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A B S T R A C T   

Athermal pure shuffle O′ nanodomains have been reported as a common structural state in metastable β-Ti alloys. 
In this study, by integrating thermodynamic databases, first-principles calculations, phase field simulations, and 
experiments, we reveal the coupling between the shuffle (O′) and shear (α′′, orthorhombic martensite) nano
domains as a function of Nb concentration in Ti-Nb alloys. In particular, our first-principles calculations suggest a 
change in the phase transformation path from β → α′′ to β → O′ as the Nb concentration increases, and our 
CALPHAD calculations based on the available thermodynamic database show a large metastable miscibility gap 
in Ti-Nb. Informed by these findings, our phase field simulations demonstrate how the O′ and α′′ nanodomains 
form and evolve upon cooling in compositionally modulated Ti-Nb alloys produced by spinodal decomposition 
and the corresponding transformation behavior. Finally, our experimental characterization shows a continuous 
change of the shuffle component across the O′/α′′ nanodomain boundaries. The novel microstructural states and 
their unique phase transformation path lead to an unprecedented continuous transformation behavior accom
panied by superelasticity with almost zero hysteresis and small residual strain over a wide temperature range, all 
of which have been observed in the experiments. This unique transformation behavior upon cooling can be well 
characterized as a shuffle-regulated strain glass transition. This study could provide new insight in alloy design 
by utilizing composition-dependent shuffle-shear coupling during a structural phase transformation.   

1. Introduction 

As one class of multifunctional metastable β-Ti alloys, Ti-Nb-based 
shape memory alloys (SMAs) have become promising candidates for 
many advanced biomedical applications [1,2] due to their excellent 
biocompatibility and unique physical and mechanical properties 
including superelasticity over a wide temperature range [3–5], low 
modulus [6–8], high strength and good ductility [8], and tunable ther
mal expansion [9–11]. These properties are mainly attributed to the 
modification of the martensitic transformation (MT) behavior through 
composition optimization [11,12], thermo-mechanical processing [13, 
14], and training [15,16]. As a typical Ti-Nb-based SMA, 
Ti-24.2Nb-3.96Zr-8.1Sn (wt.%, Ti2448 for short) has shown unique 

superelasticity from 4.2 K to 400 K, tunable thermal expansion, and 
ultra-low Young’s modulus [3,4,7,9]. So far, several mechanisms have 
been proposed to link phase transformations in Ti2448 and its unique 
mechanical and functional properties. 

In view of the phase transformations in Ti2448, normal α′′martensite 
(orthorhombic) has not been detected even at 100 K by 2D synchrotron 
X-ray diffraction (SXRD) measurement [4]. Concentration modulations 
of nanoscale (~5 nm) Nb-lean and Nb-rich regions have been detected 
through 3D atom probe tomography (APT) [3,4]. A reversible atomic 
rearrangement mechanism was proposed based on the concentration 
modulations, which describes a continuous change of crystal structure 
(i.e., lattice shear and shuffle) along the Burgers path between bcc and 
hcp crystals with orthorhombic symmetry upon cooling or loading [9, 
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17,18]. Hao et al. reported the concentration dependence of Young’s 
modulus and transformation strain [4] and proposed that the elastic 
confinement caused by the nanoscale concentration modulations could 
induce a continuous martensitic transformation (MT) that is responsible 
for the superelasticity observed over a wide temperature range [3]. Liu 
et al. showed stress-induced nanosized α′′ and δ (orthorhombic) mar
tensites in different regions under tensile loading, which may have 
contributed to the unique mechanical properties of the alloy [19]. 

It is well known that chemical inhomogeneities would influence the 
MT start temperature Ms [20–24] and transformation strain εMT [23,25]. 
In Ti-Nb binary alloys, it was reported that the increase of Nb content 
could change the phase transformation behavior from normal MT to 
strain glass transition [21] that produces nanodomains of martensite. 
Structural nanodomains have been reported in as-quenched metastable 
β-Ti alloys such as Ti-(26–29)Nb (at.%) [26], Ti-Nb-Zr alloys [27,28], 
Ti-Nb-O alloys [13,29], Ti-Nb-Zr-Ta-O alloys [10,11,24,30], Ti-18Mo 
(wt.%) [31], Ti-18Mo-5Al (wt.%) [27,32], and Ti-5Al-5Mo-5V-3Al 
(wt.%, Ti5553) [33]. These structural nanodomains have been 
thought to be α′′ martensite because α′′ and O′ phases have shown the 
same diffraction pattern [10,27,31,34] and the lattice shear associated 
with the nanoscale α′′ domains is difficult to measure. Recently, a novel β 
(BCC) → O′ (orthorhombic) shuffle-only nanodomain → α′′ (ortho
rhombic) martensitic nanodomain transition has been observed with 
continuous increase in lattice strain upon cooling from the room tem
perature to 87 K [34]. The β → α′′ MT in metastable Ti-alloys is 
accomplished by a {21̄1}〈1̄1̄1〉β lattice shear and an {011}〈01̄1〉β atomic 
shuffle [35,36], while the appearance of the shuffle dominated inter
mediate state of the O′ phase implies that the atomic shuffle precedes the 
shear [27,34,35,37]. Although the O′ phase has the same shuffle direc
tion as that of the α′′ phase, the shear value of the O′ phase is almost zero 
[34]. Thus, the O′ phase can be defined as a shuffle-dominated phase, 
which has been reported to be a common structural state in metastable 
β-Ti alloys [27,29,31–33,38]. Especially, the reported O′ nanodomains 
through sophisticated TEM characterizations of Ti-Mo [31], Ti5553 
[33], and Ti2448 [34,39] alloys agree with this viewpoint. It was also 
found that the O′ nanodomains may improve the mechanical properties 
by influencing the formation of {332}〈113〉β deformation twins and 
transforming to α′′ martensite under cold-rolling [40]. 

Previous work has shown that there exist miscibility gaps in Ti-Nb 
[41,42], Ti-Mo [41,43], and Ti-V [44,45] systems that have exhibited 
structural nanodomains, and the addition of a third element could 
enlarge the miscibility gap region or increase the driving force [28,45, 
46]. Phase field simulations have predicted the influence of the wave
length and amplitude of concentration modulations produced by spi
nodal decomposition on MT in Ti2448 [15,47], and reproduced the 
non-hysteretic superelasticity with the formation of nanoscale 
martensitic twin structures. The Burgers path has shown that both 
shuffle and shear are involved in the β → α′′ transformation [48]. 
Theoretical studies and experimental observations have found that the 
Nb content could influence the shear and shuffle values [23,49,50], but 
the sequence of shuffle and shear (i.e., which one proceeds which) is still 
unclear. Two puzzles remain in metastable β-Ti alloys: (i) how do the 
shuffle nanodomains form? (ii) why do the shuffle domains maintain 
nanoscale (i.e., do not grow and coarsen) and transform to α′′ upon 
cooling or loading? 

