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Fig.1  Bo (combination times)-Md (d electron orbit energy level) 

relationship 

 

RRT�)MdR
g�BoR^à���Ï�_^�


MdR^� βC^?@

[19]

,­�
�½ BoRR MdR

)¾c
β ���)`�axb�

[19]

,LM
ÎrÇ

Bo-MdoûüC*]¸��)���
9�%�&'

()*+, 

�cp
«�d9���)ab�z² Bo-Mdo

íù�_We
#�K Bo�MdR�ro 1fÆs)

���,��
��C­ Bo�Md R)��
+��

uv Nb �g V
O�PhiW­)ab�z

[22]


�

«ñ¼>?B β���)ab�zWXR Bo�MdR

�ð
­�e²��uv�óàð!,Wang �k

[23]

ûü& Ti-4Mo-4Co (at%)R Ti-6Mo-4Zr (at%) 2���

�
�}�×¿�
�SI���)ab�zWe�

Bo-Mdo)íù�_
ëhÈ}Güàx���D9

RC*)ab�z
áP& �ÎrmjD9)78/

k8�çe/aéRk8lm)n=

[23]


+ríù β��

�¿�)ab�zK¡¢£/��eK����,ä 

Ìo
«�º»<î37 Bo-Mdoë �p'���

B)���J
MáK βÎ£q�rs>?B
9�Ü

Ti-10V-3Fe-3Al��t&$%º»

[7]

,Ahmed�k

[7]

u

PGw� αC)>?B β��� Ti-10V-3Fe- 3AlJÈ

}vwH×$% TRIP R TWIP ab�z)��
ú

]x��½����çα+β SCsé)ãò
α C£

y9Û¾c
Md R7�ãò
Bo RaÏf�,gÇ

Ahmed�kz{G Bo-MdoJ�à*]j¿)¡¢£

sU
#�KG Bo-Mdo)�dsU,Mantri�k

[24]

«|}&ò���) TWIP/TRIP��� Ti-12Mo
È

}k8|~�ù&�9���q�1 β Î£)?@

Cr 

Pure slip/twinning 

Mo 

Ti 

Al 

α+β alloys 

β alloys 

M

d

=RT 

β+α″ 

β 

M

s

=RT 

M

f

=RT 

2.25      2.30     2.35      2.40      2.45 

Mean d-orbital Energy Level, Md  

2.82

2.80

2.78

2.76

B
o

n
d

 
O

r
d

e
r
,
 
B

o
 



� 2�                      �� ®��u� βEF
G¯�KLRD���s��B�����                    ¥719¥ 

�
¿���1��)ab�zR Bo-MdoC��,

W­r��¯���q��P α C
��ò��� 

��P�� ω C,Lai �k

[25]

7 Ti-25Nb- 0.7Ta-2Zr 

(at%) ���ò���q�1
¿��� β Î£D9

����aÏ
q�rsò?@�
tab�z:�

�AB�)*]j ¡¢£Ca�ab�ÂR���

��­ab°a���AB�)����ab,­�


Mantri �k

[26]

Ü��>?B β ��� β-21S «ë�&

ò��q�
%P² Lai �k

[25]

C­)�0
À��

1G β Î£?@�Wa)���
ab�z:

TWIP/TRIP °a���,�� Ti-10V-3Fe-3Al�Ti- 

25Nb-0.7Ta-2Zr R β-21S �����1��P&åæ

C
tK�P αR ωCÜÎ£C?@�Rab�z)

ÝÞ¼�W­, 

:Ç5�
h�R¿2�� TWIP/TRIPab�z

)���ûü�0�9¤¥
WX¥ð� Bo�Md R

R Bo-MdoJ) 3ªCs
T¥��²��³´+ç�

��­��`�é)��uv®¯)´+��²��


�EÜ��C­ Bo-MdÛR���]¸��)ÝÞ, 

������ β �������
�����

�p�Õ
>?B β �����O�P 3 �W­

)ab�z

[3]


h]W­ab�z®¯)C³´+


Ð%>?B β ������`)]¸��,�h
E

ab�z�¬�gv)ÝÞ
�Oβ C)?@���

PC�βÂôõöRÂ£¸÷ï,6�7�¥��� 3

�gvÜ>?B β���ab��)ÝÞ, 

�����β ����	
� 

È}�c��uv
56ÉÊ���)?@�ú

ìaEG Bo-MdoJ)�[
ëhÉÊ��)ab�

z,:r>?B β ���)]¸��²Eab�z�

óà)ð!
gÇ
56È}ÉÊab�z
ûüP

#@��)��

[17,18]

,��O��}~J Mo�V� β

?@uv�ïrG β CJ ¡
h α ?@uv�� β

C¢£ë% αC
�KD9ê9_�*

[27]

,W­)�

�uv56ìa βC)?@�
Aluv´� αC?@

uv
56�Ï>?B β���

[28]


