#53E 1 HBEEERMBEIE
2024 4 1A RARE METAL MATERIALS AND ENGINEERING

Vol.53, No.1
January 2024

DOI: 10.12442/j.issn.1002-185X.20230481

GHAUAL T S RS SN HOATHBELERN &
WA SR ELRITA

Rk, BRERL XL B H P, HAFRY, BREY, HEEY, &
gk, AER, B v ok @
(1. bR R weE5ESTREER, JbaT 100083)
(2. ARG BB L AR B AL BE AR A R AR, 1)1 # 610300)
(3. BWERRAARAF, W ZE 617000)
4. AHERY TH¥H, HA BHE 464-8603)

e, 1,

 E: GH4141 BT il & W BA BRI el e 2 R IFPUs A rERg, 9 2 0 TSGR R ShpL il A& 7o 8
o BT AL H 70 0T S i 23, X GHA141 XA T il A & 5 S S0 SR BT A AT 7 VRAR ) 5 i . L v
AL, A8 TSN R T A EE T . SRR, 1130~1160 CHRIRIISIMLZMET, HESHS S
AR o #0 BOIR n 4B MsBo YT LA R o st (AR &5 BV 22 384K, MC BUTRAL DDA E . 1190~1210 C w3594k %
R, AR MeC LA FIRER 24 A T VA 2 y 2, AP AT R D E > MC BB . MC TR AE [

PR X VA, e v e o 49 5 A o Ak SR JE T Y o

KER: BEmiRGE: HHEL AR, i

FEESEES: TG146.1°5 XEkFRIRED: A

XEHS: 1002-185X(2024)01-0136-12

AT e il A G R AR R e iR P R S A SRR e
PE, TEME RN TR Ee LR Az N
WS, Bl FHASMREER S, BE G %R —
5E A 42 70 2 OV AT 5 O AT AR AT H 10 sz
B E R A S I RORAR BT« L ZUR 5 M 2 BR i A2 7
R A A N B R A — P AR R A Ak
[ 2H 23 b i LR S RV AT AR E . g AR o AR w AHFD
WAL S . MErER A A (TCP AHD, W o AL p Al
M Laves #H%F, RARSHALSE, 5518 1% e
ALY, FEECAII Tl FE b R 22 Rk, AR
T il A & B35 S04 FA A B T — O T T BR T & R T
7 T AN AR, DS S dun TRl

B 0 2 R S ATLHE E LG A 3, % #i AF 1
ARIRAE I ERBE 2 38m, WA GESEE S
AT TR A A ARE, I T A i A N T2
GH4141 G NUIEMA BT miRe &, BAEE
(1 v il o P AN R A PR e B B T
870 °C LA HA w3 A 980 C LA N A A it fg
(R 25 R & B HL e TR AR 7 e 2510, R AR X

U= HEA: 2023-08-03
HEWME: EXREREZ%ES (51804232)

PMTEORERTHEE RG4S GH4141 G548
RIS T 19% (e, FED M Cr, H5Ebt
SN, AL ¢ FI B B S E L 0.1%, C Ml B
e hn AT R, AT AR Rl A B A B 1E B
RS, mAEARC HHTASNREE R
PAKCK & C LRI, F3E &5 H L it A1
Z HFRE R, B50 0 B [ IX 2 5 = pT AR O R
HE,

AT i A 4 W 38 ST A0 R AL R A o 24 A = A
KIF) GH4169 &G & (= IR 650 C)EH/) 2
sttt Rk RIS R A, R LR Y
Sk, R 2 B A b E, IRt A 4R i
Laves MR AT T @ R ESHY . Rifi, H
FI o5t 3 AR T v R A 4 0 2 S Ak ) B ) IR S
¥, WE4E GH4169 %41. GH4141 & 4135010 i
Fleths W% T GH4169 H X, H¥HlfA K
GH4141 AT il & & 38 S0 70 AR E AR 2
R 5 2 0 B B S BN 1 5 5 AT AR R AT A

