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Branch Cracking Behavior under High Temperature Creep Condition
Related to the Microstructural Strengthening Mechanism of IN100
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Recently, the development of the high—efficiency technology for gas turbine and jet engine is required to minimize carbon
dioxide and nitrogen oxide emission. It is effective way to increase the operational temperature to develop the high—efficiency
technology for high temperature instruments. To increase the operating temperature, advanced nickel based superalloys have
been developed as a turbine blade material.

Even though a nickel based superalloy is used for a structural component, creep damages and creep cracks may be caused
due to the external tensile load under high temperature conditions. Therefore, a predictive law of creep crack growth life is neces-
sary to maintain operational safety.

This study is aimed to clarify the branch cracking behavior due to the microstructural strengthening mechanism of poly-
crystalline nickel based superalloy IN100 under the creep condition. The creep crack growth tests were conducted at a tempera-
ture of 900°C. The creep crack growth behavior and creep damage formulation were observed by in—situ observational system and
SEM/EBSD. Additionally, two dimensional elastic—plastic creep finite element analyses were conducted for the model, which
describes the experimental results. The creep crack growth behavior and the creep damage progression were found to be affected
by the distribution behaviors of grains and grain boundaries around the notch tip. By comparison of experimental results with
mechanical analysis using FEM analyses, mechanisms of the creep crack growth and the creep damage formulation were
clarified.
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Table 1 Chemical composition of IN100 in mass% .

C Cr Co Mo Ti
0.18 10.00 15.00 3.00 4.70
Al B Zr \4 Ni
5.50 0.01 0.06 0.90 Bal.

Table 2 Mechanical properties of IN100.

Temperature 0.2%proof stress Tensile stress Elongation
(0 (MPa) (MPa) %)
781 918 5.9
25
787 1000 8.0
732 861 1026 7.3
850 605 858 5.9
. Noich
93 =15
66— — 61~
5
10
9 9 20 9 9
68
30°
a8
< .
=0.05 A Unit : mm

Detail of Notch part

Fig. 1 The geometry and size of a DEN specimen.
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Fig. 2 High temperature creep—fatigue testing machine with
in—situ observational system.
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Fig. 3 Characteristic of creep deformation (RNOD).
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Fig. 5 SEM/EBSD observational result of No. 1 specimen (Intergranular).



Fig. 6 Creep crack growth path of No.1 specimen
(Intergranular).
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Fig. 7 In-situ observational result of No. 2 specimen (Trans
and Intergranular).

Fig. 8 Creep crack growth path of No. 2 specimen (Trans and
Intergranular).
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Fig. 9 Inverse pole figure map of No. 2 specimen (Trans and
Intergranular).
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Fig. 11 Finite element model with an oblique crack path.

Table 3 Material properties for FEM analysis.

Norton’s law

E v gy H?
(GPa) (MPa) (GPa) A "
(MPa—"hr—1)
Hard:1 85.3 0.3 507.9 6.5 2.0x10-% 7.0
Soft : 2 42.65 0.3 2079 3.5 2.0x10-2 7.0
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Fig. 12 Creep damage formulation of a notch model in Fig.
10.
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in Fig. 11.

1) —7 @ Norton Bl Z FH TN L TR0, ILHIEESR 7
J— TR SR L TV 5.

3.3 MR

BT D N VERE S 3 Ai 9 % Fig. 10 12k L 72 f@bre s
T X A IEHT#S B4 Fig. 12 127779 . Fig. 12 O (1)~ (iv) iZ
PRI C o7 U —THRGRE# R L TED, ROH
A7) —THEE AR T A, KV RICKT 570 —
THEBIIERN 7 ) =TRG5S 7 ) —THETETH
LTEmE, 7V—THEERTLEZONS. Fig. 12 &



£ 3 B
D7) — FHEEKIZ YR & e S YR ERERFRNICK LT
45° NS R L 7ok, I ORI A FIT B WT
R, WETLTERbhrodz. SO &6 NERNYIEME
DOER EIZBWT7 ) —THEPIERT 52 LIC L DR E
KD 7V —THEKOILKBIMF I T b EEZ BN S.

WIZ, Fig. 8ITR L 7cRled T BUBR w it L 7o fbed T BB
RETFIVICBT L NT# R % Fig. 13 1CR"¢. Fig. 13D 31)
~ QDA C & D7 U —THBBVR SR £ L T 5.

