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  1  GH4169B
<=?@A¡¢£_ EBSD  

Fig.1  EBSD maps of GH4169 alloy after solution treatment (a) and 

different hot deformation: (b) 10%, (c) 30%, and (d) 50% 
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  2  B
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Fig.2  Variations of volume fraction of δ phase vs aging 

temperature 

 

 

 

 

 

 

 

 

 

 

  3  EFyz{ 900 |E GH4169B
_ SEM ¨ 

Fig.3  SEM image of GH4169 alloy aged at 900 | 
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  4  ©ª NbPQ��« 920 |EF¡_ SEM ¨ 

Fig.4  SEM images of specimens with different Nb contents aged at 920 |: (a) 5.50%, (b) 5.38%, and (c) 5.23% 

900 910 920 930 940 950 960

0

1

2

3

4

5

6

7

 

V
o
l
u
m
e
 
F
r
a
c
t
i
o
n
/
%

Temperature/�

 5.23%

 5.38%

 5.50%

Nb content

2 µm�

δ phases�

Carbide 

γ" phases 

100 µm�

a b 

c 



� 4�                               ����%GH4169B
ST δXhi_jk�[h                            �1151� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  5  « 960 |u¬ 120 min¡ δX_ SEM ¨ 

Fig.5  SEM images of specimens treated at 960 | for 120 min: (a) solution treated, (b) 10% deformation, 

(c) 30% deformation, and (d) 50% deformation 

 

 

 

 

 

 

 

 

 

 

 

  6  @A 30%��e 960 |u¬ 60 min¡_ EBSD ¨ 

Fig.6  EBSD map of specimen deformed to 30% and aged at 

960 | for 120 min 
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  7  δXefUTgA�­®  

Fig.7  Schematic diagram for nucleation of δ phases 

at crooked boundary 

 

ab� r

γ

��SÊ��¢�OZ��B¢��)�O

Z δ��P��Q� θ

γ

�SÊ� σ

γδ

�σ

γγ

Ú θ

δ

�θ

γ

�(

^�s����QâæÐç� 

2 cos cos

γδ δ γγ γ

σ θ σ θ=

                     �1� 

st����) δ��P�&�°i� .� 

sin sinr r

γ γ δ δ

θ θ=

                        �2� 

sin

sin

r

r

γ

δ

γ δ

θ

θ

=                               

�3�

 

a�

20 µm 

20 µm 

5 µm 

5 µm 

b�

c� d�

5 µm 

B 

C 

D 

1°�

1.3° 

49° 

45° 

34° 

56° 

A 

+ 

γ phase 

δ phase 

θ

δ

 

σ

γδ

 

r

γ

 

r

δ

 

θ

γ

 

σ

γγ

 



�1152�                                          �������	
                                           � 48� 

2

2

2 cos

cos

k r

k r

γδ γ

δ

γγ δ

γ

σ θ

σ θ

−

= =

−

                   �4� 

�� k �~ú��4���:Q&RS��SÊ�)

�¢9ZÐ�SÊ� σ

γγ

�~ú����Ê�δ�)�

�78ð���¢Ðç��� σ

γδ

 �~ú�]���

îµabF,Õ��OZ δ ��îµab F,�¡

�}~&�4��á�Q×âæÐçd�� 

2êë δ ��OZ56�À¬­OZ�23�O

Z56\¢�çÜ£ �N��� 

( )F V F E S S

δ δ γδ γδ γδ γγ γγ

σ σ∆ = ∆ + + −

          �5� 

&��� 1¤� δ�OZ\¢�£ �y¥N�N��

�� E�¦��ù\¢�¥N�N��� 2¤� δ�

OZ\¢�SÊ�i��� 3 ¤���SÊÊùgT

\¢�SÊ�LM��� V

δ

��OZ δ���ù�S

γδ

��OZ δ��SÊù�S

γγ

�§¨����SÊù�

bc .� 

3 3

2π

(2 3cos cos )

3

V r

δ δ δ δ

θ θ= − +

             �6� 

2

4π (1 cos )S r

γδ δ δ

θ= −                       �7� 

2

2π (1 cos )S r

γγ γ γ

θ= −                       �8� 

23 

3 3

2 2

2π

(2 3cos cos )( )

3

         4π (1 cos ) 2π (1 cos )

F r F E

r r

δ δ δ δ γδ

δ δ γδ γ γ γγ

θ θ

θ σ θ σ

∆ = − + ∆ + +

− − −

   �9� 

E© δ �¯ γ ��xd� ! δ �ª���mÆ¶·

çÜ«£ ��L�23¬8] ∆F

δ

U0Õ��N56

¡�]x�4�&�4�y�9�i� .�±­��

R_�RSîµab�F,�δ �OZ\¢�çÜ£

 �N�EF,� 

 3i� .`Ê��øO δ �OZ�®Sîµ

ab� 

( )

( )

*

2

4

2 cos

r

F E

γδ

δ γδ

σ

θ

= −

+ ∆ +

             �10� 

Od®SZ��y¯e5�Øè�� 

( ) ( )

