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[1,2]

AQR FGH97 STUV&����

EP741NPWXYZ!/[\]^�_`abMTUV

&\]cd!efghi\](PREP)/�+jkl�

mn(HIP)WoApbq\]r/[&8<	
$%&

st�uv(wx,-

[3,4]

Ay. PREP\]/[&�

���z{!W|�N}~/� 50~150 µm!HIP W

o�r��&�����^z{�!�� 6~7�A�

����^z�!�� 150 µm�����pb&��

������mh��-�� 75%��&���

[5]

!

��8<R�����&��z���� 150 µm�!

� Q¡¢*+,-£!¤¥X¦��!§¨M8<

&�b©ª

[6,7]

A«M¬ FGH97 8<&*+,-!

®¯r�°±��²L³&�´`µ¶Mb·¸¹�

\](AA)/�+HIPWo&\]cdAAA�/[&�

���z�!N}�º 80 µm!HIP Wo�&���

��z�!�� 8~9 �»¼�AAA �/[&8<R

���&��½�rb¾¿��&~/!Ypz���

º 80 µm�!�� AA�/�+HIPWo& FGH97��

¡¢*+,-ÀÁµ�!#Â¤¥X¦��!µ�M

8<&�b©ª(�Ã,A���,-��678b

����
ÄÅÆ���Ç�È3É&ÊËAGE (

RRÌÍÎÏ����Ð 63 µmÑ« 53 µm

[8,9]

A��

&��Ò�!Ó���&��^Ò�!Ô��ÕÖ,

-&�×§¨ØÒÙAy��9º FGH97&L³�Ú

ÛR� PREP \]/[&?@R

[10]

!Ôº AA �/�

+HIP Wo& FGH97 ��L³ÜÝ!bÞß��/[

& FGH97 l�mn<&*+àáâÉ,-ãäåæ

çAN}è«���?@ÔºéêHëàáìW©ª

&¡¢*+,-
×!ÔàáâÉ,-�×Aíî�

�&�ïÒ�!ðëñòÒ�!róô&¸õö÷Ò

�!� �����Røö÷z�!l�mn�ùú

ìW��ûüý�þ��PPB�!�-§¨*+àáâ

É,-!"q
�êÔ AA �/�+HIP \]/[&

FGH97��*+àáâÉ,-�����L³A_L

³Ô�b AA �/�+HIP /[& FGH97 	
8<�

� 650�*+àáâÉ�	
!�ST/ PREP /

�+HIP Wo& EP741NP ��8<Ôð!����/

�\]�øö÷�����( γ'��X�Ô FGH97�

�àáâÉ�«&§¨A 

���������

_�
R�b&��.���2�p��\]

�VIM�/[!b·¸¹��(AA)/� FGH97 ��!
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Ï/[&������¾X����!�b�º 80 µm

&W|�����! �¸�!"�!HIP WoAHIP

\]«: (1200±10) ��nÕ#140 MPa!$�$n#3 hA

HIP %@ {&\������!�b�2¸'(��

)*(+,-.Al-.\]«/(1200±10) �$� 4 h!

20+(910±10) �$� 3 h!20+(750±10) �$� 8 h!

20+(700±10) �$� 17 h!20AAA/�+HIPWo

& FGH97	
8��« Φ250 mm×45 mmA1«Ôðb

& EP741NP ���D�b PREP �/�+HIP Wo&T

/2��8<!r
8<3&`4Y�&l-.\]A 

*+àáâÉ	
56 GB/T6398-20007�8?@

*+àáâÉ�	
��9� Instron8801:n*+	


5`��A	
�b;<=>st C(T)	?!@�

W=25 mm!A� B=6.25 mm!	?&ìB(���C 1

rDAr
	?�bdEFa¢È�D	
8<&îG

;X!	?&&H�È«8<&¢È!àáâÉa8<

&ÇÈA	
��¸IJK<L��!	
�� 650 �A

	
�!M�	?NNO/P 0.5 mm Q&àáA	


Rì«STR�pÕð R=0.05�HUVWXP=4000 N�

&HY« 0.33 Hz!«$Z¤¥&�Ã,![ßK<�

	 2 ß	?Ab NikonMM-400 �÷À\]�^À\�

�!CARLZEISSEVOMA25 _`h]�^abìc!