504k ) B (O, T B A A S AT AR R

TEFE N Kb, 5, 1984 4, L, gl#EE, R RFREE5EESTHES, b5 100083, E-mail: xgzhang@ustb.edu.cn



1

KRR GH4141 WA T SR A &8s

A2 AR 2 B B I R VA AT A - 137 -

e 353 53 A 3 F2 R BT A B AT S EAT IR N AT .
SRTMT,  HBT R T MR MR & & i 7 R EE R E
B 4 IR TR TG 3% VAN 0 B T [ 4 Ik 2 Ak 3 2H 23 1k e
5 U778 20210 R S A ST AT R R P, D
K& &R RS E . W iZRE &%
21, PRt R TR AL A A [ AT O R R
. HEBAHA RN MRS, LA
Ik AR T B R AT o6t T SEBR A R I AR A B
S A B T2 e R . ATAEG
HU A S A i & 4 GHA141, IRAWE R HG S
i F BN A, KA ER W EET N, A
il 7 & B AU SR AL IR 4R 5

o

1 % I

AW RFHERE) GH4141 R R A S, S=8k
1B (VIM+ESR+VAR) & ik [8 Bl 4% &5 & &8558 (250
mm), HFE&EERSNE 1. BESEET O,
K/ 10 mmx8 mmx5 mm, ML 5 J5 A5 FH i 1
TR (8 g CuSO4+40 mL HC1+40 mL C,HsOH) &, 34T
Y BB (OM, CX40M) , 37k SHH 7 B 5s
(FE-SEMJSM-6701F) At X H £k 831X (EDS,NS7) ,
HL 7454 (EPMA, TXA-8530F Plus) #4754 M 8L R AL .«
AT HH A it A 455 ) 23 ) K FH P T T BIUN TS (EBSD,
MIRA3 LMH) 5iE§ 4 (TEM, FEI Tecnai F20) i
ITHRAE. ik EBSD RS M MALRE S O o0 fh k2
FIEATRT G, AT E BT tHAE A AL S L BRI
BE 5 R T 5495, EBSD A AT R A HAIE (20 mL
HCI+80 mL C,HsOH, 20V, 10s). TEM i@ LI
FTERFER] 60 um &, AR50 H A Ok AT ok 14
(Struers Tenupol-5, 10% HC104+90% C,HsOH, 20V,
25 °C), B JE B B RN i AR (2°, 3 kV, 10 min).

ffH IMatPro (v.9.0) TH 5 & &1 PATHE, I

5 2R ARE IS (DSC25) S AH 454 W & 313 5
REFEXTE, mE 1 582 fis. &4 KRR,
HALRBIEE y'y 00 MC MrCos MC. M3B, Al y %S
rifAd. A, SEPEAHEER, WAL 12423 CH
I, SRR y EEIRE N 10517 C. &4
57 DSC 2k, J& 800 ‘CLA E#ho#thdk—pr SEnE 2
Fine 800 CUAFAFLE LA I g, 45664
J1EAHE (B D) AR E, £ 1110.9 CH yAH ]
W, 1330.6 “C MC B[R, 1259.6 C HELEIRR
AR A, HEWT NG SVIE R A . AT L, MC
T[] R A A DX (]9, T R LU ik 255 514k FAKb R
BT RN T, S S S IR X 1A B 15 e TR
1110~1240 CYaHH 2 A,

B 514k # b BEAE 4 U (BLMT-GA-14-7-15) H ik
17, 35 11304 1160 1190, 1210 C 4 MYLMLIRSE,
3. 10+ 20+ 50 h4 NS TR FEAT AL EE . 354 Ak 3
SERUG SRV RE K E R =, UREBSNEAL,
BT HARTEA NS AR T, A T2
Bl 3 BToR . S5040 AR B 5 R SR 5 85 A5 1R AR R I AL
WS 5 022 JE v, JEAT SEM-EDS M2 3RAE

