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Substructural Change during Low-cycle Fatigue of SUS 316 at

Elevated Temperature

Teruo TANAKA, Takashi IcaAwa, and Kazuo HosHINO

Synopsis :

The substructural change during low-cycle fatigue of SUS316 stainless steel at elevated temperature
has been investigated by X-ray diffraction and transmission electron microscopy, and its correlation

with the fatigue hardening behavior has also been shown.

Fatigue test was performed under a total

strain range of 1.0% with a strain rate of 4X10-4 sec™1 at 600, 700 and 800°C.

The main results obtained are as follows :

(1) The saturation hardening stage attained after around 100 cycles at 600°C, 12 cycles at 700°C

and a few cycles at 800°C.

(2) At 600°C, the particle size (<D>.) decreased markedly with increasing cycles up to 10 cycles
and varied little afterwards. At 700°C, <D>, decreased in the hardening stage, became constant

in the earlier stage of the saturation hardening stage but increased at the later stage.

At 800°C,

<D>, became 30 000~40 000 A at the earlier cycle and varied little afterwards.
(3) At the saturation hardening stage, <D>, changed little but microstrains varied markedly within

one cycle.

Storage, relief, storage and relief of strain energy are repeated in one stable hysteresis

loop.  As a result, it seems that there is little net’ change in stored energy within one cycle.
(4) It seems that the stress range (4¢) at the hardening stage depends on the dislocation density
(p) and the relation between them is given by 4¢/2bG=1.05x1054+0.96y/p where G is the shear

modulus.
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Table 1. Chemical composition of material (wt%).

C Si {|Mn| P S Ni | Cr | Mo
SUS 316 j0069{056 | 1.71 |0029{0.006{11.52 (17.04 | 2.25

Solution treating: 1080°C x 40min, Grain size; ASTM NoS~6

i

Stress range, a0 =

n’=:0/4 : full cycle

n’=1/4 : a quarter cycle
n’=2/4: half cycle
n’=3/4: three quarter cycle

()
b

Total strain
range, a&t

Fig. 1. Interrupted point in one strain cycle.

Table 2. Conditions of X-ray diffraction.

Characteristic X-ray CrK .
Filter Nothing
Diffraction plane 7(200)
Tube voliage 40 kV
Tube current 140 mA
Slit Divergency slit 1°
Scattering slit 1°
Receiving slit 0.15mm
Fixed count method
Full scale 40 000 cps
Step width 1/100°
Fixed time 20s
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Fig. 2. Change in stress range and plastie strain
range with increasing strain cycling.
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Fig. 3. Relation between fourier coefficients, Ap,
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Photo. 1. Substructural development during low-cycle fatigue at 600°C.

a) No:101/y b) N=301/, c) N:1001/, d) N—=3001/,
Photo. 2. Substructural development during low-cycle fatigue at 700°C.

% Photo. 1~3 "7, 600°C o4 N=301/4 3
TRLADBEINTED, TOENLAEMLTLED
REJNXBLATERRTH 0.5 THow. 2oz &
12 301/ LIBIC3 CleBBRE e v LA D & & 2R
LT3, LaLl, 600°C o4, #Hikd 5 700k Xof
800°C TR Lo N oinic 4 5 i oREr & <
B b ofe., 700°C o4, N=10/4 3 Tic
BARE/L e AT S h e DR E Xk 0.6 4 TH D7
T DEDON OBEINTAE e Ad 4 XiERT B, i
ADEMEERIREALT 5 L 51 Bbhs,. N=1001/4 T
WrichB—ice P ER T DR E Si2f 1.25
THDl. 3000/ 1 dhieh & v BN B LD
IO FENBEE LTcB. 800°C DIf4 N=301/1
TT TR B AR ER, Lad e
FEENRBED RS, NOHEITHE w1 i & <
CHEE LIV vHORNEERIRD L, B8
b & bbb rBOHEIETEITHEL LS.
A BRI B LCHE S ey 4 KOk,
THhORBEE CH L OBEHETR e 503, XEMKT X
DRDI (D)e LML LITFELT 5.

