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ABSTRACT Based on a series of uniaxial ratchetting tests carried out for 304 and 1Cr18Ni9Ti
stainless steels under cyclic stressing at room temperature and elevated temperature, the concepts
of ratchetting stress and ratchetting stress threshold were presented and a set of methodological sys-
tem was developed ,which can be used not only to model evoluted law of ratchetting strain of the
materials under uniaxial stress at room temperature but also to simulate saturated ratchetting consti-
tutive behavior of the materials at elevated temperatures. The presented system can overcome difficult
problems to describe ratchetting deformation from traditional dualistic stress control. The ratchet-
ting constitutive model and ratchetting evoluted model given in this paper have better precision to
regress experimental data and are accessible to engineering application due to better concision and
easy establishment in equation.
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BIRES; 45T R S e AR AR R T A R
BITE R T A TR MBR A RHE R A X R
B SRR A TR R B R B I R PR A S &R
1 LRFAZE

REERTR A EFEE: 304 R4, 1Cr18Ni9Ti
TEER. 304 491 1Cr18Ni9Ti AWML (RES
¥, %) #R%. C0.062, Mn 1.12, P 0.023, S 0.018,
Si 0.74, Ni 10.27, Cr 18.57 #1 C 0.064, Mn 1.72, P
0.032, S 0.015, Si 0.064, Ni 8.7, Cr 18.45, Ti 0.36.
PR R F ERE IR 1 PR

® 1 AR

Table 1 General mechanical properties of the materials

Material 00.2 ob E & ¥
MPa MPa GPa % %
304 stainless steel 230 660 195 52 62

1Cr18Ni9Ti stainless steel 231 700 195 53 62

REMRESHALRN S, BREFHAHEHNS 1100 C
+60 min+ /K& EELLHE, RSB LK
B, 304 MAHERMEERKS 8 mm M 30 mm,
1Cr18Ni9Ti HiAHERLMEHEK N 5 f 10 mm.

T iF 4 HEE MTS810(100kN)&809(25kN) H,
AR RHATRML, HAZHI RSN TestStar 1T #2135
sk (F3F1E X4 Window NT, MTS N H#k{4 N Test-
Ware/SX. MTS #7 %35 AT | iHU B E A
0.2%. BBRXESEHIREN MTS653 R4, BhimEY
BXFEEY 50 mm, ZFEERNEEHER L5 C, BERE
R £1 C.

BT B LR R Y ST R Te S TE A = Al 0

op ¢ oy(op HEENF, o, HEHEFS), MBEEN
200 MPa/s. ZHAFEABZHEMTHR om L 0a(om A
BN, o, NIEHENTT) HIEFME, WFRZMmER LR
IRSIINE TH. % 2 A T MR R T M
STANE T :
EEMBHEFARMEAKFHERLR op(=
om + 0a) HETE—EEEN BIXEEME, WKZAES
ZT—MEAREMBELR. & 3 HET 304 &K
ERFABEETEMEN S op HEMBELR, FESE
T 1Cr18Ni9Ti AWM B TEMEN S op FEME
TH; #4447 304 RENABREREMRIA. £
3,4 EM LR THERRXESHK 1
2 ERTENshsR
2.1 WRETEN
RS AR Y 1 I PR B N £ 1 T PR3 B AR
HES R BEir LR 3 Ml AR E SOR R X fh
TEFFEB AR B

e = (eL + €Rr)/2 (2)

Ref, e M op AEFH:
O 72

ER(L) = Ezlax(min) - UIT2(L)/E (3)

ER(L) = E’rIr‘lax(min) (4)

ER(L) = Emax (5)

* 2 PRGN RL MR TRE

Table 2 Single-loading conditions with constant om and o, for the two stainless steels at room temperature (MPa)

Amplitude stress Peak stress Mean stress om Mean stress om
0a, MPa op, MPa 304 Stainless steel 1Cr18Ni9Ti stainless steel

5 12.5 25 80 140 180 200 240 300 10 60 120

5 205 - - - - - - = - Y. — Yo —
32.5 210 - - - - = = = = Ya — — Y
60 225 - — — — Ya — Y. — Ya Yo — —

