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Figure S1 shows the crystallographic relationship among the β, α″, and α phases 

[1−3]. The procedure of β → α″ phase transformation can be described as a shear by 

{211}〈111〉𝛽𝛽 and a shuffle by {011}〈01�1〉𝛽𝛽 [4]. The crystalline positions of atoms in 

the α″ phase can be described as (0, 0, 0), (1/2, 1/2, 0), (1/2, y, 1/2), and (0, 1/2+y, 1/2). 

The shuffle y varies upon different alloying elements and compositions. The lattice 

constants of the α″ phase change due to the {211}〈111〉𝛽𝛽  shear, therefore the b/a and 

c/a ratios also relate to the shear. The α″ phase is equivalent to the β phase when b/a = 

c/a = √2 and shuffle y = 0, while the α″ phase becomes to α phase when b/a = √3 

and y/b = 1/6. The α″ phase can be regarded as an intermediate phase in the process of 

β → α transformation [4, 5]. 

 

Figure S1. The crystal structures and the lattice correspondence of the β, α″, and α 

phase. The shuffle y is on the {011}𝛽𝛽  plane (in orange).  
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The lattice deformation strains η1, η2, and η3 required to form the α″ phase to the β 

phase are along the three principal axes of [100]β, [011]β, and [01�1]β, respectively. 

The maximum transformation strains 𝜀𝜀M𝑖𝑖  are along a certain orientation 𝑥⃗𝑥 in the 

β phase. During the β → α″ martensitic transition, the vector 𝑥⃗𝑥  in the β phase is 

transformed to 𝑥𝑥′���⃗   in the α″ phase due to the lattice distortion. Thus, the maximum 

transformation strain 𝜀𝜀M𝑖𝑖  can be calculated by the lattice distortion matrix T.  

The average maximum strains 𝜀𝜀M  are calculated by spline interpolation of the 

maximum transformation strain 𝜀𝜀M𝑖𝑖  along 13 representative orientations located in the 

[001]−[011]−[111] standard stereographic triangle (shown in the Figure S3).  
 

 

Figure S2. The relationship among (a) lattice deformation strains (η1, η2, and η3), (b) 

the maximum transformation strains (𝜀𝜀M𝑖𝑖 ), and (c) the average maximum transformation 

strains (𝜀𝜀M). 

In Figure S3a, we used the stereographic projections of lattice strains on (001)β to 

display the 57 representative orientations. The orientation selection method is to divide 

each line segment shown in Figure S3a into eight parts. The selected orientations 

represent the vertex and the midpoint of the edge at each standard stereographic triangle. 

Figure S3b displays the [100]−[110]−[111] standard stereographic triangle and plots 13 

representative orientations to divide 100 − 111�  , 100 − 221�  , and 100 − 110�   into 

(a) Lattice deformation strains
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(b) Maximum transformation strains

(c) Average maximum transformation strains 𝜺𝑴 can be extracted from the spline interpolation
of the maximum transformation strain𝐬  𝜺𝑴𝒊 along 13 representative orientations.



four equal parts. The orientation selection method can make the image more accurate 

by evenly dividing the stereographic projections. 

 

 

 

Figure S3. Schematic diagram for selected representative orientations of stereographic 

projections of the lattice strains associated with the β → α″ phase transformation. The 

positions of (a) 57 representative crystallographic orientations on (011)β and (b) 13 

representative orientations located in the [100]−[110]−[111] standard stereographic 

triangle have been marked in the figure. 

Table S1 displays that the c/a and b/a of α″ phase for the Ti−Nb−Al and Ti−Nb−Ta 
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ternaries have no evident change, in line with the available measurement in Ti−Nb−Ta 

alloys [3]. Furthermore, the predicted shuffle y for Ti−Nb−Ta ternary alloys keeps 

almost constant and is around 1.50, while the calculated y for Ti−Nb−Al alloys 

decreases from 1.50 to 1.43 with doping Al. As Table S1 shows, Al has greater influence 

on decreasing shuffle y than Ta. The possible reason is that Al can cause more lattice 

distortion than Ta in TiNb-based alloys due to the atomic radius r(Ta) > r(Al). 

 

Table S1. Predicted b/a, c/a and shuffle y of Ti−22Nb−xX (x = 0, 2, 4, 6, 8, 10, in at. %; 

X = Al, Ta) alloys 

Alloys b/a c/a shuffle y 

Ti−22Nb 1.65 1.60 0.150 

Ti−22Nb−2Al 1.65 1.60 0.149 

Ti−22Nb−4Al 1.66 1.60 0.148 

Ti−22Nb−6Al 1.66 1.60 0.147 

Ti−22Nb−8Al 1.66 1.60 0.145 

Ti−22Nb−10Al 1.66 1.60 0.144 

Ti−22Nb 1.65 1.60 0.150 

Ti−22Nb−2Ta 1.65 1.60 0.150 

Ti−22Nb−4Ta 1.65 1.60 0.149 

Ti−22Nb−6Ta 1.65 1.60 0.151 

Ti−22Nb−8Ta 1.65 1.60 0.149 

Ti−22Nb−10Ta 1.65 1.60 0.149 

 

Based on our first-principles calculations, for Ti−(0−40)Nb−(0−20)Al alloys, the 

absolute value of energy difference ΔEβ→α″ increases with alloying Al and Nb. In Figure 

S4, except the compositions for which the β → α″ phase transformation has great 

difficulty to happen (purple balls), alloys with the same (Nb+Al) (red balls) appear the 

same color range of ΔEβ→α″. Note that Al shows certain characteristics of β-stable 



element in Ti alloys containing more β-stable elements, which seems to be largely 

dependent on other elements in the alloys [6−8]. Therefore, Al cannot appear the ability 

to stable the β phase for alloys with less Nb content. For example, Ti−10Nb−15Al and 

Ti−20Nb−5Al share the same (Nb+Al) content, but do not possess the same ΔEβ→α″. 

Here we mark the most evident alloys Ti−(25−x1)Nb−x1Al and Ti−(24−x2)Nb−x2Al in 

the black dashed circle. Thus, it can be supposed that Ti−Nb−Al alloys with the same 

(Nb+Al) share the same ΔEβ→α″. 

 

Figure S4. The calculated energy difference ΔEβ→α″ for Ti−(0−40)Nb−(0−20)Al alloys. 

The purple balls represent Ti−5Nb−(5, 10, 15)Al, Ti−10Nb−(5, 10, 15)Al, and 

Ti−15Nb−(5, 10, 15)Al. The red balls represent Ti−(25−x1)Nb−x1Al (x1 = 1−8), Ti− 

(24−x2)Nb−x2Al (x2 = 1−4), Ti−20Nb−(10, 15)Al, Ti−25Nb−(5, 10, 15)Al, Ti−30Nb− 

(5, 10)Al, and Ti−35Nb−5Al. The marked area is for Ti−(25−x1)Nb−x1Al and 

Ti−(24−x2)Nb−x2Al alloys (x1 = 1−8, x2 = 1−4). 
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