In this study, we reveal the relationship among the concentration 
modulations, O′ nanodomains, and α′′ nanodomains by integrating 
CALPHAD modeling, first-principles calculations, phase field simula
tions, and experiments. Based on the CALPHAD database, we first carry 
out phase field simulations to study spinodal decomposition and con
centration modulation development in Ti-Nb binary systems, in partic
ular, the amplitude and the wavelength of concentration modulation as 
a function of cooling rate. We then use first-principles calculations to 
show a concentration-dependent coupling between the shuffle and shear 
components, and the phase transformation path changes from β → α′′ to 
β → O′ with increasing Nb concentration. Based on the phase trans
formation path revealed by the first principles calculations, we formu
late a phase field model of shuffle plus shear structural transformation to 
study the relationship between the spatial distribution of Nb and the 
formation of O′ and α′′ nanodomains. The calculations reveal a 
continued formation and growth of shuffle domains (O′) in the Nb-lean 
(but with Nb content ≥ 25 at.%) nanodomains in the β matrix at rela
tively high temperatures, and continued formation and growth of 
martensitic domains (α′′) within the existing O′ domains upon further 
cooling. Finally, we show by experimental characterization a continuous 
change of the shuffle component across the O′/α′′ nanodomain bound
aries. We conclude that it is the stress-induced continuous O′ nano
domain to α′′ nanodomain transition at different temperatures that leads 
to the linear-superelasticity over a wide temperature range. 

2. Methods 

2.1. CALPHAD modeling 

According to the CALPHAD database [42], the Gibbs free energy of 
phase ϕ (ϕ = β (bcc) or α (hcp)) in Ti-Nb based on a substitutional so
lution model is given by: 

Gϕ = xNb
0Gϕ

Nb + xTi
0Gϕ

Ti + RT [xNblnxNb + xTilnxTi] + xNbxTiIϕ (1)  

where xNb and xTi denote the mole fractions of Nb and Ti, respectively, 
0Gϕ

Nb and 0Gϕ
Ti are the Gibbs free energies of pure elements Nb and Ti in 

the ϕ state [51], respectively, R and T are the gas constant and absolute 
temperature, respectively, Iϕ is the interaction parameter and has a 
value of Iα= 11,742.4 J/mol and Iβ= 13,045.3 J/mol [42], respectively. 

Based on the above description, the free energy of the metastable β 
phase as a function of Nb concentration and temperature can be fitted to 
the following polynomial: 

Gβ(xNb, T) =
∑8

i=0
(ai + bi⋅T)⋅xi

Nb, 300 K ≤ T ≤ 1200 K (2)  

where ai and bi are constants (as listed in Table 1). According to this 
free energy model, the system has a metastable miscibility gap as shown 
in Fig. 1. 

2.2. First-principles calculations 

The exact muffin-tin orbitals (EMTO) [50,52] method is adopted to 
perform the first-principles calculations for the total energies of Ti-xNb 
(x = 0, 10, 12, 13, 15, 20, 25, and 30, in at.%) alloys. Both the 

Table 1 
The coefficients, ai and bi, in the chemical free energy polynomial.  

a0 a1 a2 a3 a4 a5 a6 a7 a8 

−9.3E-8 13,045.3 −13,045.3 −0.00365 1.75703 −1.29371 1.75991 1.13718 0.01889  

b0 b1 b2 b3 b4 b5 b6 b7 b8 

−0.08807 −38.7341 185.587 −809.998 2438.68 −4520.70 4974.02 −2971.82 742.956  
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self-consistent and total energy calculations are performed by the 
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation 
[53]. The scalar-relativistic approximation and soft-core approximation 
are used to solve the Kohn-Sham equation. The present alloys are 
considered non-magnetic. We use the coherent-potential approximation 
(CPA) [52] to deal with the random solid solution with a screening 
parameter of 0.6 [54]. To capture accurately the energy changes asso
ciated with structural transformations, we employ k-point meshes of 7 ×
11 × 13 for the α′′ phase and 29 × 29 × 29 for the β phase in the irre
ducible Brillouin zone after a convergency test. The equilibrium lattice 
constants are obtained by fitting the calculated total energies of the bcc 
structure by using a Morse-type function. 

According to the Burgers orientation relationship for the bcc to hcp 
structural transformation [48], four variables should be considered in 
calculating the total energy along the β to α phase transition path, i.e., 
the Winger-Seitz radius (w, in Bohr), the axis ratios of c/a and b/a, and 
the shuffle vector η, where a, b and c are lattice parameters of the β, α, 
and α′′ phases [55](see Fig. 3). 

Theoretically, the energy difference ΔEβ→α = (Eα −Eβ) between the β 
and α phases increases from −0.8 to 3.0 mRy with increasing Nb con
tent. Li et al. [49] found that the volume difference between the β and α 
phases is small (~1.5%), leading to a small absolute energy difference 
(less than 0.2 mRy) between the two phases associated with the volume 
change. Thus, the total energy difference caused by the volume differ
ence between the β and α phases can be ignored. The energy difference 
caused by the volume difference between the β and α′′ phases is expected 
to be even less than that between the β and α phases, since the α′′ phase is 
considered as the intermediate phase between the β and α phases. Thus, 
to reduce the computation cost, we fix w as the equilibrium lattice 
constant of the bcc phase. 

2.3. Phase field simulations 

2.3.1. Spinodal decomposition in Ti-Nb binary alloys 
The concentration modulations developed during spinodal decom

position is described by phase field simulations. The total free energy 
functional of the parent β phase of the Ti-Nb binary alloy system in the 
temperature range from 1173 K to 300 K is formulated based on the 
gradient thermodynamics [56,57] as: 

FSD =

∫

V

{
Gβ(xNb, T) +

κx

2
(∇xNb)

2
}

dV (3)  

where G β(xNb, T ) is the local bulk chemical free energy given by Eq. 
(2) and κx is the gradient energy coefficient. The time-evolution of xNb 
can be solved by the Cahn-Hilliard equation [58]: 

∂xNb

∂t
= ∇

[

M∇
δFSD

δxNb

]

+ ζx (4)  

where ζx is the Langevin noise term characterizing thermal fluctuations 
[59,60], M is the chemical mobility, and is modeled using the CALPHAD 
method as [61]: 

M =
1

R T
exp

(
ϕ

R T

)

(5)  

where ϕ = −Q + RTln(M0) with Q as an activation enthalpy and M0 as a 
frequency factor. In CALPHAD approach, ϕ is generally expressed by the 
Redlich-Kister polynomials [61,62]: 

ϕ = xTiϕTi + xNbϕNb + xTixNb

∑

r

rϕTi,Nb(xTi − xNb)
r (6)  

where ϕTi, ϕNb are the mobility parameters for pure element Ti and Nb, 
respectively, and rϕTi,Nb is binary interaction parameter for the β phase 
in the Ti-Nb binary system [63], and r = 0, 1. These mobility parameters 
are generally derived from extensive experimental diffusivities such as 
interdiffusivities, tracer diffusion coefficients, and impurity diffusion 
coefficients in the bcc Ti-Nb, thus the calculated interdiffusivities based 
on the M show a good fit to the experimental interdiffusivities in the bcc 
Ti-Nb [63,64]. Therefore, the chemical mobility M in Eq. (5) is effective 
to calculate the spinodal decomposition that is related to the inter
diffusivity [58]. 