*

2

2

2

2

1 cos

320π

3

2 cos

          2π (1 cos )

F

F E

r

δ

δ

δ γδ

γ γ γγ

θ

θ

θ σ

 

−

 

∆ = −

 

+ ∆ +

 

−

    �11� 

st�r/"i� #���R_�RSîµa

beT�δ�OZ\¢�çÜ£ �N�eT�δ�O

Z�ØèeT� 

2 δ �"#56�z½56¾¿�RSC^j�

NbÓÒ�z½´µ��� δ���¯RS�aOZ�

SÊz½56�Ô� Ö&

[24]

��×ØÙ&ysQÙ

&�;<

[25]

�]�×ØÙ&Ë�SÊz½�uIQ

Õ��)SÊ�îµd°�� 

2

r

γ γδ

Ω σ

µ∆ =

                           �12� 

&��r ���R_�îµab�Ω

γ

����±²�

ù�σ

γδ

� γ-δ��SÊ���) γ�δ���³Êù�

���³ÊóºfÓ�ü�Ñ��º��R�@´�

�ü�l�8Ð�23��R_�RSîµabe:�

��×ØÙ&eT�SÊz½´µeT�δ ���:

´µeT� 

���������	
 δ ��
��	
�� 

M 8 �RS�a"#� 3 ���O� δ �á�M

Ú SEMMq�M��áRS�:Q&RS�3�O�

�"#;Þ/��� 

1) â�!RS�����M 8ay 8b��â�RS

�îµ�Z[T���×ØµT�23 δ �¯â�R

SOZuIQ�Ô��N£ ��Ê����¼��

â�RS���YRS� ! δ �)YR¬¶t
�

�{111}RÊ

[15,30]

�23YRSÊZ·¸Çci� δ�

RÉ)
�¹Ö� 3LM|�¯YRSÊOZuI

Q�GH�ÎYRSÊOZ�aYR�º»ó!SÊ

�¼��ÎSÊz½� NbÓÒ¯¼�ó½¾�GH δ

��"#�¼�ó δ ��"#í=Ã��r¿z½Ä

Å��C3 δ �"#�êëuIQ��×ØÙ&�U

��À&Ù&� 

2) MîµSÊ�a�¸¹�/5  (M 8c y 

8d)�MîµSÊ��×Ø9T�2�N£ �)SÊ

�îµZÐ�23;< δ �"#��Ô2Ò�RÉ 

Ö&�¯"#�Á�ÂÃ�δ �¯SÊOZ¡ÎSÊ

x����¢)R_ β�R�×�¢�·�23 δ�-β

R_(� Ö&T! δ�-αR_(� Ö&�cSÊ

� σ

δ-β

<σ

δ-α

�Tu °

[16]

�� δ�Ä�ºÅSÊ��9��

G� α-β SÊ¢ α R_�¢ÇI�G�OdSÊ�9

M� δ-β SÊ�¡Od¸¹� α-β RS��U�35

6Od��SÊ�F,| α-β SÊ��&Úîµ�j

�|Æ�SÊ��m)ÝJ�N��ELM�Ç�È

δ�-αR_SÊ�M 8c��OP�¢ βR_�¢¸Ç�

� δ�-αR_SÊ�� δ�)
���¢Ðç�WS

Ê� σ

δ-α

±SÊ�¸ÇULM�SÊ�¸Ç� α-β

SÊ�îµF:��×ØÙ& F,�G� δ �¯�

Od�\îSÊóOZ��OZ� δ �ÆXY α-β S

Ê�fÂ¸Ç� 3¯ 2 » δ ��(�8\îSÊ�

É�OZ� δ �fÂx���º»ó! β R_V.�

ÊËÌH�¤¥ δ�¯MîµSÊí¸¹�/5� 

3) �îµSÊ�a�ÍÎ�/5 (M 8e y 8f)� 



� 4�                               �����GH4169�	
� δ�
������
                            �1153� 
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���
����� SEM�� 

Fig.8  Schematic diagrams (a, c, e) and SEM images (b, d, f) for the precipitation of δ phases besides twin grain boundary (a, b), 

low curvature grain boundary (c, d), and high curvature grain boundary (e, f) 
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Abstract: GH4169 alloys which were solution treated and deformed at high temperature were conducted on aging treatment to investigate 

the morphology and precipitation mechanisms of δ phases. The results show that the volume fraction of δ phases increases with the 

increase of Nb element content. The peak temperature for δ phases precipitation is 920 C which is slightly influenced by the content of 

Nb element. The nucleation rate and volume fraction of δ phases increase with the decreasing of average grain size. Otherwise, the size of δ 

phases decreases with the decrease of average grain size. Low angle grain boundaries within grains promote the precipitation of δ phases 

intergranular. The critical barrier and critical radius decreases with the decrease of the radius of curvature. Otherwise, the nucleation rate of 

δ phases increases with the decreasing of curvature. The distribution morphologies of δ phases precipitated at grain boundary are similar to 

needles, sawteeth and fish tails.  

Key words: GH4169 alloy; δ phase morphology; grain boundary curvature 
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