4. & =

4-1 1494 7)LhOMRNERKREL

SE BT S16C o EREFRC 5\ C, dey=3% T
200 1 7 MR YR LBEEFRRBIC /2l & Z HTOH
A7 AEBRED (D)o 5 LV (elDV2 @ I{L & T/
Twb. ZORR, DV Y 42 b TEHLS
BRI 8 B \NEEMIGIDIRK & oDt & 2 ATEOfE
DL ELIEHBEREL R LTS, EELOREE LR
THHD, FHITIBI (D)o b1 27 VTR WTH
HFarelLTws. L, EFEELDENL 700°0C 0
BRI TIERTD 1 4 2 nchod ' =0/4,1/4,2/4, 3/4
RIUVEEOFEVELE T D n'=0/4, 1/4 T 1% (D)
W EAEELET (DY DHEBREFH L. D9,
(edV2 DIt n'=1/4, 3/4 THEIIL, 0/4, 2/4CHD
T A8n-EA-En-BA OB/EEXE L. LichDT,
LA 2 AFDOFTER =5 0¥ — 12 BR-BIR-EH-%
BOBEEICE Y, MMGEHERTIZ 1 2 +HEDOD
THRZAAF—DEOT(ITIBEAEWEE 2 bR
5. DT &t Harrorp DFERDE—FK LT 5. —

— 106 —



=5

o

SUS 316 oEiRiky 1 7 MK 5 BRh o BB mMszEL 815

4]

a) b) N=301/, c) d) N=1001/, e) f) N=3001/,

Photo. 3. Substructural development during low-cycle fatigue at 800°C.
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oN D3k, do/2=K(dep/2)” (K : Cyclic strength co-
efficient, n : Cyclic strain hardening exponent) 23,
D, KXUinkdd oicid Koed 3 5 IU
nocd =t @ BEABLY SIOE LTS, LaL, KkX
VaRBEER IOV TAEEC I >T—H RIS D
OCHB. —F, d FRERS ICOTREEH» —E T
LLOTREHE (dey) PEDLIIELDEE XL bR
£ Upbic, Wik dey BREMBLOXEFDT
K=130d-43,n=0.2/d & | 4o /2=130d-4/3(dep/2)0-%4¢
A BRYRRL WS, COREDOLO i Lic X
5 AR SEATWE EEL RS, Lad, BN
HEB T dep NIBE—ETHHIENLEXLTH
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700°C TOMMIEIN—ELFEEIRT VB 2 ]
R B0z oRTFEHTE K.

i, —BEHBEINEL c=aGh/ P (a : EH) OB
FRTEEHZ LR ILAMBLRT L5298 700°C ofafn
GBI TR XTI h RV e & do R
T USRS R D Bt hvote.

LR LA X 57z Eant, 700°C ofFSHHE K ©
do P—FFERF T2 Y EL 284, 4o 1@
BIET2HRETFELTUL @D (BB WL d) IV
eidlV2 @(Ddes (eldV? h BEIH LV 0 LMh I B0
HFE2F2 50BN H5. 46 K D #1011 Particle
WOBENMEEDOFEHBTHD, wrbdb\ ity 7714
VERATOEMEEYER LS DT 7 v, OrLovi
B2 Al a-Zr R EOEBOER 7V —F 1T T
VTS vA VERTOBRMERE (oss) HIETIO Hine
EHEHEM T B L L, psp=0got+ac™ (a, m: FH)
IeBHBARERL T WS, ZDE X, psp ik poss=30/bd
(0 : FfEE) CEIRBE, Z0Z b, d B—ETH
NEETOHEIME L b 0 XY RTBEEL BRD. T
ehob, 0 DKL L BT psp P LIS A KT
BLELLRB., Licho>T, 700 3s Lot 800°C ¢ o
PRMGHBIRT do B—ETHBZ &, &< 700°C
TORIENFILT (De (HBWIX d) BEETHI
bbb do W—FETHHIEXMRT 5K I1L
(Dye & (e MBR®DIV O & R BIFIG T BB
FIFHET DY 7 7 vA VEIOF XY bERT 5 LE
DobBHEEXD. ok, APRTEHEEYPITELTL
Ay, SUS 304 (3% B 1R B : 649°C, Je,=2.09,
Ey=4x10"3%"1) DORPUIHE TH 0.5° TH2 L#EEZR
T 51,