2.3.2. Martensitic transformation in Ti-Nb binary alloys 
To describe the MT in Ti-Nb, structural order parameters charac

terizing the shuffle (η) and shear (φ) components of the transformation 
are considered in this study. There are 12 {011}〈01̄1〉β shuffle and 6 
{21̄ 1}〈1̄1̄1〉β shear modes for the β → α′′ MT [35,36], and 12 
{011}〈01̄1〉β shuffle modes for the β → O′ transformation [34], leading 
to 12 crystallographic equivalent α′′ and O′ variants. Since the shuffle 
does not contribute to the transformation strain, only six transformation 
matrices are needed to describe the shear deformation [65]: 

Fig. 1. (a) Calculated equilibrium phase diagram (blue solid lines) and metastable phase diagram considering only the β phase (red solid line), where the spinodal 
decomposition occurs within the regions (light green color) below the chemical spinodal. (b) Free energy curves of the metastable β phase at different temperatures. 
(For interpretation of the references to color in this figure legend, readers are referred to the web version of this article.) 
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(7) 

The lattice constants of the β and α′′ phases, aβ= 3.285 Å, aα˝= 3.178 
Å, bα˝= 4.182 Å, cα˝= 4.635 Å in Ti-23 at.% Nb reported in the literature 
[55] are used in our simulations, and the corresponding stress-free 

transformation strain (SFTS) ε0
ij(p) is calculated using ε0

ij(p) = 1
2

(
UT

p Up −

I
)

, p = 1 − 6 [66], where the superscript T indicates matrix transpose, 

and I is the identity matrix. 
A coupling relationship between the shuffle (η) and shear (φ) is ob

tained from the first-principles calculations and used in our phase field 
simulations, i.e., φ =

∑

i=2,4,6,8
Biηi, where Bi are coefficients and details are 

in Section 3.3. Therefore, the total free energy functional, FMT, for the 
MT can then be expressed involving only the shuffle (η) as: 

FMT =

∫

d3r
[
fch

(
ηp

)
+ fgr

(
ηp

)
+ fex

(
ηp

)]
+ Eel, p = 1 − 6 (8)  

where the local chemical free energy fch is approximated by a Landau 
polynomial: 

fch
(
ηp

)
=

1
2
A1

∑6

p=1
η2

p(r) −
1
4
A2

∑6

p=1
η4

p(r) +
1
6
A3

(
∑6

p=1
η2

p(r)

)3

(9)  

where A1 and A2 are concentration-dependent expansion coefficients 
(details are given in Section 3.2), and A3 is a constant. fgr is the non-local 
gradient energy associated with spatial non-uniformities of the struc
tural order parameters ηp: 

fgr

(

ηp

)

=
1
2
κη

∑6

p=1

(
∇ηp

)2 (10)  

where κη is the gradient energy coefficient, and fex is the elastic energy 
caused by an external load: 

fex
(
ηp

)
= −σkl⋅εMT

kl (r) (11)  

where σkl is the applied stress, εMT
kl =

∑6
p=1ε0

kl(p)φp is the strain field, and 
Eel is the elastic strain energy associated with lattice mismatch between 
the parent and martensite phases and among different variants of the 
martensitic phase. It can be formulated [67] in a closed form under the 
homogeneous modulus assumption (i.e., the β and α′′ phases are 

assumed to have the same elastic modulus) as: 

Eel =
1
2

∑6

p=1

∑6

q=1

∫
d3k

(2π)
3Bpq(n)

{
φp

}

k

{
φq

}*
k (12)  

where the integral is taken in the reciprocal space, n = k
k is a unit vector 

and k is a vector with modulus k in the reciprocal space, {φp}k represents 

the Fourier transform of φp, {φp}
*
k is the complex conjugate of {φp}k. For 

a system with a fixed external boundary: 

Bpq(n) =

⎧
⎨

⎩

Cijklε0
ij(p, r)ε0

kl(q, r), n = 0

Cijklε0
ij(p, r)ε0

kl(q, r) − niσ0
ij(p, r)Ωjk(n)σ0

kl(q, r)nl, n ∕= 0
(13)  

where Cijkl is the elastic modulus tensor, σ0
ij(p, r) = Cijklε0

kl(p, r) and 
Ω−1

ij (n) = Cijklnknl. When the contribution of external load is considered, 
a free external boundary is used, i.e., Bpq(n)=0 at n = 0. 

The stochastic time-dependent Ginsburg-Landau equation is used to 
describe the temporal evolution of the shuffle η: 

∂ηp(r, t)
∂t

= −L
δFMT

δηp(r, t)
+ ζη

p(r, t), p = 1 − 6 (14)  

where L is the structural mobility of the order parameters and ζη
p(r, t) is 

the Langevin noise term describing thermal fluctuations of the structural 
order parameters. The elastic constants of the parent phase C11 = 155.4 
GPa, C12 =124.7 GPa, and C44 = 12.8 GPa reported in [68] are used in 
the simulations and assumed to be independent of concentration. The 
dimensionless gradient energy coefficient is chosen to be κ*

c= 0.035 and 
κ*

η= 0.05, describing a numerical grid size of lo ~1 nm. The dimen
sionless structural mobility parameters are chosen as L* = 1.0. The 
system size used in the simulations is 128lo × 128lo × 128lo. Periodic 
boundary conditions are applied along all three dimensions. 

2.4. Experimental 

The ingot of Ti-24.2Nb-3.96Zr-8.1Sn-0.2O alloy (Ti2448, wt.%) was 
fabricated in a vacuum arc melting furnace using a Ti-Sn master alloy 
with pure Ti, Nb, and Zr. The samples were wrapped in Ti foils and 
encapsulated in quartz tubes and solution treated at 1173 K for 30 min 
followed by water quenching (WQ) to room temperature by breaking the 
quarts tubes. After the solution treatment, some specimens were cold- 
rolled to 50% reduction in thickness. Thin foils for TEM analysis were 
prepared using a Dual-Bean Focused Ion Beam (DB-FIB) FEI Helios 
Nanolab 600 system. High angle annular dark field-scanning transition 
electron microscopy (HAADF-STEM) analysis was carried out using a 
probe-corrected FEI Titan3™ 80–300 operated at 300 kV, and the 
ImageJ software was used to plot the intensity profiles and calculate the 
shuffle and shear components recorded from the HAADF-STEM images. 

3. Results 

3.1. Nanoscale concentration modulation developed during cooling 

Fig. 1(a) shows the equilibrium and metastable phase diagrams of 
the Ti-Nb binary system according to the thermodynamic description in 
Eq. (1), and the Ms line indicates where the β → α′′ MT starts according to 
references [20–24]. In the current study, the metastable phase is 
considering only the β phase. There is a large metastable miscibility gap 
proposed as β1 + β2 below the β solvus, with a spinodal range between 
~10 and ~90 at.% of Nb. Thermodynamically, the leanest equilibrium 
concentration for β1 is ~1 at.% Nb and the richest equilibrium con
centration for β2 is ~99 at.% Nb. The free energy curves of the meta
stable β phase at different temperatures are shown in Fig. 1(b). Need to 
note that the ω phase may appear after water quenching in metastable 
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β-Ti alloys [38,42], which have shown an important influence on the 
mechanical properties. To isolate the effect of coupling between the β to 
O′/α′′ transitions and to simplify our model, we have ignored the ω phase 
in the current work. 

To characterize the concentration modulations developed by spino
dal decomposition upon cooling, phase field simulations were carried 
out with different cooling rates for a homogeneous system of Ti-50 at.% 
Nb. Fig. 2(a, c) shows the three-dimensional (3D) simulation result of 
concentration modulations of Nb via water quenching (WQ, 200 K/s) 
and air cooling (AQ, 20 K/min) to 300 K, respectively. The one- 
dimensional (1D) concentration waves along the body-diagonal of the 
computational cell are shown in Fig. 2(b, d) for the WQ and AQ samples, 
respectively. Overall, the Nb-lean β1 (blue color) and Nb-rich β2 (red 
color) regions form a typical interpenetrated domain structure, and the 
amplitude and wavelength of the water-quenched sample are smaller 
than that of the air-cooled sample. In addition, there are no significant 
changes in the spatial distribution, concentration modulation ampli
tude, and wavelength below 500 K, which can be attributed to the low 
chemical mobility at low temperatures [63]. At 300 K, the Nb concen
tration varies in between ~25 and ~70 at.% in the WQ sample, while it 
varies in between ~20 and ~75 at.% in the AQ sample. Previous studies 
[69,70] have shown that the fast quenching in water or brine from high 
temperature range (single phase region) to room temperature cannot 
inhibit spinodal decomposition. For example, well defined periodic 
structure with a wavelength ~13 nm has been found via TEM in the 
solution-treated Cu-45Ni-15Cr (wt.%) alloy after iced water quenching 
to room temperature [71]. Concentration modulations of Nb and O have 
also been found via point-by-point binomial APT analysis in 
as-quenched Ti-23Nb-2O (at.%) alloy at room temperature [29]. Actu
ally, when the system is quenched to a temperature within the chemical 
spinodal, the free energy will immediately decrease, small composition 
fluctuations with solute-rich and solute-lean regions can spontaneously 
form and grow, and the alloy will be unstable [72]. In the following 
study, the concentration modulations (~10 nm wavelength) obtained 
via WQ are used to systematically study the effect of concentration 
modulations on β → O′ → α′′ transformations based on the water 
quenching process in the experiment [34]. 

