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[1-8]

78*(9:;

<=���.����>�'? FGH95'FGH96'

FGH97 %

[2,3,8-12]

7FGH97 @8*ABC9:DEF:

EP741NPGHIAD>�'γ′JK�� 1190~1200 L'

�MI γ′NOHPQ 60%'RS γ′TUV:W 0.3 µm�

+'XW MC�M

6

C %YMZ

[8,12]

7[>����D:

\].F^_D`abc'd%efghij:�

(plasma rotating electrode process'PREP)+k%lm(hot 

isostatic pressing, HIP)Gn

[8,12-14]

7 

o�pqrZ�stuvwxy prior particle 

boundary'PPBz{k|}~�y thermally induced 

porosity'TIPz@����>��D����7���

TUqrZ@�� !������\G�����

������D��s�7PREP :����/��i

j�h�{��D�:'��v��' �¡¢�

�'£�¤.¥H��C	¦V:qrZTUy§¨©

.��v�ª 50~150 µmz

[3,12]

7PPB{ TIP��E�

��«¬�­�¬®¯°	±7²¬³M:�(argon 

atomization'AA) �¡¢�´����µJ
�´ª

�
'¶·¸V:��v�y¹. 75 µm�º'��»

 ��zC	¦¼V:�TUqrZ'1½¾��¿D

 !�"�¶À�7ÁÂ. AA :�'XW«ÃO´

��k%lmyHIPzÄÅÆnG´< PPBDÇÈ7PPB

��@�/ÉÊ���uvËÌD Al�Ti�C %ÍÎ

EËÌÏÐD O�N nGD C-O-N M>Z7�ÑW>

�ÒÓ'��:Ô'¥H�ÄÕÖ%×Ø�V:«Ã

O@-. AA:�D±Ù7TIPªk%lm:¿�¯°

D­�¬®WÄÚÛk¸Ü�ÝÞnGDßà~�7

PPBETIP�p/��'Æ\Gáâãä¸Ü�-åæ

�'��çèéê

[1,2,15,16]

7 

ABC'W*+(ë1ì;AA+HIP{PREP +HIP

í=���Gî`abcï FGH95{ FGH96áâ�"

ðñDïò9ó

[9-11]

'Á@ï/ FGH97 >�'9ó�

�æ�W PREP+HIP ô=`abc

[8,12-14]

'õöÂ.

AA+HIP`abc:Ô FGH97>����D÷ø7 

ª9ó AA + HIP `abcï FGH97áâD
�

{�"Dðñ'ù9óÂ. AA�:Ô FGH97��>

���'�ú HIPGn:Ô�¿'ûüýþkÕÖ:

�kÕÖ79ó; AA+HIP:Ô FGH97�¿kÕÖÄ

��×Dßà
��PPB�TIP�o�pqrZ%��

��7��HÊ;�TU�¿��×���"���

�"��� !	
'�ï��� !��D��
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��áâ FGH97D��M�GHyNOHP'%z

ª�Cr 9.0'Mo 3.85'W 5.55'Ti 1.8'Co 15.75'Al 

5.05'Nb 2.6'Hf 0.3' C 0.04' Zr�0.015' B��

0.015'Ce�0.010'Mg�0.02'Ni °O7FGH97-AA- 

HIP�¿:Ô`abc?º��3�-ÒÓ�¢���

>�→²¬³M:�yAAz→��¥H→��ÕÖ→

�����→k%lm→kÕÖ7 

�3�-ÒÓÂ.� !�3�-ÒÓ"'²¬

³M:�Â.#* ALD $%²¬³M&Ô7��Â.

ýþ¥'¥H'��v� D

v

(90)�80 µm'(�«ÃO

ª 100 µg/g7¤.)�94D��*+He&Ô,��

��qrZPO'- kg���qrZPO./ 20u7

k%lm`a��� 1200±10 �'må/120 MPa'0

1/2 h7kÕÖ:�ª�1200±10 �2� 4 h'33'

