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(d) CP4

200F ¥ v v v v

3 . 190+
et
£ £ 180f
= ; — o o o —o
.8 170+ % 4 A _a
[ A
[} Lo
%5 160r o
§ 3 150} —e—cp2
< —a—CP3
140 —»—cp4
130—% o

0 2 4 6 8
Aging Time/h

55
v/ b

. Sof
2 45+ /
§ ‘;40' —=—CPI
a —e—CP2
%‘% 350 o
§ = 30F —v—CP4
< a5l

20 1 1 1

Aging Time/h

K110 FGHA4113A & 427 815 °C T B R0 [ SE A o FH P 2 R~
Fig.10 Evolutions of average diameters of secondary y’ phase (a) and tertiary y’ phase (b) with aging time in FGH4113A alloy after aging

treatment at 815 °C

FE R AR . 5T 2 PR GOS Al iE KAM HFAIE ) CP4 iR
Fe, HAK GOS H R WM B L5 4 T 45 i, kL N 3507 3
BRI B8R — 55 FH K2 v 1) KA AR U S 7R A7 78 S 38 B2
AR 5 AR FE RN, IR 2K B R AR SRS 9, ELAH R R T
RE RSO AR . SR, SEEG 45 R B, CP4 ik i 3R 13
T AR e R R S B AR AR A . IXAESE [ A E
T2 5| I o R E ) 5 38 I A 7 S of - 4 P i AR A 4
AT A PR . AHEZ Ny MRS A A4 2 54
HPERE I SCHER 3%

y 'R [ S At T T 9 A AN L g S Ak, 2P JE s B
R DTHRAE R LN o AR L% RIS S AR AR I T B N L DTTE
SERACALEIN & & R SER RN RE . LS
YAIRSFEYIM O, % T FGH4113A & 41 =, S 45 1) )
B 6T 2 £ 3 £ R <T 249 40 nm™, BV 55 47) £ L1 5 58 1)

FIHLA B FE RS (HZ e R 2 2 2 = 0y AR
TP BORAS TR FE 2 Mo 2y A R 38 K LB T ey
I, R SRR HLR BT 3 (K 520 VIR 7 AR, 32 2 AL
i DI EIHLA e a St AL BOR RS =ik y' &
RAE AL F SR I AT N IF T BRAL A, AT 32 e o 55 £ A7 2
L PETHNAEARE F) . TR RLE D)y R TR
HAWEFLRE A2 7 K p A N BRI SR RE 13 AN e AL 1A
e, BRI S N RUST RS AR B AL E 71 BB TH AN R R
A B R ROST R = VR y h 2 3 R RORE [ 2 T 1) 5%
St HL R BT BRACBOR o O, T 4 A Ty AR S IE
HHRR =y R T B A4 (1 55 D7) 350 56 A R R S AT b 22
UKL 18] 084 K S B s FE AR G o DRI, S i % =iy
FRST oA e A7 A et L i BLSR i N AR AL BE 5 ()
I PR = VR AR R RT3 A AR = I p AR RELAL 3 B



12 1

FEAR &5 FEHfTE A PR B B R R iR & 4 FGH4113 A i 28 M 1 5 i

* 3115

SRIE IS, S FGHA113A & 45 % 5 98 M bh R $2 7
A TB
4 &% @

1)K A G 1 [ 5 2 474 H) T2 (150 °C/min) 454
I} AL B S L A 42 1E 800 °C Y JiE AR5 B B4 5 i A 4
#1253 558 92047 1079+9 MPa 1 13.4%+2.9%. 4% ]
W Bk B 4508 120, AT 5 — B Be 18 ¥4 (44~75 C/min)
555 T BetvA (459~594 °C /min) FH &5 & 1 [E VA A3 1
G s UL B D e A R T 22 97847 111245 MPa fll
14.6%+1.1%. Hf — 2 85 — By B A0 % 4 48~
65 “C/min 5 3 —}r BeiA #11d % 2 275~326 ‘C/min i, 7£
PRFFE 7K F 800 °C i MR 5 FE (97510 MPa) Al it $7 538 &
(1108+6 MPa) [ [F] I , A 4 (1) ZE fif 26§ F+ 2 18.5%
+0.8%, R Bk i 4 T2l ez & & mE 5
PERI FEAR A . 58 P By Sl 45 I 7E 121~143 “C/min
I, 542 1K 800 “C A E i 221K 5 22.8%+3.4%.