3.2. Transformation path for bcc → orthorhombic structural 
transformation 

The crystallographic relationships among the bcc (β), orthorhombic 
(O′, α′′), and hcp (α or α′) crystal structures are shown in Fig. 3. The 
orientation relationship between the bcc (β) and hcp (α or α′) crystals 
can be described as [011]bcc// [0001]hcp and 〈100〉bcc// 〈112̄0〉hcp [73], 
while the lattice correspondence between the bcc (β) and orthorhombic 
(O′, α′′) crystals is [23]: 

[100]bcc

//
[100]ortho, [011]bcc

//
[010]ortho, [01̄1]bcc

//
[001]ortho.

As shown in Fig. 3, the b/a ratio and shuffle distance z vary with 
different phases. The β phase has the b/a = c/a=

̅̅̅
2

√
and the shuffle 

distance z = 0, while the α (or α′) phase has the b/a=
̅̅̅
3

√
and the shuffle 

distance z=b
6. The O′ and α′′ could be considered as transitional phases 

between the β phase and α (or α′) phases. Both the β → O′ and β → α′′

transformations require the same mode of atomic shuffle{011}〈01̄1〉β, 
but the latter also requires a lattice shear of{21̄1}〈1̄1̄1〉β [27,34]. The O′

phase has the b/a = c/a=
̅̅̅
2

√
and 0<z<b

6, while the α′′ has the 
̅̅̅
2

√
<b/a<

̅̅̅
3

√
and 0<z<b

6. 
To capture the shuffle and shear components of the β → α′′ structural 

transformation, first-principles calculations at 0 K are carried out to 
characterize the energy landscapes corresponding to the β → α′′ trans
formation in Ti-xNb (x = 15, 20, 25, and 30, in at.%), which are plotted 
in Fig. 4 in the space of shear and shuffle components. Such energy 
landscapes show the equilibrium values of the shuffle and shear com
ponents (identified by the red dots) and thus the equilibrium structural 
states (either α′ (with  complete shuffle and shear components ), α′′ (with 
partial shuffle and shear components) or O′ (with dominantly the shuffle 
component)), and the steepest energy decent paths (the yellow dashed 
lines) from β (with zero shear and shuffle components) to either α′ via O′, 
α′′ via O′, or O′ alone as a function of Nb concentration. In these energy 
contour plots, the parent bcc crystal is chosen as the starting structural 
state and the final hcp crystal is chosen as the final structural state, so if 
both the shuffle and shear components are equal to 0, it represents the β 
phase, if both are equal to 1, it represents the α (or α′) phase, if both are 
between 0 and 1, it represents the α′′ phase, and if only the shuffle 
component is in between 0 and 1 while the shear component is 0, it 
represents the O′ phase. 

Fig. 2. Phase field simulation predictions of Nb concentration modulations generated by spinodal decomposition of β phase in Ti-50 at.% Nb during cooling. (a, c) Nb 
concentration distributions after water quenching (WQ) and air cooling (AQ), respectively, from 1173 K to 300 K, where the blue regions are the solute-lean β1 phase 
regions and the red regions are the solute-rich β2 phase regions. (b, d) 1D Nb concentration profiles along the body-diagonal of the 3D computational cells shown in 
(a, c). (For interpretation of the references to color in this figure legend, readers are referred to the web version of this article.) 
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The energy landscape shown in Fig. 4(a) indicates that the structural 
transformation in Ti-10 at.% Nb is β → α′ transformation via O′, the 
energy landscapes shown in Fig. 4(b–d) indicate that the structural 
transformations in Ti-xNb (x = 15, 20 and 25 at.%) are β → α′′ trans
formation via O′, and the energy landscape shown in Fig. 4(e) indicates 
that the structural transformation in Ti-30 at.% Nb is β → O′. All 
transformation paths shown in Fig. 4(a–d) indicate that the shuffle leads 
the shear, implying shuffle-regulated β → α′ or β → α′′ transformations. 
The α′′ phase is the stable phase in Ti-15 at.% Nb, Ti-20 at.% Nb and Ti- 
25 at.% Nb, but both the shear and shuffle components decrease with 
increasing Nb content. At high Nb concentration (Fig. 4(d)), the shear 
value almost vanishes while the shuffle value remains finite, leading to 
the appearance of shuffle only O′ phase. This could explain why the O′

phase can be detected experimentally before the α′′ formation in Ti2448 
alloy upon cooling [34]. When the Nb concentration is Ti-30 at.% Nb, 
the shear component decreases to zero, but the shuffle component re
mains finite at the minimum energy state, suggesting the appearance of 
the O′ phase and a change of the phase transformation path from β → α′′

to β → O′. 
Fig. 4(f) shows the theoretically calculated energy difference ΔEβ→α′

= (Eα′ − Eβ), ΔEβ→α˝ = (Eα˝ −Eβ) and ΔEβ→O′ = (EO′ −Eβ) between the 
metastable phases and the β phase as a function of Nb content in Ti-xNb 
binary alloys at 0 K. The ΔEβ→α˝ increases from −1.28 to −0.16 mRy 
with increasing Nb content from Ti-15 at.% Nb to Ti-25 at.% Nb, which 
implies the decrease in the relative stability of the α′′ phase with 
increasing Nb content. The same trend of the ΔEβ→α˝ has also been found 
in Ti-(18.75, 25) at.% Nb alloys [74] and Ti-(15, 20, 25, 30) at.% V 
alloys [75]. The low driving force (i.e., ΔEβ→α˝= −0.16 mRy) for Ti-25 
at.% Nb could explain why the normal β → α′′ MT cannot be experi
mentally found in Ti-25 at.% Nb and Ti2448 at room temperature [21, 
34]. The existence of α′′ strain glass in Ti-25 at.% Nb [21] and Ti2448 
[34] may suggest the existence of concentration inhomogeneity or 
stress/strain field inhomogeneity. The lower energy difference 
(ΔEβ→O′ = −0.04 mRy) at Ti-30 at.% Nb could further decrease the sta
bility of α′′ or O′, but the existence of O′ in solution-treated Ti-30 at.% Nb 
[76] and Ti2448 [38] at room temperature may indicates the existence 
of concentration inhomogeneity. 