LECO844¸õX�d��l�mn<&øö÷A 

2  ����	 

2.1  2��������	
��� 

2 e/�\]&��l�mnBf&�ÖWX�

ë 1 rD!�å AA /�+HIP Wo& FGH97 	
8

<S PREP /�+HIP Wo&T/ EP741NP ��8<

&�ÖWX�_N A2e��8<&À\���C 2

rDA�åÐº��/��g��&�����N?!

HIP Wo�&������
zhÀ&£i!FGH97

	
8&j����P« 22 µm�ASTM8.0�!

EP741NP8&j����P« 35 µm�ASTM6.3�A

2 e��&øö÷^
ÀÁ&£k!AA /�+HIP W

o& FGH97	
8&øö÷« 112 µg/g!PREP/�

+HIPWo& EP741NP8<øö÷« 55 µg/gA�lø

ö÷mn����&o�#p&Aq¥rs[11]æç!

AA �/[&���º 63 µm &��øö÷pt~/

� 150 µg/gJL��ºP 53 µm&��øö÷�~/

� 200 µg/gJLAuv��O-.(�2w¸�J�

Nx��`~/l�mn/<&øö÷!N}l�m

n��R��&øp÷�� 20~50 µg/gAJ` FGH97

	
8&øö÷ 112 µg/gky AA/�+HIPWo\]

r-��&LzA 

2.2  2 ������������������ 

C 3.J` 2e/�\]&8<� 650 �L&*

+àáâÉ�a-N�{d(àáâÉ��da/dN-∆K�

{dAÐC 3�å!�*+àáâÉI|!PREP+HIP

/[& EP741NP8<àáâÉz}!ymnàáâÉ

¢~&p&!AA+HIP/[& FGH978&*+àáâ

É�hÀ¡ºT/8!���*+àáâÉ©ªð

T/8©ª�A��ß�fàáâÉ��e Paris��!

AA+HIP /[& FGH97 8&*+àáâÉ�ðT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¦ 1  QRSTUV�§ 

Fig.1  Sample for fatigue crack growth testing 
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� 1  2 �������	
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Table 1  Chemical composition of as-HIP FGH97 and EP741NP (ω/%) 

Alloy Cr Mo W Ti Co Al Nb C Hf Zr B O Ni 

FGH97 test disk 8.77 3.91 5.83 1.81 15.47 5.01 2.52 0.025 0.23 0.0143 0.0134 0.0112 Bal. 

EP741NP disk 9.01 3.74 5.46 1.73 15.06 5.00 2.43 0.061 0.30 0.028 0.016 0.0055 Bal. 

FGH97 standard 8.0~10 3.5~4.2 5.5~5.9 1.6~2.0 15~16.5 4.85~5.25 2.4~2.8 0.02~0.06 0.1~0.4 <0.015 <0.015 <0.007 Bal. 

 

 

 

 

 

 

 

 

 

 

¦ 2  klqrtuH 2¨LM�©ª« 

Fig. 2  Microstructure of two alloys with different grain sizes: (a) FGH97 disk, ASTM 8 and (b) EP741NP disk, ASTM 6.3 
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Fig.3  Fatigue crack growth rate curves of two alloys: (a) a-N curves and (b) da/dN-∆K curves 

 

/8¡!ÞeÊËmnpÕ'�"ï��&p&x�¼

&ÀÁAëh AA/�+HIP/[& FGH97��	
¼

�&àáâÉ)ÕA 

56 Paris ÌgÏ	
¤¥����!�� Paris �

&*+àáâÉ���Xk«/ 

(da/dN)

