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& FE: WA ETIRAE =AM AR SRS S FGHABA AL RYEREEAT THFF, AHEHI& T2 WE. Indngen 2440
PRMEREME I, 5 ENSMNE RS ST TR RAEHIE. AR, SRS (isothermal forging, ITF) H#k
HEMAA TEH&EE, SRMREE S =IE. 650 Ty 700 'C, MMEMHEAN033F20 Hz, 47 7 T2 W i
Hf o e miR ALY YRR R, X T M2 A4S FGHY5. FGH96. FGH97. FGH98. ME3. LSHR M4y J& vk
BE. SRR R ABURLA (prior particle boundary, PPB) Il 7 AR K (K — Ve y M & S 240l R B 1A T A
%, WA EMRSHE R T BB g R, FR G808 T2 E J0HM PPB, MR & &AL i ). =
BAL R RTALT 650 /1700 CHRIZLY RIEAR, A4:0.33 Hz MRAR R E R 8 & T 20 Hz, TheniR)s 5 b
TGRS S K S L EER . ITF A FGHA113A & S 1EFE 28 R BLtd 1 FGH98. LSHR MIME3 &4, 1A
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44 Rene88DT N18 %5, [H N 15 =A% A 4 FGHOS.
FGH99 &b T8 ACRAS , AH I iR GE 8D, BRSEARE M
% =M & 4 M5 A LSHR. ME3 (Renel04) . RR1000
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SR s R s BN A BRI K iR
G MARLY RIEREIEAT T 5T, Gao 15 Gabb 257V
FL 7 LSHR FI ME3 & & f - R 4y R vhge (B )5 =%
55 i 4 % FGHO5 . FGH96. FGHO7 & FGHO9S &
SR RYERAT T RS0 0, WHERE N
A ) B R A R Ay S RS R AR R
Kirchmayer!""'F Choe!" 451l 78 T fr & i [R] 4 8 38 R vy
A SRay R 2 M AE AL, 20k K & il & 80
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FGH4113A & 42 A A B0 2 =AU Kl &
&, HAE MR MEE J1%5 RS, 700 C F Hud o i # H
LSHR & 423/ 50 MPa, 800 °C 1% 45 P GE { T LSHR A1
ME3, 700 C [ 4% 9% 57 7% fir 5 LSHR & 4 #H %5729,
FGH4113A & &2 4¥ J& (fatigue crack growth, FCG) V£
REAF FL /D, B oA T AR U o AR AR 3 Et 5%
FGH4113A &&MHLY Rk LEWE R, NG &
(R IR LT T 2%

2 W

I sk A BN 4 kT2 (vacuum induction melting ,
VIMD fill # £} & 4, F & < % 1L (argon atomization, AA)
EHICR R, B AR T2 G, AR HREE I (hot
isostatic pressing, HIP) + # 4b 2 (heat treatment, HT) .
HIP+#F5 i (hot extrusion, HEX)+HT . LA J HIP+HEX+
&5 IR 4 i& (isothermal forging, ITF) +HT, #l & T 3 Ff
FGH4113A ¥y K it 5 <6, POAL B FEARR] . O T 4k
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fi R, HIPHHT T2 438 8 “HIP &7, HIP+HEX+HT
T2 N“HEX &7, HIPYHEX+ITF+HT L2 #iik A
“ITFAR”. AEHE LZXRHA4WFAPHARAESR
1150 °‘C/150 MPa, £ AR 4 h JG B A 51 5K T 2AE
1110 °C FHEAT , B 3 B N 30 mmys, H7 R Lo 4:7 5 808
TZHREEN 1080 C, MARH A0 0.005 57 b FE T 24
5 1150°C [ 5 Ab 3 A H) H 29 150 “C/min) 1815 ‘CHY
AT 8 h(AHIHEFEZ1 100 C/min). FGH4113A 545
P AR IR R sl G 4 1 48 A G Lk 10001260,
ANE T ZARSHI FGHA113A & & hr i fe W& 2.