3.3. Shuffle-shear relationship and transformation temperatures for β → 
O′ → α′′ transformations 

Fig. 5(a) describes the shuffle and shear components corresponding 
to the energy-minimum states at different Nb concentrations. The 
energy-minimum state for pure Ti corresponds to α phase, and the 
energy-minimum states for Ti-xNb (x ≤ 12 at.%) correspond to α′ phase, 
and that for Ti-xNb (12 at.% < x ≤ 25 at.%) correspond to α′′ phase. This 
result also shows that the shear component decreases to zero but the 
shuffle component remains finite for Ti-30 at.% Nb, thus the minimum 
energy state of Ti-30 at.% Nb corresponds to the O′ phase. The minimum 
energy states (marked by the filled red circles in Fig. 4) in the four 
different Ti-xNb (x = 15, 20, 25, 30 at.%) alloys are shown together in 
Fig. 5(b), and the dashed curve traces the energy minima (the equilib
rium structural states) in the shear-shuffle space as a function of the Nb 
content. Based on the above results, the shear and shuffle components at 
the equilibrium structural states can be coupled, and the following 
nonlinear relationship between the degree of shear (φ) and degree of 
shuffle (η) for the β → α′′ and β → O′ transformations obtained from the 
ab initio calculation results is used in our phase field model and shown 
in Fig. 5(c): 

φ = −0.32802 × η2 + 19.14168 × η4 − 63.13645 × η6 + 66.1991 × η8

(15)  

where the degree of shuffle (η) is selected as the independent order 
parameter and is quantified by z/b=((x-y)/2)/b, where z is the shuffle 
distance (Fig. 3). The degree of shear (φ) is selected as a dependent order 
parameter, which is defined by b/a ratio (Fig. 3) and determined by the 
value of η. From the definition of the shuffle and shear components, 
η=0 and φ=0 represent the β (bcc) phase, and η∕=0 and φ∕=0 represent 
the α′′ phase. Need to note that η=1 and φ=1 represent an hcp structure. 
ηc≈ 0.2 is the critical value that separates the O′ (η∕=0, φ=0) and α′′

(η∕=0, φ∕=0), as shown in Fig. 5(b, c). Indeed, shear component showed a 
continuous increase upon cooling from 293 K to 87 K in Ti2448 alloy 
[34], which suggests a similar effect of temperature on the shuffle and 
shear components like the effect of Nb concentration on the shuffle and 
shear components obtained by the first-principles calculations at 0 K. 
Thus, in our phase field simulations, the β → O′ → α′′ transformations in 

Fig. 3. Schematic drawing of lattice correspondence among the β, O′, α′′, and α (or α′) phases: (a) at adjacent (011)β, (001)O′, (001)α′′, (0001)α (or α′) basal planes, (b) 
at adjacent (100)β, (100)O′, (100)α′′, (112̄0)α (or α′) basal planes. 
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Ti-Nb alloys are characterized by 6 non-conserved structural order pa
rameters, i.e., ηp (p = 1 − 6), with positive and negative values 
describing the 12 shuffle modes (i.e., 12 variants of the O′ phase). The 12 
shuffle modes and 6 shear order parameters φp (p = 1 −6) describe 12 
variants of the α′′ phase. The state with |ηp = 1~6| = 0 represents the 
parent β phase, 0 < |ηp| ≤ 0.2 and φp = 0 represents the O′ phase, and 
|ηp| > 0.2 and φp > 0 represents the α′′ phase. The positive and negative 
value for ηp denotes two opposite shuffle directions within the same 
shuffle plane. As for the shuffle-regulated β → α′′ transformation, i.e., 
under the condition that one of the twelve {011}〈01̄1>β shuffle goes 
first, the {21̄1}〈1̄1̄1>β shear will be reduced from 12 possible shear 
modes to 2. For example [34], when the (011)[01̄1]β shuffle goes first, 
only (21̄1)[11̄1]β and (211̄)[1̄11̄]β shear can occur to form the α′′

(orthorhombic) phase since the other shear modes such as (211)[1̄11]β 

will make the shuffle atoms out of the (011)β plane and the initial bcc 
lattice will transform to the monoclinic structure. 

The degree of shuffle at the energy-minimum state at different Nb 
concentrations, η0(xNb), which can be obtained from the first-principles 
calculations (Fig. 5(a)): 

η0(xNb) =

{
0.98942 − 0.02642 × xNb, 15 at.% ≤ xNb ≤ 37 at.%

0, xNb > 37 at.%
(16) 

Moreover, η0(xNb) is also the equilibrium value of shuffle in the phase 

field model at 0 K and is the analytical solution of Eq. (9): 

∂fch

∂η |T=0K = η0
(
A0

1

(
0 − T0)

− A2(η0)
2

+ A3(η0)
4)

= 0, η0 ≥ 0 (17) 

Both the β → O′ transition temperature (Os) and the β → α′′ transition 
temperature (αs) are concentration dependent, as shown in Fig. 5(d). 
Experimental reported β → α′′ transformation temperature (i.e., αs, in 
our current work) in Ti-Nb binary alloys [20–24] shows a continuous 
decrease with increasing Nb concentration, which has been used to fit 
the αs in our simulations. The expansion coefficient A1 = A0

1(T −

T0(xNb)) in our phase field simulations in Eq. (9) depends on temperature 
and Nb concentration, A0

1 is a positive constant, T is the absolute tem
perature, and T0(xNb) is the critical transition temperature derived from 
Ms (i.e., αs, in our current work) in Ti-Nb binary alloys [20–24]: 

T0(xNb) =

{
1240 − 37 × xNb K, 20 at.% ≤ xNb < 25 at.%

1050 − 15 × xNb K, xNb ≥ 25 at.%
(18) 

The expansion coefficient A2 in Eq. (9) can be extrapolated from Eq. 
(17): 

A2 =
A3⋅(η0)

4
+ A0

1

(
0 − T0

)

(η0)
2 (19) 

In our current work, constants A0
1= 0.001 and expansion coefficient 

A3=37.5 are used in the phase field model, then substituting η0 and T0 in 

Fig. 4. Energy landscapes of β → α′, β → α′′ and β → 
O′ transformations for Ti-xNb (at.%) as a function of 
the shear and shuffle components: (a) x = 10, (b) x 
= 15, (c) x = 20, (d) x = 25, (e) x = 30. All energies 
are plotted relative to the corresponding energy of 
the α′′ phase. The shuffle mode is (011)[01̄1]β, and 
the shear mode is (21̄1)[111̄]β. The red open circles 
represent the β phase, and the red filled circles 
represent the positions with minimum energy at 
different Nb concentrations. (f) Theoretical energy 
difference (ΔEβ → α′ , ΔEβ → α′′, and ΔEβ → O′, in mRy) 
as a function of Nb content. (For interpretation of 
the references to color in this figure legend, readers 
are referred to the web version of this article.)   
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Eq. (19) by xNb, we obtain the concentration-dependent A2, and can be 
fitted as: 

A2(xNb) = 76649.44755 − 28543.23171xNb + 4598.89651x2
Nb

−418.5462x3
Nb + 23.52946x4

Nb − 0.83663x5
Nb + 0.01837x6

Nb

−(2.2794E − 4)x7
Nb + (1.22294E − 6)x8

Nb

(20) 

The expansion coefficient A2 in Eq. (20) continuously decreases from 
positive value (e.g., A2= 11.22 for Ti-15 at.% Nb and A2= 5.57 for Ti-20 
at.% Nb) to negative value (e.g., A2= −2.18 for Ti-25 at.% Nb and A2=

−14.04 for Ti-30 at.% Nb) with Nb increasing, which causes the sharp 
transition from normal β → α′′ at low Nb concentration (xNb < 25 at.%) to 
continuous β → O′ → α′′ transformations at higher Nb concentration (xNb 

≥ 25 at.%). As a result, the simulated αs is obtained and is consistent 
with the experimental αs, and the Os is also simulated and marked by 
blue squares which seems consistent with the temperature with mini
mum electrical resistivity, Tρmin [26]. Simultaneously, the athermal ω 
phase transition temperatures (ωs) have been exhibited in Fig. 5(d) ac
cording to the inflection point in electrical resistivity curves [26], which 
is higher than the Os used in our simulations. Note that only one order 
parameter for shuffle (η) is used to distinguish O′ and α" and describe the 
entire transition in our simulations. The shear (φ) is assumed to be a 
function of shuffle (not an independent variable anymore) as shown in 
Eq. (15). This is equivalent to substituting the equilibrium shear order 
parameter as a function of the shuffle order parameter (obtained by the 
first principle calculations at 0 K) into the free energy, then the free 
energy could be presented as a function of the shuffle order parameter 
only. 