650~950 ��40¦'2�01 3~20 h'337 

�I�å��"��5)��Q 600 mmD�TU

�6'78ªkÕÖ87]�6D,9:5;�Qª 50 

mm D��×'W��×<Â.c:=]>?:5á

â'Û`G�I��"���@7 

A����������HBûü GB/T 228.1- 

2010C�páâ ���� DôEH�A������

�F�GB/T 228.1-2015C�páâ ���� DRE

H���������F WG"��6<1ì7��

��ûü GB/T 2039-2012C�páâ HI��JK�

���F'�@Â.LM-��
>��'��N� 0.15 

mm'W RJ-50 JK����6<1ì����7ï�

�{��PO.PcQË�'RSTU(�V'�W

P'X�V�XYV'UZ��[\ýþ]7 

I?���� !��ûü GB/T15248-2008C�

páâI?%^�_× !����F'W`Ô 3 aV

�D Instron 8801 bm !��6<1ì7 !��Û

`cd ASTME466-07±/�-åÛ`{e?fLD�

g7ª2h��DiI�Â.jkl�mÛ`q�n

Dl�7�/���@´<'ï !PO1ìo�T

UHÊ'RSp	��PODTU(�V'ýþ]{

Hqrc7 

¤. NikonMM-400�Oßàstußà
�'u

��nv'"wxyEDSz��àaM�GH'LECO844

¬®HÊx,�«ÃO7CARL_ZEISS_EVOMA25 y

zifßàsyscanning electron microscope'SEMz
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Q 1aß{ AA�:ÔD>���Dnv�|nª

�'XW.O}ú��~��7Q 1b�1cß{��D

ßà
�@��7�ª���7�ª�DµJ
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· 1  FGH97AA *+�¸uI¹YZ 

Fig.1  Morphologies (a, b) and microstructures (c) of powder FGH97AA and powder porosity about 0.8% (d) 

a b 

c 
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100 µm 
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Q 1cß{���XWDôu3��nv'3�EHT

UQ 25 µm7��HÊË� AA :Ô��Ã	.OD

3��'POQª 0.8%'Ì�HP��¸ 0.1%'?

Q 1dp{7 

�������
�	
�

tukÕÖ8��ßà
�'���v��γ′�

PPB�TIP {qrZ%'[\?Q 2�Q 3�Q 4�Q 5

p{7 

���v��γ′tu[\?Q 2 p{7 Q 2a�2b

ßà
�ª%I�'�v� ASTM 8~9 4'EH�v

�tu��[���D��'�ö�ß��$©�v7

Q 2c�+ γ′<Pª�n'TUª 200 nm��'�+ γ′

 Y��Hq'�ö�ß��ÊSI'γ′®�HPQª

60%7Q 2d�x γ′ª 1.5~2 µmD��n'�S���

γ′I�ÚHq7�x�	o�Ú��YMZ7 

Q 2d�'���xôS γ′TU�2 µm'́ ��[12]

��xôS γ′TU 3 µm Y7RS γ′TUª 200 nm'

´ PREP+HIP >�RS γ′TU 500 µm  Y7�v�

ASTM 8~94´��[12-14]Â. 50~150 µm PREP�

�':Ô FGH97>��v� ASTM 6~74 Y7 

Q 3ß{;�� PPBD�Ißàü�'�ö PPB

�ß�ÚHq'�nG�ôuv�� PPB�Ú'7H

q7Â. Ingesten%

[17]

¾SDýþ' 4ª 1~24'

�4��ÚHqD'7 PPB7[>Q 2 [\'£¡æ

D¢7£|7 Nb�Ti{ HfDYMZ7 

Q 4ªtu�Do�pqrZ'��ªQ 4a�«

M¤�Q 4b�«M¥%Ò¦§qrZ7o�p�rZ

n7XW¨©'	-åæ�ª«7o�pqrZWk

%lm:¿�¬6Hq'�Itu­®´¯�7°4

�íÕo�pqrZ'X��?(�TU�60 µm7k

%lm+kÕÖÄ'Q 4�o�pqrZ���4�à

��'¶"E5�tuqrZTU´Y	±7 

Q 5 �¶ö��� TIP EHXW7 ¤.Q±HÊ

��'TU4� TIPD(�Ì�HPª 0.04%'X²³

DEW��¸ 0.08%'(�TU��¸ 20 µm7 

������������

Q 6 Â.PcQRS���@A��650�750 L

���"��[\'Q�ß{;8´�¿��×�@�

�[\D�V��WP'25%{ 75%V'�Hqµ�7

TU��[\Hqµ���V?Ë 17 

A����"��[\�'����VW 1534~ 

1586 MPaµ�+'�V 1561 MPa'ýþ] 20 MPa¶

·ã��W 1046~1112 MPaµ�+'�V 1076 MPa'

ýþ] 22 MPa¶�Ä¸�� 25%~30%'�V 28%'ý

þ]2%¶�Ì¡¹�ª23%~30%'�V26%'ýþ]

