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Table 1 Chemical composition of FGH96 alloy (w/%)

Cr Co W Mo Nb Al Ti B Zr C Fe Ni
16 13 4 4 0.7 2.1 3.7 0.015 0.05 0.05 <0.05 Bal.
Fz2 RAEFZFMRAGE

1 AR R LT

Fig.1 Geometry of the specimen used in low cycle fatigue test

Table 2 Scheme of LCF tests

Sample numbers of different strain

Type of Experimental amplitude (A&=A &max—A &min)
inclusions conditions
08% 09% 10% 1.2%
Al,O;  T=650 ‘C; Strain 34 10 6 6
ratio, R,=0.05;
S0, f=0.33 Hz; 37 14 6 6
Triangle wave
Total 71 24 12 12
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Fig.4 Macromorphologies of low cycle fatigue fracture at the lower strain amplitudes: (a) surface fatigue source; (b~d) internal fatigue source
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Fig.5 SEM images of low cycle fatigue fracture at the lower strain amplitudes: (a, b) Al.Os; (c, d) SiO,

Kl 6 Jym RASHE N E ST W SEM [ . 48
R 1.0%A 1.2%0, 9557 R X 7E AR, HY
NG I, Wk 6b, 6d fras: TEm AR T, 9557 IR
HEAIE 14, HBEENARKE R, 9257 0REE R
W%, Wik 6a, 6¢ AR,

FGHI6 & & EJE 57 Indu FE v, A 5 A 2H 24 52 B
AFCAAH B, A e AN e . AR T AL,
SN T REm R A e R, A AR B 15 R R
AR FEr= R A, SRR N A ZRFE 5 5 e ) 4R
o, CHRERR T, RIE S I s R T 55 450

i, IEWEGSMREE ST IRX I T IRAERT. 468N
A AR, BT R S A SR SRR
TERZAR R EEE LI ARILEL, 7 5 (£ 2 W B R BT
b, WO DT R EER . AEARNARIE T, ez
2V S0 VAR E S SN i o TS SN A S S €3
RS R AEAE IR, IRl Ta; fERIARIR R, SR
Ak A 1R L 77 B R BB CSRA A OR B AT K T A BT R 2
MEeEEE, Rk IEBRONE ST, mHEE
AR ARG K, 2R Ak 5 2 A B 2 BT I8 55 W R Pl o
IR FT, R o7 IRIX EE %, wlsl 7b.

Bl6 e MR T R 8 55 I 1 SEM JIE
Fig.6 SEM images of low cycle fatigue fracture at high strain amplitudes of 1.0% (a, b) and 1.2% (c,d)
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Fig.7 Schematic diagrams of stress concentration of specimen at low

strain amplitude (a) and high strain amplitude (b)
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internal inclusions

A S B A VR AE 22 A5 ey LA, 1% SFii )
F 5 RIG A R ZE D, REBB R Hh T &5 e e ik
(R & 9 55 5

FENAZTE A 0.8%H}, X & [ SiO, Al ALOg A1
T AR AR S8 5 57 A A EAT G0 A, &l 10 Fow
M Si0, Fl AlLOg Je 2 MITHIAR S S 9% 55 %5 iy Ne th 22
TR R, KA N N=9.445 119, R?=0.71, WEEE
Uf. RN G AR I EOUARLI I, B
FPITHIAR BRI K, K 9% 55 75 i B A1

B 11 ARARTE Y 0.8%I & 3K 1M SiO, 1 AlLOs J:4)
EERTINA ar 5i50 A R K. BRI, B
BOHAE A VA ERS (5 /0 HG DL s AR NI, 2R
Je M oy B BER , B RN R I Fe - IRe R R %
2. 3 RZFPAIHE B 775 HIE20

2 RARE A 0.8% N, £ F8 e AW PR iR 2% 1T B

10° ———
Al,0,+Si0,- internal inclusions
Blue line -N/N,=2
™ Red line - N/N=1/2
%105 Black line - N/N,=1 . e
= <
= 'y ": »
g C e
| ,l"
R=PIV ’
210 ’
5 ¥
=} L.
o .
a
10° . .
10° 10 10° 10°

Experimental Life, Ne/cycle

9 & AR AR IARE A TR A i 5 8 A i O R
Fig.9 Relationship between the predicted life and the experimental life

of the specimen containing internal inclusions

1.8
1.6
14F
12¢ N=9.44 11 R?=0.71
1.0
081
061
04+
o2 L
0.0k~ — : _l
0.00 0.01 0.02 0.03 0.04
Inclusions Area, S/mm?