3.4. Microstructural evolution upon cooling 

Based on the concentration field developed after water quenching in 
Fig. 2(a, b) and the relationship between the degrees of shear (φ) and 
shuffle (η) in Fig. 5(c), phase field simulations are carried out to reveal 
the phase transformation behavior and microstructural evolution as a 
function of temperature. A continuous transformation is observed in the 

compositionally modulated Ti-50 at.% Nb system with Nb lean region 
(25 at.% − 32 at.% Nb) and Nb rich region (55 at.% − 70 at.% Nb) 
during cooling and heating, which generates randomly distributed 
nanodomains of O′ and α′′ in β matrix, as shown in Fig. 6. Fig. 6(a) shows 
the appearance of O′ and α′′ nanodomains produced by continuous 
formation and growth upon cooling, and continuous disappearance 
upon heating. The formation of nanodomains is driven by the Langevin 
noise term which depends on the temperature as shown in Eq. (14). The 
shuffle domains (O′) form first followed by the formation of the shear 
domains (α′′) upon further cooling. Morphologically, the equilibrium 
shape of the O′ nanodomains would be spherical and ignoring coherency 
strain since the shear (φ) is 0 for the β → O′ transformation. Notably, the 
O′ nanodomains provide precursors for the formation of the α′′ nano
domains, but only certain α′′ variants can form. For example, Fig. 7 has 
shown that the nuclei of the α′′ phase form firstly in the interior of the O′

domains. Such nanodomain morphology is distinctively different from 
that of normal MT [77,78] showing internally-twinned martensitic 
plates, and the continuous transformation behavior within a broad 
temperature range is in sharp contrast to the sharp transition in a narrow 
temperature range of normal MTs. 

The characteristics of nanodomain formation are further examined 
by considering the volume fraction transformed, storage modulus, and 
internal friction. The volume fractions of the shuffle (O′) and shear (α′′) 
domains are shown in Fig. 6(b), which demonstrate that both the shuffle 
and shear domains increase or decrease gradually and continuously 
upon cooling and heating within a broad temperature range. The tran
sition temperatures for the shuffle and shear domains are the same as the 
transition temperatures of Ti-25 at.% Nb, i.e., Os and αs, are ~350 K and 
~250 K, respectively, since the leanest Nb-lean region of the WQ sample 
is ~25 at.% Nb (Fig. 2). The temperature-dependence of the calculated 
storage modulus and internal friction curves are shown in Fig. 6(c), 
which reveal the characteristics of a strain glass transition, i.e., exhib
iting a frequency dispersion around Tg, which follows the Vogel-Fulcher 
relation with T0=130 K, and is consistent with the experimental obser
vations in TiNb-based β-Ti alloys that show strain glass transitions [21, 
34]. 

Fig. 5. (a) The shuffle and shear components cor
responding to the energy-minimum state as a func
tion of Nb content. (b) A fitted dashed curve based 
on four Ti-xNb positions and beta position, showing 
the coupling relationship between the shuffle and 
shear components for the β → α′′ transformation. (c) 
The unified shear-shuffle relationship used in our 
phase field model based on (a, b). (d) The available 
experimental results (Kim et al. [23], Tahara et al. 
[24], Wang et al. [21] and Todai et al. [26]) for αs, 
ωs and Tρmin. Fitted Os and αs as a function of Nb 
content in our simulations.   
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In order to illustrate the relationship between the spatial variation of 
Nb concentration and the formation sequence of different nanodomains, 
the microstructural evolution upon cooling is further analyzed in 2D 
cross sections as shown in Fig. 7(a1–e1). According to above 

assumptions, the Nb lean regions (25 at.% − 27 at.%) will transform into 
O’ and the other regions (> 27 at.%) will remain as β phase at room 
temperature. Enlarged microstructural details of local regions within the 
black dash squares are presented in Fig. 7(a2–e2). It can be readily seen 

Fig. 6. Transformation characteristics of the 
compositionally modulated Ti-50 at.% Nb system 
upon cooling and heating. (a) Calculated micro
structural evolution upon cooling and heating, 
where the β matrix is represented by blue gray, the 
O′ phase is represented by translucent pale, and the 
12 variants of the α′′ phase are presented in different 
colors. (b) Changes in volume fractions of the shuffle 
and shear domains upon cooling and heating. (c) 
Temperature-dependence of the storage modulus 
and internal friction curves. The inset shows the 
Vogel-Fulcher relation between frequency and Tg.   

Fig. 7. (a1) 2D cross-sections of the 3D microstructures shown in Fig. 6(a). (a1) Nb concentration field with modulations of solute-lean and solute-rich regions. (b1- 
e1) Microstructural evolution of nanodomains during cooling. (a2-e2) are zoom-in of the dashed box in (a1-e1). 
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that upon cooling, nanodomains of different variants of O′ (marked by 
the black arrows in Fig. 7(c2)) form first and then nanodomains of α′′

(marked by the white arrows in Fig. 7(d2)) form within the O′ domains. 
Such a nanodomain structure of the martensitic phase is the typical 
microstructural feature of strain glasses [79]. The O′ nanodomains form 
within the Nb-lean regions and grow toward the Nb-rich regions upon 
cooling, while the α′′ nanodomains form at the centers of the O′ nano
domains and grow towards the edges (see the white arrows in Fig. 7 
(e2)). The Nb concentration range within which the O′ and α′′ nano
domains can form upon cooling is about 25 at.% − 32 at.% Nb and 25 at. 
% − 29.5 at.% Nb, respectively. Note that there is no formation of α′′

nanodomains directly from the β matrix in such a concentration mod
ulation system. Experimentally, the {011}〈01̄1〉β type shuffle and 
related nanodomain structures were observed before the formation of α′′

martensite in Ti-23Nb-1.0O alloy using in-situ tensile XRD analysis and 
TEM characterization [24], and the nanodomain density decreases with 
increasing Nb content in Ti-Nb-Zr-Ta-O alloys [11]. Our calculations 
thus conclude that the O′ nanodomains prefer to form at the Nb-lean 
regions and regulate the subsequent formation of α′′ nanodomains. 

Morphologically, all the α′′ nanodomains exist in the interior of 
existing O′ nanodomains, leading to core-shell structures as shown in 
Fig. 7(d2, e2). The core-shell structures imply a continuous change in 
the degree of shuffle (η) across the boundaries. Thus, it is crucial to 
verify the possibility of the formation of such core-shell nanodomain 
structures. The related experiments have been done by carrying out the 
measurements from HAADF-STEM images, which will be described in 
the next section. 

