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������¤¤¤... FGH4095 ···���222(((¬¬¬|||���AAA���*

Ü� ��X† !¥² ¤¤#

( �®�E�Æá��Æ�ó§Æ�, A«>b®"�7ïÄ¤, �® 100083 )

( 2012 c 5 � 7 FÂ�; 2012 c 5 � 10 FÂ�?Uv )

�
ïÄ��¤. FGH4095 p§Ü7²9�·Ø!C�§â��M9?n�|�A�, æ^��¤.p§Ü
7, ² 1170◦C, 120 MPa, 3 h 9�·ØÚ 75%Ø þ�C�§â, ² 1120 ◦C, 1140 ◦C, 1160 ◦C �§ 10, 20, 40 min

�M9?n, 2²h|�ïÄÙ2(¬L§9¬âº�!ÛÑ��Cz5Æ. (JL², �M§Ýr�K�·�2
(¬L§9�M��|�. 3 1120 ◦C e�M 20 min, du«�z�Ø��2(¬, �/¤�ó|�; 1140 ◦C e�
M 40 min �Ä��¤2(¬, ¿��[z�2(¬|�, ²þ¬âº��� 8 µm; 1160 ◦C e�M 10 min =�Ä�
�¤2(¬, ¬âº����� 18 µm.

'�c: 2(¬, p§Ü7, �M?n, ��¤.

PACS: 81.10.Jt, 61.72.Mm, 64.75.Nx

1 Ú ó

FGH4095 ´�«pÜ7� γ′ ��Drz.®
"p§Ü7, Ù γ′ ��NÈ¹þ� 50%—55%.
� � 1 � � ® " p § Ü 7 � � L, FGH4095 ´
3 650 ◦C ¦^§ÝeäkprÝ�p§Ü7�
� [1], ÙÏ~æ^�9?n�Ý��M +2 g (½ 1
g) ��?n [2]. æ^�M§Ý$u γ′ ��M)§
Ý (� 1160 ◦C—1170 ◦C) ±e�æ�M?n, ��
[¬|�, �¼��Ð�~§!p§.�rÝÚ$
±�N5U, pu γ′ ��M)§ÝK�±¼��
o�¬âÚ�Ð�p§UC!�Ð�>5�.

��¤.´�«¯�v�Eâ, äk¯�v�
�|�A� [3]. ��7á�6²íÒz��®��
�%, 3eáL§¥��¸?19��, �%�ª
üá3�Èìþ¿UYe%/¤äk¯�v�A
��.N. æ^��¤.�±���®"�7{a
q�¬â[�!Ã÷* Û�p§Ü7¼, Ó�ä
kó²6§á!)��Çp�`:; 3|�5U�
¡duÙ��z�L§3Ü7����§ÝNC

?1, �®"�7{���p§Ü7�', ���
ü$�©�â>.��³ [4,5].

� â c � � ã � ï Ä [6], é u � � ¤ .
� FGH4095 3�p�L γ′ ��M)§Ý� 30 ◦C
� 1200 ◦C §Ýe�§ 3 h, Ù¬âº�EÄ��±

��¤.����. �du��¤.p§Ü73
¢SA^�I�âE\ó�Ø�Y, �©Òé²�
�ÌÝ9C/����¤.p§Ü73ØÓ§Ý
e�MØÓ�m�h||�?1
ïÄ.

2 ¢�á�9�{

1 Ü 7 æ ^ VIM-VAR V é ó ² � � �
FGH4095 Ü7¼, 1Ü7�Ì�¤© (�þ©ê%)
�: Cr 12.24, Co 8.54, Mo 3.65, Al 3.53, Nb 3.49, W
3.46, Ti 2.46, C 0.06, Zr 0.03, B 0.008, {þ� Ni.
��¤.æ^�í��Òz0�, �����¤
..�»� 200 mm, pÝ� 320 mm. æ^>»
s��Ù�Ü� Φ 80 mm×40 mm ���¤..,
² 1170 ◦C, 120 MPa, 3 h 9�·Ø (HIP) ?n. ,�
ò.�¦^²��?19�âE, âE�ó§AC
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þ� 75%, �äeØ�Ç� 0.05 mm/s, ©â§Ý >

