
� 49�    � 11�                              ��������	                                  Vol.49,   No.11 

2020�      11�                     RARE METAL MATERIALS AND ENGINEERING                     November  2020 

 

�����2019-11-05 

���	����	
����
���51801211� 


���� ����1989��������������
����� �!" #$ 110016�%&'024-23971986�E-mail: minwang@imr.ac.cn 

 

� Cr �������	
������� 

 

�  ���  �������  	�
�������  �

 

 

(��
�����  ()*+,-./012345�!" #$ 110016) 

 

�  ��67 Cr8�9:34;<�;=>?@ABCDEFGHIJK�,LK�MN��OPQRS�F>7

Cr 8�9�IJK�TUVWXY7Z[\]?@^K_`�:3a[N]b10 µg/g IcdXef�9gD?@^

Khi7j 0.1 PaOEFkBl�Fmnopqr�skB�t�uYvwxyiz{FTUVWX�|7}D~X�

�j��EFTUkBwxOLK���RS7 Cr8�9EF�9��kB���]����kBGH_`�> 1500�

1550� 1600 ���qIEFR�p�����: 0.0184�0.0233� 0.0397 m·s

-1

�T�R����: 211.4 kJ·mol

-1

O 

����8�9�?@ABCD�EF 

�������TG146.1

+

5        ������A        �����1002-185X(2020)11-3803-06 

 

��������	
����������

������������� Ti Nb !��"��

#$�%����&'�()*+�,-./�,-

01�2345�6789:�;<=>4?@AB�

CD��EF	GHIJK��LMNOPQB(

[1-5]

&

RSTUV������WX.Y�NOZ[\]

	^�_`���ab& 

��Y�cdef��ghijSkl��

[6-8]

&

�mnopq!NO�rsB(�tuQvwRx�Z

�Y�\]+yz{|}

[9-12]

&~�NO�����l

������j_`�d���Y�^�&�l���

�Y��opqNOY�|}	����������

����tu��&���l���Z��PQl�K

�?R��

[1]

����l����	u���� ¡¢

,�� Ti Nb!�T�����£�¤�¥¦P��

C�����x�	�§¨©�ª���Z�YX�

©�«v~��¬®B(���o¯ª°��l��

�����±²����d�³´&µ¶����	�

·¸����¹º 20~40 µg/g��g�»©;<�R

NO¼d�o½LM�¾¿�����ÀÁ©±²Âª

1���Ã10 µg/g�ÄÅ

[13]

& 

Cr UÆ��l����	�Ç��������

ª°���È�ÉÊB(��È�ÊB(��¤���

�	 Cr��Ë20%(��ÌK)&Í Cr� N�¥¦P¤

¢��l����	��Ç�cÎ��¼{�����

�~Î���CuÏ°�&ÐS�l����Z�Y�

�Ñ:Ç�Ì� 2V�UVµ< CrÒY����Ó�

RÔ

[14-20]

�ÕUVÖÇ�×R� Cr���Y�y�

��|}

[21-27]

&ÄØ� Cr�����±²Ç�9\³

´ÙÚÀÁÛNO�ÜÝ��ÍÞV��Y��©¤

��ßà�áÙÛO�â®ã�äÝåæçè¾¿��

��[N]Ã10 µg/g�ÀÁ©��&���¾�éê�u

ë���Y�Z�ìíÜ_+yîï�Ï�ðñïòÜ

_¤�ó�&ôõ|}µö÷ Cr�� 20% (��ÌK)

�� Cr�l���|}RÔ���|}������

[N]Ã10

 

µg/gøùú�Y��PQ�APQûü���

Cr�l����ÀÁ,Z[ªýþ���& 

���������

Ó�ÙÚ VIM-25 ������+y��x[�

x[Ø	
��5����5���o�S 0.02 

Pa/min&Ó�ÛO���Z[� 50 kg����N��

Ì�� 1������zY� Y��ñ��;< O 

S !�_�B��R��Y�\]�LM

[28-30]

&��

��N�ð� Ì!�Ù"# 10 kg $%�ú&�

Φ116 mm ��!'(�� CaO )*ú&�ú���

0.04 MPa+�â®ãx,,-.�~ßÌ/01á[

�©, 1500 1550¦ 1600 23µ014��Ü5+

y6��Ó�7�8Ú W-Re3259{5�:;&<)

*úx��©åæ!=�ú>�, 0.1 Pa 3�j?