43 MIBLBERZTORHEEICRIFTHBOEE

AEC T, FfiEd do & RIFT —o0 FEBRIC
TeDTWB EHZE LA, LaL, 700°C ojnT bR
THOFMUENZEAERELTHE LT, @B VELE
5 do OELIIV e DEL & F OEBIKC R\ T FEL
LT\ e, Ee, 600°C on THEEMFHE TS 2RI &
SHPZEDRENED bRIgHDF. Fo T, 600 35
X 700°C o THALHEE T D do v & o BE%
BRI, #E%A Fig. 10 wird. Fig. 10 @i inThs
LB & AR HNEDOFREN T LA LRD LR IcHD
72 600°C DfgFLHBEIRTD 4o 2V o &L DBIF b
BB TURLTCN3, do RS BESEYSHOT
BHELT do ©1/2% ZREO BIHEK (G) & LU°
SN=H—=A X7+ (b) T L7 Normarized stress

V. 46/26G L0 o BAGRIT 130T BB T HLAT

(x10°) /
~ 201 | = [600°C(N=3~300) LY
f
§ | ® [700°C(N=3~10) __/
g ///A-
o~
B -
q 700°C
& N =300V [ ]
o 1'5 -
50T Ve
n ]
@ L
- | e
: / 207 26G=105x10% 096
L L
N
T 10k G: 5750 kg/mm?2(at 600C)
£ 5300 + (at700°C)
2
I " N 1 i N " 1 i ] 1
0 05 1 {x10%)

Square root of dislocation density, y§ (cm)

Fig. 10. Relation between normalized stress range
and square root on dislocation density during
hardening stage at 600 and 700°C, and during
saturation stage at 600°C.

¥, 40/26G=1.05x105+0.96y/ 9 T 33 = & 2T &
B, 2ED, do/2GoV p fe b BFMRIIT S, Lo
A30TC, INLHEE{LHEE T2 Dislocation bundle D4y
DIEFFEEL KT S & bundle BDJEHEAJHA L9,
HRAL D B R R T B ook T 5 b 0 L B
b,

-4 BHROEBTLEERFERBBHEORSDE LD

LR LT EFERIC S LD TES B EE & M
B ORI DWT & L, FDRERY Fig. 11 R
.

BEHER OB, T ik b 2B LR CIiLEi A%
LSHWIFEL, O EDDWTERLEE I h - SR DAL
MELITNL, DL ARBERI IS, FLUTHEE
Shice vDIN O E & SICHAET 5. 2EFE/LE
ST D X5 I RAIEER A LA 5 & & It N ot
MCAEVWERNFBENEAT S, XbKk, EBRFLERT
PUEOTEAMRBMET S, L, 2FEFELE X
CES W LHIR TN O INCLE 5 HirsE DRtz &
AERDHDRIE., ThHDERI RT3 4o 12858 L
DRI TV 0 & FEECBER L, 600 5 X 0t 700°C
DRBRBET L 53 46/26G=1.05x 10°+0.961/p 7o
HEGRTREINRS.

RS NEBIC DT R B &, 600°C Tl % DL IR
HHUTEAH 4 RRESE LEB Ly, Ld i
DHMENRITE A LR D BRT, #0B LELER LR
UK do L A DOBIR 1 46/26G=1.05%105+0.96
VOTRTIENTES. UL, 700°0C 0BE,
G T v 1 X3 DI TIRIBIE—FTH 5
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Change in stress range 2
with cycling }
— N
Transition
Region Rapid hardening stage hardening stage Saturation hardening stage
Dislocation Distocation
= production  tungles 600°C 700°C B00°C
@
£ . Fixing of Fixing of
‘& [1)Micrograph - -»> tx1ng o' Increasing txing o'
E cell size ) cell size
) ) (~0.5u) of cellsize (3nvdp)
. Cell formation Cell fining M H
B LN
3 R
q ad e‘-'t
E Q%
I -
ug) Z)Dsmc%le'ggig Increasing Increasing Nearly const. |Increasing-sDecreasing | Nealy const.
3)Misorientation Nothing Almost nothing {Almost nothing Increasing Increasing
Relation between 5 Equation D+ Eductipn®+
stress range and AC/72bG = 1.05%x 10° + 096VF — @ Equation @ Consideration of  [Consideration of
substructure misorientation misorientation