90 240 - - - = = = = = Y. — Yo Y
120 260 — — — Y. Ya — Y. — Y. Yo — —
180 280 - — — VY. Y — Y. Y. Y — — Yo
210 285 - - - - = = Y. = = Y — —
220 300 - - - Y. - = - - Y — —
240 320 — — Y. Y. Y. Y. Y. — — — Y Yy
300 340 Ya Y. Y. Y. Y. Y. — — _ _ Ys
— 360 - - = = = = = = = — Yo Y

Note: Ya—loading condition of steel 304:0m =% 0a, Yy, —loading condition of 1Cr18Ni9Ti steel: om £ (0p — om)
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Table 3 Multi—grade loading conditions with progressive peak stresses for the two stainless steels

Material Type Cyclic loading histories of peak stress op, MPa Amplitude stress N, cyc Temperature
0a, MPa C
304 RTI 205— 215 — - - — 390 —405(15grode) 45 200 RT
stainless RTII 205— 215 — - -- — 390 —405(15grode) 85 200 RT
steel HT-200 180— 190 — - - - — 310(14grode) 45 100 200
HT-350 150— 160 — - -- — 280(10grode) 45 100 350
HT-500 100— 110 — - - - = 260(17grode) 45 100 500
1Cr18Ni9Ti RT-120 200— 210 — 225 — 240 — 260 — 280 — 120 200 RT
stainless 300— 315 — 335 — 355 — 370 =380
steel RT-80 200— 210 — 225 — 245 — 265 — 285 — 80 200 RT
300— 320 — 340 — 360 — 380 — 385
RT-40 200— 210 — 230 — 250 — 270 — 290 — 40 200 RT
310— 325 — 345 — 365 — 385 — 410
RT-20 200— 220 — 240 — 255 — 275 — 295 — 20 200 RT

315— 330 — 350 — 370

# 4 304 RERAGBEERE (2000350300 C) HmBE TR

Table 4 Loading conditions with temperature history
(200—350—300 C) of 304 steel

Type Amplitude stress Mean stress
op, MPa op, MPa

BwW-1 85 155

BwW-2 45 165

& (3) biF T RmsTEIERM N A g B RAe, N
HNBRENARAIRSEN T = In(1 +¢) M
0T = o(1 +e), Heh e M o HHBREBHRRE TRV
M4 U H (BF P/ RBEEIEERER Ao) ; el H
€. FR—MEREH R BIAB/MOEENE,
1 eT S HIHGIETBRNE €max Ml Emin XA ER
#1; BEE Xa M Xu HIEN Xap), WR (2, 3) M
UFFRE N N AR AT R, & (2, 4)
KRN N RER TP SRR, UER (2,5)
FRURAE NS A EIETF PR BN R, EEIRE
BRI RRURYE, ASCRAR (2, 3) & X NE, 1T
B e ;s EPPEHEEEREBIARE, WORA Fhmi N
AT €.

s b, B 3 FORRR R R VAR BT
MR, BN 3 MY MR E la Ry T
% 2 PR MB TR FHE 304 AERIREBIFATIR
FUBRRC RSB €5,0,€2 R, B 2b R T % 2 B3
HIHRAE 3 FESEEH IR FTHA 1CrI8Ni9Ti
FERIR B A PRSI 5, €5 X B HR
FH, WEERA AR LA R R TR R

Ernax = ke€l + ¢, (6)

StF 304 &, k.=1.1093, co=-0.00078; XfF
1Cr18Ni9Ti &4, k.=1.0813, co=0.00102.

2.2 —TERisHEED

IR 2 B 304 S B T A, & 2, 3 4% T8
R F7 0T RTINS €T 3 e WM RSN H
oy 3 €3 MHMEML. B 4a B TWEN N o) X e 9%
WIBLE, IR T SERT of SRR IR SRt IE 4k
A ef WHMIER. BRER: o), 0k, 00 FFZES &
A% R HIATHRH, IR BESZ ol 0, of A4
FHER R X IO, T of -2 X ERF 0T, 08,08
a2, RS YA R A (U EELN AT o B—tH
. T 1Cr18Ni9Ti 46, B 4b B/ TE 2 Frf
WIMETRURER 3 SRR RIME TR T ol -
LUK R, TRERM—HAEE, WELN Rk
B AT —S i