�c @x) Al

uv�¤¥¦� ωCa
úÐab�z�*]j  ω

Ca°a�*]j ¡¢£Ca, ¦uv����

�£) Bo�Md R
� O�H�B �§�	uv
t

���ÝÞ β C)?@�R��)]¸��,EJ


Ouv56yzU0}~J¨� α″¡¢£)bD,Ç

©
 ¦J�uv Zr�SnÈ}ãò¡¢£)ÅÆab

��yz¡¢£)bD

[3,28]

, 

>?B β ���C?@�R��ab�z®¯)

ð!9�%�&f�)º»,�o 2 �V
�½ β C

?@�)¾c
��)ab�z«�¿�C*)°a


À�*]j ¡¢£CaÁab�ÂÁ����

[3]

,

:r Mo�V �uvÜ bcc Âª)?@´+
�½ β

?@uv)¾c
À�½ÑÒx)¾c
β C)?@

�¾à
ab��)ÅÆ9**]¾c
7�yz*

]j ¡¢£)¿�
��ÈÖ6ab�Â�«£ë�

Y�ab,:r¡¢£R�Â56´���¬©)­

¥
ãò��)mj®:~
̄ �©B Hall-Petch�*


Ð%cdVÏ°��â�
Y�«àà¾c

[29]

,ÒÑ

Òx±Y¾c
À�½ βC?@�)á�
*]j ¡

¢£Rab�Â��yz
ab�z
°a�6���

Ë 
Ç���)cdVÏ°fò
Y�f², 

������
�	
��

6¹)º»O¼
�PC)bB²õöWXÝÞ

E®³)]¸��
eÜ��Î£)ab�z²]¸

Þ*��!@�)ÝÞ

[30]

,� �0WXG���J

%�×´
G'(Ð+)µ��J«­�¶+,E<.

kgGrO�q�}~J
�PC)P� ·Î£D9

¿�aÏ
ëh ·EC?@�¿�ìa;­��PC

)�Ú«����ÝÞY�ab«£)��

[7,25,26]

, 

¸&��uv®©
��q���Ür β C)?

@�«�¤¥ÝÞ,�K:rÒ��q���òr β

Ca���
Gr�}~J��P αCè ωC
�P

C)£y9ÛRõö²�q����ð

[3]

,>?B β

����P α C)}~J
�¿�D9ê9_
�½

βC?@�)¾cç¾c α�PC)��é
Î£)a

b�z�*]j ¡¢£°a�����

[31]

,��a

b�zìa)kgK�½��J α C£y9Û)¾ 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 2  βuve�°±t βCD�xfwxG²³a 

Fig.2  Schematic diagram of the effect of β-stabilizing element 

content on β-phase deformation response
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Fig.3  Inverse pole figure maps of the ST alloy (a) and the alloy aged at 393 K (b) and 423 K (c)
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Fig.4  Schematic diagram and TEM analysis of internal microstructures of {332}<113>
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Table 1  Phase composition, grain size, and mechanical properties of the double-twins titanium alloys 

Alloy composition (ω/%) Phase Grain size/µm Yield strength/MPa Work hardening rate/MPa Ref. 

Ti-10V-3Fe-3Al Metastable β 136±8 973 - [7] 

Ti-10V-4Cr-1Al Metastable β 46 420 1200 [41] 

Ti-7Mo-3Cr Metastable β 20~160 695 1900 [42] 

Ti-12Mo Metastable β 40 490 - [4] 

Ti-25Ta-24Nb (at%) Metastable β 50 - - [47] 

Ti-3Al-5Mo-4.5V Primary α+Metastable β - 490 620 [33] 

Ti-6Cr-4Mo-2Al-2Sn-1Zr Metastable β 140~180 670 1400 [18] 

Ti-13Mo-18Zr Metastable β 49 800 1500 [6] 

Ti-22.4Nb-0.73Ta-2Zr-1.34O Metastable β 70~100 910 - [46] 
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Research Progress on Composition Design, Deformation Mechanism 

and Mechanical Properties of Metastable β Titanium Alloy 

 

Zhang Chongle, Bao Xiangyun, Zhang Jinyu, Liu Gang, Sun Jun 

(State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China) 

 

Abstract: This article introduced the current research progress and theoretical basis of designing the twin induced plasticity 

(TWIP)/transformation induced plasticity (TRIP) metastable β titanium alloys, and summarized β-grain sizes, yield strength and work 

hardening capability of the double twined {332}<113> and {112}<111> metastable β titanium alloys. The application and limitation of 

combination times (Bo)-d electron orbit energy level (Md) diagram in the design of multi-component titanium alloys were further 

discussed, especially the effect of different secondary phases (α-phase and ω-phase) on the stability of the matrix β-phase. The factors that 

influence the deformation mechanisms of TWIP/TRIP metastable β titanium alloys are emphasized in terms of the matrix β phase stability, 

precipitated phases, β-grain sizes and crystallographic orientations. And the current deficiencies of this field were analyzed. Furthermore, 

the effect of double twinning mechanisms on the mechanical properties of titanium alloys was briefly discussed as well. Finally, by 

summarizing the research progress and related issues, this article conveyed the new insights for the development of high-strength and 

tough titanium alloys. 

Key words: metastable β titanium alloy; TWIP/TRIP; double-twins; phase stability; deformation mechanism 
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