1100 ◦C, ªâ§Ý > 1000 ◦C, â��e�¿§. â
.æ^���©�, ���� FGH4095 C/.3
p§�ª>{¬Su 1120 ◦C, 1140 ◦C, 1160 ◦C
e©O�§ 10, 20, 40 min ?1�M?n, ,�Ñ
¬h|. 9?n��Á�²����?1�!�
?n. 7�Á�æ^ 5 g CuCl2 + 100 mL HCl +
100 mL C2H5OH (Kalling #2 ÁJ) �¡, �¡��
|�3 Leica DMR ��ª2À�7�w�ºþ?
1|�*	; ÛÑ�æ^ 20 vol% H2SO4 + 80 vol%
CH3OH ��>)�, 25—30 V �1 30—60 s, ,�
æ^ 9 g CrO3 + 90 mL H3PO4 + 30 mL C2H5OH �
>)�, 3 2—5 V >Øe@¡ 1—5 s, ¦^ ZEISS
ULTRA 55 .9|u�×£>º9 LEO-1450 .×

£>º?1*	.

3 ¢�(J

3.1 999���···ØØØ���999âââ������|||���AAA���

X ã 1(a) ¤ «, ² 9 � · Ø � � � ¤
. FGH4095 �¬â¥5K��¶¬, ¬âº��
� 33 µm. du9�·Ø�ü§�Ç�ú, �g γ′

��� 1.2—1.5 µm, �du�5�^U�K�, γ′

�©�¤A�¥më���â, Xã 1(b) ¤«.
Xã 2(a) ¤«, ²C�§â�, p§Ü7�¬

â3âEeØ���Ø , 3î���; Xã 2(b)
¤«, ¬S γ′ �º�ÊH3 0.3 µm ±e, ¬.þ�
3��º�� γ′.

ã 1 9�·Ø�� FGH4095 �¬âÚ γ′ /m

ã 2 9�â�� FGH4095 |�

3.2 âââ���999ØØØÓÓÓ§§§ÝÝÝeee 40 min ���MMM���|||���
��� EBSD ©©©ÛÛÛ

�4zã (inverse pole figure, IPF) U��ß/
w«²C�§â���¤. FGH4095 �¬â/
m9��üÙ�¹. Xã 3 ¤«, ØÓÚçL«Ø

Ó�¬NÆ��, ã 3 ¤«� IPF ã¥��Ý¬
. (��¬â��� > 15◦) ±oç�L«, ��Ý
¬. (��¬â��� < 10◦) ±[7Ú�L«, �
��3 10◦—15◦ �m�±[ùÚ�L«. ²C�
§â�, ���¬â¥y�Ø �/m, Ó�ÙS
Ük²w� ��, ¿3¬âSÜ�3X��Ý
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¬.. �âkc�ð§!ð/C�Ç9�[Ø 
¢�ïÄ(J, ��¤.3�$AC�Ç� (ε̇ <

0.001 s−1), eC/§Ý�p (T > 1100 ◦C) Ku)
Ä�2(¬, §Ý�$ (T < 1050 ◦C) KÌ�u)
Ä�£E. âEÐ©�ãdu©â§ÝpC/�
Ç$, ?1
Ä�2(¬, ��
�½§Ý[z�
¬â; duâE�ä§Ý���, âE�ªâ§Ý
�$. �XâEL§�?1, duâ.�§Ýeü,

2(¬L§��Çü$, C/Å�ÅìLÞ�±Ä
�£E�Ì, ¬âu)�NØ , /¤
â���
�C/¬â\[�2(¬¬â�|�A�. ��º
��C/¬âSÜÊH�3X�þ��Ý¬., ù
��M��·�2(¬Jø
¬�ÆCU��2
(¬�°Äå;�. ,	â��|�¥Ó��3X
[��¶¬|�, ¬âº��� 1—3 µm, ����
Y·�2(¬�Ø%.

ã 3 ��¤. FGH4095 C�§â9â�ØÓ§Ýe�M 40 min � IPF ã (a) C�§â�; (b) 1120 ◦C �M 40 min;
(c) 1140 ◦C �M 40 min; (d) 1160 ◦C �M 40 min

Xã 3(b) ¤«, ² 1120 ◦C 40 min �M�, �¬
�C/¬âÓ'~�,  5 µm �m¬SÄ�Ã 
�Cz�2(¬¬âêþO\. Xã 3(c) ¤« (5
¿ã 3(d) Ú (e) ���'~Cz), �M§ÝO\
� 1140 ◦C �, í{C/¬â��, �Ü©¬â�Ã
ÆC�õ>/2(¬¬â, L²ÙÄ�2(¬L§
Ä��¤. ² 1160 ◦C ��M 40 min, ¬âº�w
ÍO\, �Ü©¬âº��� 40 µm, Ó���3X
Ü©�[�º��� 10 µm �¬â.