2%7 

650L���"��[\�'����W 1307~ 

1365 MPaµ�+'�V 1333 MPa'ýþ] 20 MPa¶

·ã�� 998~1057 MPa'�V 1023 MPa'ýþ] 21 

MPa¶�Ä¸�� 29%~36%'�V 32%'ýþ] 2%¶

�Ì¡¹� 27%~32%'�V 29%'ýþ] 2%7 

750 L���"��[\�'����W 1144~ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

· 2  T��»¼½HIYZ 

Fig.2  Microstructures of samples under as-heat treated condition: (a, b) grain size ASTM 8~9, (c) intragranular γ′, and (d) grain boundary 

a 

b 

c 

d 
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· 3  FGH97-AA-HIP½¾W PPB 

Fig.3  PPB observed from FGH97-AA-HIP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

· 4  ¼½&¿À[\] 

Fig.4  Typical inclusions observed from sample: (a) aluminum 

oxides inclusion and (b) magnesium oxides inclusion 

 

1213 MPaµ�+'�V1186 MPa'ýþ]23 MPa¶·

ã�� 944~1009 MPa'�V 986 MPa'ýþ] 22 

MPa¶�Ä¸�� 19%~27%'�V 23%'ýþ] 3%¶

�Ì¡¹� 16%~26%'�V 21%'ýþ] 3%7 

 

 

 

 

 

 

 

 

 

 

· 5  ¼½YZ&W TIP 

Fig.5  TIP observed from samples 

 

ï�����·ã����Ä���{�Ì¡¹

�PO1ìº8�»�'P V��/ 0.05'95%¼½�

cdº8Hq7���"��[\�'�����·

ã��V��[\¾5��¸ 10%7 

ªïò PREP �:�+HIP :ÔD FGH97 áâD

�"'Q 6��;��[18,19]� FGH97-PREP-HIPá

âDPO7¶ö��D FGH97-AA-HIP��¿´��

D����E��POúA'A�����À�/�

�PO7A�{ 750 �·ã��E�� FGH97- 

PREP-HIP áâIÁ'½ 650 �·ã��À�/�� 

PO7A�{ 650 �Â��#/��PO'750 �Â�

E��POIÁ7Ã¶"E FGH97-AA-HIP áâ��  

D�v´ ��MI γ′TU�� Y	±7A��650�

750 ����"Äý�cd��[20]ÅÆD FGH97áâ

ÇÈ�g7 

�����650 �

��

�/980 MPa������ 

Q 7ª 650 �/980 MPa¢¿ºDLM-��
>�

�y���� r=0.15 mmz���"���[\7Pc

Qß{;8´��×5���[\D�V�Hqµ�7

��[\W 349~597 hµ�+'��01�V 449 h'

ýþ] 82 h7��[\º8Hq»� PVª 0.8'�/

0.057LM-��
>����W¼ÉEªLMÊ'£

��Ë��7 

§¨'*+��÷ø FGH97-PREP-HIPáâ 650 �/ 

980 MPaIi��¢¿ºD��01ª 250~330 h

[18,19]

7

Q 7 ���PO�/�� [18,19]�÷øD FGH97- 

PREP-HIP áâ[\7ÌÍýþ]Ä'Q 7 POcd�

�[20]�ï FGH97 áâLM-��
>������0

1/100 hDÇÈ�g7 

�����650 �

��

��������� 

650 L �� !�"����[\?Q 8 p{'

Î�¢¿ª-åµ� 30~980 MPa�Ï� 1 Hz�-å¾ 

a 

b 

a 

b 

200 µm 
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· 6  ¼½�ÁÂm�ÃWopqrÄÅ 

Fig.6  Comparison of tensile properties of samples at different temperatures: (a) tensile strength, (b) yield strength, 

(c) elongation of rupture, and (d) reduction of area 
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Table 1  Results of tensile performance 

Test temperature 

Room 

temperature 

650 n 750 n 

Tensile strength range/MPa 1534~1586 1307~1365 1144~1213 

Average tensile strength/MPa 1561 1333 1186 

Yield strength range/MPa 1046~1112 998~1057 944~1009 

Average yield strength/MPa 1076 1023 986 

Elongation range/% 25~30 29~36 19~27 

Average elongation/% 28 32 23 

Reduction of area range/% 23~30 27~32 16~26 

Average reduction of area/% 26 29 21 

 

 

 

 

 

 

 

 

 

 

 

· 7  650 n/980 MPastqrÄÅ 

Fig.7  Comparison of stress rupture properties at 650 n/980 MPa 

 

 

 

 

 

 

 

 

 

 

 

· 8  650 �vwxyz{ 

Fig.8  Low cycle fatigue properties at 650 � 
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� 9� FGH97-AA-HIP��-���������

������ 9a 9b ���!"#$��%&��

'(�)*+,-. PPB /�0�� 9c ��1�

23456�27�������1*+89�:;

<=.�<=.>)	��'(?@���A� 9d

BC�D�EFGHDI�J��1)GHKLM#

NOPQ������)R PPB	�E��7S?@

56��� 

� 10� 650�/980MPaTU��VW�����

���� 10a 1�����*+56��!XY��

!XYZ[��\]^Z_�XY`*+,-.�a

bc� 60 µm�A� 10bBC�de EDS���R�

10c�,-.�fghijkl.�mn�� Al

2

O

3

�

oXpS�qrstu�Evwxy�z�����

{|}~�K 19�U����pR<60 µm�,-.

