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Fig.1  Semi-empirical 

Bo Md−

 map for titanium alloys with 

alloying vectors of several elements. The magnified part of 

the map is the design place of interest (the red dash-line 

rectangle), where the composition of as-designed Ti-12Mo, 

Ti-9Mo-6W and Ti-12Mo-4Zr is presented 
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Table 1  Calculated Bo, Md, e/a ratio and Mo equivalent of 

each composition 

Alloys Bo Md e/a [Mo]eq 

Ti-12Mo 2.807 2.416 4.127 12 

Ti-9Mo-6W 2.809 2.417 4.133 11.6 

Ti-12Mo-4Zr 2.817 2.427 4.130 12 

Mean d-orbital Energy Level, 
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Fig.2  True stress-strain curves of as-designed Ti-Mo based alloys, 

Ti6Al4V, Gum alloy and 18.8%Mn steel (a); strain-hardening 

rate curves of so-designed Ti-Mo based alloys (b) 
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Fig.3  Typical optical micrographs of ST Ti-12Mo alloy at strains of 0 (a), 0.02 (b), 0.05 (c), 0.15 (d) and 0.25 (e) 
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Fig.4  TEM images of the deformation-induced ω phase at the onset 

of plastic deformation of the Ti-12Mo-4Zr alloy: (a) bright-field 

image and (b) dark-field image (the corresponding diffraction 

patterns are presented in the insets of dark-field image, showing 

a difference of the diffraction intensity between the two variants 

(ω

1

 and ω

2

 of the four variants) of ω precipitates) 
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Fig.5  TEM images of a deformed zone: (a) bright-field image;  

(b) a {332}<113>twinning interface with (c) identification 

from the SADP; (d) ACOMTEM mapping of α˝ phase 

distribution and orientation; (e) misorientation measured 

between the primary and secondary α˝ 

a 

b 

c 

d 

e 

200 µm 

a 

b 

0.2 µm 

[113]β zone 

 

0    200    400    600 

     Line Length/nm 

50

40

30

20

10

0

M
i
s
o
r
i
e
n
t
a
t
i
o
n
/
(
º
)
 

~50º 

e 

a 

b 

c 

d 



� 9�                  �
�¡.efnonHcXxhj%yz{|A¢£�a βOP
QR¤G¥                  �2791� 

3 ������������	
��
 51°��

{332}<113>������	
������ 50.57°�

������� !" 3����#$%��&'�(

)*�����+�,$����-./0$���1

,$����234567 Ti-12Mo89

[14, 24, 25]

-:

!;<=>?@A�;BCD����<1EF��

GHI#$J β �K�&�LM%0$��&'#$

N�O,��1O,;BCD���-�P<Q#R

G β K�4STUVW�XYZ23-[�\J�P

Z23�#$]^_�K�D$`a23bc

�dynamic microstructural refinement��defgh�

ijk\l�dislocation mean free path��mn`a�

Hall-Petcho;�dynamic Hall-Petch effect�

[26]

�pq

Arsctuv@A�wSxy�z{uv@z- 

|}�~����^_%��<Q�l�D$;

BCD����<�EF��1����]��^_

�����������- 

��������

1�~��� Ti-Mo K^_�.���z{��

��z{�UTS�900~1200 MPa���������j

���<Q�B ε� 40%�1���Arsc�B�A

rsc���� 350 MPa�- 

2�~��^_����� 2J<Q�l�#$

�;BCD����<�{332}<113>EF��1��

�¡^(¢- 

3��. TRIP/TWIPo;�Z£ beta�^_��

¤¥u¦§¨©pOª^_���HI«¬^­ª^

_���-®�¯�������GS�N>°��

^_- 

���<¼½¾�
�¿ÀÁÂ Prof. F. Prima (PSL Research 

University, Chimie ParisTech-CNRS, Institut de Recherche de 

Chimie Paris (UMR 8247), 75005 Paris, France) �P
QR�

ÃÄAÅÆ� 

 

����    References 

[1] Lütjering G, Williams J C. Titanium[M]. Manchester, UK: 

