
�50�    �1�                                ��������	                                    Vol.50,   No.1 

2021�      1�                      RARE METAL MATERIALS AND ENGINEERING                        January   2021 

�

�����2020-03-18 

���	������	
��51874226���������������������301170504 


���  !"#"1969$%"&'"()"*+,-�./	0�12	3"4* *+ 710055"E-mail: r.zhang1112@163.com 

 

�� GH4169 ������	
������� 

 

� �

1,3

�� �

1,3

����

2

��	


1,3

���

1,3

����

1,3

 

(1. *+,-�./	 0�12	3"4* *+ 710055) 

(2. �56789:;<= ���������������">? �@ 737100) 

(3. ABCDE1��FGH�12IJKL"4* *+ 710055) 

 

�  ��M Gleeble-1500 NOPQRSTUV GH4169 ��WXNYZ[�"\]^_`abc(1193~1373 K)de\

fg(0.01~10 s

-1

)d\]h 50%ijklmneOne\op"IJUV GH4169 ��qN\]X`�Trlms

Johnson-Cook (JC)dtuq Johnson-Cook (MJC)ve\wx Arrhenius 3 yz{P|q}~�_(R)v��}T��

(AARE)i����aUV GH4169��q�\eO�\]bcq��ve\fgq�����iJCP|dMJCP|v

e\wxq Arrheniusz{P|q}~�_(R)l�` 0.891d0.956v 0.961"AARE��` 29.02%d11.16%v 9.31%i

��"e\wxq ArrheniusP|B��`��F��UV GH4169qN\]X`i  

����UV GH4169�N\]X`�z{P| 

�������TG146.1

+

5        ������A        �����1002-185X(2021)01-0212-11 

 

GH4169 ��������	
 Ni

3

Nb(γ")���


 Ni

3

(Al, Ti, Nb)(γ')������-�-�����

�����-253~650 ��� !"#�$�%&'(

�)*+�,-./012'(��3456789/

8:/;<�=)>(?@A�BCDE

[1-3]

FGH7

I���JK=LMN��,%O3�PK==QR

STU�VW�XY GH4169 �J��Z[�\]^

_`aK=bcdeF 

fg
M67hij�5%k5�/5�lm�

�nop�Bq�r67J��Z[�XYFst�

fguvwex[yzv

[4-6]

/{=|}~�v

[7,8]

)

���v

[9,10]

FSN�yzuvV�e��O���

�������&����56F!c��'�y

zuvc Arrhenius

[11,12]

� Johnson-Cook

[13,14]

(JC)?F

�t

[15]

?{�6 Arrhenius fguvXY� δ ���

� GH4169����J����Z[�����S ¡

�¢k£¤¥¦�¢�f�§��Bq�[ 0.995 67�

¨©�Pª«¬P[ 4.0106%FWang

[16]

?{®6¯

Z ��� Arrhenius fguvXY��� Inconel 718

��� 950°1100 �±²³�J��j�Z[�´µ

¶�·�¸¸¹º»k Z��¼½¾F¿ÀÁ

[17]

?{

®6 Gleeble-1500 JuÂÃÄÅXY� GH4169 ��

JÆÇD�����Z[���j�5%uv��

�´µÈÉ���n�ÊË�5�lm�ÌK���

��,%ÍÎÌKFWang

[18]

?{®6 SHPB�ÏÃÄ�

ÐÑ��� Inconel 718����5�lm(5000~11 000 

s

-1

)���(500~800 �) �¶���Z[���¥

¦� Johnson-Cookuv�����¥¦� Johnson-Cook

uv!cO��ÒnFst�B7 GH4169 ��J�

�Z[)fguv�XY3�ÓN���/Æ�/Ô

Õ����Ö×Ø�ÙÚ�Ö×NÛ�¼xÜ©Ý�

Þßà�?áâ�VWãä7JuÂÃÄXYSJ�

�Z[�fguv�åÙæç�è��é=Q��P

��¼vbBCF 

f=ê�6 Gleeble-1500 J%uÂÅåZJ��

ÃÄ�x�Ú� GH4169 ��J��Z[��®6

Johnson-Cook/¥¦� Johnson-Cook �5�ëì�

Arrhenius 3 �fguvP����j�5%åZ 

¡�íL�Bq�(R)�¨©�Pª«(AARE)P¾� 3

�uv�Òn�[I��^_�éK=LMîï�ç

��ð�ñ�ò�ó[côõöuÂîï�B�¢F 

1  �  � 

��������+	
�������

� GH4169��Ú÷FS�&¼x)øùÖ×xúû

� 1kü 1F 



� 1�                                � ����� GH4169	
�������������                     �213� 

�

ü 1[ GH4169��Ú��ÍýÖ×FHürû�

I��Û�34�þ¸�H7¼xà��þ¸p��

��A�Û�34����	 Laves �F[
�Ö×

�©Ý'��6���Ú÷� 1/2 ��� �8 

mm×12 mm������Ã���ü 2��F 

PÃ�åZ©Ý������ Gleeble-1500 Ju

ÂÅØåZ����ÃÄF[����LMN�£¤�

�Ã�� !"#$�6�%&'åZ($��K)

