison of strength—ductility
combinations between nanotwinned austenite and martensite—
austenite stainless steels [J]. Mater. Sci. Eng., 2015, A647: 152

[33] YiHY, Yan F K, Tao N R, et al. Work hardening behavior of nano-
twinned austenitic grains in a metastable austenitic stainless steel
[J]. Scr. Mater., 2016, 114: 133

[34] Cui F, Pan Q S, Tao N R, et al. Enhanced high-cycle fatigue resis-
tance of 304 austenitic stainless steel with nanotwinned grains [J].
Int. J. Fatigue, 2021, 143: 105994

[35]Li Q, Yan F K, Tao N R. Enhanced fatigue damage resistance of
nanotwinned austenitic grains in a nanotwinned stainless steel [J].
Scr. Mater., 2017, 136: 59

[36] Meyers M A, Mishra A, Benson D J. Mechanical properties of
nanocrystalline materials [J]. Prog. Mater Sci., 2006, 51: 427

[37] Mughrabi H. Fatigue, an everlasting materials problem-still en



1 4] T RS - 9K 2R S AL 304 B ERAR AN AN AR T 18 55 4T N 53

vogue [J]. Proc. Eng., 2010, 2: 3

[38] Peralta P, Laird C. Fatigue of metals [A]. Physical Metallurgy [M].
5th Ed., Oxford: Elsevier, 2014: 1765

[39] Bayerlein M, Christ H J, Mughrabi H. Plasticity-induced martensit-
ic transformation during cyclic deformation of AISI 304L stainless
steel [J]. Mater. Sci. Eng., 1989, A114: L11

[40] Kelly P M. The martensite transformation in steels with low stack-
ing fault energy [J]. Acta Metall., 1965, 13: 635

[41] Krupp U, Roth I, Christ H J, et al. In situ SEM observation and
analysis of martensitic transformation during short fatigue crack
propagation in metastable austenitic steel [J]. Adv. Eng. Mater.,
2010, 12: 255

[42] Maier H J, Schneeweiss O, Donth B. Kinetics of fatigue-induced

phase transformation in a metastable austenitic 304 L-type steel at

low temperatures [J]. Scr. Metall. Mater., 1993, 29: 521

[43] Yan F K, Tao N R, Archie F, et al. Deformation mechanisms in an
austenitic single-phase duplex microstructured steel with nanot-
winned grains [J]. Acta Mater., 2014, 81: 487

[44] Shute C J, Myers B D, Xie S, et al. Microstructural stability during
cyclic loading of multilayer copper/copper samples with nanoscale
twinning [J]. Scr. Mater., 2009, 60: 1073

[45] Shute C J, Myers B D, Xie S, et al. Detwinning, damage and crack
initiation during cyclic loading of Cu samples containing aligned
nanotwins [J]. Acta Mater., 2011, 59: 4569

[46] Hong C S, Tao N R, Huang X, et al. Nucleation and thickening of
shear bands in nano-scale twin/matrix lamellae of a Cu—-Al alloy
processed by dynamic plastic deformation [J]. Acta Mater., 2010,
58:3103

(Fr A28 B F4x)



	目次
	Column
	纳米孪晶强化304奥氏体不锈钢的应变控制疲劳行为
	Strain-Controlled Fatigue Behavior of Nanotwin-Strengthened 304 Austenitic Stainless Steel


	Contents
	Column