Springer, 2003: 1 

[2] Welsch G, Boyer R, Collings E. Materials Properties 

Handbook: Titanium Alloys[M]. Ohio: ASM International, 

1994: 1 

[3] Williams J C, Starke Jr E A. Acta Mater[J], 2003, 51: 5775 

[4] Hao Y L, Li S J, Sun S Y et al. Acta Biomater[J], 2007(3): 

277 

[5] Bedi R S, Beving D E, Zanello L P et al. Acta Biomater[J], 

2009(5): 3265 

[6] Banerjee D, Williams J C. Acta Mater[J], 2013, 61: 844 

[7] Zhang J Y, Sun F, Hao Y L et al. Mater Sci Eng A[J], 2013, 

563: 78 

[8] Wu Xiaodong (ÇÈÉ ), Yang Guanjun (ÊËÌ ) et al. 

Titanium Industry Progress(O%�Í¥)[J], 2008, 25(5): 1 

[9] Weiss I, Semiatin S. Mater Sci Eng A[J], 1998, 243: 46 

[10] Morinaga M, Yukawa N, Maya T et al. Sixth World 

Conference on Titanium[C]. France: Edition de Physique, 

1988, 1601 

[11] Abdel-Hady M, Hinoshita K, Morinaga M. Scripta Mater[J], 

2006, 55: 477 

[12] Morinaga M, Adachi H, Tsukada M. J Phys Chem Solids[J], 

1983, 44: 301 

[13] Kuroda D, Niinomi M, Morinaga M et al. Mater Sci Eng A[J], 

1998, 243: 244 

[14] Sun F, Zhang J Y, Marteleur M et al. Acta Mater[J], 2013, 61: 

6406 

[15] Sun F, Zhang J Y, Marteleur M et al. Scripta Mater[J], 2015, 

94: 17 

[16] Hao Yulin (ÎÏÐ), Yang Rui (Ê Ñ). Acta Metallurgica 

Sinica(
��Ò)[J], 2005, 41(11): 1183 

[17] Gilles G, Hammami W, Libertiaux V et al. Int J Solids 

Struct[J], 2011, 48: 1277 

[18] Plancher E, Tasan C C, Sandloebes S et al. Scripta Mater[J], 

2013, 68: 805 

[19] Ding H, Ding H, Song D et al. Mater Sci Eng A[J], 2011, 528: 

868 

[20] Grosdidier T, Philippe M J. Mater Sci Eng A[J], 2000, 291: 

218 

[21] Zhang J Y, Li J S, Chen Z et al. J Alloy Compd[J], 2017, 699: 

775 

[22] Hsiung L M, Lassila D H. Acta Mater[J], 2000, 48: 4851 

[23] Cheng G M, Yuan H, Jian W W et al. Scripta Mater[J], 2013, 

68: 130 

[24] Marteleur M, Sun F, Gloriant T et al. Scripta Mater[J], 2012, 

66: 749 

[25] Sun F, Zhang J Y, Brozek C et al. Materials Today: 

Proceedings[J], 2015(2): S505 

[26] Min X, Chen X, Emura S et al. Scripta Mater[J], 2013, 69: 

393 

 

 



�2792�                                         �f
�"#$%&                                            � 47� 

 

Design and Development of New β Titanium Alloys with High Strength,  
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Abstract: Inspired from the superior mechanical properties of TRIP/TWIP steels (TRIP for transformation induced plasticity and TWIP 

for twinning induced plasticity), a new type of metastable β Ti-alloys showing combined TRIP/TWIP effects through controlling the β 

stability of Ti-alloys was reviewed. The alloys were designed based on the “d-electron alloy design method” and controlling of 

electron/atom ratio (e/a). The results show that so-designed alloys display excellent combination of high strength (ultimate tensile strength 

900~1200 MPa), high ductility (uniform elongation 40%) and improved work-hardening behavior. The detailed microstructural analysis 

indicates that the superior performances arise from the synergic effects between α˝ phase transformation induced plasticity (TRIP) and 

{332}<113> twinning induced plasticity (TWIP).  

Key words: β Ti-alloys; TRIP/TWIP effects; mechanical behavior; deformation mechanism 
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