���6@ 0 30 60 120 180� 240 min!9\

��A%�BCDE{ Y

2

O

3

�_FGHIJRx� 

 



�3804�                                        ���*+,�H                                             � 49� 

 1  !"#$%�&� 

Table 1  Chemical composition of the master alloy (ω/%) 

C Cr Ni Fe Nb Mo W N O S 

0.12 20.8 68.0 4.5 1.6 1.5 3.4 0.0070 0.0008 0.0005 
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Table 2  Interaction coefficients 

N

e

j

of nitrogen with other 

elements at 1600 �

��

� in the nickel-based melt 

Element C Cr Nb Ti Fe W Mo 

N

e

j

 

0.09 -0.10 -0.072 -0.21 -0.021 -0.023 -0.043 
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Table 3  Calculations on the influence of pressure and temperature 

on the solubility [N] of nitrogen (µg/g) 

Pressure/Pa 1450 � 1500 � 1550 � 1600 � 

0.05 5 5 4 3 

0.1 8 7 6 5 

0.5 17 15 12 11 

1.0 24 21 17 15 

5.0 55 46 39 34 
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Fig.1  Effects of pressure (a) and temperature (b) on the 

solubility of nitrogen in melt 
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Fig.2  Variation of nitrogen content in melt during refining 
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Table 4  Experimental conditions and calculation results of the 

nitrogen-removal dynamic analysis for the high Cr 

content nickel-based melt 
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m(t)/ 
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3

 

[S/V(t)]·t/ 

s·m

-1

 

1/c(t)�1/c(0) 

0 11860 1383.4 - - 

30 11644 1358.2 13998.8 497.2 

60 11536 1345.6 28259.7 1259.1 

120 11428 1333.0 57053.5 2330.5 

180 11212 1307.8 87229.0 3163.8 

1873 

240 11104 1295.2 117436.5 4830.5 

0 10510 1225.9 - - 

30 10294 1200.7 15834.6 276.0 

60 10186 1188.1 32005.1 654.8 

120 10078 1175.6 64696.1 1488.1 

180 9862 1150.4 99169.7 2321.4 

1823 

240 9754 1137.8 133690.3 3154.8 

0 10910 1272.6 - - 

30 10694 1247.4 15242.4 218.9 

60 10586 1234.8 30795.7 473.5 

120 10478 1222.2 62226.3 1098.5 

180 10262 1197.0 95304.2 1848.5 

1773 

240 10154 1184.4 128423.8 2348.5 

Note: T-melting temperature, t-melting time, m(t)-molten mass at 

time t, V(t)-volume of molten liquid at time t 
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Fig.3  Relationship between 1/c(t)/1/c(0) and [S/V(t)]·t 
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Table 5  Calculations on the time consumptions of the nitrogen- 

removal processes in the high Cr content nickel-based 

alloy under two different melting capacities  

Time/min 

[N]/µg·g

-1

 