2R A HESAH T2, A& VIHANE
I v A7 15 25 B R AIE 5 LA 3R B O v 1 o R B [ 2
(GOS)H « F= & B0 45 44 DA K 8 R 1 % ~F 35 B ) 22
(KAMDAH 5 17 2K FH w5 i 18 4 - v il B vd 284 T2 0
R FRARAL A BT, FRAFK GOS A /0 W 45 M Ak KAM {H
MIRTEE2H 2, 1 P 2 S 2H SURFAE /2 800 °C T iy otk 5 s 4
PERPRIELH

3y AEE AL R R B, 25— BOA HI R B 3 o
Ry FRSE, ¥ HEZ RS, — Iy AR AL A 2 vl %
P B 3 3 =Ry RN AT R, e T IR RS RR &, =K A
PEAR I HOBOR oy M I RST 23 AT RRAE BAR XS B B 2 T 4
FARF800 C AT 5t 55 R AE 1 3R [ SRR B 2 — o

DTE SRR S5 [V 50 DT SR A — U 2% 4 T,
FGHA4113A & 4 150 FE Y 14 W [ ek 32 5 T p A R
S AT . Hod, RO BRI Ik p R I8 G 2 A
Sead ML, 3G 5 AR REAY BE 77 5 T SR ECA AT B = 2Ry AE
AL EE U B, RN DR Y AR A BT ) 5
e AH T2 AT 51 RS 0 don B ) 5 S 8 AR 22 Skt )
S B 11 5 A XA BR oA B B[R] SR A AT R 2 T R A
AN ES S

SE R

[1] Huang Boyun( 3% 1 =), Wei Weifeng( = 1% 1§), Li Songlin(Z= 2
M) et al. The Chinese Journal of Nonferrous Metals( ™+ E 4 4 4>
JE2ER)[I], 2019, 246(9): 1917

[2]Jia C L, Ge C C, Yan Q Z. Chinese Physics B[J], 2016, 25(2):
26103

[3]Yang L B, Ren X N, Ge C C et al. International Journal of
Materials Research[J], 2019, 110(10): 901

[4] Zhang Yiwen(7K 3 ), Liu Jiantao( X %), Jia Jian(P{ %) et al.

References

Powder Metallurgy Industry(¥; K18 4= TMk)[1], 2022, 32(1): 1
[5] Wang Zhicheng(E & %), Wang Hao( £ %), Huang Hailiang( 3%
#E5E) et al. Chinese Journal of Materials Research(# #Hiff 5T 2%
(17, 2019, 33(5): 331
[6] Bai J M, Xing P Y, Zhang H P et al. Materials Characteriza-
tion[J], 2021, 179: 111326
[7] Smith T M, Zarkevich N A, Egan A J et al. Communications
Materials[J], 2021, 2(1): 106
[8] Dada M, Popoola P, Mathe N. World Journal of Engineering[J],
2023,20(1): 43
[9] Cheng Junyi(F£1& X), Liu Zhaofeng(XI| 5 1%), Ma Xiangdong( L
M1 4%) et al. Rare Metal Materials and Engineering(%i 3 4 J&# %}
5TFE)[I], 2024, 53(9): 2614
[10] Wang Lei( £ %), Liu Mengya( X 25 #), Liu Yang(Xl] #%) et al.
Acta Metallurgica Sinica(%: & #)[J], 2023, 59(9): 1173
[11] Ye X J, Yang B B, Liu J T et al. Materials[J], 2022, 15(13): 4524
[12] Gudivada G, Pandey A K. Journal of Alloys and Compounds[J],
2023,963: 171128
[13] Cheng J Y, Xiong J Y, Long A P et al. Metals[J], 2025, 15(4): 409
[14] Zhang Guogqing( 7 [E [X), Zhang Yiwen( 7 X ), Zheng
Liang(#8 5%) et al. Acta Metallurgica Sinica(%:J& F#%)[J], 2019,
55(9): 1133
[15] Goodfellow A J. Material Science and Technology[J], 2018, 34(15):
1793
[16] Smith T M, Unocic R, Deutchman H et al. Materials at High
Temperatures[J], 2016, 33(4-5): 372
[171Li W G, Ma ] Z, Kou H B et al. International Journal of
Plasticity[J], 2019, 116: 143
[18] Deng W K, Zhang D, Wu H'Y et al. Scripta Materialia[J], 2020,
183: 139
[19] Tian T, Hao Z B, Ge C C et al. Materials Science and
Engineering A[J], 2020, 776: 139007
[20] Meyers M A, Mishra A, Benson D J. Progress in Materials
Sciencel[J], 2006, 51: 427
[21] Cheng Z, Zhou H F, Lu Q H et al. Science[J], 2018, 362(6414):
eaaul925
[22] Ma E, Zhu T. Materials Today[J], 2017, 20(6): 323
[23] Ma En( 1), Liu Chang(X| 4%). Acta Metallurgica Sinica(4:
J& 2R [, 2025, 61(5): 665
[24] Ding Yutian( ] /i H1), Zhang Xia(5K %), Gao Yubi( £k &) er
al. Rare Metal Materials and Engineering(%i 5 4 J& #1 £l 5 T
FE)[J], 2022, 51(10): 3732
[25] Zheng X H, Lu H R, Dai W et al. Journal of Materials Sci-
ence[J], 2024, 59: 7945
[26] Zhang J J, Shen Y F, Xue W'Y et al. Nanomaterials[J], 2024, 14(15):
1296
[27] Cheng Junyi(F2£ 12 X), Zhu Lihua( %k 37. %), Xiao Lei(F #%) et
al. Rare Metal Materials and Engineering(%:i i % J& ¥kl 5 1.
FE)[J], 2022, 51(4): 1478
[28] Yang Le(# 5R), Li Xiuyan( 2= 75 #), Lu Ke( /5 #). Acta
Metallurgica Sinica(%:J&4%)[J], 2017, 53(11): 1413