EP741NP(PREP+HIP)

=1.58�10

-7

(∆K)

2.53            

(1) 

(da/dN)

FGH97(AA+HIP)

=1.96�10

-7

(∆K)

2.42           

(2) 

ðz 2K{d&����!AA/�+HIP& FGH97

	?&�¤ mWðT/ EP741NP	?& mW�!# m

W&��HëMàáâÉ�&x��}!ëh AA/

�& FGH978<	
¼�&àáâÉ)ÕA 

2.3  2��������	
��� 

C 4 . 2 e/�\]��	?&*+àáâÉ

abìcA��	?&*+àáabéêÐ 3 ß�

o���W!eIüàá�����fàáâÉ�

(�a�!QRàáâÉ�r�ð���A�àá

âÉ¡��!åC 4a�4b!�J���à���

.��(�jñ!ab�j���B!àáañé

êañ����8{111}��ñ!ðz ¯�J3

¡!T/ EP741NP 8	?abz«j¢!# AA /

�+HIP /[& FGH97 	
8	?abz{£!�

¡¤¥z«hÀA  

C 4c( 4d¦§MàáâÉ¨ ∆K=35 MPa

m

+

 8<��	?&àáâÉìc!�J��hÀ&*
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+©á!�÷ ¯&©áª«3¡!FGH97	
8	

?P« 1.0 µm!T/8<	?P« 1.3 µm!Ôp&à

áâÉ�« 1.0( 1.3 µm/cycle!ÞS�	W�åC

3��_N A 

C 4e ( 4f «�a�!�J��¬!��o

&¬,aà!¬®;��n¯°Y�ïAðz 

¯�a�ìc�J3¡!FGH97 	
8	?ab¬

¤÷YÔzÚ���z�A¬.?@�\��

�®±,xì²�&À\� !³ë 2 R 650 �s

t	
&´t&ðz�J�� AA /�+HIP /

[& FGH97 8<±,�ºT/8<!µ¼ùúì

W¬A  

�����������
���������

«L³øö÷&R4Ô AA /�+HIP Wo&

FGH97��*+àáâÉ,-&§¨!>b��öø

÷&��/[	
8!	
8< T01( T02&øö÷

(Q¶·¤åë 3A 

C 5 .	
8< T01�øö÷ 148 µg/g�( T02

�øö÷ 113 µg/g�&*+àáâÉ�{dA��

fàáâÉ�¸∆K=30 MPa

m

+! ß	
8	?

&àáâÉ�Xk« 5 .93×10

- 4

( 5 . 07×10

- 4

 

mm/cycle��&�âÉ�¸∆K=80 MPa

m

+!2 ß

	
8	?&àáâÉ�Xk« 9 .68×10

- 3

(

9.52×10

-3

 mm/cycle!�å¹º 2 ß	
8øö÷Y 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



� 4  AA��+HIP FGH97���� PREP��+HIP�� EP741NP�����������

Fig.4  Fracture surface comparison of AA+HIP FGH97 test disk with Russian EP741NP disk: (a) Russian EP741NP disk-initial growth 

area, (b) FGH97 test disk-initial growth area, (c) Russian EP741NP disk-steady growth area striation, (d) FGH97 test disk-steady 

growth area striation, (e) Russian EP741NP disk-final fracture area, and (f) FGH97 test disk-final fracture area 

 

� 2  2�������	
� 

Table 2  Tensile properties of as-HIP FGH97 and EP741NP 

Alloy 

Young’s modulus/ 

GPa 

Yield strength/ 

MPa 

Tensile strength/ 

MPa 

Elongation/ 

% 

Reduction of area/ 

% 

FGH97 test disk 214 4 999 12 1490 17 30.0 3.0 29 3 

EP741NP disk 222 6 997 4 1500 10 28.0 2.5 26 1 

 

20 µm 
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20 µm 

b 

2 µm 
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1 µm 
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20 µm 
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20 µm 
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� 3  AA �+HIP ��� FGH97 ������ 

