
� 48�    � 5�                               ��������	                                Vol.48,   No.5 

2019�      5�                      RARE METAL MATERIALS AND ENGINEERING                     May    2019 

�����2018-05-10 

���	����	
���51405458� 


����  ����1991���������������� �!" 100024�E-mail: hit100810107@163.com 

  

Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe ����� 

���	 

 

�  �

1,2,3

����

1,2,3

���	

1,2,3

�
��

4

���

4

����

4

����

4

 

(1. ���������� �!" 100024) 

(2. #$%&����
�'()*+�!" 100024) 

(3. ,-.#$%&��/01!"2'()*+�!" 100024) 

(4. 345678� 9:;<=6��>'()*+�?@A 345 150001) 

B

�  ��CDEF�G�HIJK�1L Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe(x=0, 1, 2, 3, 5, at%) 5MNOPL<Q&RS

TRUVW���XYZ�[ 5 MNOPL<=6\�]X^[_`Q&a,bPcdefLQ.�gh[iP

LjkQ&6lmn�SopNOPLqr/<=6��st[uvwxyPHz{|}~ η Lj8����

��Q�|/�����j��������W��Q�|��y_` Fe��PL<=6\������Q&��

��X�����Hz{|}~�'P�`��������c��������� ¡�¢���8�X�_�£�

¤�[¥¦#$§¨y�hQ&���©ªL¨«¬�ef�®�L¬���¯��X��°±Q&�²L³�

W�Q�|L´��¨«¬���Lµ¶·8y 

����¸|Hz\�Q&��\�Q&�h� 

�������TG146.4

+

16        ������A        �����1002-185X(2019)05-1481-07 

 

��������	
����������

���������� !"#�$%&�'�()

*��
+�,-.�/0123��456789�

���()*
+�:;, <=>?@ABCD

�EFG�-AHIJKLM7�NOPQRSTU

/ 1200~1400 V�'WX�OYZ$[\]��^�

O_`a�b
��STcd-e,f�OGg��

hijY3P�M7

[1-5]

�klmn�,�OGopX

qYM7g��rs�jY3P�t��u_v�N

OPQ� (1200~1400 V )�wOxyz3{i (|    

20 MPa·m

l/2

)��O}_�(, 1200 V~ σ

b

>370 MPa)

$r&5���opYZ���&(1800 V��)@�

���3�����YZ�����@3Pr���

�����kl���`&��

[6]

5 

��\������ ¡�¢�5£¤¥Fe¦§

Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe(x=0, 1, 2, 3, 5)YZA

¨©ª��kl�\M7�A«^3P��¬�®

¯5�0°±opYZA«^�`�²³�´klµ

¶·�05£opYZ�A«^¸���\*5£¤¥

Fe¦§YZ�A«^¸�\opYZ�A«^3P¹

ª0º�¤»¼a½¾¿ÀM7A¨©�Á¨ÂÃÄ

b\Å�^ÆÇ�¹ªA«^�¥~ÈPÉÊËÃ2

¨©ÄÌ�ÍÎÏÐ�ÑÒ�b\Å�¨©Ç�ÓY

8Ô���ÕÖ×Ø2M7�ÍÙA¨©^ÆÚ   

Û

[7-9]

5Ü£ÝÞ��ßàopXqYM7�áâãA

«^kläåæçèË�\�é�êë«^R���

2�ìíîï5 

����  � �

b4ðM7ñ4�ò_ Nb ó�Si ô�õö Ti�

Cr÷�Alô�Hfóã Feó�����øÅ� �¢

�� Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe(x=0, 1, 2, 3, 5)ù

úû5ñ4üýþÝ��ùúû.�Ä������

Ф6 mm×10 mm �	
©�����m����

�k�����½¾��O���,��m�;

4p��CDC�5;4 Gleeble-1500 A���\

�¹ª�O������a 20V/s��O"Ðµ¶

«A� 1100, 1150@ 1200 V�EO 30 s�a��

�ÌK�O_�_5�ßµ¶a 0.1, 0.01@ 0.005 s

-1

�Å¨"Ð¹ª���« Ý!"ª�ùúû�#!5

U/á2¨©§ 50%ß��$���%�ß&"'

=�wO5 



�1482�                                       �������	
                                              � 48 � 