AlO,+Si0,- surface inclusions

Fatigue Life, Ni/><10%ycle

K10 A% 55 75 i 5 2R THI R AP THIAR IR 0 R
Fig.10 Relationship between the low cycle fatigue life and the area

of surface inclusions


file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47293606
file:///D:/学习/博士期间/夹杂物方面/课题进展/文章/疲劳寿命/稀有金属材料与工程/夹杂物对FGH96合金低周疲劳寿命影响及寿命预测-稀有金属材料与工程-2020723.docx%23_Hlk47275554

* 2460 - Mol @A RS TS % 50 &
6 18] TS——
10 Al,0,+Si0,- Surface inclusions R ° " SO, "Ttemal "fdu's?n
. L7 o 16| e AlO, internal inclusion
Blue line -N,/N,=2 L § 14l
Red line - N /N_=1/2 R o
S Black line - NN <1 - S 12 Si0,: N=25445°, R?=0.94
g 107 PREIERRS § 10 |
Z ,,, ”l
@ e Lo ) 08 Al,O,: N=26845%, R?=0.87
= 506}
3 S 04
£0'f 4 ol 27T
4 R B e = i
8 ,,, /¢ L(E 0.2 ° R
E ‘, l”’ 0.0 i 1 1 1 - 1 - 1 1
v 0.00 005 010 015 0.20 0.25
10° ‘ ' ' Inclusions Area, S/mm?
10° 10° 10° 10°

Experimental Life, Ne/cycle

P11 B e s Ml e A 00 A i 55 0 5 i 55 &
Fig.11 Relationship between the predicted life and the experimental

life of the specimen containing surface inclusions

B LB T, 20 Bk R SO, A ALO, 3 244 (1 THi AR
BRI 55 F AT gt e, R origin B4R B
HHATIRRE A XPL A, W 12 Fior. B SiO, AT AlOs
SRAITHAR I BG R, KSR 57 75 dw P Rl e s 4
e AN $<0.0016 mm? i}, 2 FhJe Z4 My B 9% 55
IR, 249 24 M FLE 0.0016 mm*<S<0.1 mm?
i, 7 S MR, & SiO, Je W% 57 7 an ik T
B ALO; ML 55 F5 ., 4 S BRI, 2 Fh
JE AR S 55 75 PR 5 M A 2

SiO, JeZME LR IE(HIP) L FEh, SIfARk AR
N, THFES ST Ti M AL TR, RN Tio,. 4+

B 12 iR 55 5 A 5 AT SO Al AlOs 2 2 M THI AR I 2% 2R
Fig.12 Relationship between the low cycle fatigue life and the area

of internal SiO, and Al,Os inclusions

B ALO; Rl y FEAR R &9l A yHEE;
2 SiO, FZWRN 4 30 pm I, &R o Bef bt
B ML DAL Tiv Al TR SR B H N, Je 444
By HE SR AN RS SR IE R S R, W0 13a, 13b
Fior: SRR 60 um B, FEHELZE Ti. Al
RSN, FEHFERE EEA S & Tic Al 6R
KIRHN LR, A G I A Ly T
Wikl 13c, 13d . AEEFH RIS RS BOR T Sio,
SRR LTy HITAIX, TE G ST DL SR
IR, 1% y AT X SR AZAE, ITTE I B # ik
MR, X R e T IER &S e,
FAFETHL AR AR K I B AR JeTH B, SO, e 24l [ 1)
mbi e RS AR K, TERCE KL, WE 14 FioR, SiO,

B113  HIP AR A [F] R~ Si0 2 25470 J BBl A ok 1 o' AH R T30
Fig.13 Morphologies of y 'phase around SiO; inclusions with sizes of 30 um (a, b) and 60 um (c, d) in HIPed specimen



LR A S IR FGHO6 & < MR A 98 57 A3 i Y 72 R

2461 -

Kl 14 & SiO, KW #ib BEZS FGHI6 A4 EBSD M -
Fig.14 EBSD images of heat treated FGH96 alloy containing SiO;
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Effect of Inclusions on Low Cycle Fatigue Lifetime and Life Prediction
in Powder Metallurgy Superalloy FGH96

Feng Yefei, Zhou Xiaoming, Zou Jinwen, Liu Chunjiang, Wang Chaoyuan, Tian Gaofeng
(Science and Technology on Advanced High Temperature Structural Materials Laboratory, AECC Beijing Institute of Aeronautical Materials,
Beijing 100095, China)

Abstract: By implanting Al.O3z and SiO; inclusions artificially, the low cycle fatigue (LCF) samples containing different sizes of inclusions were
prepared. LCF tests with different strain amplitudes were carried out at 650 <C. By observing and analyzing statistically the fracture of samples,
the effect of size, location, type of inclusions and strain amplitude on the LCF lifetime were studied, and the relationship between LCF lifetime and
inclusion characteristics was constructed. The results show that the fatigue source areas are mainly internal inclusions when the strain amplitude is
0.8%; the internal inclusions decrease, the surface inclusions and sample surface without inclusions increase when the strain amplitude is 0.9%;
and the inclusions greatly reduce the LCF lifetime. When the strain amplitude is 1.0% or 1.2%, the fatigue source areas have no inclusions.
Moreover, with the increase of strain amplitude, the locations of fatigue source are transferred from internal inclusions to surface inclusions and
sample surface without inclusions gradually. With the increase of inclusions area, the LCF lifetime decreases at low strain amplitude of 0.8%. The
effect of SiO; inclusions on the LCF lifetime is more detrimental than that Al,O3 inclusions when the inclusion area is within a certain range. The
reason is that the coarse grains around SiO; inclusions due to the existence of y’ denuded zone reduce the LCF lifetime of the alloy. The effect of
the distance from inclusions to the surface (L) on the LCF lifetime has no obvious rules when the inclusion area is not considered. With the
increase of L, the LCF lifetime increases linearly when the inclusion area is fixed.

Key words: FGH96 superalloy; inclusions; low cycle fatigue lifetime; quantitative research
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