2 RIS

2.1 BEHSHRARARNTHBERE
K 4 NaESEuR S AR (OMD
LFAMEE (SEM) MERIMHMHLA . RAELHET

F1 GHAU4L FEREELERS

Table 1 Chemical composition of GH4141 superalloy
(/%)

Cr Co Mo Al Ti B C Ni

19.58 11.35 10.40 1.4 3.1 0.007 0.09 Bal.
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Fig.1 Equilibrium phase diagram (a), and partially enlarged diagram of the circled region in Fig.1a (b) for GH4141 superalloy
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Fig.2 DSC curve of as-cast GH4141 superalloy (a) and the local first derivative of the DSC curve (b)
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Fig.4 As-cast microstructure of GH4141 superalloy: OM morphologies of dendrite (a) and interdendritic precipitates (b, c); SEM

morphologies of interdendritic precipitates (d-f)
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Fig.5 EPMA element mapping results of borides, carbides, y-y’ eutectic phase and # phase in the as-cast GH4141 superalloy
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Fig.6 EPMA element mapping results of y-y’ eutectic phase and # phase in the as-cast GH4141 superalloy
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Fig.7 EPMA element mapping results of ¢ phase and carbides in the as-cast GH4141 superalloy
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Fig.8 Crystallographic analyses of the typical precipitates in the as-cast GH4141 superalloy by EBSD
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Fig.9 TEM bright-field images (a, c) and SAED patterns (b, d) of M»;C¢ (a, b) and M3B; (c, d) in the as-cast GH4141 superalloy
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Fig.10 TEM bright-field image (a), HRTEM image (b) and selected-area FFT graph (c) of MsC in the as-cast GH4141 superalloy
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Fig.11 Morphology illustration of typical precipitates observed
in the as-cast GH4141 superalloy: (a) y-y’ eutectic phase,
(b) n phase, (c) o phase, and (d) carbides or borides
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Table2 Summary of thetypical precipitates observed in the as-cast GH4141 superalloy

Typical precipitates

Main constituent elements

Shapes

M>»;Cg C,Cr Irregular blocky-shaped
Carbides MC C, Mo Irregular blocky-shaped
MC (small amounts) C, Ti Irregular blocky-shaped
Borides M;B; B, Mo, Cr (low content) Irregular blocky-shaped
#n phase Ni, Ti Lath
o phase Cr, Co, Mo Needle-like
y-y' eutectic phase Ni, Al, Ti Scale-like
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Fig.12 Microstructures of GH4141 superalloy after different homogenization heat treatments
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Fig.13 Detected carbides in the GH4141 superalloy after homogenization at the low and medium temperatures of 1130-1160 ‘C
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Fig.14 Detected carbides in the GH4141 superalloy after homogenization at the high temperatures of 1190-1210 ‘C
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Table3 Quantitative EDS analysis results of the precipitates observed during homogenization of GH4141 superalloy (/%)

Precipitates Cr Co Al Ti Mo C N Ni
MC 14.42 7.03 - 5.81 44.75 9.68 - 18.30

MC+MC - - - 38.05 46.30 15.65 - -
MC 8.44 - - 43.63 5.11 6.41 15.46 20.94

R4 HHEIEDPITHBERRSRRENHERBERDE

Table4 Summary of precipitates dissolution and dendritic morphology elimination during homogenization

Homoggr{ization Undissolved precipitates Dissolved precipitates Dendritic
conditions morphology
1130 C-3 h MC, MC My3Cs, M3By, 11, 0, y-y' eutectic phase v

1130 C-10 h MC, MC M33Cs, M3Ba, 1, 0, y-y' eutectic phase v
1130 C-20 h MC, MC M»3Cs, M3B,, 1, 0, y-y' eutectic phase x
1130 C-50 h MqC, MC M>»;Cs, M3B,, 1, 0, y-y' eutectic phase

