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The Effect of Tensile Strength and Ductility on High Temperature
Low Cycle Fatigue of Cast Ni-base Superalloys

Hidehiro ONODERA, Yoshihito RO, Toshihiro YAMAGATA and Michio YAMAZAKI

Synopsis :

The effect of tensile strength and ductility on high temperature low cycle fatigue of cast Ni-base superal-
loys was studied. The main results obtained are as follows :

(1) At total strain ranges above 0.01, where plastic fatigue was dominant, fatigue lives of high ductility
alloys (MM247 as cast and HT, IN738LC as cast, TM-321 HT, HT standing for heat—treated) were longer

than those of low ductility alloys (TM-185 as cast, TM—49 as cast).

At total strain ranges below 0.005,

where elastic fatigue was dominant, fatigue lives of high strength alloys (TM-185 as cast, TM-321 as cast
and HT, MM247 as cast and HT) were longer than those of low strength alloy (IN738LC as cast).

(2) High temperature low cycle fatigue lives of cast Ni-base superalloys could be roughly estimated
by the Universal Slope method combined with 109, rule.

(3) Fatigue crack was considered to initiate at the surface—connected grain boundary, and crack prop-
agation was mixture of intergranular and transgranular types.

(4) In the long life range, preferential oxidation of surface~connected grain boundaries was considered

to reduce fatigue life.
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Table 1. Chemical compositions. (wt%)

Alloy Co Cr Mo w Al Ti Ta Nb Hf C B Zr Ni
TM-49 11.9 12.1 — 8.8 3.2 5.7 — —_ — 0.11 0.01 0.10 bal.
TM-185 7.9 4.8 — 12,9 4.5 3.5 3.3 — 1.2 0.11 0.01 0.09 bal.
TM-321 8.2 8.1 — 12,6 5.0 0.8 4.7 - 0.9 0.11 0.01 0.05 bal.
IN738LC 8.3 16.0 1.8 2.5 3.5 3.5 1.7 0.8 0.09 0.01 0.03 bal.
MM247 10.0 8.3 0.7 10,0 5.5 1,0 3.0 — 1.6 0.15 0.02 0.05 bal.

L 160 Table 2. Tensile properties at 900°C.
I (6=1.7x10-45-1)
e
0.2%proof Tensile Young’s
»\ﬂ .20"-15 55 Alloy Condition slrefs!; . strength . Elongation modulus
. . . f, Ckef 2
Fig. 1. Low cycle fatigue specimen. (mm) dgl/mm?) Gkgt/mm?) %) gt/mm?)
TM~49  as cast 57.4 66. 0 2.6 17.0x 103
= TM-185 as cast 64,0 73.7 2.2 17.6 n
% H L‘f;ﬁﬂ?’;ob‘f?j“)ﬁ:- % - b DEET O\ TM-321 as cast 59,7 69. 6 3.1 15.8 »
IN738L HT 55, 4 67.9 7.1 17.7 »
= - o C as cast 4.9 50.9 4.4 15.5 »
&;j‘? A7, 900°Cx192h o *ﬁ*@'ftﬂgfz w L MM247  as cast 56. 9 67.5 5.7 16.5 »n
HT 54,4 67.5 6.3 177 »

Te PR R OF 900°C x 192 h o> B Zerh B4R % H5 1 7= b
COWTEABR T o7,
2.2 BREYSIILVESRBRUBERSIERR

mREY 1 7 VEYRBIE, B8 10t olFEYy -4
B RABEY T, 2FLBH—EOBR H # T f7
Vy, BB =ANKE L. REBEE T 900°C, B
iz 0.0083Hz » 1, 0.003~0.02 OfE4 D £TLHE
TR T o1

BHRORBA OV T, XHORE ROETREO
BRI 24T 5 1edd, HFEBEROEETEC X » #ikE
Bh 7.

Al AR, SREY 1 2 A EYRER L F—0R
B ROFE AT, Fdfic X v, 900°C ¢ff-
1o, BREEL, FEFRRC KT 5LBLREEL 0.01
DBEHLEL L.7x10-45-1 TFFo.
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H2 (Photo. 1, (a)~(f) £R). r' Bt 2% 50%
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HT: 1080Cx4 h—AC+870Cx20 h—AC
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. B N REAG&OMERUENL 7 BoBE
HTRELZTDLEREINTV5Y. KPR TEL, =0
ZENFER IR Thbb, v BARL S TM-
185 DEEL, SELEFPTRETH LA, EHITERDE
W E¥i, vt BAR LA 7oy INT38LC omBEiz, 5
BEPRETH B A, HEHIT As Cast BB TILE-.
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LELZBEPELTEED LR DN, F1,
B, BRSBREHE O KE W DIFEREL D TE D,
WHEXICHIGL TS, KBTI, B H G & L
T, BRI ZHORECHIET S EEZBRS, B
HWHEGLZBBICET LIAD A D ELE (V) V7.

