
� 47� � 10� ��������	                                Vol.47, No.10

2018� 10�      RARE METAL MATERIALS AND ENGINEERING October 2018

�����2017-10-12

���	����	
����� (NS2016022)


���������1977 ��������������� !"#$%&'"(�)* �� 210016�+,-025-84892252�

E-mail: liuxg03@nuaa.edu.cn

TC4 ��������	
������

����� ����	�
��

 (����� !" )*.��&'/012345�)* �� 210016)

� ��6789&'":;<=> TC4?@ABCDEFGHIJK7LMN8OP TC4QRMS?@ABHI

TUV8WXYZC[\]^_`AabcTBdJ\?>P[\effghDEFGHITi9jg8WkDE

FGlgZCDE/YJ_mno-p?@ABHI��TC4_`Bdqrnstuv β AOw α xA�yzv{|�

β Abc}~ 23%�%34_m�M���TC4 DEFGHI��qr�����T�i9��DE��i9DE#

'�����%DET�i9Aa���A\��h�DEFGlg%effg�s�����/��i9DE/Y

%effgT�Y��Y�/���_m%34A�J

����89&'"�TC4QRMS�UV8WXY�AB�DE/Y

�������TG146.23        ������A �����1002-185X(2018)10-3045-07

TC4����Ti-6Al-4V����	
����

��������
������������� 

TC4���! 900 �"#$%&'
�(��!)

*+,-. /012345678 TC49:;$%

<=>?@
�A BC�D
EFGHIJ8KL

&'
12M44NOPQRS�TU�VW /0

XY��(1234Z�EF�( TC4[\�]^_

`ab��cd��efghi56jk�lm��

�12M:;!���n��
opqr<0 12

34EFs4N�tuvuwxhy�zO{|}

~
12MM������ ��!��� �w�

���������t���� /0������

��+�12M4Nd���
 +¡¢�O£0�

¤f=¥����+v���1234¦§¨k©ª

«
���

¬v lm®¯g56
°±e² !³¤´

+µ� TC4
�>���s1234¦§d�¶·�

�¸¹��I��¤f=¥��º���®¯��

�
k»%¼¶·½¾ 8xq¢¥¿
ÀÁ�

Grujicic

[1]

tÂ| EAMÃ� Ti-V��
ÄÅÆ�>¦

§d�Ç�¤f=¥¶· �ÈÇ�>¦§�AÉ9

:Ê>gª Ë�Ì>�ÍÎ¨ÏÐ�>¦§
Ñ�

���Shimono

[2]

t��ÒÓÔÕ Ti-Al��
�Ö9

Ò¦§d�Ç�¤f=¥¶· 8xÇ Ti-Al ��!

�ÒÓÔÕ
×ØÙÚÛ� ÜeÝ Al ÞLßÏÐ

Ti-Al ��
�Ò?�=�Huang

[3]

t/0�¤f=

¥��¶·Ç Cu-Al 	K��
12¦§ eÝ!1

2àÑ�� Cu ³¤á Al �12�âã�

[4]

tä0

LAMMPS å;¶·Ç Ti-Al 	K��
1234¦

§ 8æEFGHç4èéêë+¨ÏÐ12¼ì


Ñ����Semiatin

[5,6]

t� Ti-6Al-4V ���í³¤


î12ïHd�Ç}ðñ� òæÇ12ïHl1

2*+>ó
 ArreheniusôHõö÷�Zhu

[7]

t��Ç

V³¤! Ti���
12¦§ 8æÇ V³¤ø+�

12ùús12ïH
ÏÐ�û�

 

�µvü ��¿���9:Ê>¦§sýÒ	©

�þT
1234¦§�²Ç¢L�� ��AP��

� O�|����ÆïT
1234¦§
�¤f=

¥¶·�s¡��	��
� Ti6-Al4-V����
1

234¦§²��¤f=¥¶·�� Â| LAMMPS

å; /0lg�����<³¤ÞL
 Ti-6Al-4V

��:(��¦��:(d�à¼��ª ¶·�� β

�Èæα �
¦§ �����
α + β ��9:¶(�

!)Â�µ ��*+tEFGH� TC4 1234[

+�s Ti³¤12ïHt�ªL
ÏÐ�û� 

���������	�

/0�¤f=¥��� Ti-Al-V ï����
à

¼�>s1234d�¶·���!�¤f=¥� 

���¤
£fÓÔI�¦�� £f�§!�J8

[8]

 



