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%1 SE-A4 FGHAL13A 14 SURSY (wt.%)

Table 1 The nominal composition of the experimental alloy FGH4113A (wt.%)

Co Cr Al Ti \\% Mo Ta Nb C B Hf Zr Ni
19.0 13.0 3.0 3.7 40 40 1.0 1.2 0.045 003 02 0.05 Bal
R 2 IR AR B T
Table 2 Heat treatment process for mechanical property test bars
W ElifRim F—ELIE[°C/min] FIMRE[°C] FTE/2IE[°C/min] RS
CP1 150 150
Cp2 44~75 1020~1060 459~594
1180+10°C,2h 815°C,8h, =%
CP3 48~65 1100~1120 275~326
CP4 35~51 1090~1110 121~143
9 ZEE 4R Horf, CP3 A CP4 (155 — B BLv% 3 S U E 70 93

2.1. ] B0 A3 L e 1 BE RO #200

B g T AR E % E R FGH4113A & 4:4E 800°C
RN X Egh . Hof, CP1ACERAEE R L
150°C/min [ESAH T Z, ZAE L ESHT N Tt
R BINLE ZIAR A R I fe 4 1 % Gl T2,
FHRVRRAE R F B4R A E 77 2, 7R ENA AL HE S
S EP S PR A A, H ) AR TG IR T
N BRAR A RF S I TR R, AR Fe % L 2%
PR HIFEL) 150 °C/min. CP2~CP4 AR B AE T2,
HAZOTET R Z BRI 77k, 18 58 B v b
HJE, TAERITRS, MEETShERTA AN
JiR ARV ST, SEIL VS R AR () AT R T

Yeks HHER:
BEEWMB: TREEs5EMAiHIE (20198010935001)
EHE N

RSG5, WYDTED it e A R A,

275~326°C/min M1 121~143°C/min, A EFEIIRE N T
1wmum%o%ﬁﬁﬁm&§ﬁ%éﬁﬁﬂ#%i%
PR A AN K. CP2 58 P B vA S Sl M
4@@%%mm,EM%%§#m%mE%mA@ﬂ@
B, BT I VA A T e 2 IR AR IR R A A A
B, MNP AR KR AR AR R A1290, DR b g v S 47 iR
FEBEE N 1020~1060°C .. 800°CHz R4 5 Eox, CP1
A CP4 RILH AL RIJEIRGREE, 435108 920+7MPa Al
915+13MPa, b &, CP2 A1 CP3 RILH FEL F M E
ARGEEE, 43 AliE%] 978+7 MPa fl1 97510 MPa, #1E (a)
Fion. SR, TESBMEARIE 5, PURh A E 2842 0 W s
T S0 W T W 4 22 RO g R % . CP1<<CP2
<CP3<CP4. H 1, CP3 T.Z3RF T fHc i i fE Fn i

I 2R Y1 518035,



Wi @A RS TR

PO R -
(@)
1150
tensile strength|
1100 |- L I
g“; 1050 |-
2
§n 1000 -
g ! I
= 950
2
I
900 l
850 T T T T
cp1 cp2 cp3 CP4
cooling patch

B 1 AR A 21545 FGHA113A 3R 1) 800°CHL it g

(b)

30

elongation
reduction area|
25
-
=
N
g 20
] +
= l
15 1 I
10 T T T T
CcP1 cp2 CP3 Cr4
cooling path

(a) JEJRBREEABURIGREE; (b) W75 AL 32 0 W T Ui 4 36

Figure 1 Tensile properties of FGH4113A specimens at 800°C under different solution cooling paths:(a)Yield strength and tensile strength;

(b)Elongation after fracture and reduction of area
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Figure 2 Distribution and proportion of twin boundaries in the threaded section of tensile specimens:(a-d) CP1~CP4
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Figure 3 GOS map of the threaded section in tensile test specimens
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Figure 4 Proportion of subgrain boundaries in the threaded section of tensile specimens
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Figure 5 KAM map in the threaded section of tensile specimens:(a-d) CP1~CP4
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Figure 6 IPF map in the threaded section of tensile specimens:(a-d) CP1~CP4
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Figure 7 Precipitation behavior of the y' phase under different cooling paths calculated by-the thermodynamic software Pandat:(a) Number

density of y' phases with different sizes; (b) Volume fraction of y' phase with different sizes;(c) Average size of secondary and tertiary y' phase;

(d) Volume fraction distribution of different y' phase types.
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Figure 8 y' phase subjected to different cooling paths followed by 815°C/8h aging heat treatment: (a-d) Cp1~CP4
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Figure 9 Characteristics of FGH4113A superalloy after aging treatment at 815°C:(a) secondary y' phase, (b) tertiary y' phase size
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The Effect of Precision Controlled Cooling Heat Treatment on the High-Temperature

Ductility of Third-Generation Powder Metallurgy Superalloys for Turbine Disks
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Abstract:

This study investigates the powder metallurgy superalloy FGH4113A, focusing on the design and implementation of precisely

controlled cooling during the solid solution state. It examines the influence of different cooling paths on microstructural

evolution and tensile properties at 800°C. The results demonstrate that the cooling path significantly affects the strength-

ductility synergy. Employing a conventional continuous cooling rate of 150°C/min resulted in yield strength of 920 &= 7 MPa,
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an ultimate tensile strength of 1079 & 9 MPa, and an elongation of 13 & 3%. 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), enhanced the yield and
ultimate tensile strengths to 978 + 7 MPa and 1112 + 5 MPa, respectively, while also improving the elongation to 15 + 1%.
Further optimization of the process parameters to an initial cooling rate of 48~65C/min followed by a second-stage rate of
275~326°C/min (CP3) achieved an elongation of 18.5 &= 1% while maintaining high strength levels (yield strength:975 £ 10
MPa, ultimate tensile strength: 1108 & 6 MPa). Microstructural characterization reveled that the staged cooling strategy,
which promotes dislocation recovery through high-temperature slow cooling and subsequently freezes the low-defect structure
through medium-temperature fast cooling, effectively produces grain structures with low orientation spread and low
dislocation density. Furthermore, analysis of y' precipitation behavior indicated that the primary cooling rate governs the size
of secondary ' precipitates, while the cooling transition temperature regulates the volume fraction of tertiary y' precipitates.
The secondary cooling rate influences the size of the tertiary y' precipitates. Through this multiscale cooperative distribution
of y' precipitates, moderately sized secondary y' precipitates enhance strain hardening capacity by promoting the Orowan
bypass mechanism, while the finely dispersed tertiary y' precipitates compensate for the strength loss associated with
coarsened secondary y' precipitates through shearing mechanism. This work demonstrates that precisely controlled staged
cooling is an effective pathway for synergistically optimizing the 800°C strength and ductility of FGH4113A superalloy
without altering its chemical composition, providing both a theoretical basis and practical guidance for the heat treatment

design of this alloy.
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