;*($+Fò��í),-�./Ã�0�F1¢

�����¼��n���lm�æç��ÃÄ=Q

� 2���n21193�1223�1253�1283�1313�

1343�1373 K35�lm20.01�0.1�1.0�10.0 s

-1

3

��4250%3KJln2283 K/sF45ÃÄ�n�


� 3 min6Ã���nx7©Ý�8��LM�9

��:åZ;<�
=��Ö×F!�^Ä=Q�

ü 3��F 

 

� 1  GH4169 ������ 

Table 1  Chemical composition of GH4169 alloy (ω/%) 

C Mn Si P S Cr Ni Al Ti B Mo Nb Fe 

0.027 0.04 0.08 0.004 0.002 18.71 52.85 0.46 0.96 0.0092 3.04 5.07 Bal. 
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Fig.1  Microstructure of as-cast GH4169 alloy 
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Fig.2  Standard thermal compression specimens of GH4169 
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Fig.3  Schematic diagram of single-pass compression experiment 
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� 4  �� GH4169	
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Fig.4  True stress-true strain curves of as-cast GH4169 alloy at different strain rates: (a) 0.01 s
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, (b) 0.1 s
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, (c) 1 s
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, and (d) 10 s
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� 5  1373 K, 10 s
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Fig.5  Microstructure after deformation at the forming temperature 

of 1373 K and strain rate of 10 s
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Fig.6  Relationship between ln(σ�A) and
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� 2  Johnson-Cook ���� 

Table 2  Parameters for the Johnson-Cook model 

A/MPa B/MPa n C m 

215 336.713 0.325 0.0626 1.154 
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Fig.9  Comparison between predicted and experimental flow stress using Johnson-Cook model at different strain rates: (a) 0.01 s
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, 

 (b) 0.1 s
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 , (c) 1 s
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, and

 

(d) 10 s
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Table  3  Absolute error mean value of three kinds of consti- 

tutive models under different deformation conditions   
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��
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0.01 54.67 63.22 23.72 

0.1 39.49 29.67 32.88 

1 30.52 1.83 39.74 

1193 

10 35.6 27.63 106.4 

0.01 58.12 36.79 9.39 

0.1 39.94 25.09 23.59 

1 28.32 14.05 20.49 

1223 

10 45.12 29.93 86.95 

0.01 89.53 41.94 19.94 

0.1 49.03 29.82 25.9 

1 39.73 13.92 20.68 
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Fig.10  Relationship between σ and ε at 1193 K and 1 s
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Fig.13  Comparison between predicted and experimental flow stress using modified Johnson-cook model at different strain rates:       
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Fig.17  Relationship between lnZ and ln[sinh(ασ)]  
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Fig.18  Relationships between material parameters and ε: (a) α, (b) n, (c) Q, and (d) lnA 
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Fig.19  Comparison between predicted and experimental flow stress using strain-compensated Arrhenius equation at different strain rates: 

(a) 0.01 s
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Fig.20  Correlation between the predicted and experimental flow stress values from Johnson-Cook model (a), modified Johnson-Cook 

model (b), and strain-compensated Arrhenius model (c) 
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Abstract: Thermal compression test of as-cast GH4169 alloy was performed on a Gleeble-1500 thermo-mechanical simulator at 

temperature of 1193~1373 K, strain rate of 0.01~10 s

-1

, and deformation of 50%. By analyzing the true stress and true strain curve, the hot 

deformation behavior of as-cast GH4169 alloy was studied; the correlation coefficients (R) and average relative errors (AARE) of the three 

constitutive models of Johnson-Cook (JC), modified Johnson-Cook (MJC) and strain-compensated Arrhenius model were compared and 

analyzed. The results show that the flow stress of as-cast GH4169 alloy decreases with the increase of deformation temperature and the 

decrease of strain rate. The correlation coefficients (R) of the JC model, MJC model and strain-compensated Arrhenius constitutive model 

are 0.891, 0.956, and 0.961, and AARE are 29.02%, 11.16%, and 9.31%, respectively. Therefore, the strain-compensated Arrhenius model 

can describe the thermal deformation behavior of as-cast GH4169 more accurately. 

Key words: as-cast GH4169; hot deformation behavior; constitutive model 
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