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I B FGHOT 144 A2 sy (U4, %)
Jy: Cr 9.0, Mo 3.85, W 5.55, Ti 1.8, Co 15.75, Al
505, Nb 2.6, Hf 03, C 0.04, Zr<0.015, B<
0.015, Ce<<0.010, Mg=<t0.02, Ni &% . FGH97-AA-
HIP Z AR 6 T 2B R U IR N I MR 3R AT iy 4l Bk
HE—RAFAER (AA) SRS — 8 R abFE—
(DN oy SR R S AL USLIR
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h 100 pg/g. FIH E WA R AW B8 53 25 134 A A
KRR Eia, &F kg BoR h A8/ T 20 Fi.
PEEFIE T2 ¥ 1200£10 °C, J5J7=120 MPa, I
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650~950 'C 2RI, DRI TE] 3~20 h, ¥
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WP b 4 i 4% B GB/T 228.1-
2010 (&)@ AR PR 55— il f ke gy
) . GB/T 228.1-2015 (& @M kL PrRikee 5 %6
grs ik BAPRE 7i)  fE eI L LT, REA

% by o™ 7 - Py
X rr?" g e ﬁf‘,a
e iEe, &0
o M9 24P 00 eS¢

Py

R LI GB/T 2039-2012 (4@ A4 RE il Al A% ik
B J71), FEACR DG-GB A AR, B4R 015
mm, {F RJ-50 WEARFE AGRIGAL BT FE AR . X
HRRE A K A R R R AL, St P39, A
B, RAE R /ME, VIR, bR 2=

Al ) ARG R 57 B 4 L GB/T15248-2008 (4
JE AR 1) SRR PR % 57 R ), RS 3 X4
15 ) Instron 8801 & T 9% 57 iR IO AL_LB3E4T « 9% 573K
T /2 ASTME466-07 55 TIGAY: g i M1 ) 41 ' 1) 242
Ko A DR UE GRS (1 i)l 155 SR FHORS 2 M8 S0 B8 o 1 e ¢ i
MRS, B T IARE R 2, R 98 55 H0a 1R AT R 4t
TR, 4 T R B R G vk S 3, FRUEZE A
P

FIFH NikonMM-400 U 2 e WL 5 WAl 21, %%
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i H7 B% (scanning electron microscope, SEM)
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Fig.1 Morphologies (a, b) and microstructures (c) of powder FGH97AA and powder porosity about 0.8% (d)
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le Bk R AEEI — B O ESL, 0o R
1425 pme WA AT R AA H &R RS A ET
Tk, BELAN 0.8%, MASHAEE 0.1%, W
Kl 1d o

2.2 (AR

A 5 Pph B AR AL ALY, AR . o'
PPB. TIP M ZeW4, iR 2. & 3. Kl 4. K5
Fi7R o

IRFEARRLRE . y MR R 2 Pron. Bl 2a. 2b
WIAILUN RS, ARLE ASTM 8~9 2%, 4 il
POBLEE BI F25 5 R AR Eh R LI S R R SR o
2c i N y'ZECHITTE, RSP 200 nm iy, @A !
MNTRE AT, AR BB T AR,y AR B N
60%. & 2d d 5y A 1.5~2 um KT, ARHEIUHK
YRS Ao S S RIS A ) .

Bl 2d 1, 3R A Ak ST <2 pm, BOCHR[12]
iR — Ry RSE 3 um 47 Ky RSFA 200 nm,
¢ PREP+HIP &4 K y' )~ 500 um /. fioki g
ASTM 8~9 24 SCHik[12-14R H 50~150 um PREP #;
K, il FGHI7 &4 dtbiE ASTM 6~7 240 /1N

3 2R 7K PPB & AH 258 fr, K . PPB
W BB S0 AT, A TE B — UKL [ PPB 3 48 M AR 7
Aio K] Ingesten 2l bRAE, PPN 1~2 2,
KKRIGESE AT IR PPB. 456K 2 459, ILRE
4R B EROIR Nb. Ti A1 HE I5R6Y) .

Bl 4 g M2 BN R G 8 Je e, 20 E 4a AR

H EHT=2000kV  Signal A=NTSBSD WD= 90mm  Mag= 200KX i

e B 4b AR BRI R I ) . ARG )R Kok
TEARAEAERE ST, BN IR KU o AE 4 i e A2 ) e #4
SEER R BERL AT, AR TR R A AR
I AL A 42 i e 22, d5 K7 1S3 RS <60 pmo #4
LR R AR B S , B 4 b AR 4 e A R T R R IR A
L, v 5O R AW RN K.