�(��O��ß��()*�k�@+�ß�

� Z ,  � 5 ñ 4 - . Ó * � / ' 0 1 2

70%HNO

3

:40%HF=4:2:1 �345��34 2 min �

��4016789�:85;4 Olympus BX41M;

��8Ô<ã=
>?@�< SEMAZeiss Supra-55BÕ

Ö¤¥�µã¤¥Ç�\Å��8Ô��¨�5 

���������

����������	
�� 

¤¥ Fe ¦§��,,¥¨©CLG��ÅQ-

Å¨Dü�¸ 1 b95YZ,�OG���¨©�Å

Q-Å¨Dü89�¨©EFDü�©GX´,H�Î

Kµ�,���I.�ÅQJKL�Å¨¤xMÎ�

N�U/OPßQ�Å¨G��ÍßU/Ã2R5¥

~� Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe YZ,O_�

1100~1200 V�Å¨"Ð, 0.005~0.1 s

-1

ÚÛÌ��

���O_���ãÅ¨"Ð��v�YZ�ÅQO

PST�v�U/ÅQOP~
ê�Å¨RUV5 

ÊË���ÅQ-Å¨Dü¼a�/YZ��O

��ÃRÅQ��m 1 b9��·�opYZA«^

¸�ÒWklYZA«^3PäåèË5 

������������� 

ÊË DMM�;

[10]

.��ÑIJæç�M7,A

¨©�I.XY~�b�Ñ�ZP§ P ¼µ�[K

µ�µ¶�ÏÐ�Ñ§ G @�Ñ\§ J5ÊËP§]

^2_�ÒWP§�Ò¼m9�: 

P=σ ε

�

=G+J=

0 0

d d

ε σ

σ ε ε σ+

∫ ∫

�

� �

            (1) 

M7�Å¨"Ð`øì�2 

/ / ln / lnm J G ε σ σ ε σ ε= ∂ ∂ = ∂ ∂ = ∂ ∂

� � �

   (2)  

aM7b�æcü3�ÑGR�Å¨"Ð`øì�

� 1�ÏÐ�ÑP J��ÍÎP5M7¨©�I.ÔÕ� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1  Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe ��� 1100~1200 ���0.005~0.1 s
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Fig.1  True stress-strain curves of Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe samples at temperature of 1100~1200 �, strain of 0.005~0.1 s
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ε
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ε
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ε

� =0.005 s
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ε
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s
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Table 1  Summary of the steady stress σ

max

 of the 

Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe alloys at elevated 

temperatures (MPa) 

T/� 

ε

� /s

-1

 x=0 x=1 x=2 x=3 x=5 

0.1 

 

363 320 311 175 268 

0.01 

 

280 232 200 162 244 

1100 

0.005 

 

330 214 183 103 240 

0.1 

 

321 210 253 167 185 

0.01 

 

294 217 138 105 109 

1150 

0.005 

 

229 78 117 100 110 

0.1 

 

277 241 145 90 132 

0.01 

 

183 120 114 85 97 1200 

0.005 

 

119 123 143 120 62 
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� η 

Table 2  Power dissipation efficiency factor η of Nb-16Si- 

22Ti-2Cr-2Al-2Hf-xFe alloys  

T/� 

ε

� /s

-1

 

x=0 x=1 x=2 x=3 x=5 

0.1 0.2451 0.0826 0.3629 0.149 0.0942 

0.01 0.1897 0.3501 0.3103 0.3913 0.2912 

1100 

0.005 0.1561 0.5085 0.2775 0.5619 0.3899 

0.1 0.3267 0.205 0.1538 0.2848 0.3892 

0.01 0.3566 0.5633 0.5385 0.3537 0.3972 

1150 

0.005 0.5581 0.7155 0.6994 0.3920 0.4019 

0.1 0.0609 0.3081 0.1113 0.2490 0.1982 

0.01 0.6565 0.5008 0.553 0.3913 0.551 

1200 

0.005 0.8636 0.5957 0.7294 0.5619 0.7019 
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� 