	��7S������� 

z���V� 22�TU��V���1��Xm

��,-.�"�,-.ab�100 µm�)R PPB�

*���X� 

���r����E��7S�p�7����

�r����q���� �¡ 8r�O¢�£¤

*¥

[ 4 , 7 ]

�¦ qr§¨�*¥�©ª«¬�­®

FGH97¯EP741NP°PREP-HIP �±r�O²³qJ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 9   FGH97-AA-HIP �������� 

Fig.9  Fracture morphologies of FGH97-AA-HIP stress rupture specimens: (a, b) initial position of stress rupture and (c, d) dimples 

 

 

 

 

 

 

 

 

 

 


 10  FGH97-AA-HIP��������� EDS�� 

Fig.10  Morphologies (a, b) and EDS spectrum (c) of FGH97-AA-HIP low cycle fatigue fracture 
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50~100 µm �*¥£¤�´µJ PREP 8rr�¶·

¸�50%�¹º�»¼7S�V½¾]5�¿e AA+ 

HIP ��ÀÁq� FGH97xy�V��Â� 650 

750 �ÃÄ7S�650 /980�  MPa��-������

7S 650 �TU��7SÅÆxyÇÈ1�FÉ§

¨�Ê

[20]

� 

��������

1) ¿eËÌÍ=qr�r�O² D

V

(90)9[ 80 

µm �r�ÎÏÐ/ÑÒq�� FGH97 xy�ÓÔÕ

�Ö×ØÙÚÛ
�6Ü�Ý1)*+Þß PPB�TIP

9[ 0.08%�&O²� ASTM 8~9 ×�&` γ′àá�

â£��abc 200 nm�&Q γ′� 1.5~2 µm �ã£  

��)Räå� γ′Fæäå<=.�γ′Fçè�ác�

60%� 

2) V�Â�éÃê²ëì 1561 MPa�íîê²

ëì 1076 MPa��
ïÄ¸ëì 28%��^¶ð¸ë

ì 26%�650 �éÃê²ëì 1333 MPa�íîê²ë

ì 1023 MPa��
ïÄ¸ëì 32%��^¶ð¸ëì

29%�750�éÃê²ëì 1186 MPa�íîê²ëì

986 MPa��
ïÄ¸ëì 23%��^¶ð¸ëì 21%�

Â� 650 750 ñÃÄ7SëÅÆ FGH97 xy�§

¨�Ê� 

3) 650 �/980 MPaTU���V{|òóô�`

õöá÷����EÇÈ§¨�Ê�ëì�K 19�U

��øùú 2.9 �������!X��6C,-.

ab�100 µm�m��ûüý,-.�)R PPB�*

���X� 

4) ��-����V� 650 �/980 MPa��{|

þë 449 h������7������!"#$��

%&��'(�)*+,-. PPB /�0�456

�27����� 
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Microstructure and Properties of Argon Atomization FGH97 P/M Superalloy 
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Abstract: The microstructure, inclusions, prior particle boundary, thermally induced porosity, defects and the tensile properties, stress 

rupture life, low cycle fatigue of large size disk for a P/M superalloy FGH97, which was made by argon atomization (AA)+hot isostatic 

pressing (HIP) process, were investigated. The results reveal that the grain size of FGH97 material prepared by AA+HIP+heat treatment is 

ASTM 8~9. No continuous network PPB is found, and there is a very small amount of TIP. The size of mostly square γ' is about 200 nm, 

and grain boundary γ' is 1.5~2 µm. No coarse γ' phase and coarse carbides are observed. The average stress rupture time of 650 °C/980 

MPa is 449 h. The maximum low cycle fatigue life is 258 909 cycles at 650 °C, and the average cycle reaches 190 014 cycles. The room 

temperature, 650, 750 °C tensile properties, stress rupture performance at 650 °C/980 MPa and the fracture life of low cycle fatigue at 650 

°C meet the FGH97 alloy technical requirements.  
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