Fig. 11. Outline showing substructural development during fatigue, and

substructure.

P, FTOHEN OBRINCAEVEAL, UL b HMzEsEE
CHRETH. TOLEEXV PR XOHREEDIT
B35, Lihi>T, 700°C ofgfuE i To 4o
bR Lic 46/26Gocy/ o DESRCIT AT ER I &
L hic do/2bGocd "t IR BBARTHERECV. £ T,
700°C O RAFESIEER T N o A JT AL 2En BaE
WEETHT LB LU OrRLOVA LOWE X5 LG
HoWnE & bHME () Ty 727vA v
BRCTOENMEE (0sp=30/0d) HHEMTHLE LTW
brimb, do BETARTFELCRITRLEYV S
Pt 0 ik ERBFERTFTHDEELD. 2D &Ik
N ofhinc i ENnBEECRET S 800°C DR
vz B, 800°C o B4 ik 600°C EFEIEE, A3
IEHER T ey A KL EAEEEL—ETHS. L
L, cOEEDLLY A X T 600 35 LU 700°C D%
RBRHELELLRENZ EDEFERTHS.

5. & £l

SUS 316 o 600, 700 3 X 7F 800°C TOEY 1 7 v
i (dey=1.0%, &=4x10-1s"1) AFEF O HRHIA
SR XEMRITS IOERREC I v#HELL. B85
NEB LRI TOLR D THS.

(1) 600°C o4, # 100 w1 7 L CRMNEIHE
BRic &3 5. Particle size ({D)e) 1349 10 w1 7 1%
TRYIELE (N) ofiiné L e 50, Lotk
NA®EIML TS D)e BERTRE—-ETH 5. 1
w47 Ah R A (») 2 1/4 ToO Microstrains

relation between stress range and

({etyV?) BAAFEHFER TXIZIE—ETH 5.

(2) 700°C D4, ¥ 12 1 2 A CEEFORG ) SRR
CET B, (DYe REINTIHE/LMEEE TN OHEINCAE K
A3, BIFNIS DR T 2 O W #IE—ET
BHH, FDH N O BN (De EBEXTE. —
#, n' p 1/4 D eIV REARGHEER TIRE—E
ThHD. BFGIEROBIC K\ THMENRTEEICIHE
E=T5.

(3) 800°C oHA, FHHOE Y 1 7 L CRMIGTIHE
BRI ZET50, OO 1 271 T {D)e X5
30 000~40 000A & Ik & < Te b, £ DHN 2L
T (D) X 13EALE B LI, N O 5
(eidV2 DEFNIN TV BEHETH B . T, FHZEWIN
DI &  REEE T RETS.

(4) BAFISE DBEBR T TOLY A4 2 v eh T,
eipV2 ixspliEns 1/4, 3/4 THML, 0/4, 2/4 =T
WoTn., —75, (D) ZBEAE ELLT—ETH
%, LthsoT, 194 272 A4h00 TR RAF—13E
- -BR-F © BB v 0, BfEHEKR T
14 2 ABOOT R AF—DEOERIITEALE
fou.

(5) INTE{LEEES X 0° 600°C ofafns HfERC
KT B EHE (de) 3ve & 40/26G=1.05x10°+
0.96v p i BBARTR S %,

(6) HfrENGEECRETS 7000C OfFFAEIHE
is LU 800°C TOLFURITI\WTIL, XERMIT LD
KDV P U A DB T 7 v VRIDFRE
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