VEHSE R B2 LRIEH, 75 0m=0 BEXTFRR S 7EER
BT, TSR S (FRERNH) GEA,
RS EATER (FHAM) BREE. % o <5 MPa
PN T 6 TR TR R 7 ) e W B A et Homks
AAHEEHE—STREBR. Y 0. HEH, METHER
AL AR B, SRS TR B P S
BN, NN B RN A, HERK, B
TR, BRI H TR RS R T —
KSR, KRR SR AT N K EN B 0. (B
/I BB TEERIR AL
2.3 WRITGHI TR e

R 4 89 op €2 TR U R F) AR S
X, fEEWRE AN SIE X AR IR A E, T8 own.


http://www.cqvip.com

9 M ¥ I% - BRAENAR AR T AN — T2 B R 969

25
% @ Sa.MPa
4 A a 300
21 2 L R T \ X 240
o & = \ \ S A 180
= 20} - e \ \ o 120
% *” A 151 * X AN
H @ 3 . /Y om, MPa
“, I 3] FAY N /X /A
c 15t o @ PR Ngove N x 300
B - 2 10 N NN ° 200
s £ F X o\ \ -
% 10} o~ g PR A A A s
[} . = \ . LY 2
o P ® Experimental data £ ¥ N Y 2\
5 .l" -~- Linear trendiine © 5F ¥ AN
- PN e B8
o o W ¥
0 b s « i — 0 . s . "
0 5 10 15 20 25 -400 -200 0 200 400 600
Ratchetting strain &, % Valley stress &’v , MPa
20 B 3 304 R 0a Ml om HETH ei- 0F EKBWXE
()
> Fig.3 Experimental relationships between &f and oT
e 151 with constant oy, or with constant o, of 304 stain-
ni less steel
E
-~
g 1or
]
z % @
© "
2 5 e Experimental data A RTI-multi-grade loading .
. " 20 + © RTIl-multi-grade loading °
Linear trendline = « Singl-loading .
" g°
0 L i 1 15 )_
0 5 10 15 20 £ P
Ratchetting strain &% , % 8 Lo
210t 4
b5 ®
1 304 #1 1Cr18Ni9Ti REEM 2.2 THX R 5 I
Fig.1 Relationship between peak strain €% ,, and ratchetting & s5¢ ﬁ
strain €% of 304 steel (a) and 1Cr18Ni9Ti stainless steel {b)
0 ‘éé .

0 200 400 600 800
Peak stress o'y MPa

25
o] 0300MPa 20 5
0200 o Single loading condition
©140 A RT-
® * as0 ® T 1§g A
: ol #300MPa csp @
e % 240 % a 40 2
2 e 180 £ . 20
[ ©
= ¢120 = 2o
s 210
£ £ a*
E E %o
S £ .
& 3 st ‘”Du
&S
0 1 1 1 1 —1 0 i 2 "
0 100 200 300 400 500 600 100 200 300 400 500 600
Amplitud stress o’ {(mean stress c'm), MPa Stress o, , MPa
2 304 RN -0y (om fEE) 5§ i-0f(om HE) B
TRER (om BR2) 5 F-omlom 1) B 4 304 f1 1Cr18Ni9Ti R oT -3 TRRK
Fig.2 E '.\ tal relationshi b . 4 o Fig.4 Experimental relationship between ag and €} of 304
18 ?(perlmen al relationships between ;r and g steel {a) and 1Cr18Ni9Ti stainles steel (b)
with constant oy, or between €} and o, with con-
stant oa for 304 stainl teel > £
2 statniess stee —EETHITHEE . AR,  own BIEFEMEFH

HYBB IOy EN ST oren BAPREREERE B HHRR, 304 A0 1Cr18NiITi 8K own 51K
B, BAER, AAEMFEERRREREMIEEN S 212 #1203 MPa, EfETHRAEREE ooz TR


http://www.cqvip.com

970 £ B’

% R 38%

FROERE, AR (e i 2R A R ISR AR 4y Bk 45 SUR
ARRL ST, ANFRREEAEEdRERMEVEARTE, FI R YR
SEIBRES TR G F 4 SUBIRIREE. X TR R, &
BARBINGHE owen B, HIEAUEITHERTECY 0.900 2.
2.4 WERHFHEHE

W 4 B e LAEE, 304 407E RT-1 71 RT-11 B4
MIE LA Tl R 1Cri8NigTi 4978 RT-20, RT-40, RT-
80, RT-120 ZEMB T T, of e LW HHHE 2 oL
THTF of €3 EI S RPER/ MBI XEER
B, RSB S SERT IR KRR ER T 3 Tu k. SRR [7]
RIBFFE R, JEARIEER R A1 K F T I H AL A AR X
SRt R @ IEI R KT TR A I Tes N B
TR A AR By s, TS RN P o
RIS ERY /7 3%
2.5 WMREHEX

AR S I AR WA Y ) 2 A8 AL S AR E RS T T4
Hi ERERIAR, B IOWRES o T

or = O'pT — Oren(0r > 0) (7
A
O'pT = (O’m+0'a)(1+5max) (8)
HA, emax 5 e BIEEMH (6) 4.