Temperature/ 
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500 kg 

crucible inside 

diameter 40 cm 

50 kg 

crucible inside 

diameter 20 cm 

1500 353 141 

1550 279 112 

10~50 

1600 164 66 
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1550 232 93 

10~30 

1600 136 55 

Note: vacuum pressure is 0.1 Pa, and there is no slag on the 

surface of alloy liquid 

�M$%���À ó}f=�UÛÜ�M$%�� 

{�$%òæ¨�;�	�³� ó}Þß=á��

�,ò·�	��� ��×��Mòæ�= �¡�

�&�M$%�û� !"K�#EQF �Õ} Cr

~�,- ��$ 10 µg/gU��%×	
� &'w

T¥}�def=��×Õ 1550 �� (�deÞß

=�À� 0.1 PaU��v� ��$def=0Þß=

�)ó� �	
#	de�� �%*+,-.Ò/ 

¡��À,-!"	
�� 

��������

1) 	�} Cr ~�,-�.¡¥}��= 1450 

�/5.0 Pa�Ì��/ 55 µg/g�01ÞßàL�f=�

�}	��=�2Ö× � 1600 �/0.05 Pa�Ì�	

��=� 3 µg/g� 

2) 	�} Cr ~�,-���û��=¯°ÐÞ

ßàL�À f=��éê¥3 4¡�hiÞßà

L�}Õ 0.1 Pa ��Ì�	�û��=��×Õ 10 

µg/g�ó}5¿Þß=¨ýe×	,-�6°78� 

3) } Cr ~�,-#	)�o,KLMpq$%

rs Ð�;���M$%�À 1600Z15500 1500 

���������� 0.0397Z0.0233 0 0.0184 

m·s

-1

 �g����� E

N

� 211.4 kJ·mol

-1

� 

4) �Õ} Cr~�,- ��$ 10 µg/gU��%

×	
� &'wT¥}�def=(�×Õ 1550 �)

Uá¥×�ÞßàL(�}Õ 0.1 Pa)�v� } Cr~

�,-ý-#	$%¥�9� ��$def=0Þ

ß=�)ó� �	
#	de�� �%*+,-

.Ò/ ¡��À,-!"	
�� 

 

"#$%    References  

[1] Young E C, Mitchell A. High Temperature Materials and 

Processes[J], 2001, 20(2): 79 

[2] Meetham G W. Metal Tech[J], 1984, 11: 414 

[3] Nabavi B, Goodarzi M, Amani V. Weld J[J], 2015, 49: 53 

[4] Huang X, Zhang Y, Hu Z. Metall Mater Trans A[J], 1999, 

30(7): 1755 

[5] Huang X, Zhang Y, Liu Y et al. Metall Mater Trans A[J], 1997, 

28(10): 2143 

[6] Wada H, Pehlke R D. Metall Trans B[J], 1977, 8(4): 675 

[7] Lin J C, Schmid R, Chang Y A. Metall Trans B[J], 1986, 17(4): 785 

[8] Feichtinger H, Zheng X H, Rennhard C. Steel Res[J], 1990, 

61(1): 26. 

[9] Wada H, Pehlke R D. Metall Trans B[J], 1978, 9(3): 441 

[10] Wada H, Pehlke R D. Metall Trans B[J], 1979, 10(3): 409 

[11] Kunze J, Rothe I. Steel Res[J], 1994, 65: 331 

[12] Kobayashi Y, Todoroki H, Shiga N. Ironmaking & Steelmaking[J], 

0 30000 60000 90000 120000

0

1000

2000

3000

4000

5000

 

 

 

[S/V(t)]·t/s·m

-1

 1600 �

 1550 �

 1500 �

1
/
c
(
t
)
�
1
/
c
(
0
)



�3808�                                        �������	
                                             � 49� 

2014, 41(6): 459 

[13] Yuan Chao(3 4), Guo Jianting(567), Li Gusong(89

:) et al. The Chinese Journal of Nonferrous Metals (�;�

<��+=)[J], 2011, 21(4): 733 

[14] Niu Jianping(>6?), Yang Kenu(@AB), Jin Tao(� C) 

et al. Acta Metallurgica Sinica(��+=)[J], 2001, 37(9): 

943 

[15] Niu Jianping(>6?), Yang Kenu(@AB), Sun Xiaofeng(D

EF) et al. Rare Metal Materials and Engineering(����

���	
)[J], 2003, 32(1): 63 

[16] Yao Zhenghui(GHI), Niu Jianping(>6?), Wang Fei(�

J) et al.�Nonferrous Metals(Extractive Metallurgy)(�<K

�, K�LM) [J], 2009(4): 49 

[17] Pei Zhongzhi(NOK), Tian Yanwen(PQR). Nonferrous 

Metals Engineering (�<��	
)[J], 2011, 63(2): 63 

[18] Wang Jianming(�6S ), Niu Jianping(>6? ), Cai 

Qingkui(TUV). Foundry(WX)[J], 2004, 53(8): 609 

[19] Wang Fei(� J), Hou Jing(Y Z), Niu Jianping(>6?). 