Bl 5 tpoa] WAkAEh TIP 84047 4E . R BT
Jiik, gert I TIP P AR 2 20 0.04%, I ™
PRI AL 0.08%, T3 RHAHE 20 pm.

2.3 hrfmtEaEnis

Kl 6 R HHARZ R 4 HlIeFE i == 650, 750 C
PARPEREMNR S50, B WO T 8 AN B FEFRFE il
RE R PAEL 25%F T5%1E, KA T
Gerk g R L 1.

P RE MR LS R, PR R AR 1534~
1586 MPa JulH N, ¥ 1561 MPa, FpEZ: 20 MPa;
Jit A5 FE E 1046~1112 MPa JulH iy, ¥J{H 1076 MPa,
FRfEZE 22 MPa; Wi )5 228 25%~30%, YI1H 28%, Fr
WEZE 2% WIS RN 23%~30%, 3911 26%, FrifE%
2%.

650°C hrfif Pk pe Il 45 SR b, PUhIsRAEAE 1307~
1365 MPa JulH N, ¥J{i 1333 MPa, FrifiZ 20 MPa;
S HR5RIE 998~1057 MPa, 414 1023 MPa, #rifEzE 21
MPa; W5 ZE{H 3R 29%~36%, YIMH 32%, FrUEZE 2%;
W T IS4 6 27%~32%, Y 29%, FRIEZE 2%

750 CHrARPEREMIR S R, BrhrsmEEAE 1144~

wm

[

EHT=2000KV  Signal A=NTSBSD WD= 90mm  Mag= 500

K2 SAE RS B 2

Fig.2 Microstructures of samples under as-heat treated condition: (a, b) grain size ASTM 8~9, (¢) intragranular y’, and (d) grain boundary
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Kl 3 FGH97-AA-HIP # i) PPB
Fig.3 PPB observed from FGH97-AA-HIP

B4 Bk de R 2y

Fig.4 Typical inclusions observed from sample: (a) aluminum

oxides inclusion and (b) magnesium oxides inclusion

1213 MPayulH 4, M4 1186 MPa, #5723 MPa; Ji
W% 944~1009 MPa, ¥J{f 986 MPa, brifiz 22
MPa; W75 S 19%~27%, HI1H 23%, FritEZE 3%;
W T 46 2 16%~26%, M 21%, FritEZE 3%

K5 kA TIP
Fig.5 TIP observed from samples

X BRI BRI R K S5 R T i 4
REIEHAT IESHERLK, PHYIRT 0.05, 95%EEE
WL IERS AT PR PERRMR S e, PR,
Jlket B (A 45 AL s AN 10%.

g%ttt PREP 216K +HIP 74 (1 FGHO7 #4 %} 1)
PR, B 6 fUFE T SCHk[18,19]% FGH97-PREP-HIP 4
BHOEE . v WK ) FGHO7-AA-HIP iR K 54N
(T 5 S8 55 SCRR s B2, ATk T 5 W v T3
BRBCHE . = WA 750 °C Jm AR 9 5 SC ik FGHO7-
PREP-HIP #BIA124, 17 650 °C i A 58 F& 0 v 1 SCiik
Hdm . FWAD 650 CHINMEIIIL T SCEREAE, 750 ‘CHETE
5 SR B AR Y . XTI EY FGH97-AA-HIP #4RHAFE
() AioREAC A BRAAH y FGT R /NG G Fl. 650,
750 CHiARPE R AR 2 SCHER[20100 € (1) FGHO7 A1k}
FREEK.

2.4 650 ‘C/980 MPa 35 A M REM izt

Kl 7 4 650 C/980 MPa 414 N K- L1414
Ff (B E AR =0.15 mm) FEAPEREMNAGG 45 . Figk
B 7R T 8 AMRFE PR IR MR 25 B 3848 2 oy A
MRA LS AR 349~597 hyuHl N, Fe AW I 449 h,
FRifEZE 82 ho WAL R IER ML PEM 0.8, KT
0.05. G-l 41 G alRE I AT B A ot B, 6
i U

H A7, 8 A SCHkiRE FGH97-PREP-HIP #4} 650 C/
980 MPa I AR 4 F R 1 RE A I ]y 250~330 hU'S1,
B7 o DR s = T Sk [18,19] H i JE (1) FGH97-
PREP-HIP ML . HEhrtE 25, & 7 Hdii 2 5C
BR[20]06) FGHO7 PRI -tk 11 21 G iR 4 A i 2
[H] =100 h PIECAREK
2.5 650 CIKREE S HEaemix