�3046�                                          � S¡¢£%¤I                                           � 47� 

��� "#�û
���§$Õ% 

2

1 2 N

2

d

( , ....... )

d

i

i i

r

m V r r r

t

= −∇                  (1) 

÷� 

i

m ç

i

r �&�" i '³¤
KL�() 

1 2 N

(  ....... )V r , r r �³¤
ÃôH� 

*8�¤
ÓÔL�Û+�()� +I,-æï

.
£f/0��ï.
®¯9ì£0.®��d�

12ó Idk38x4Q�
���ªL $*+ç

56ç<=t dO��ï.
178=¥�K�s

�¤
��9:� 

!�¤f=¥¶·� ³¤T�9º0Ã¨�¦

³¤Ã�:;jThï
H¥ôHv�<

[9]

�Morse

! 1929=æÇ��>?@>
ÃôH$Õ% 

0 0 0

{exp[ 2 ( )] 2exp[ ( )]}

ij ij ij

V D r r r rα α= − − − − −

       (2)              

�� 

0

D $%LLA ,-Ç³¤�jT�9º0


6B 

0

r �12CD α �EkóïH�Morse Ã

!�� fcc � hcp 9:
�þÆïà $%¡F
G

H�

[10]

 Ü�I�0v:���Ã
�ÃJ� qr

<0|��Æï
�¤f=¥¶·�

[11]

� 

� MorseÃ�� KL³¤Ã�EAM�þ|CM

ðÃ�KL³¤Ã�EAM�D0|�þ³¤ï. �

³¤T�i�÷
,-�|��ÃôH��ÃôH{

NÆÃOq8v PQÇR'³¤SJ��
î{T

¤U¼< ä0VW¶(vXó,-³¤Y-Z[


\]�^
ôH?÷$Õ

[11,12]

% 

to ta l

1

( ) ( )

2

i i j

i i j i

U F rρ φ

≠

= +

∑ ∑ ∑

       (3) 

∑

≠

=

ij

iji

rf )(ρ

                        (4) 

�� F�³¤KL ̈

i

ρ 
ôH φ�_§�Ã 

i

ρ �³¤T¤`+
ôH�÷�3�#a" 1 b�!

T¤Ucde�KL³¤4Q
L " 2 b�f.

�Ã ,-ÇgÆï.�³¤T
hiº0�{�3�

��4�N÷IO8³¤jT
º0=�% 

{ }

[ ( ) ( )] ( ) ( )

ij i j ij ij

F F F f r rρ ρ ϕ

′ ′ ′ ′

= − + +

        (5) 

VW Ti-Al-Vï����
 EAMÃôHjk%

¥¿d�ï.���Parajuli

[13]

tl! Ti-Al-V ��V

g¦§
�¤f=¥¶·� /0 Python-ASE�ª8

x Morse ÃôH�µ-¥¿�¦�� Ti-Al-V ��Æ

ï
m@L9: b�3noÇ/0 MorseÃ,-

Ti-Al-V��Æï
�ª��	��·/0p�Ã
�

� Ti-Al ³¤T/0 Zope

[14]

t�¦}ðHq�"k

�³ª��8x
 EAM Ã Ti-V ³¤T/0 Morse

Ãd�·� O Al-V³¤Tr/0 EAMÃ� 

!µ-p�Ãs;Õ /0 Nose-Hovert*��

� Ti-6Al-4V ��
uó¦§d��¤f=¥¶·�

®¯8x Ti-6Al-4V��uAv� 2200 K�}~ TC4

���
uA� 1950 K"# ¶·w�}~w¡�4

¬ xyÇ4BCÃôH
�ª�� 

z Ti-6Al-4V ��
���{:(|�� bcc 9

: :(4�ï./0 NVTï��PQx´+¼<

[9]

 

! x y�á|�Y}�~Øs; z�á|����

~Øs;�¶(
³�HL� 25�25�18�bcc 9:

