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§ 1  3¨VWXYZ[R�]Z©ª« 

Fig.1  Cooling curves of three sample at different solution  

cooling rates 

 

 

 

 

 

 

 

 

§ 2  PQR�ij 

Fig.2  Sketch of the rod-type specimen for stress rupture test 

2  ���� 

2.1  ��������	
�� 

FGH97 ������ab8������Þ

VW=� 3 �-»�Q�M&µ2��ï!VW'

�µ*(ZVW2Z[ ¡E 20~30 µm2γ)?T/

¦G γ′>2¤k¥��/¦8Z³T-FG����

��¾¿2��Z[ ¡©k�:2γ′> ¡Ã

]2������� 19 /min� T*E 94 /min� �2

γ′> ¡� 535 nmÃ]S 359 nm2+, 12¤k¥

/¦5�-./Ä/¦©E01�/¦-EL�N2

,3 γ′ ¡©k452� ImageJ} γ′>Í@�

�L��26�78=� 4 �2����E 43 �

94 /� min �2γ′>Í@:]9:ì/í� 0.05~0.1 

µm

2

2������E 19 /� min �2:ì/ γ′>Í

@:]í� 0.1~0.15 µm

2

-FG����¾¿2γ′>

Í@�X:/<E 0.059�0.070� 0.013 µm

2

- 

8��>}9;45Þ2�Ý<Ê Ti�Nb�Hf

*1=/2¿TZ³Õ>?@2DC8Z³TÒ

C A�
=/��B�º.¤k¥�CDE:2áâ

¢.;��Þ¤k¥/¦Õ3-γ′> ¡Ò)?e

F��
GÌuO2�)?eF��:]HI��

���289J��Þ2)?�KL�M@9�e

F��2N γ′>¢$§O9:P()2QRõS¢

$mT2γ′>U�¢$V6::Ã]2´µW³ 

¡5X]-YJ�ZbÞ Al�Ti<Ê1�=/2·¸

γ′>8��e&QE:[\-������Þ��

Z[��γ′> ¡^¤k¥/¦45=, 1 �-� 5

E¤k¥Ò)? EDS �]/´í^�2Point 1 EZ³

T¤k¥2Point 2E)?-�]_éç¤k¥./,¯f

Z³¤k¥��E` Ti�Nb�HfMC�k�¥- 

2.2  ����������� 

aH B�C 2b����Þ���� 750 /450�  

MPaZbÞ¨©çè-� 6E B�C�� 750 /450 �

MPaZbÞé�¨©78�¨©��78-»� 6a

�� 6b �c2�� B ¨©78ûd 3 êS�¨

©ef2/<Egh¨©�i¹¨©�¿�¨©-8

gh¨©ef2¨©��±²�j�i�ø�ñi¹

¨©ef2é
�� B 8i¹h�¨©��E

0.0026%/h2¨©S 0.2%��E 46 h�Fø¨©�

���¾:2�ñ¿�¨©efß���2�� B¨

©��klE 879 h-�� C gh¨©ef��9

m2J��ñi¹¨©ef2é
�� C8i¹h�

¨©��E 0.0016%/h2̈ ©S 0.2%��E 157 h2

¨©��klE 1007 h2=, 2 �-}n/´� 

0 200 400 600 800 1000

900

950

1000

1050

1100

1150

1200

1250

 

 

T
e
m

p
e
r
a

t
u

r
e
/

o

C
 

Time/s 

 Sample A

 Sample B

 Sample C

2�Φ9.8 

R5 

Φ
5
�

0
.
0

1
 

0.2 

Φ0.02 A-B 

13.73 

M
1

2
�

1
.
7

5
-
6

 
g

 

25�0.1 

62 

132 

18 

17 



�2490�                                      �������	
                                              � 49� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3  �������� FGH97������� 

Fig.3  Microstructures of FGH97 superalloys at different solution cooling rates: (a~c) sample C, 94 /min; (d� ~f) sample B, 43 /min; �

(g~i) sample A, 19 /min�  
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Table 1  Grain size number, size of γ′ and distribution of 

carbides at different cooling rates 

Cooling 

rate/ ·min�

-1

 

Grain size 

ASTM number 

Size of γ′/nm 

Distribution of 

carbides 

19 7.1 535±10 Continuous 

43 7.8 395±1 Continuous 

94 

8.0 359±13 Discrete 
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Fig.4  Fitted distribution curves of the γ′ particle area at different 

solution cooling rates 

 

 

 

 

 

 

 

 

Point C Al Ti Nb Hf 

1 10.25 1.93 5.63 21.76 6.48 

2 5.39 4.95 1.38 2.56 0.08 

 

 5  #$%&'(� EDS)*+,-. 

Fig.5  EDS analysis (mass fraction, %) of carbide (Point 1) and  

matrix (Point 2) 
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Fig.6  Creep curves of the sample B and sample C at 750 /450�  

MPa: (a) creep strain curves and (b) creep rate curves 
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Table 2  Creep parameters of the sample B and sample C at  
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Cooling 

rate/ 

·� min
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Time of creep 

strain to 

0.2%/h 

Steady creep 

rate/%·h

-1

 

Creep life/ 
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B 43 46 0.0026 879 

C 94 157 0.0016 1007 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7  �������CDEFGH��� 

Fig.7  Microstructures of creep fracture at different cooling rates: 

(a) sample B, 43 /min;�  (b) sample C, 94 /min�  
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 8  750 /450�  MPaI��89CDEF γ′�JKLMN 

Fig.8  Microstructures of γ′ phase cutting near creep fracture:   

  (a) sample B, 43 /min;�  (b) sample C, 94 /min�   
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Fig.9  Distribution and morphology of creep voids and GB  

carbides 
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Fig.10  Fracture schematic diagram of FGH97 alloy at 

750 /450�  MPa 
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Effect of Solution Cooling Rate on Microstructure and Creep Properties of FGH97 

Nickel-base Superalloy of Large Turbine Disk  

 

Zhang Hai, Zou Zhihuan, Long Anping, Wang Chong, Ou Yetao 

(Shenzhen Wedge Central South Research Institute Co., Ltd, Shenzhen 518045, China)  

 

Abstract: FGH97 nickel-base superalloy was processed at different solution cooling rates. Then the microstructure and creep behavior of 

the superalloy were studied by optical microscope, scanning electron microscope, energy disperse spectroscopy and creep testing machine. 

The results show that the size of γ′ precipitates decreases and the carbide precipitation changes from continuous to discrete with the 

increase of the solution cooling rate, and GB carbides are rich in Ti, Nb, and Hf. The creep performance of the alloy with a solution cooling 

rate of 94 °C/min is significantly better than that with a cooling rate of 43 °C/min under 750 °C/450 MPa. γ′ cutting is the deformation 

mechanism of FGH97 alloy under 750 °C/450 MPa, stress concentration at grain boundary leads to initial cracks, which then propagate 

along grain boundary and finally lead to fracture. The disperse-distribution carbides on grain boundary can inhibit the propagation of 

microcracks. 

Key words: powder metallurgy superalloys; microstructure; creep; fracture; GB carbides 
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