LU DA FRHE N GB/T 6398-2017( 4 J&@ A1 kHE
957 W I8 % 57 R Ay R T ) AR B % I 7 R B
Instron 8801 ¥ 9% 5 i 8 AL , {8 ] Epsilon #5#E 5 mm [
I S, B 5 T =25 mm, JE B=6.25 mm, 35
AEFE R A (compact tension, CT) il FE, )]~ S5HR WL
1o IR 46 9 R AR B . = M1 % . 0.33 Hz. 34 b R=
0.05. 7£ CARL_ZEISS Sigma300 =4 1 T & ¥ 4 W ¢
WA W OISR, 345 & T 1 B TS Celectron
backscatter diffraction, EBSD) $ R 43 HT R 41 fg 4%
GRS S

FGH4113A & 4 1 &R0, Bl 2b.2e2h 43 )l 9 HIP 7
HEX 45 \ITF & FGH4113A & (1) y AH &, 8] 2¢. 2,21 43
8 HIP 2 JHEX 25 ITF 245 FGH4113A &4 1) 1K y'AH
K. R #E L ASTM E112 bRt & 45 itk B vE 2%
HIP 45 HEX 45 \ITF 25 FGH4113A & 4 1A ki 2 40 )
ASTM 9.7 Z¢ (#) 11 um) « ASTM 8.7 2 (#] 16.0 pm) .
ASTM 6.8 2% (£] 31 pum) , Wl & 2a & 3k Fr 7~ , HIP 2 1)
FGH4113A & & A-AE R 2 1 )5 46 UKL 2 7 (prior particle
boundary, PPB) . ¥ 2b {7~ HIP & FGH4113A & & f
R BB Z MK — Xy, KBl 2¢ 5 2h R B HEX
A ITF 25 & < J 8 Bl — Oyl A 2> HORGEBUN, R
SEATHS Ry M ENA K. B 2¢.26.2i 7T BLKR B HIP
AW Ry HRSFHE R T HEX S MITF A6 4, H
Image J B E G0 iH & 4y M P34 R F HIP 2 JHEX 45\ ITF
A FGHAL13A & 4 1) — IRy A RS 73 1) 52 389,254,
229 nm. K2f52i /R ITFAS HEX &G 2N yHIES
AT . B 2hHH BORITEF S A SHAHBZ A &L,
AE 1L 43 #T (energy dispersive spectroscopy, EDS) [ 1% &
9 Nb.Ti 1 MCBRARA A K & Mo (R4 412

3.2 AREIIEZRAETFGH4113A & E&MZLE B IMEE

3 HREDH Paris 2 3R H 8 9% 55 BLLLH AT I JE R ALY , 3%
3.1 FGH41BAEEHIPTS HEXZSRITFSHEMAR BRI IEREN BN FHuEZ )RR Lo
Kl 2a.2d.2g 4 % N HIP 25  HEX & JITF & =UAP:
®1 FGHAIBA G EMEMEES EHNUFERD
Table 1 Chemical composition of FGH4113A alloy and other superalloys (wt%)
Alloy Cr Mo w Ti Co Al Nb Ta C Zr B Hf Ni Ref.
FGH4113A  13.10 4.10 3.90 3.70 19.10  2.90 1.20 1.10 - Minor - - Bal. [26]
FGH95 12.69 8.55 3.36 2.69 8.55 3.46 3.45 <0.02  0.060 0.050 0.010 - Bal. [11]
FGH96 16.00 4.00 4.00 3.70 13.00  2.10 0.70 <0.02 0.035 0.033  0.011 - Bal. [11]
FGH97 9.02 3.76 4.96 1.74 15.69 491 2.59 - 0.045 0.017 0.012 030 Bal [9]
FGHO98 12.65 3.83 2.18 370 2020 345 0.90 2.31 0.054  0.050  0.021 - Bal. [11]
LSHR 12.52 2.73 4.33 350  20.70  3.46 1.45 1.60 0.029  0.049  0.028 - Bal. [6]
ME3 13.10 3.80 1.90 3.50 18.20  3.50  1.400 2.70 0.030  0.050  0.030 - Bal. -
%2 TEAE T FGH4113A & SRR M AE
Table 2 Tensile properties of FGH4113A alloy at different states
State Temperature/°C Yield strength, R, /MPa Tensile strength/MPa Elongation/%
HIP 25 1170 1620 19.5
HEX 25 1183 1655 24.0
ITF 25 1147 1600 25.0
HIP 650 1063 1508 21.0
HEX 650 1081 1500 17.5
ITF 650 1044 1517 19.5
HIP 700 1087 1422 17.0
HEX 700 1080 1376 20.5
ITF 700 1072 1336 21.0
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Fig.1 Dimension of crack propagation compact tension (CT)

specimen
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Fig.2 Microstructures of FGH4113A alloy in HIP (a—c), HEX (d—f), and ITF (g—i) states: (a, d, g) grain size; (b, e, h) y' phase; (c, f, i) secondary y’

phase



* 3100

W] B RS TR

555 %

20
g o HIPO1
£ 18} omr
5 VHEX01
5 16} OHEX02
- AITFO1
g 14F  ©ITFO2
<
2
s 12t
&
= 10t
2
S 8