3.3 ØØØÓÓÓ§§§ÝÝÝ999���MMM���mmm^̂̂ ���eee���¬¬¬...
999 γ′ ������CCCzzz

² 1120 ◦C 10 min �M�, k�þ2(¬�«
�Ñy. ÏL9|u�w�º*	, Xã 4(b) Ú (c)

¤«, γ′ �3[�¬â�2(¬«�º���!/
GØ5K��2(¬«�/m©Ù�O��. 3®
2(¬«¬âSÜ©ÙX²h|e%/¤�º�
þ! (�� 60—70 nm) ��g γ′, 32(¬¬â�
¬.þ�3Xº��� (� 0.7—2 µm) ��g γ′;
�2(¬«S�3X�M)�í{�g γ′, Ùº
�Ú/��C�§â��e���g γ′ �q, Ó
�T«�S��g γ′ þé�. /¤ù«|�A�
�ÅnXe: 3$u γ′ ��M)§Ý±e?1�
M?n�, �Ü©�g γ′ M)\ÄNS, ¬.[£
¤É��{Nü$; �â��|�¥�3���Æ
CU�[�2(¬¬â±AC�;U���°Ä
å, ¦��Ý¬.� ��Ýp��ý£Ä, ?
/¤ÃAC�2(¬¬â; �X¬.�[£, �
��2(¬«�Sí�� γ′ �, du¬.äk'
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¬S��õ�*ÑXê, í�� γ′ ��uM), M
Ñ� γ′ /¤�� (Ì�´ Al, Ti, Nb) �Ü©33
� , /¤3�§§Ýeé γ′ Ä��Ú� γ �, ,
	L{� γ′ /¤��ÏL¬.�á´*Ñà83
NC�¬.Ún�¬. �; ��Ý¬.?�fü
�Ø5K, äkÚ γ ÄN¬��3��� γ′ 3¬
.þ/¤�, �'3¬S/¤óXÚ��5³U
�$, )¤�¬� γ′ �k|u.¡U�ü$, Ïd
3¬.�k|u γ′ �)�; �X2(¬¬.�[
£, k
3¬.u���º� γ′ ��¬�¬.ø

l, ?u®2(¬¬âSÜ� �, Xã 4(b) ¥�
Þ?¤«.

ã 5(a) Ú (b) w«
 1120 ◦C �M 20 min �d
u«�z�Ø��2(¬¤���!äk[�¶
¬©Ùu��¶o¬±���ó|�A� [7,8], T
|��"äk'~5âE|��`É�UC!±
ÈÚ$±�N5U. du¢S��þÝ��, �

�y\9§Ýþ!, Ù\9�m����. 3d�
¹e, eF"���ó|���Äæ^�$§Ý!
��\9�m��{.

ã 4 1120 ◦C �M 10 min ��¬.Ú γ′ /m (a) ¬./m; (b) γ′ ©Ù; (c) γ′ /m —- ã 2(b) �µ¥�ÛÜ��

ã 5 1120 ◦C �M 20 min �/¤��ó|� (a) ¬./m; (b) γ′ ©Ù
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Xã 6(a) ¤«, �X 1120 ◦C �M�m\�
� 40 min �, 2(¬«�?�Ú*�, �â��

¬âí{�2(¬Ü©¬â��, ë�ã 3(b). ,
��¡, du3 1120 ◦C � FGH4095 �²ï γ′ �

10 mm 0.5 mm

(a) (b)

ã 6 1120 ◦C �M 40 min ��|� (a) ¬./m; (b) γ′ ©Ù

ã 7 1140 ◦C �M��|� (a) �M 10 min ¬.; (b) �M 10 min γ′ ©Ù; (c) �M 20 min ¬.; (d) �M 20 min γ′ ©Ù;
(e) �M 40 min ¬.; (f) �M 40 min γ′ ©Ù
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NÈ©êE�p, ��2(¬¬.[£É{î;
3�2(¬¬âSÜ�M)�í{�g γ′ ÏL
Oswald ÙzÅ���, ���í{�g γ′ ��Ñ,
3�2(¬¬âSÜ�Ñy
Ø¹í{�g γ′ �
«�, γ′ /¤���?u�ÚG�, ²h|�®2
(¬«�Ú�2(¬«S��g γ′ ���Úêþ
Ä�ªu��, Xã 6(b) ¤«.