3116 WA EEMES TR 5 55%:

[29] Bi Zhongnan( Y& 71 ), Qin Hailong(Z& i &), Dong Zhiguo(# & pounds[J], 2019, 787: 196
) et al. Acta Metallurgica Sinica( 4 J& % %) [J], 2019, 55(9): [36] Najafkhani F, Kheiri S, Pourbahari B et al. Archives of Civil and
1160 Mechanical Engineering[J], 2021, 21(1): 29
[30] Wei D X, Wang L Q, Zhang Y J et al. Acta Materialia[J], 2022, [37] Liu Z F, Cheng J Y, Wang C et al. Metals[J], 2024, 14(7): 769
225: 117571 [38] Huang H L, Zhang H F, Hu B F et al. Intermetallics[J], 2020,
[31]Wang X M, Ding Y T, Gao Y B et al. Materials Science and 116: 106659
Engineering A[J], 2021, 823: 141739 [39] Galindo-Nava E I, Connor L D, Rae C M F. Acta Materialia[Jl],
[32] Guan X J, Shi F, Ji H M et al. Scripta Materialia[J], 2020, 2015, 98: 377
187: 216 [40] Liu Zhaofeng(XI|#{I&), Cheng Junyi(F£& X), Ma Xiangdong(
[33] Zhang Y Q, Quan G Z, Zhao J et al. Materials[J], 2023, 16(13): [ 4R) et al. Rare Metal Materials and Engineering(¥i 5 4 J& ¥
4562 RS R[], 2024, 53(3): 768
[34] Zhu Y L, Cao Y R, He Q B et al. Materials Characterization[J], [411Li W G, Ma J Z, Kou H B et al. International Journal of
2022, 191: 112108 Plasticity[J], 2019, 116: 143

[35]Jia D, Sun W R, Xu D S et al. Journal of Alloys and Com-

Effect of Precisely-Controlled Cooling Heat Treatment on High-Temperature Ductility of
Powder Metallurgy Superalloy FGH4113A for Turbine Disks

Cheng Junyi'?, Zhao Chunling’, Liu Zhaofeng’, Ma Xiangdong’, Xiao Lei’, Guo Jianzheng'?, Feng Ganjiang"”
(1. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)
(2. Shenzhen Wedge Central South Research Institute Co., Ltd, Shenzhen 518035, China)
(3. AECC Hunan Aviation Powerplant Research Institute, Zhuzhou 412002, China)

Abstract: This study investigated the powder metallurgy superalloy FGH4113A, focusing on the design and implementation of precisely
controlled cooling during the solid solution state. The effect of cooling path on microstructural evolution and tensile properties at 800 °C was
examined. The results show that the cooling path significantly affects the strength-ductility synergy. At a conventional continuous cooling rate of
150 °C/min, the alloy exhibits a yield strength of 920+7 MPa, an ultimate tensile strength of 1079+9 MPa, and an elongation of 13.4%+2.9%. In
contrast, a two-stage cooling process (CP2), combining an initial slow cooling (44—75 °C/min) with a subsequent fast cooling (459-594 °C/min),
enhances the yield strength and ultimate tensile strength to 978+7 and 1112+5 MPa, respectively, while also improving the elongation to 14.6%
+1.1%. Further optimization of the process parameters to an initial cooling rate of 48—65 °C/min followed by a second-stage rate of 275-326 °C/min
(CP3) achieves an elongation of 18.5%+0.8% while maintaining high strength levels (yield strength of 975+10 MPa and ultimate tensile strength
of 110846 MPa). Microstructural characterization shows that the staged cooling strategy effectively produces grain structures with low orientation
spread and low dislocation density by promoting dislocation recovery via slow cooling at high temperature and then freezing the low-defect
structures through fast cooling at medium temperature. Furthermore, analysis of y’ precipitation behavior indicates that the primary cooling rate
governs the size of secondary y’ phase, the secondary cooling rate influences the size of tertiary y’ phase, and the cooling transition temperature
regulates the volume fraction of tertiary y’ phase. Through this multiscale cooperative distribution of y’ phases, moderately-sized secondary y’
phase enhances strain hardening capacity by promoting the Orowan bypassing mechanism, while the finely-dispersed tertiary jp’ phase
compensates for the strength loss associated with coarsened secondary y’ phase through shearing mechanism. This work demonstrates that
precisely controlled staged cooling is an effective pathway for synergistically optimizing the strength and ductility of FGH4113A superalloy at
800 °C without altering its chemical composition, providing both a theoretical basis and practical guidance for the heat treatment design of this
alloy.

Key words: nickel-based powder metallurgy superalloy; heat treatment; high-temperature ductility; high-temperature tensile properties;
FGH4113A superalloy
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