Fig. 13 &0, 7V —7HEREAO EHOBE L L LIk
L, ZOMHBIIRND XZEHmD» DYIR ELRF R TH5 0=
0°FHra~Ai LT b, Fig. 13 & (1) ~ (i) i 53 A 1@HT
RFFEIC 331 B YR EAERTT ) (0=07) OIS T) 55 7 % Fig.
1412779, Fig. 14 X D YR LR 7 AN @ #2400 038 28 %
ATLTLICERRLT, 7V —=7HEEOFEREPEL TS
LS. INHORBERLY, KRB O EET)IL,
Fig. 15 1ICR 4 XD ICHIR SRS I WT o U —THE
L& (Fig. 156 ORMREEN) b 5 i FEITE L 7o, 2R
FRAEL, A5°ORIDEH L HKET AT LI & A ZRIHEE R
L7cEFEzZ26N%.

3.4 RHER & REREROLLE

FRHTRE R & EBAE R L OHIEZIC LY, ERrbl3bhics
HUBRZEH O NHWIE S 27D . KABBHORER IZo0
T, YURZETIVIC I LM » 6/ 6N/ Fig. 1207 1) —

R VU — 7 & TS0 % IN100 &80 & 245524 8) & bHeHE MR (L R

147

TG ERTL Fig. 5 ISR L cER» LB LN/ 7 V) —
TG EEIC—FK L T\ 1, B bBoni:
RNOD L ¥#tAtF W, DBIfRIs LU RNOD ¥t % Fig. 16,
17127"4. Fig. 16 &0, #BEOERE KT W, 13 RNOD
ERHG LTINS 5 2 b o7z, Fig. 17 10, f#NTHE
R RNOD #:t:13, Fig. 3O AHITRL Iz VU —7 ZZUR
EARB» 618 507z RNOD ¥tk & RIFRIC, SR8 ket &
ARLTWAE. ZOZ b, 7HAOBEIRET 5T
RNOD (7 ) — 7)) OB IR RI T 5 2 L AVR
N,

KB G OREBRICoWT, #2515 517 RNOD
LS W, OBtk E K O RNOD ###t: % Fig. 18, 19 1277
$. Fig. 18 10 W, i3 RNOD b3t L THEIL, = D%k
F—RENVEBIBUELIL - BRI B OB M R T A8
biro 7z, Fig. 19 OFERD» GHHTIC L D15 617z RNOD ¥
i3, Fig. 3OMAITRLIZ U —F S ARERB» HED
N7z RNOD itk & [FERIC, TS MOIERRIEHE etk 2 7R 9
TEBbPpoT. TOTEDS, BESESTL TERINS

&, RNOD(7 V) —7 %) OB A FHB 4 %
ZEDBREINT.

1400 -

1200

1000

W, /MPa

200

®

(=4

=
L]

=)

(=4

=
L]

400 -

FEM analytical results
t~65000hr -

0

0.005 0.01 0.015 0.02 0.025
RNOD, A/,

Fig. 16 The relationship between analytical plastic deforma-

tion work W, and analytical RNOD of a notch model.

600 ' ' N
; soo bk o --A--Y-—'——-——-—“\ .
& 7 "
= & N
~ 400} S k|
b !
§ 'l .......
£ 300F| ™
= 1 H
N I
[--4 - L
2 200 ! ! Analytical time
g [ 110hr

wlp ¢+ /e 137hr -

R —-—- 140hr |
0 :-' [ M L "
0.25 0.5 0.75 1

x/mm

Fig. 14 Distribution of equivalent stress on x axis (=0°)
around the notch tip.

Notch

45°,

Fig. 15 Schematic illustration of creep damage concentration
at the extended notch direction.

0.04 T T T T
FEM analytical results
o  t=65000hr
0.03 -
<
3 l Linear characteristic |
a 0021
Z
oO
0.01F 00®° -
) o
o o
o [+}
o
PR R 1 L.
0 0.2 0.4 0.6 0.8 1
Normalized time, t/tf

Fig. 17 Characteristic of analytical creep deformation of a

notch model.



148 HA & B ¥

3000

2000

W, /MPa

1000

FEM analytical result
Oblique crack (tf=145hr)

A M L A L A
0 5 10 15 20
RNOD, Ad/d,

Fig. 18 The relationship between analytical plastic deforma-
tion work W, and analytical RNOD of an oblique crack model.