3 1140 ◦C e�ML§Ä�� 1120 ◦C �a
q, �duí{ γ′ �¹þ��, 2(¬L§�±�
¯/?1. �§ 10 min �, �X�§�m�ò�,
í{�g γ′ �Øä~�, 2(¬«�Øä*�. X
ã 7(e) Ú (f) ¤«, �M 40 min �, ¬Sí{�g γ′

�Ä�M)�., ¬â¥[���¶¬, ²þº�
� 8 µm, éA�¬âÝ� 11 ?; ¬.þ�3Xº�
� 1—2 µm �ÛÑ�¹S¬.��¬âL¯��,

Ó�, ÑÙu¬. ��ÛÑ��±rz¬., ¦
p§Ü7�UC5UJp.

3 1160 ◦C � M ^ � e, d u Ä � �
� FGH4095 � γ′ ���M)§Ý, 3d§Ýe,
"�
�þ γ′ �âfé¬.[£�¹S�^, ±
â��"�ßÝ��°Äå2(¬L§�±¯�
?1, Ó�¬â�×���. Xã 8(a), (c), (d) ¤
«, ² 10—40 min �M?n, ²þ¬âº�� 18—
20 µm, éA�¬âÝ?O� 8.5—8 ?, ¬.ý�
Ü©®²�z, 2(¬L§?1��. Xã 8(b) ¤
«, 1160 ◦C �M 10 min �, �â���g γ′ �Ä
�®M)�., ¿3���h|�ÛÑþ![��
�g γ′ �, Ùº��� 60—80 nm. ���m��
Mé γ′ ����9©ÙvkwÍK�, 3dØ2
�Ñ.

ã 8 1160 ◦C �M�h||� (a) �M 10 min ¬.; (b) �M 10 min γ′ ©Ù; (c) �M 20 min ¬.; (d) �M 40 min ¬.

4 ( Ø

1) ��¤. FGH4095 ²9�·Ø!C�§â
��±ü$2(¬§Ý, ØÓ^���M9?n�
±��ØÓ�2(¬�*|�.

2) 1120 ◦C �M^�e, du�3�p�í

{ γ′ ��{N, ��2(¬L§?1�ú, ¿/¤

�ó|�. �M 40 min �Ek�þ�â�C/¬
â�3.

3) 1140 ◦C �M 40 min 2(¬L§Ä��¤,
���²þ¬âº�� 8 µm ��¶¬|�, éA
¬âÝ�� 11 ?, Ó�kº�� 1—2 µm � γ′ �
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ÑÙu¬.?.
4) 1160 ◦C �M^�e, 2(¬L§?1×

�, Ó�¬â���� 18—20 µm. h|����
�g γ′ �º��� 60—80 nm, ²þ¬âº��

� 18—20 µm, éA¬âÝ� 8.5—8 ?.

a�8^AÏg�°k�úi9B²S�Ê�âEk

�I?úié�©ó��|±Ú�z.
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static recrystallization∗

Zhang Yu Ge Chang-Chun† Shen Wei-Ping Qiu Cheng-Jie

( Institute of Special Ceramics and Powder Metallurgy, School of Materials Science and Engineering,

University of Science and Technology Beijing, Beijing 100083, China )

( Received 7 May 2012; revised manuscript received 10 May 2012 )

Abstract

For the study of solution heat treatment characteristic of spray-formed FGH4095 after near iso thermal forging, the superalloy

specimens, which have been hot isostatically pressed (HIPed) and forged with a 75% compression ratio, are solution heat treated at

1120 ◦C, 1140 ◦C and 1160 ◦C for 10, 20 and 40 min respectively, and oil quenched. The characteristics of static recrystallization

process including grain size and precipitated phase after heat treatment are discussed. The results show that the temperature of solution

heattreatment has a great influence on the microstructure. In heat treatment at 1120 ◦C the recrystallization is slow, and the necklace

structure is formed due to the localized incomplete recrystallization; at 1140 ◦C for 40 min, the static recrystallization is basically

completed, the average grain size is about 8 µm; at 1160 ◦C, the recrystallization is finished in 10 min, and the grains grow up to about

18 µm.

Keywords: recrystallization, superalloys, solution heat treatment, spray forming

PACS: 81.10.Jt, 61.72.Mm, 64.75.Nx
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