0 5000 10000 15000
Number of Cycles

3 HIP & HEX#& X ITF &5 FGH4113A £ 4:7£ 650 CRIZLY &
AT ER A U th £
Fig.3 Crack propagation length vs. number of cycles curves of
FGH4113A alloy in HIP, HEX, and ITF states at 650 °C
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Fig.4 Crack propagation rate vs. stress intensity factor curves of
FGH4113A alloy in HIP, HEX, and ITF states at 650 °C
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AL BT AR P RS BRI, (R T R RSTIROR,
U6 ITF 4 5 HEX 25 75 AH 5] #Ab R FE R, ITF 25 (14 dfoRi
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Fig.5 Crack propagation length vs. number of cycles curves of

FGHA4113A alloy in ITF state at different temperatures
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Fig.6 Crack propagation rate vs. stress intensity factor curves of

FGHA4113A alloy in ITF state at different temperatures
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Fig.7 Crack propagation rate vs. stress intensity factor curves of
FGH4113A alloy in ITF state at 700 °C and different
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2R 2 B B i, FGH4113A A L. FGH98 5 LSHR [f) i 24
g R Re I AR

952700 ‘CH#MF FITFARIFGH4113A 445 LSHR
LK ME3 [ 80 JR PEBERT HE . ¥4 AK=25 MPa-v/'m
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Fig.8 Crack propagation performance of FGH4113A, LSHR, and
FGHO98 alloys at 650 °C!**'!]
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Fig.9 Crack propagation performance of FGH4113A, LSHR, and
ME3 alloys at 700 °C"*!
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Fig.10 EBSD IPFs of crack propagation in FGH4113A alloy in
HIP (a), HEX (b), and ITF (c) states at 650 °C
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K11 650 'C T HIPZ HEX 5 JZ ITF 25 FGH4113A & &2 80y R 1l 1 B30
Fig.11 Fracture morphologies of crack propagation in FGH4113A alloy in HIP (a—b), HEX (c—d), and ITF (e—f) states at 650 °C: (a, ) AK=

40 MPa-vm; (b, d, f) AK=70 MPa-v/m; (c) AK=50 MPa-v/m
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Fig.12 Crack propagation fracture morphologies of FGH4113A alloy in ITF state at 700 °C and different AK conditions: (a) AK=30 MPa-/m;
(b) AK=40 MPa-v/'m; (c) AK=50 MPa-/m; (d) AK=60 MPa-y/m; (¢) AK=70 MPa-v/m; (f) AK=80 MPa-v/m; (g) AK=90 MPa-v/m
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Crack Propagation Performance of FGH4113A Powder Metallurgy Superalloy

Zhang Gaoxiang'?, Long Anping'?, Yin Chao’, Xiong Jiangying'?, Xiao Lei’, Liu Yong'
(1. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)
(2. Shenzhen Wedge Central South Research Institute Co., Ltd, Shenzhen 518045, China)

Abstract: The crack propagation performance of the independently-developed 3rd-generation powder metallurgy superalloy FGH4113A was
studied, including the effects of preparation process, temperature, and frequency on crack propagation performance, and a comparison was made
with similar superalloys. The preparation process involved a combination of hot isostatic pressing, hot extrusion, isothermal forging (ITF), and
heat treatment. Test temperatures included room temperature, 650 °C, and 700 °C, with test frequencies of 0.33 and 20 Hz. The effects of process,
temperature, and frequency on the high-temperature crack propagation performance of the alloy were analyzed. The crack propagation
performance of similar alloys with grades such as FGH95, FGH96, FGH97, FGH98, ME3, and LSHR was compared. The results show that prior
particle boundary (PPB) and coarse primary )’ phase around the grain boundary are unfavorable factors for the crack growth performance of the
alloy, and increasing the grain size is beneficial to reducing the crack propagation rate. Extrusion and forging process can effectively eliminate
PPB, thereby enhancing the crack propagation resistance of the alloy. The crack propagation rate at room temperature is much lower than that at
650 and 700 °C, and the crack propagation rate at test frequency of 0.33 Hz is significantly higher than that at 20 Hz. Increasing the temperature
and decreasing the test frequency will increase the crack propagation rate of the alloy. In the stable crack propagation stage, the FGH4113A alloy
in ITF state exceeds FGH98, LSHR, and ME3 alloys, and reaches the advanced level of the 3rd-generation powder metallurgy superalloy.
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