3.5. Experimentally-observed shuffle nanodomains 

To confirm our calculations, experimental characterization has been 
carried out to study changes in the shuffle and shear components across 
a single nanodomain [34,40] as shown in Fig. 8. The shuffle and shear 
components have been quantified by analyzing the HAADF-STEM im
ages in Fig. 8, and their definitions are the same as those given in the 
first-principles calculations (Section 3.2). The lattice structure of the 
nanodomains at room temperature is characterized from [110]β zone 
axis, respectively, showing single O′ and α′′ nanodomains as highlighted 
by the blue and red circles in Fig. 8(a) and (e), respectively. The O′ in 
Fig. 8(a–d) is detected in solution-treated Ti2448, while the α′′ in Fig. 8 
(e–h) is detected in 50% cold-rolled Ti2448 after solution treatment. In 
our observations, every other (110)β plane shuffle along the [11̄0]β di
rection in Fig. 8(a) and (e). The two shuffles are further validated by the 
line intensity profiles (Fig. 8(c, g)) plotted along the yellow lines across 
the non-shuffled and shuffled atomic columns in Fig. 8(a, e), respec
tively. The shuffle components of the O′ and α′′ domains are then eval
uated by direct measurements of the displacements of atomic columns 
on every other plane (110)β along the shuffle direction [11̄0]β. The dis
tance of the atomic shuffle has been defined to be z=(x-y)/2, as shown in 
Figs. 3 and 8(a, e), and can be quantified using the difference of the 
atomic column intensity peak locations that are exampled in Fig. 8(b, f). 

Three features should be noted about the shuffle and shear compo
nents (Fig. 8(d, h)). First, the shuffle components are larger than the 
shear components in both the O′ and α′′ nanodomains. Second, both the 
shuffle and shear components of the α′′ domain are significantly larger 

Fig. 8. HAADF-STEM images showing ortho
rhombic nanodomains in Ti2448 at room tempera
ture. (a, e) HAADF-STEM images recorded with the 
incident beam parallel to [110]β, showing single O′

and α′′ nanodomains marked by the blue and red 
color circles, respectively. The O′ nanodomain is 
detected in solution-treated Ti2448, while the α′′

nanodomain is detected in 50% cold-rolled Ti2448 
after solution treatment. (b, f) Two examples about 
the corresponding intensity profiles along the 
shuffle directions in the O′ and α′′ nanodomains, 
showing the displacement of every other shuffle 
plane. (c, g) Intensity profiles along the yellow lines 
in (a) and (e), respectively. (d, h) Calculated shuffle 
and shear components along the yellow lines in (a) 
and (e), respectively. (For interpretation of the ref
erences to color in this figure legend, readers are 
referred to the web version of this article.)   
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than that of the O′ domain and the shear component of the O′ domain is 
almost zero. This is consistent with the intensity profiles shown in Fig. 8 
(c) and 8(g) where the intensity difference between every other (110)β 

plane along the [11̄0]β direction in the α′′ variant (Fig. 8(g)) is more 
pronounced than the intensity difference in the O′ variant (Fig. 8(c)). 
Third, continuous changes of the shuffle components across the 
boundaries can be found in the non-shuffled and shuffled atomic col
umns. The shuffle component continuously increases at the boundaries 
from the matrix to the nanodomain region (O′ to α′′) as shown in Fig. 8 
(d, h), and no sharp interfaces have been detected, which confirms the 
existence of continuous β → O′ → α′′ transition. Especially, the 
continuously-increased shuffle component from the outside into the 
interior of the α′′ nanodomain in Fig. 8(g) confirms the possibility of the 
core-shell structure obtained from the calculations in Fig. 7. 

4. Discussion 

4.1. Continuous change of the shuffle degree upon cooling 

The above simulations and experimental observations have shown 
the existence of O′ nanodomains at high temperature and α′′ nano
domains at low temperature, suggesting a continuous β → O′ → α′′

transformation. This transformation behavior is accompanied by a 
unique core-shell nanodomain structure over a wide temperature range 
(Figs. 6 and 7). To understand this particular phase transformation path, 
the temperature dependence of the order parameter has been calculated 
and analyzed. The enlarged microstructures from Fig. 6(a) and the 
related 1D profiles for the order parameters along the body-diagonal of 
8lo × 8lo × 8lo grids are shown in Fig. 9, which contains a single 
nanodomain located in the center of the computational cell. Fig. 9(a) 
shows the continuous formation and growth of the O′ and α′′ nano
domains. The α′′ nanodomain appears in the O′ domain with the for
mation of core-shell structure, suggesting a shuffle-domain regulated α′′

nanodomain mechanism. Two locations of interest have been marked by 

point 5 (yellow dot) in the center of the nanodomain and point 6 (tur
quoise dot) in the boundary of the nanodomain. Fig. 9(c) shows the line 
profiles of the shuffle degree (η) upon cooling, indicating a significant 
increase in the degree of shuffle as well as in domain size upon cooling. 
In addition, the shuffle degree (η) vs. temperature plots at points 5 and 6 
are shown in Fig. 9(d), which also exhibit a continuous increase in the 
degrees of shuffle upon cooling. The continuous increase of the shuffle 
degree (η) results in a continuous increase of the shear degree (φ) ac
cording to Eq. (15) and as shown in Fig. 9(e). Moreover, the volume of 
the nanodomains in the 8lo × 8lo × 8lo computational cells is shown in 
Fig. 9(b), which shows that the local transition temperatures for the O′

and α′′ can be determined to be 300 K and 250 K, respectively, in this 
region. Note that the formation temperatures of the O′ and α′′ nano
domains at local regions are different from the overall (average) tran
sition temperatures of the Ti-Nb system (Fig. 6) due to the 
inhomogeneity of Nb concentration. Because of spinodal decomposition, 
concentration gradients will be present during water quenching and the 
center of the O′ domain will have the lowest Nb concentration, implying 
the highest transformation temperature (for both O′ and α′′). The lower 
transition temperature for the formation of α′′ results in the formation of 
core-shear structure and shuffle regulated α′′ phase. 

Both the shuffle and shear degrees during the β → α′′ transformation 
in the local regions increase continuously upon cooling, resembling a 
high-order transitions (rather than a first-order transition). Similarly, 
previous works have also shown continuous atomic arrangements for 
phase transformations in concentration-modulated TiNb-based alloys 
[4,17,18,39]. For example, a continuous transformation from bcc to hcp 
keeping orthorhombic symmetry was found in Ti2448 by in-situ SXRD 
analysis from 648 K to 848 K [17], which can be attributed mainly to the 
continuous increase of atomic shuffle and shear in the Nb-lean regions 
produced by spinodal decomposition. A similarly continuous but 
reversible increase of shuffle and shear has also been found in Nb-lean 
regions of Ti2448 by in-situ tensile SXRD profiles from 0 to 600 MPa 
[4,18]. Especially, a continuous increase of normal strain εx(x // [011]β)

Fig. 9. Enlarged images of Fig. 6(a) showing continuous β → O′ → α′′ transformation upon cooling in a 8lo × 8lo × 8lo local volume element. (a) Microstructural 
evolution, where the β matrix is represented by blue gray, the O′ variant is represented by translucent pale and the 10th variant of the α′′ is represented by blue. (b) 
Changes in the volume of the nanodomains upon cooling in the 8lo × 8lo × 8lo computational cells. (c) 1D shuffle degree (η) profiles along the body-diagonal of the 
computational cells. (d, e) Evolution of the shuffle degree (η) and the corresponding shear degree (φ) upon cooling at positions 5 and 6 indicated by the yellow and 
turquoise dots in (a). (For interpretation of the references to color in this figure legend, readers are referred to the web version of this article.) 
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has also been detected across the interfaces between the β matrix and 
isothermal α′′ (and α) precipitates in aged Ti2448 [39], showing a 
continuous β → isothermal α′′ → α transformation as the aging temper
ature increases from 673 K to 723 K. 