Table 3  Strain rate sensitive factor ξ of Nb-16Si-22Ti- 

2Cr-2Al-2Hf-xFe alloys 

T/� 

ε

� /s

-1

 

x=0 x=1 x=2 x=3 x=5 

0.1 0.1462 -0.765 0.2483 -0.2932 -0.3921 

0.01 0.1256 -0.1435 0.319 -0.2505 -0.3514 

1100 

0.005 0.114 0.2254 0.361 -0.1742 -0.3271 

0.1 0.1953 -0.309 -0.5351 0.0962 0.2365 

0.01 0.217 0.0992 -0.055 0.0814 0.2331 

1150 

0.005 0.387 0.3415 0.23 0.0726 0.2311 

0.1 -0.0889 0.1821 -0.7692 0.072 -0.3762 

0.01 0.3449 0.334 -0.0998 0.044 0.0044 

1200 

0.005 0.6023 0.4242 0.2974 0.0274 0.2304 
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� 2  Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe�����
� 

Fig.2  Processing map of Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe alloys: (a) x=0, (b) x=1, (c) x=2, (d) x=3, and (e) x=5 
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Table 4  Power dissipation efficiency of Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe alloys 

x Zone ε

� /s

-1

 

T/� Dissipation factor 

Peak zone 0.005~0.01 1130~1200 0.78 

Trough� 0.005~0.1 1100~1130 0.22 

Trough� 0.063~0.1 1150~1200 0.14 

Unstable region 0.06~0.1 1190~1200  

0 

Best zone 0.005~0.025 1160~1200  

Peak zone 0.005~0.01 1100~1200 0.65 

Trough 0.01~0.1 1100~1200 0.14 

Unstable region 0.01~0.1 1100~1180  

1 

Best zone 0.005~0.008 1100~1200  

Peak zone 0.005~0.025 1100~1200 0.67 

Trough 0.025~0.1 1100~1200 0.14 

Unstable region 0.01~0.1 1120~1200  

2 

Best zone 0.005~0.01 1140~1200  

 Peak zone 0.005~0.025 1120~1200 0.52 

 Trough� 0.01~0.1 1100~1150 0.18 

3 Trough� 0.04~0.1 1180~1200 0.27 

 Unstable region 0.01~0.1 1100~1140  

 Best zone 0.005~0.01 1120~1200  

Peak zone 0.005~0.025 1150~1200 0.64 

Trough� 0.01~0.1 1100~1140 0.15 

Trough� 0.04~0.1 1160~1200 0.28 

Unstable region� 0.005~0.1 1100~1130  

Unstable region� 0.016~0.1 1170~1200  

5 

Best zone 0.005~0.01 1150~1200  
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� 3  Nb-16Si-22Ti-2Cr-2Al-2Hf-5Fe�� !" 

Fig.3 Microstructure of Nb-16Si-22Ti-2Cr-2Al-2Hf-5Fe in unstable region: (a) 1100 �, 0.1 s

-1

; (b) 1100 �, 0.01 s
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� 4  Nb-16Si-22Ti-2Cr-2Al-2Hf-2Fe�#$% !" 

Fig.4  Microstructure of Nb-16Si-22Ti-2Cr-2Al-2Hf-2Fe in stable region: (a) 1150 �, 0.01 s

-1

, η=0.5385; (b) 1150 �, 0.005 s

-1

, η=0.553; 

(c) 1200 �, 0.01 s

-1

, η=0.699; (d) 1200 �, 0.005 s

-1

, η=0.729 
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Abstract: Through the research of hot deformation behavior of Nb-16Si-22Ti-2Cr-2Al-2Hf-xFe (x=0, 1, 2, 3, 5) alloys, the hot working 

diagrams of these alloys were made, which would provide a theoretical basis for subsequent design and hot working study of Nb-Si alloys. 

The maximum dissipative efficiency factor η appears in the region of low strain rate and high temperature; the minimum appears in low 

temperature and high strain rate region. There are unstable regions in the thermal processing map of the alloys with different Fe contents, 

mainly distributed in the regions with high strain rate and low temperature, coinciding with the low dissipative efficiency factor regions. 

The grains in the unstable regions are obviously elongated and the grain boundaries are curved. The grain size is uneven and local plastic 

flow occurs. The dynamic recrystallization structure exists in the stable deformation zone as well as the fine recrystallized grain is 

distributed along the grain boundary. With the increase of the deformation temperature and the decrease of the strain rate, the size of the 

dynamic recrystallization grain increases. 

Key words: power dissipation diagram; deformation instability diagram; deformation stability zone  
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