650 C A 57 M AR SR g L B 8 o,
S Al N )3T 30~980 MPa. R 1 Hz. [N 7%
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~ 1600 - a . b
a5 | a‘f Reference data-R T
= 1100+
<1500 F Reference data-RT g
S o FGH97-AA-650 ‘C
E:o 1400 FGH97-AA-650 “C Reference data-650 ‘C = 1050 Reference data-650 ‘C
5 == 2
o»n 1300 2
2 3 FGHY7-AA-750 ‘C »n 1000
= -
g 1200 $ )
2 - Ref ::dt750°C ” 950¢ b
100y clerence e Reference data-750 ‘C
40r FGH97-AA-650 ‘C ¢ 35t FGH97-AA-650 C d
35| $  [FGH9T-AART
. S
£ ) [CHO-AART 20T FGH97-AA-750 C
< 30 FGH97-AA-750 C St
M= <25
)
= 25+¢ 5 | T
el =
§20¢ 20} -
m F 1]
M 15+ Reference data-RT ,g Reference data-RT
| Reference data-650 “C & 15} Reference data-650 'C
10+ Reference data-750 °C I Reference data-750 ‘C
1 1 1 1 1 1 ] 0 1 1 1 1 1 1

K6

Fig.6  Comparison of tensile properties of samples at different temperatures: (a) tensile strength, (b) yield strength,

TURETE AN R BE TR AR A PR R b

(c) elongation of rupture, and (d) reduction of area

F 1 pERENRER
Table 1 Results of tensile performance 6 .
I \
Test temperature Room 650 C 750 C 5t §§
temperature I Avg 190014 §§ N
Tensile strength range/MPa  1534~1586 1307~1365 1144~1213 > 4 su. 28 927 §§ §\\
~ - - o Tr N22 Q? N
Average tensile strength/MPa 1561 1333 1186 5T %\\\%\
= N\
Yield strength range/MPa  1046~1112 998~1057 944~1009 s T §§§§§l
Average yield strength/MPa 1076 1023 986 2 [ %%%%%&\?
Elongation range/% 25~30 29~36 19~27 1t %\\\\ X
i 5
Average elongation/% 28 32 23 0 . ol N\ &\\\ \\\& \
Reduction of area range/%  23~30  27-32  16~26 60000 120000 180000 240000
Average reduction of area/% 26 29 21 Nifeycle
200 K8 650 CAKJH L 55 5 fir
500 Fig.8 Low cycle fatigue properties at 650 ‘C
$ [
£500F M g s NNV,
= - TE 0 =4 BCH 9 MBI 22 AR X 5
5 _ .
Z 400} . RIS AR ST IR I AR v {E 154 707~258 909 JH X
2 300¢ K. A (EIAE] 190 014 UK, FruEZE N 28 927
2001 JA . w8 gL TR, RAIC A 9R 55 PE RE DA 45
100 . - - S TR 19]4K 38 i) FGH97-PREP-HIP #1 K} 31 987
FGH97-AA Reference data . . e .
Sample SRR KB, g SCER[20]FGHO7 223K ¥ 5000

Kl 7 650 "C/980 MPa ¥ A P fig % L

Fig.7 Comparison of stress rupture properties at 650 ‘C/980 MPa

AR
2.6 FFAFNE S OFFIES T
NIRRT PPB. KA R A
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95 57 WAL IR RE I, S BT RIS A i AT T R ALE 40 AT

19 2 FGH97-AA-HIP S -k 11 2 & F5F AFE i 1
Wi JES. B 9a. 9b FR ARG IR 4> A 2F i i 54
i, REBLIY. PPB 256kFE, & 9c Wiy
P55 W B T LR AE o BT LR R I N )
ALY, B IR W BT = R s, il 9d
Fivse S5GaMMEa R, 7T b RS 30U )5 4R
WKL ST L IR AE R WL PPB X & 4 AT R 2R
HH 2 5 .

K1 10 24 650°C/980MPa % & 9% 275 1 56 #F: i 1) BT 11
TEF. B 10a v, 57 DR BL B gUEKX, R
GUIEIX AT THE S R AL E . PN RILI Y, R

Signal A = SE1

WD=400mm Mag= 50X

P24 60 um, @1l 10b s . FIA EDS o, WLIE
10c, KA AFHBIAREY), T Hh ALO;,
SRR TT 6 4 RS B3 BEA S HE IR o A i 1R 9 57
FE AR E] 19 7KL E, aT <60 pm 13 244
X9 55 P RE R AR B R

UE AR, AR 22 AMIC 9% 57 1ORE W 11 rh o 57 35 3=
TR, Je e RF <100 pm. K K, PPB 5|
R 55 U8 o