A SCRIERETE SERH IS & LET R A e 5
RS o Z AR —TTR IR R, TR RKFREMRE
95 TT R 45 R AT DT SR B R AR T T R B v
B, MRRAFENAREEW, WRERARLTE (1)

& = f(or, N,6,¢) (9)

3 FErhtAFOEYE A HHRE

3.1 ETHRAENE R R AERE

X FHBRMBERES THABMNAR, X (9) rIfE
tkH ec = f(or). M| 4 iR, ERSEARYES
¥, RTE ;-0 BT RN T TR

€3 = 0, (0,/00.2)% + k:(0:/00.2) (10)

He o Mk ROVBE REC X TFIREEMBL a:, k, f oren
FEME—HAE /Y, BT 2R 3. I S A e Aok
AL o] F T 00 B AR R B 4 T SR RAE A, K
PO RMBRE AR, @Y SRM A (saturated
ratchetting model).

B TR AR R B S SR R RIE E BN e T s T
X, A[LLRAR 3 PRl terE B RIGE N S IEFF M
B A ERAEAR (10), ZHERRVRIREE. X4
o > 0 8, 304 89f SRM FHHAI o] 424 RTI
M RTII T oy 8k 2 A8 2R 5 7t F0 SE 38 JoHE @i 7

B (10) FEIF%KB:  0nn=202 MPa, a=0.04084,
k,=0.07526; 1Cr18Ni9Ti 4@ SRM HAI ol HiEEHN
RT-20 RT-120 # 8 ikE 2 RAE TR 7 1R L0 S i 8
R (10) KENFKE:  04n=193.5 MPa, a=0.1145,
k:=0.0005200. FFpFOEIE SRM SAIH 77 F2E B H AR
FEHA3] 0.99.
3.2 EEEREHEMETIREAER

B 5 /HT&R 3 MR 4 Frdl 304 ANFENEE
T (HT-200, HT-350, HT-500) fIAE LA (BW-1,
BW-2) Ty ol-e2 LB &, oI, FRERSHER
L S AER—REBRE L, LiEKIRE THHE
J7 s A R ak e B R T AR R ASIRS A K. B/
M 304 NGEER A AR REAE B AR B T NE B 3 A Bk
VB Y. F B e BB K, BRI RY ) MR K T Y
W P 3 X ) ke B AR KO T 89 AR AR RS AR
T, X—FEEEESHEBEMBEERET 304 1%
WA T RELN & = f(o,,0).

8
—a—HT-200 500 T, 350 P 200
K
R 6| --o-HT-350 ry
- _' 9
W . .a-HT-500 oA
s S o9
g 4
§ .0 a Bwassw2 P4
o & f
s Lo
[0} ] ?’
S 4
kS o
< 2f g
N
S dP
0 - A‘q‘ﬁ L L
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Peak stress o’» , MPa

B 5 304 FEEMERSER T TEARENEERER LR

Fig.5 Experimental results of strain e at fixed elevated
temperatures (Table 3) and at various elevated
temperatures (Table 4) of 304 steel

/€5 K, HERENERE, ERTHRIRE - o7
LR IR BREE RN T R E RS, B, fEARESEN T
B AERE AR AR A B E. AR3E SRM AR o] 87
Ei|, 200 °C, 350 C, 500 CTF, 304 REHHH%
[ TR F{E 45y 202, 163, 139 F1 108 MPa. &
Hl, Oun—0 XRBEIENE.