20 T T T T T T T T
FEM Analytical results
=-¥= Oblique crack (t=145hr)

—
W
T

RNOD, A/,
>
1

-
o
—————
-
o

A 1 A 1 A
0 0.2 0.4 0.6 0.8
Normalized time, t/t;

o

Fig. 19 Characteristic of analytical creep deformation of an
oblique crack model.

4. #&

il

AL T, s Ni A S48 IN100 44 v/ In-
situ BlZ2 7 ) — /X 2R RRAK I L O FE-SEM/EBSD (Z &
DGR IIALHTIC LD, BT & S AR RES O
BTV, IHIC, ERTBZEIh S AUREEFHLEEL /-
fERTET IV VT, ZRonEEr: - 7 ) — 7 EREREIC
£ B N B IN100 O & 25 IR B D FJHE L &b

% 7£(2010)

B4 &

EHAMGRI LB OB 217 - 72
RE TR,

(1) In-situ g5V — 7 XZRERR» O 7 U — Ttk
FEFCH 5 IN100 O 224 EMERIL, YIR ERFHOISTIE
FRER SRR & O EOMERRICKESEE IR, Ch
&0 SRRV R D C PRIk,

(2) koW - 7 — 7 HREFED & EBSD #lZ1C
E0 ) —TEW - SHRER IUBEVREBEN 21T
VW, ERICE A7) —TEY, SRR LRV
DR NFBS OO MCT L ENTEL. &
7o, MRBRICERR S J USRI & 5 2O IR 2R O
FBUTHEE 3 5 IN100 & 412 1513 2 MHoeHE R 59 (L ek 28
oL T,

(3) #E1), QOFEEND, L Ni ZiB A4 IN100 1
BIFAH7 ) —T EFG TNV TL, FOFHENF
PR OEEIC I - T, MR & IS IEFET & OfrE
BIMRIC & % EZURRFF @y OB B FEBUBHE % MORHEIR & 1220
AEHTIC X VBT A LABETH AL L AR,

ENVIE A NSRS Yoy g o

X ik

1) H.Harada and T. Yokokawa: Materia Japan 42(2003) 621-625.

2) A. T. Yokobori, Jr. and T. Yokobori: Advances in Fracture
Research, Proc. ICF7, eds. K. Salama, K. Ravi—chander, D. M.
R. Taplin and P. Rama Rao, (Pergamon Press, 1989) pp. 1723-
1735.

3) A. T. Yokobori, Jr., T. Uesugi, T. Yokobori, A. Fuji, M.
Kitagawa, [. Yamaya, M. Tabuchi and K. Yagi: J. Mater. Sci. 33
(1998) 1555-1562.

4) A.T.Yokobori, Jr., T. Yokobori, T. Nishihara and T. Yamaoka:
Materials at High Temperatures 10(1992) 108-118.

5) H. Takeuchi, A. T. Yokobori, Jr., S. Hosono, D. Kobayashi and
K. Sato: J. Japan Inst. Metals 71(2007) 452-457.

6) Y. Nagumo, A. T. Yokobori, Jr., R. Sugiura, T. Matsuzaki and
Y. Ito: J. Japanese Soc. Str. Frac. Mat. 43(2009) 29-35.

7) A. T. Yokobori, Jr., Y. Kaji and T. Kuriyama: Advances in
Fracture Research, Proc. of ICF 10 in the content of special
session (special lecture) of CDrom, Honolulu, 2001, eds.: K.
Ravi—chandar, B. L. Karihaloo, T. Kishi, R. O. Ritchie, A. T.
Yokobori, Jr. and T. Yokobori, (Organized by Elsevier-Science,
2001).

8) A. T. Yokobori, Jr., T. Yokobori, T. Kuriyama and T. Kako:
Advances in Fracture Research, Proc. of ICF 6, eds.: S. R.
Valluri, et al., (Pergamon Press, 1984) p. 2181.

9) Y.S. Sato and H. Kokawa: Journal of JWS 68 No. 8 (1999) 16—
20.

10) Central Research Institute of Electric Power Industry: Research
Paper (2000), T99024, in Japanese.

11) K. Kakehi: J. Japan Inst. Metals 63(1999) 326-332.