B R R L S A 5T M e A T SRR, H AT
B A W 6 i ol 4 L2 Al A0k ARLAR IR U7 1)
REW . BEGR ARG ER, &2 SR 8%
FGH97 (EP74INP) PREP-HIP #i1f¥y R ki i 45 il 4

— EHT=2000kV  Signal A = SE1 WD=110mm Mag= 400X

— EHT=2000kv  Signal A=NTSBSD WD=110mm Mag= 100KX

9  FGHO97-AA-HIP HF A FE K O JES

Fig.9 Fracture morphologies of FGH97-AA-HIP stress rupture specimens: (a, b) initial position of stress rupture and (c, d) dimples

EHT=2000KV  Signal A= SE1

WD=195mm  Mag= 80X

Al
c
Ca
. A . . . . .
1 2 3 4 5 6 7 8 9 10
Energy/keV

K 10 FGH97-AA-HIP %5 9% 55 7 1 JE S & EDS 43 7
Fig.10 Morphologies (a, b) and EDS spectrum (c) of FGH97-AA-HIP low cycle fatigue fracture
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50~100 pm (IR REJ7 1), {HAEAE PREP 400k F R A3
R<L50%I M.y BRI SR, R AA+
HIP L 24k % FGHOT M kL, RXFEM =L 650,
750 CHARPERE, 650 C/980 MPa JG -l 141 &4 A
PEBE. 650 CAK I 55 PE R AL A4 BHT- i o (R AH DG 52
AR B RP,

3 & it

1) KRGS, B ARKLE Dy(90)/h T 80
um FRPRY R L AR R I 1 46 1) FGHOT MR, 28 [ Y
M= A B 5, R 2 R LR PPB, TIP
INTF0.08%, fhRLE N ASTM 8~9 2%, N y'ZHh
EJT%, RAF#2) 200 nme @44ty 1.5~2 pm K5
T RIHKH) y MK KERACY) sy FAARTR 2> K2
60% .
2) WFEEMRPTILREIME 1561 MPa, Jii fIj 5%
¥IME 1076 MPa, Wi SE A3 {6 28%, Wi e 4 R 14
fi 26%. 650 CHLRLHRBEIIME 1333 MPa, it i 5 Y
fi 1023 MPa, W& ZE R I 32%, Wi 4 4 32 e
29%. 750°CHUPLHRIEIIME 1186 MPa, i i L (i
986 MPa, Wi J 4E 1 Z M1 23% , ¥ 11 e 4 %5 2418 21%
iy 650 750 CHrAfPEREIE L FGHOT #4KHI £
3) 650 “C/980 MPa fi% Jil 9% 57 Mk 75 iy izt 8 ik [l Py
SCHR S A e A < TR EOR, B EIA R 19 J5
Ko KR#EZE 2.9 J7 o ST 0 RGER T BoR k)
JOF <100 pm, FEGEERIIRY), R PPB 51K
09 577
4) JEHE-B 4 AR FE 650 'C/980 MPa £ A Fi i
15 449 h, Toi EBURPE o R AT RGO G 2 h
F iR, R, PPB SEEkEE, SR
(3L W 24 AL o
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Microstructure and Properties of Argon Atomization FGH97 P/M Superalloy

Yang Jinlong'?, Zhu Xiaomin®, Tan Jianjun *, Xiong Jiangying®
(1. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)
(2. Shenzhen Wedge Central South Research Institute Co. Ltd, Shenzhen 518000, China)

Abstract: The microstructure, inclusions, prior particle boundary, thermally induced porosity, defects and the tensile properties, stress
rupture life, low cycle fatigue of large size disk for a P/M superalloy FGH97, which was made by argon atomization (AA)+hot isostatic
pressing (HIP) process, were investigated. The results reveal that the grain size of FGH97 material prepared by AA+HIP+heat treatment is
ASTM 8~9. No continuous network PPB is found, and there is a very small amount of TIP. The size of mostly square y' is about 200 nm,
and grain boundary y'is 1.5~2 um. No coarse y’ phase and coarse carbides are observed. The average stress rupture time of 650 °C/980
MPa is 449 h. The maximum low cycle fatigue life is 258 909 cycles at 650 °C, and the average cycle reaches 190 014 cycles. The room
temperature, 650, 750 °C tensile properties, stress rupture performance at 650 °C/980 MPa and the fracture life of low cycle fatigue at 650
°C meet the FGH97 alloy technical requirements.

Key words: FGH97 P/M superalloy; argon atomization; hot isostatic pressure; microstructure; properties
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