��Ò� Ti Ò��H� 0.328 nm� /0lg��

� �&� 10 at%
 Al³¤s 3.6 at%
 V³¤lg

���<
 Ti ³¤��³¤'H� 43236��� Ti

³¤ 37154' Al³¤ 4516' V³¤ 1566'�m

���
��³¤:($� 1 4����|�� �

�z4èéµÕ:(0P������v�����

�s��� Ti ³¤ ���s���� Al ³¤ �

��s��� V³¤� 

³¤¶(��� �cd�à¼¦§¶·�J8

��
��ÓÔ z�d�12¦§¶· $Æ�§

$� 24�� ��:(! 300 KÕ�� 40 0003 

¶·3� 0.01 ps�1 ps=

-12

10 s��k� α + β (���

à¼*+� 500~600 ��α + β (���F*��?�


��� l�!¡�
 α �*+�Mà¼�ªÈæ

α Ö� 7�����8x� 6ó�	��|�

TC4à¼�ª*+ 800 K �¡¾ï�£� 60003 

³¤¢£
¤¥T¦� 20 3 !¶· TC4 ���à

¼�ª¦§� z¶(µÕ 3 U³¤~ØU�$� 1

4��d�g�§ó�ª ��~ØU�R'³¤2¨

S z�á©ª »«|§�¶$S5 �Oöx¨S5

=2¬
V
�12àcd�(Ît� 7µÕ¶( 
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Fig.1  Initial 3D configuration diagram of Ti-6Al-4V in the 

direction of [001] 
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� 2  TC4 !"#$%&()� 

Fig.2  Flow chart of TC4 molecular dynamics simulation: (a) aging 

phase transition process and (b) TC4 diffusion bonding 
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� 3  Ti-6Al-4V�*+,����-)	 RDF./ 

Fig.3  RDF curves of the time-varying process of Ti-6Al-4V 

ternary alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  TC4	00011234!567�8%&�9	�:0;<=> bcc?@<=> hcp?A<=> fcc1 

Fig.4  Snapshots of the lattice structure (001) plane of TC4 with different simulation time (black : bcc; red: hcp; green: fcc): 

(a) 5 ps, (b) 11 ps, (c) 28 ps, (d) 47 ps, (e) 51 ps, and (f) 60 ps 
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� 5  2J7�KL./ 

Fig.5  Content curves of crystal structure 

 

 

 

 

 

 

 

 

 

 

 

� 6  2J0011134! M� 0;<NO�%�P �@QRQS TNU� TiQAlQV4!1 

Fig.6  Crystal (011) surface atom map under different technological parameters (the black is the upper part of the model, the red, blue and 

yellow are the lower Ti, Al, and V atoms, respectively): (a) 1000 K, 400 ps, 3.5 MPa; (b) 1100 K, 400 ps, 3.5 MPa; (c) 1183 K, 400 

ps, 3.5 MPa; (d) 1283 K, 400 ps, 3.5 MPa 
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� 7  VWHXYZU	��-)4![\ M� 

Fig.7  Atomic concentration distribution diagram of the diffusion process under different technological parameters: (a) 1000 K, 400 ps, 

3.5 MPa; (b)1100 K, 400 ps, 3.5 MPa; (c) 1183 K, 400 ps, 3.5 MPa; (d) 1283 K, 400 ps, 3.5MPa 
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Fig.8  Diffusion connection width varying with the thermal 

insulation temperature 
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� 9  Ti4!`�a(MSD)G^_�9	bc./ 

Fig.9  Relation curves of MSD (mean variance) with thermal 

insulation time for Ti atom 
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Table 1  Diffusion coefficients of Ti atoms in the Ti-6Al-4V 

system 
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Fig.10  Relation of diffusion coefficient and 1/T 
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Molecular Dynamics Simulation of TC4 Aging Phase Transition and Diffusion Bonding 

 

Liu Xiaogang, Zhang Shun, Li Baiyang, Guo Haiding 

(Jiangsu Province Key Laboratory of Aerospace Power Systems, Nanjing University of Aeronautics and Astronautics, 

Nanjing 210016, China) 

 

Abstract: The aging phase transition and diffusion bonding of TC4 was studied by a molecular dynamics method. The radial distribution 

function of TC4 ternary alloy and the relative content of different crystal structures were analyzed. At the same time, the atomic 

concentration distribution, diffusion connection width and diffusion coefficient of diffusion bonding process at different thermal insulation 

temperatures were studied. The results show that the structural changes of TC4 in the aging phase transition are mainly manifested by the 

precipitation of newα  phase from the metastable β phase, and the β phase content reaches 23% after the state stabilizes, which is in good 

agreement with the experimental results. In the process of TC4 diffusion bonding, the titanium atoms near the interface dominate the 

diffusion, and the vanadium atom diffusion is the secondary, while the aluminum atoms are relatively few. Under the same conditions, the 

diffusion connection width and the thermal insulation temperature are in a good linear relationship. The diffusion coefficient of titanium is 

exponentially related to the temperature of heat preservation, and the results are in accordance with the experiment.  

Key words: molecular dynamics; TC4 ternary alloy; radial distribution function; phase change; diffusion coefficient 
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