1160 ‘C-3 h M,C, MC My3Cs, M5By, 1, 0, -y’ eutectic phase v
1160 C-10 h MC, MC M>3Cs, M3B,, 1, 0, y-y' eutectic phase X
1160 C-20 h MqC, MC M>»Ce, M3Bs, 1, 0, y-y" eutectic phase x
1160 ‘C-50 h MC M>3Cs, MsC, M3B», 1, 6, y-y' eutectic phase x
1190 C-3 h MC, MC My;Cs, M3By, 1, 0, y-y' eutectic phase v
1190 ‘C-10 h MC M>3Cs, MsC, M3Bs, 1, 6, y-y' eutectic phase X
1190 ‘C-20 h MC M>3Cs, MsC, M3Bs, 1, 6, -y’ eutectic phase X
1190 C-50 h MC M3Cs, MeC, M5B,, 1, o, y-y' eutectic phase X
1210 ‘C-3 h MC M3Cs, MsC, M5B,, 1, o, y-y' eutectic phase X
1210 ‘C-10 h MC (small amounts) M>3Cs, MsC, M3B2, 1, 6, y-y' eutectic phase X
1210 ‘C-20 h MC (small amounts) M>3Cs, MsC, M3B», 1, 0, y-y' eutectic phase X
1210 "C-50 h MC (small amounts) M>;Cs, MsC, M3Ba, 1, 0, -y’ eutectic phase x
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Fig.16 Dissolution behavior of carbides (M¢C, MC) during homogenization at 1130-1160 C in GH4141 superalloy: (a) 1130 ‘C/10 h,
(b) 1160 C/10 h, (¢) 1130 "C/50 h, and (d) 1160 C/50 h
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Fig.17 Dissolution behavior of carbides (MC) during homogenization at 1190-1210 ‘C in GH4141 superalloy: (a) 1190 ‘C/10 h,
(b) 1210 ‘C/10 h, (c) 1190 ‘C/50 h, and (d) 1210 C/50 h
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Identification of Precipitatesin the As-cast Microstructure and Its Dissolution Behavior
During Homogenization of Difficult-to-Deform GH4141 Superalloy

Zhang Xianguang', Chen Jiajun', Yang Wenchao', Zhou Yang*’, Xiao Dongping®”, Tang Pingmei**, Fu Jianhui*’,
Shi Peng', Pei Yiwu', Yan Jianhao', Sun Fei®, Zhang Jian®?
(1. School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing, Beijing 100083, China)
(2. Chengdu Advanced Metal Materials Industrial Technology Institute Co., Ltd, Chengdu 610300, China)
(3. Pangang Group Research Insitute Co., Ltd, Panzhihua 617000, China)
(4. Department of Material Design Innovation Engineering, Nagoya University, Nagoya 464-8603, Japan)

Abstract: GH4141 wrought superalloy is widely used in the manufacture of high-temperature load-bearing components for aerospace
engines due to its high strength and good oxidation resistance at high temperatures. In this paper, based on chemical composition analysis
and crystallographic method, the typical precipitates in the as-cast GH4141 alloy were identified and analyzed. The dissolution behaviors
of the precipitates during the homogenization process were analyzed through the high-temperature homogenization experiments. The
results show that under the medium and low temperature homogenization conditions of 1130-1160 °C, the needle-like o phase, plate shape
n phase, M3B, boride and y’ strengthening phases of the original as-cast structure are dissolved into the matrix, while the M¢C carbides still
exist. Under the condition of high temperature homogenization at 1190-1210 °C, most of the precipitates including M4C in the alloy have
been dissolved into the y matrix, and only small part of MC carbides remain in the structure. Besides, it’s worth noting that the MC
carbides are dissolved in the solid-liquid two-phase region, and the MC carbides are difficult to be completely dissolved and eliminated
through homogenization heat treatment.

Key words: deformed superalloy; as-cast microstructure; homogenization heat treatment; precipitated phase

Corresponding author: Zhang Xianguang, Ph. D., Associate Professor, School of Metallurgical and Ecological Engineering, University of

Science and Technology Beijing, Beijing 100083, P. R. China, Tel: 0086-10-62332265, E-mail: xgzhang@ustb.edu.cn