Oren = —0.1930 + 205 (MPa) (11)

TR R R IRRRS AR B X B B R

M6 5T &R 3 TATAHENY et-0r TRER,
BRAFEBRETH -0 KRAHEE—E, B ei-0, %
RAAZBELW. Hl, ¥R ei-o RRMUBAERT
DUTHY el-0r HIZR. SR ERV AR A RHE
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mTHR—FE:
Els_ = ar(or/ao_2)2 + kr(O'r/O'()_g) (12)
Orth = o1 + kT
RYP ar, k000 & SRM BRAEESZE, or # kr

HEBEBE SR, X (12) FFRBEBVHEMRER
WA, @#Fy SRMT A (Saturated ratchetting
model with temperature effect). XIF 304 FREH,
e, ke, 009, ar, b H Orn 2515 4.084%, 7.526%, 230
MPa, -0.193 MPa/ CHi 205 MPa.
3.3 SRM #1 SRMT #EIXRF0ERE R TR

FIUHBMBREA#ER SRM (KX 10) A&7 E#
IR I 33T 304 REHRIEFAEFIRREE N T
W, B 748 TS TRMERELH N TRET
SRM BRI T 45 53R 50 45 A X e igise. vl LB
RER 45° WHBLIFAREIEE 12 FLL2E T4
M, RERAHSERBT 2 LB TE. H 8 4
T SRMT g—#A (& 12) X 4 FBRE TH e-0f %
WEERMTMEN, 7 SRMT #R A TR R
AFRFORE. B TELEA REE T RN ER
mEs:, BmAEEE, FRIGEA TRNA.
4 FEBREER

MR AREEEZA L, WARERR VA A e
P, RIRM AR TOL R AR AR T

& =1—aNP (13)

XH & = /el N > Lo, 8 BEFENIIRE THIH
BHEE, HAREEKLSE. ZEREFY REM KA
(Ratchetting evolution model).

MR 1 B THREREER#HTETRY, A REM #A
AT LR SRAR S bt R T 57 RS IR 0 N AR R4 A R Y

Predicting results of &, ,%

Predicting results of €, ,%

Experimental results of £, , %

7 304 1 1Cr18NIOTi AEMBME Y e; LRERSM
0 (B 8 be 3
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R M AR R B RRE L EER S .
T 2 AR AL LS &R R ¥ N FIRRFERLS o B

MIEX (10) M (13), XEFgREEA L, ATLLEEIR
FEMN AR E BT R

Er = [ar(ar/ag_g)2 + k(o /00.2)](1 — aNﬁ) (14)

EXFRm RS — R, @5 h URM B (univer-
sal ratchetting model). XtF 304 1 1Cr18Ni9Ti A4k
W, MR k. WRITHE oun SHREELSE o, 8
5N o B3R F (E 10 458) ¥ EBL LR IKE.
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1Cr18NiOTi REFNAER F TREFRL A7 Ik T 8BRS 7
BREIEFREUE AR TS, 34 T FRbe Y
o, B ENEEA. AW, FSTETHIR AR TR R/
HEREAEGEHERE T, URM MERHARSERAR
TGRS A AR Bl 4 R 5 EB 2R/ &8
M. SEHE, 308 REM JyssE & s i T
FLEIRRE BAS L AR R, ol I TR B
7 B R I A (A AR

HiF EIA B R 15, —rmmity
BRERAER R hEBHEMNEHSEERE BERAR®
FERBHN2BERES, B—FE, EHEHBFRCH
xHU, AEHBEZWRRE[/AMB LN om £ 0. TRE
ARG R RS AT R AR, (HXTE 2 3
RS IR T T B ASTE R A BUI o4 T W (54008, B T
A R A MRS TR ARk, B 7E st
N 8y B R T R R E ) SRM 4 A0 s A
1 URM BRE AL G — RS R AR R BT
P 5 TR AR T T e s
5 &g

(1) TRRUEHE VA Omax UURIE, SENFHIIME &
PIREDE 20 7 B AT BBV, R 2 7 B
TFER P SR

(2) TEBBBHIETFN I INB LT, BEEANHESE
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(6) F AP L RN B Sr SRM HAHIKBRE
IR E RGN S I e T oot IR, AR

(7) BT —JTRREE B R il RS AT [ E by e
& 2 A UAT AR R A 1 B R B Rl TR A RS 7 A 4 A
ARt AT LIS SRR R B IR AL AL, FRRES AR R
HIBRES KA 5] A R 4B TR AR

(8) Zxc#AH T 304 49f1 1Cr18Ni9Ti (i) SRM B
MM URM BEEEE—HASH

B P EES AR S R R E A LR EXN AL
304 reEma it MTS @& x#.
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