Table 3  AA+HIP Processed FGH97 alloy testing piece 

 Oxygen/µg·g

-1

 Grain size, ASTM Gamma prime size/nm Hardness, HB/!10 MPa 

T01 148 7.7 250 393 

T02 113 8.0 280 392 
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Fig.5  Fatigue crack growth rate of FGH97 test disks with 

different oxygen contents  

 

£ 35 µg/g!yàáâÉ�»Xky!2ß	
8<

&àáâÉ©ªXk« N=10305 cycles�øö÷ 148 

µg/g�( N=10605 cycles�øö÷ 113 µg/g�!°¯^

i«kyAJ`�¼ëh½øö÷�º 150 µg/g+ø

ö÷&x�ÔàáâÉ�&§¨�ÀÁA 

��R&øéêJø��&ìg��º��ý�

ëñ!�l�mn ¾���R¿��À$M���

ý�ëñ&ø��`ìÁ!ìWJ¿ø��

�oxy-carbides�«é& PPBAPPBÀÂÃ��RÄÅ

â¦!Ñ¡ý�ª��Õ!§¨��&ÕÖ,-A"

qøö÷ÔàáâÉ�&§¨éêÆ�«Ô��þ

�¿��( PPB&§¨

[11,12]

AC 6.	
8< T01(

T02 &À\��A³C 6 �J��!T01 	?�øö

÷ 148 µg/g�R
Ý÷ý�Î ìWÇ�& PPBAy

T02 	?�øö÷ 113 µg/g�&��þ�éêÐ��

�ìW&{Èþ��W!�
iÝ÷&�Ç�& PPB

þ�Aðz ß8<	?R¿��&��(X�!É


3¡hÀ&£i!Ê.JaËÌBa���¶!ä

ìW¿BX�AC 7 .abÍñ&À\��!�J�

� 2 ß8<&àáâÉcÇÊ.Î�aàAJ`�¼

Ïh!øö÷~/�Nx��®!��Ðv
ÑÒ&

'�Ó/àáâÉAJ. R. May�

[13]

	
Møö÷Xk

« 172 µg/g( 139 µg/g& 2e RR1000��&l�m

n/<!3¡ ��)*l-.! e	?	
Y�

&àáâÉ�At�¼^ÔuMøö÷~/�Nx

��®Ô*+àáâÉ§¨�ÀÁ&��A 

����� !"#���
���������

«L³����Ô AA /�+HIP Wo& FGH97

��*+àáâÉ,-&§¨!ÕÖl-.$�+ª

�	
8 T03 &����×�º T01!åë 4A	


8 T01&j����P« 24.2 µm�ASTM7.7�!	


8 T03&j����P« 18.3 µm�ASTM8.6�A

2ß	
8&À\���C 8rDA 

C 9. FGH97	
8< T01���� ASTM 7.7�

( T03���� ASTM 8.6�&àáâÉ�ÔðA�

�fàáâÉ�¸∆K=30 MPa

m

+!{��& T01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 6  "#$%&� FGH97��� PPB)*+,-.

Fig.6  PPB and grain boundary carbides of two FGH97 test disks 

with different oxygen contents: (a) test disk T01 and    

(b) test disk T02 
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� 7"#$%&� FGH97�������/0

Fig.7  Crack path of two FGH97 test disks with different oxygen 

contents: (a) test disk T01 and (b) test disk T02 

 

� 4  AA �+HIP ��� FGH97 ������ 

Table 4  AA+HIP processed FGH97 alloy testing piece 

 Oxygen/µg·g

-1

 

Grain size, 

ASTM 

Gamma prime 

size/nm 

Hardness, 

HB/!10 MPa 

T01 148 7.7 250 393 

T03 148 8.6 250 397 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 8"#1234� FGH97���5678 