Z B OFEREY 1 2 VEF Fay & £ B HEEOBIR
% Fig. 3 wiRd. As Cast fOSH, £EBX @ E N
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Fig. 2. Stress range vs. N, curves.
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Rk, ERGIEERBR ST

Microstructures of as cast TM-49 (a), TM-185 (b), TM-321 (c¢), IN738LC (d),
MM247 (e) and heat treated TM-321 (f) etched by glycerigia.
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L 0.0083Hz TM-49 X |
- I TM-185 o
s |t T™-321| o |9
. . “ IN738LC| A
o B D\XO P MM247 [ ]
= Ox ™
5 | BNEN ||
10%1 X oa—e ¢od f
c - e S
£ F X oo I
o IS
a IW*%d
- X
g Q:TM-321, Oxidized (900°CX192h in air)
- O :TM-321, Heated (900°Cx192h in vacuum)
163 11 lInnI i lllllll' 1 lllnnl 1 Jlllj
1 10 102 103 104

Cycles to Failure Nc

HT : 1 080°C X4h—AC+870°C X 20h—AC.
Fig. 3. Total strain range vs. N,.
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Fig. 4. Plastic strain range vs. N,.
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Fig. 5. Elastic strain range vs. N,

e RFofl B L EEO/N I WEHIR) ©, TM-321,
MM 247, TM-185 D E@EM OFGIR L, EHEE
#o IN738LC oFaqixfEy (Fig. 5 2R). o7,
EELZEH O B CHMELEE TR & 7 S ETLHE
BWTk, BEEMOFMIELI LB IDLEELLIS.
3.4 Universal Slope EZ{C K BAFETN TR

BAEDOBER OEMD BIEY 1 2 VEFFHarsy FHlT
BHBEE LT, (1) €¢I 5 Manson & Universal
Slope EV B 5.

Aet:Do.s.wa.s_,_s‘sTw‘B.Nf—o.nz ......... (1)
Ny : S
des : B LHEH

D : HEiElrEY: (=1n (100/(100—¢))
¢ : BENAEE (%)

op: 5EREE (kgf/mm?)

E: vvrR (kgf/mm?)

(1) RoGZ#E | H3EkEs @G L, 8 23%
IIREELEE G 5. Manson® 3, SRR
BEAS A 7 AFEHRER VT, 2 — 7T ROB{LOFE
HhHBID, (1) R 1/10 oFHFTERIND L L.

4,

104
at 900°C
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10°E
© i
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o -
N =
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E Ly o (¢
o A
MM2.7 | @ | ¢
1 IJJJLU 1 11 lllll 1 II]JLul L llIIl
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Nc Observed

Fig. 6. High temperature low cycle fatigue data
correlation using the Universal Slope method
combined with 109, rule.

Zhit 10% HIE i, kA TEIRS.

3.5
Aep=Dmt(10A@)—mt+-%§Ql

. (]0 Nf) -0.12
= (2)

AR k1T 2 RBBEER, 900°C 0BZETHY, F
TeAEHS 0.0083Hz LEVOT, 7Y -7 LEMED
WEPARECbDLEEZBRS. £2T, (2) KXo 10
9 Hl% F\~T, Manson & Universal Slope ¥z X %
HRHEERITV, AR OKE L OB AT O7%.

£E& T, Table 2 1R L BB B A
W, (2) ERah 10y Al L a#kEH v R, T
LB L (Fig. 6 ). =720, & Ni B4
SIEEIME L, BEMEER () OREXBRENKE
WO T, BEBOOEYHVG. TRTOERNER, H#
EHGO 1/265 & 2{5ORCHFEL, MHEXBDTRL
—HLTW5. ZofER»S, RBREE 900°C, FHE
0.0083 Hz o4& i3, Manson & Universal Slope
B 10% AT, $# Ni XEEEOSEREY 1 7 VE
FFRGHBDOTRVEETHETE % 2 Librork.
(2) K26, 2FLHHE O F CTEEE S8 A Z R
25 BELFER I SESES (MM 247 As Cast R
UK, TM-321 #unsss, IN738LC) oFan
Bh, MEBLTEAITEOC L HEELEETIL, &
A (TM-185, TM-321 As Cast #f RO BULEH)
DOFGHENR TS EXEMBING.