Vacuum([\)[J], 2005, 42: 53 

[20] Ford D A, Hooper P R, Jennings P A. Proceeding of a 

Conference on High Temperature Alloy for Gas Turbines and 

other Applications[C]. Liege: Belgium, Allerton Press, Inc, 

1986  

[21] Li Shoujun(8]^). Chongqing Special Steel(_U`a)[J], 

1992(3): 171 

[22] Lei Dejiang(bcd). Metallurgy of Sichuan(efK�)[J], 

1996(4): 13 

[23] Zhao Bingkun(ghi ), Huang Shixian(jkl ), Wang 

Qingchen(�Um). Journal of Iron and Steel Research (an

-.+=)[J], 1983, 3(2): 155 

[24] He Yunhua(opq). Special Steel Technology(`ars)[J], 

1999(2): 8 

[25] Mithell A. Journal of Vacuum Science & Technology[J], 1987, 

5(4): 2672 

[26] Simkovich A. JOM[J], 1966, 18: 504 

[27] Pehlke R D, Rizescu C J. J Iron Steel[J], 1971, 10: 776 

[28] Li Jing(8 Z), Fu Jie(t u), Di Lin(v w) et al. Iron & 

Steel(an)[J], 2002, 37(4): 19 

[29] Cheng Guoguang(x;y), Zhao Pei(g z), Liu Longsheng 

({|}) et al. Research on Iron and Steel (an-.)[J], 

1997(2): 3 

[30] Sinha O P, Chatterjee M, Sarma V V R S et al. Bulletin of 

Materials Science[J], 2005, 28(4): 379 

[31] Wang Zhendong(�~�), Cao Kongjian(���), He Jilong 

(o�| ). Induction Furnace Smelting(�(�K� )[M]. 

Beijing: Chemical Industry Press, 2007: 347 

[32] Langenberg F C. JOM[J], 1956, 8(8): 1099  

[33] Fu Jie(t u), Chang Heming(���), Di Lin(v w) et al. 

Iron & Steel(an)[J], 2000, 35(10): 24 

 

 

Thermodynamic and Kinetic Study on the Nitrogen-Removing Process of High Cr 

Content Nickel Based Alloy 
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Yang Yaqian, Gao Ming, Ding Leilei, Ma Yingche, Liu Kui 

(CAS Key Laboratory of Nuclear Materials and Safety Assessment, Institute of Metal Research, 

Chinese Academy of Sciences, Shenyang 110016, China) 

 

Abstract: Nitrogen is one of the undesirable impurity elements of superalloys and it can induce the precipitation of nitrides and the 

formation of microporosity to worsen the mechanical properties of material. With the increase of high demands in superalloy component 

quality, nowadays the nitrogen content in superalloy has been recommended to be no higher than 10

 

µg/g. Chromium is an important 

beneficial alloying element widely employed in superalloys (with an addition up to 20 wt%) for it can enhance the anti-corrosion 

performance of alloys at elevated temperature. However, chromium has a high affinity to nitrogen so that it could be very hard to achieve a 

low nitrogen content in high-Cr alloys. Therefore, it is necessary to study the features of the nitrogen-removing process of high-Cr alloys. 

In this work, the nitrogen-removing process during the vacuum induction melting of a high-Cr nickel based alloy was investigated by 

thermodynamic calculation and kinetic experiments. Results show that high-Cr nickel based alloy has a high thermodynamic equilibrium 

solubility of nitrogen, and it is mainly dominated by the vacuum pressure. In order to achieve the goal of [N]�10 µg·g

-1

, the melting 

vacuum pressure should be no higher than 0.1 Pa. To study the kinetic characteristics of nitrogen-removing process, the melted metal was 

held at 1500, 1550 and 1600 °C, and sampled at 0, 30, 60, 120, 180 and 240 min at 0.1 Pa after the complete melting of alloy. Results 

indicate that nitrogen content dramatically decreases at the beginning of melt holding, but in the medium and later stage it takes a much 

longer period of time to get close to the equilibrium solubility of nitrogen. Kinetic data analysis shows that the nitrogen-removing process 

of high-Cr nickel-based alloy can be classified as the second-order reaction, which reflects that the process is controlled by the chemical 

reaction on melt surface. The apparent rate constants of nitrogen-removing process at 1500, 1550 and 1600 °C are calculated to be 0.0184, 

0.0233 and 0.0397 m·s

-1

, respectively, and the average apparent activation energy is determined to be 211.4 kJ·mol

-1

. 

Key words: nickel based alloy; vacuum induction melting; nitrogen-removing 
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