Fig.8  Microstructures of FGH97 test disks with different grain  

sizes: (a) T01, 24.2 µm and (b) T03, 18.3 µm 
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Fig.9  Comparison of fatigue crack growth rates of FGH97 test  

disks with different grain sizes 
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�&*+àáâÉ)ÕA 

N}è«!{�
Ùºp&àáâÉ)Õ!#�

�Ó
×ºµ�àá&��)ÕA®¯r�°±Ô�
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FGH97��*+àáâÉ,-&§¨!�b 2ß��

�(øö÷YZ&8<!´Q+,$�+ª�	
8

T04& γ'Y��×�º	
8 T01!åë 5A 

2ß	
8+,f& γ'ìc�C 10rDA T01	


8	?�® γ'Y��!Ú«�ì(Úþì!P 250 nm!

åC 10a�T04	
8	?® γ'YhÀz{�!P 350 nm!

�åÝ÷èéì γ' ��« 0.35~0.8 µm!åC 10bA 

2e���� γ'Y	?&àáâÉ�åC 11A 

∆K=30 MPa

m

+!γ'���& T01 	
8	?( γ'

���& T04 	
8	?àáâÉ�Xk«

5.93×10

-4

( 4.78×10

-4 

mm/cycle!�å ß	?��f

�¸àáâÉ��_Y��∆K=80 MPa

m

+!γ'

���&	
8 T01( γ'���&	
8 T04	?&

àáâÉ�Xk« 9.68×10

-3

( 7.73×10

-3 

mm/cycle!

�å�àáâÉ&��¸ γ'���
×ºàáâÉ�

&Ñ¡A	
¤¥ÀD γ'���&	
8 T04 	?

&àáâÉ©ª�N=11 392 cycles�ð γ'���&	


8 T01àáâÉ©ª×��N=10 305 cycles�A
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Table 5  AA+HIP processed FGH97 alloy testing piece 

 

Oxygen/ 

µg·g

-1

 

Grain size, 

ASTM 

Gamma prime 

size/nm 

Hardness, 

HB/!10 MPa 

T01 148 7.7 250 393 

T04 140 8.0 350 391 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 10  <=>?@A� γ'B)* 

Fig.10  Morphologies of γ' phases after aging heat-treatment:  

(a) T01, 250 nm and (b)T04, 350 nm 
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Fig.11  Comparison of fatigue crack growth rates for test disks 

with different γ' phase sizes  

 

J`�¼ëh!γ'Y��p&Ô�f�¸&àá

âÉ�§¨�ÀÁ!y.
×ºÑ¡&��¸&*

+àáâÉ�Aγ'���&	?ë¡¶ê�&*+

àáâÉ)Õ!."« γ'Y��&Q�!�Þßë�

γ'�ï!� ì{��!²��Ex!ÞßÜùú

¬x�È!�J¼��ùí*+æç!Ñ¡Màáâ

É�

[10]
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Fatigue Crack Growth Behavior of FGH97 P/M Superalloy 
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Abstract: Fatigue crack growth behavior at 650 °C of a P/M superalloy FGH97, which was made by argon atomization (AA) + hot 

isostatic pressing (HIP) process, was investigated. Comparison tests were conducted using a Russian EP741NP disk made of plasma 

rotating electrode process (PREP) + HIP process. The effects of different powder making methods, oxygen content, grain size and gamma 

prime size on the fatigue crack growth rate were evaluated. The results reveal that the AA + HIP processed FGH97 test disk has a lower 

fatigue crack growth rate than EP741NP disk. Grain size is the dominant factor in the fatigue crack growth behavior; the larger the grain 

size, the lower the fatigue crack growth rate. While the γ′ phase size takes the second place; in a certain range the crack growth rate 

decreases slightly with the increase of the γ′ phase size. Oxygen content between 100~150 µg/g has no significant effect on the crack 

growth rate. 

Key words: FGH97 P/M superalloy; argon atomization process; plasma rotating electrode process; fatigue crack growth 
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