Universal Slope ZOFMETEORBESY X LICKRHFT
Btcdh, (2)Xh LT Sh 5 ¥ ELERAROHMMESE
LHEiFE L Fig. 4 RS R EIND KA L O LB 1T
Dz,
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Table 3. Parameters in the Universal Slope method combined with 109 rule, which are calculated
using tensile properties, and parameters in the equations at the bottom of the table obtained from

Fig. 4 and 5.
Parameters for Universal Slope method Parameters obtained from Fig. 4 and 5
Alloy Condition
a b c d a b c d
TM-49 as cast 2.81x107? —0.6 1.03x 102 —-0.12 1.57x 1072 —0.49 1.09x 102 —0.12
TM-185 as cast 2.54 n ” 1.12 » ” .57 » -0. 57 1.05 » —-0.11
TM-321 as cast 3.07 » " 1.17 » " 2.38 »n —0. 47 1.38 —0.15
HT 5.24 n " .02 » ” 572 »n —0.58 1.78 » —0.19
IN738LC as cast 3.7 n ” 0.87 » " 7.59 n —0.79 1.07 » —0. 14
MM247 as cast 4.42 n ” 1.09 » ” 4.8 1 —0.59 1.48 n -0. 16
HT 4.87 n ” 1.01 » ” 4.51 n —0.57 .81 —0.20

dep=ax (Ne¢)b, dee =cx (Ne)?

FHEHESIEOWT, Fig. 4 ROSH6, WEHELRE
(dep) ROMMESLRE (dee) & No OBAFREKRRD
T AL L.

dep=a N8, deg=c-NT oevceneniniennnencnn (3)
a, b, ¢, d: EH

KEBUCK T 5, 10% Blicksid s ((2)5X) Rt
RDOEEBHTHS.

a =Dv.6.10-0.6

b=-0.6

_ 3505 o o e (4)
c—--——E 10-o0.
d=-0.12

() KRDOBZRB RO ERS R DB LA (4)R
Dffiz Table 3 iR3. TM-185 KU MM 247 As
Cast #/Cix, (2)ROHEEHE BT 2 HiFH R OBH:
ELEHEAL L) BOBETHELTWAZ L b s
5. LiL, fhoE&0oBE1L, FEEOHEME & LR
B i) DERZLRS. 2T, Manson @ 10%
Ak, @FBREEC KT %, MBI EER M X
BWHADOPIER E CTHRBERSHETH LD Tl i v, ¥
to, 10 RS X A MER M EREE B —FKT % =
Lix, AWRORBLEHECETIX7 Y — 7 ROEB{ED
BENRKEVWIEERLTWS. 7Y —7RUBLOE
B, RBEFC LY RELBERTIED, HOLPLHR
§ 4t Universal Slope o 10% RI2KSE D B\ HE
EFMEE2ZHbDEXEL BRIV, UL, HEw
IR D D5 EiRE RS DHEGEEEL TV, &
e O LB LT OC, MEEH B LIcEerRIRT
HEEHL o ENEETHD, BLBEREYTIHBEL
WSRO RHICED TEDRFELEL RS,
#5E Ni B ESOBRIEY 1 7 VEH KT 52 Y
— 7 LBt D& o\ T, IN738LC &4 1BIL T,
850°C I H\ T, AR CRE/CBIEEREMIE
bhiehy, BEz2ed iz B bhichote &V 584459 1
Dy 79 =7 X0 BMLOBEIREVIDEEL LR

b. FIT, KBTI, 37 HeB{boBEEiT oT
B E T2k, Larl, BELREERCEBESMEC LIOT
X, 7)) -7 OEELREIL LB ENEL LR, M
RESEORETHS.
3.5 ZRUORERUVMEIE

ek, 515 Ni AL OB/RE Y 1 7 VEH T B -
Tk, EHIABR OB THREL, 0B, &L LTHE
HOMR A CRET B L o@EG O L, MACHES
LicWEBITTHLEEIRL VL I5MEDRH L. KL
KR\ Th, Bl LR oFELE (Photo. 2)
SROBNILZHEMRBEINDZ L0, THEIRARK
KHETRELCODEEL DR A. /e 22 RTR
BEofEaRR (Photo. 2(a)) RKRUKIAN (Photo. 2(b))
KERZEIhfe. COEHEREORMBROBREY X6
CRET 570, TM-185 £&1ic2o\T, FikEok
W (B 3mm) REKEAERL, ByABRETV, &
HEZ {707

36000 1 7 A Tehl LR 0% W @ 1k, JEIH

(a) Intergranular crack initiation : IN738LC as cast,
4€,=0.005, N,=550.
(b) Transgranular crack initiation ;: TM-321 as cast,
46.=0.01, N.=12I.
Photo. 2. Two types of crack initiation.
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Photo, 3. (a) Surface ridges observed in the spec-
imen of as cast TM-185 after 3600 cycles under
der~0.003.

(b) Same area as (a) after polished and etched
by 9HCI+ 1H,0O,. Transgranular crack (A) and
intergranular cracks (B) are observed.

Arrow indicates stress direction.

Photo. 4. Crack propagation in a fractured spec-
imen of as cast TM-49. 4¢;,=0.005, N,=1 880.

CRALY Y Erofe b 2 W0 S 5B 22 X h 7
(Photo. 3, (a)). BREE#R, WAL CH —-Biic8ET2
. BUbMe 2RIV Th B0 G FCES LT
BT Lot Tickhb, G E TE SRR
TER T 54 (Photo. 3, (b) DAY ROl
TCHECRRB R RE L LT, MR Eh #iT LT
WA (Photo. 3, (b) o B) »i@lgg Xht-. Photo. 2
R Ufe, REESHOBMRCEY LAV L O R
% &% %, Photo. 3, (b) o BRI XWEREES A
UM L CTHREL T340 7T, BEIEELERATHS
EEZBRE. Lk b, ERHIEHEORKRR
TRETHLDOEELBRS.

Photo. 5. Oxidation at the surface connected
grain boundary. TM-49 as cast, 4¢;=0.003,
N,=8 550.

Photo. 6. SEM micrograph showing grain bound-
ary structure near surface. TM-49 as cast, Adg;
=0.003, N.=8550.

FAOMILEREA LT D729, Wk LR K
DM % > S CHERSZE Y 107 (Photo. 4).
BEEELL, XHOEENT, FRABTIRRALYELE
ErEG, A TIRRAROCRHNEhOR & 8 T %
5. D EORER,D, XZIRBA Rl OSGER D
REEL, zoiz, FHREROHERCIY, FAR
OCRWE ML TEET 5 2 LEXHLMA R I .

36 B{OEE

Witk ORERK O XELL B TR, BRERIELAC
LT b (Photo. 5), i v' SRR VAR T
WHEDHEHRE IR ¥, BAORILHIERILET
%L T3 (Photo. 6). =X 57, BILRO RIS
DHEFKIC X 0 BEOEF L 2RO HR RS bEh
RAETHEEZ bh, REMGUZEBEOBENKE L
tEzZz IS, £ T, TM-321 &%+ H T, #
6000 @b LEIC YT 2 900°Cx192h o Ff#
MALEATV, BRMEY 1 7 A ES R A RIET Tt
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DEECOWTHE L. Fi, FHmRbrho NREask
BALFBRHCRIETEE LMD 1o, 10-4 Torr DELE
FCRl— hn# L - RB R e oW T R 2T 07, &
iz Fig. 3 R LThsb. Bt oHAL, As Cast
MCHNTETARGR . L L, BHZEBHNEMO
Fit, As Cast #oo# 1.5 fScf¥mL Tk, Bt
B O AL HZREMOER L o Tv 5 2
Envbh . 0T, MTRBLLOBE L LT,
ittt & RSB OF e T X& chb, Bt
PEGETOERLE LDOTWA T LITELNLTHS.
BT, BIboRELYHESGTRARCER) ARL 5 E35
AL ONFE IR T B0, LaL, KT
W Hh Lic, B X 3 REAFEORK R Rk 5
MEELETERE LT, BerIFEc K
LT3 EE oo, B o 8% & BR e T3
BIcdITY, AR THLE U RHE O SRR O
b X 2 ML & SWURE OB ML, X
DIZZ DX S IR R OBEEMILEE - ABIGHOBFEY
HOoNCTALELRDD, ZOHRITSBOREEEL S
ha.

4. & 1

it Ni ZES S O/mREY 1 2 A HHC T
MR L OB OWTHRR R T oM. e, 8o
R L X O T B BABRN ISR T ok, Lok
R, T okRxB7.

(1) & N XBEALOERIEY 1 7 L ESHR
i BROBIRE RIS A E IRETS. Tibb,
LEARHOP T, WHUBAREAALEY & 755 0.01
Dl ED @SB A0 EIR T, ST (MM 247
As Cast B R OB, TM-321 #yniif, IN738-
LC) ofF@rh Tk, MUBLMBASTEE & 7
% 0.005 LUF g\ £ @i HER © 12, e B b
(TM-185, TM-321 As Cast #f, MM 247 As Cast }f
RUBILEH) OFEGIHLER TV S.

(2) & Ni ZBESLOBREY 1 7 L EYHE
i, KRENH%LE LT, Manson o Universal Slope
&D 1027 BICHGTFRIHIT S  EATRETH 5.

(3) R, KAOKHMBNANSREL, LoD

BEIRR ERAORATTH 5.

(4) RFEFGHER T, REOMKBRROELN B
b L, ERMETOERL 5.

Kbnie, ERRBRR OBECEKIB T T
AP OB REENE, A% E—, HEARERTE
KECOHrDRESOBYFRLET. ¥, BRHHY
LT MR OFENRRET Y | RREESE
BoEHCRHOBELELET. ok, AW, BE
BTEBWRED [4a—v 54 FEHE] 0o—BELTRX
NIz DTH5B.
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