4.2. Characteristics of the nanodomain structures 

In addition to the continuous increase of shuffle (η) and shear (φ) in a 
single nanodomain upon cooling, the microstructure evolution of the 
whole system is characterized by the formation of high density nano
domains with limited growth upon cooling. Based on the results shown 
in Figs. 6 and 7, the shuffle and shear domains can be further divided 
into three domain structures: individual O′ domains, individual α′′ do
mains and mixed core-shell domains. Fig. 10 shows the number density 
and average volume of these nanodomains as a function of temperature. 
A significant amount of O′ domains appear at about 350 K and continue 
to increase and peak at 200 K. The α′′ domains start to form within some 
of the existing O′ domains at 250 K, leading to mixed core-shell domains. 

The average volume of the α′′ and the mixed domains continuously 
increase but that of the O′ domain first increases (T ≥ 100 K) and then 
decreases (T < 100 K) upon further cooling, which indicates that the Nb- 
lean regions (β) continue to transform to O′ and the O′ phase gradually 
transform to α′′ upon cooling. Thus, the number of α′′ domains shows a 
maximum value at lower temperature (50 K) than that of O′ domains. In 
addition, we find that some mixed domains can interconnect into one 
mixed domain at lower temperature (Fig. 7), and the mixed domain has 
maximum average volume at low temperature, indicating that the 
increased driving force by cooling for domain growth is easier than that 
for nucleation of new domains, being accordance with that of strain 

glass transition with accelerating kinetics upon cooling [80]. 
Such a continuous increase of area fraction and the average size of 

nanodomains has been observed in solution-treated Ti2448 via in-situ 
cooling TEM characterization [34], which is different from conventional 
MT with rapid growth after nucleation in binary Ti-(20–24 at.%) Nb [72, 
78]. The continuous strain glass transition has been attributed to the 
existence of local stress field caused by point defects [77,81], 
nano-precipitates [82], or other structural disturbances [83]. It has also 
been shown [15,47,84] that nanoscale concentration modulations are 
also effective to make the MTs apparently continuous in Ti2448 by 
considering the Nb-concentration dependence of the temperature. By 
considering the shuffle degree in this study, the formation and limited 
growth of nanosized domains can be understood: the limited growth of 
the shuffle domains is inhibited upon cooling by the intrinsically smaller 
composition inhomogeneity obtained by spinodal decomposition and 
the shuffle domain regulated the further growth of α′′ at lower temper
ature. The current study suggests that the concentration 
modulation-induced shuffle domains may have played an important role 
in making the MT continuous in Ti2448. 

4.3. Physical origin of superelasticity over a wide temperature range 

Experiments have shown superelasticity (SE) over wide temperature 
ranges in TiNb-based alloys [5,13], which have been explained by 
randomly distributed α′′ martensite nanodomains due to the existence of 
interstitial oxygen. However, this mechanism may not explain the 
similar SE observed in Ti2448 without oxygen doping [3]. To under
stand SE over a wide temperature range [3], the stress-strain curves of 
the compositionally modulated Ti-50 at.% Nb system have been 

Fig. 10. Quantitative analysis of microstructural evolution shown in Fig. 6, revealing nanodomain formation and growth upon cooling. (a) Calculated domain 
numbers of the O′, α′′ and mixed core-shell nanodomains as a function of temperature. (b) Calculated average domain volume of the O′, α′′ and mixed core-shell 
nanodomains as a function of temperature. 

Fig. 11. Mechanical properties and evolution of volume fraction of the α′′ phase in a compositionally modulated Ti-50 at.% Nb system at different temperatures. (a) 
Stress-strain curves obtained from the first loading-unloading cycle. (b) The hysteresis area and residual strain obtained from the stress-strain curves of (a). (c) The 
volume fraction of the stress-induced α′′ martensite during the first cyclic loading of the computation cells. 
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simulated during the first loading-unloading cycle at the temperature 
range of 5 and 400 K as shown in Fig. 11. A tensile stress along the [100]β 
direction is applied, which prefers α′′ phase with the 5th-12th variants. 
The Ti-50 at.% Nb system with concentration modulations  due to so
lution treatment plus water quench has shown linear SE with near-zero 
hysteresis, and small residual strain over a wide temperature range 
(5–400 K), being consistent with the experimental observations in 
Ti2448 [3]. The operating temperature range for SE is wider than that of 
traditional NiTi SMAs [77,85] and Fe-bases SMAs [86,87]. In addition, 

linear stress-stain behavior has also been reported in pre-strained 
TiNb-based systems [15], in which the continuous growth of retained 
α′′ martensite can be the origin. Moreover, NiTi SMAs with nanoscale 
concentration gradient also presented linear SE [88]. In our case, the 
nanoscale concentration modulations caused by spinodal decomposition 
could limit the growth of O′ nanodomains and the pre-formed shuffle 
domains may regulate the formation of sheared α′′, bringing a contin
uous transition of β → O′ → α′′. This continuously-changed shuffle and 
shear and limited domain size upon cooling may lead to the quasi-linear 

Fig. 12. Microstructural evolution in the compositionally modulated Ti-50 at.% Nb system during the first loading and unloading at 400 K and 5 K. (a, c) Volume 
fraction of the O′ and α′′ phases and strain-stress curves at 400 K and 5 K respectively. (b, d) Microstructural evolution in the computational cells at 400 K and 5 K 
respectively, where the parent β phase is set transparent, the O′ is represented by translucent pale and different variants (v1-v12) of the α′′ are plotted as iso-surfaces 
with different colors, as indicated in the color map at the bottom. 

Fig. 13. Calculated stress-strain curves and the corresponding microstructural evolution in a system with a uniform Nb concentration of Ti-20 at.% Nb at (a) T = 650 
K (>Af ~560 K) and (b) T = 400 K (<Ms ~485 K). The parent phase is transparent and the martensitic variants are various colors. 
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SE over a wide temperature range. 
Being consistent with the variation of stress-strain curves, the vol

ume fraction of the stress-induced α′′ shows a continuous change as a 
function of stress at different temperatures (Fig. 11(c)). The continuous 
increase of the volume fraction of α′′ is the cause of the quasi-linear SE. 
Related microstructural evolution under different loading conditions is 
shown in Figs. 12-13. Fig. 12 shows the microstructural evolution as a 
function of stress for the compositionally modulated Ti-50 at.% Nb 
system at 400 K and 5 K. The results indicate that the external load fa
vors the formation of α′′ phase. At 400 K (Fig. 12(a, b)), the β phase 
(transparent) is the stable phase, and two stages of phase transformation 
can be identified upon loading. In the current phase field model for 
improper MT, the strain εMT

kl is coupled to the primary order parameter 
[89], shuffle η, and εMT

kl =
∑6

p=1ε0
kl(p)φp can be further expressed based 

on the relationship between the shear (φ) and shuffle (η) in Eq. (15). 
Thus, the intermediate O′ nanodomains are inevitably formed upon 
loading in the compositionally modulated Ti-50 at.% Nb system. At low 
stress level of σ<50 MPa, the O′ nanodomains appear firstly then 
transform to α′′ nanodomains. But when σ>50 MPa, the nanodomains 
gradually transform to the long-range ordered α′′ martensite with ~95% 
volume fraction at the end of loading. As for the morphology of 
long-range ordered α′′, relatively flat twin boundaries exist between the 
variants of α′′ with different shear modes, but curved boundaries are 
found between the variants of α′′ with the same shear mode but different 
shuffle modes. Our simulations are consistent with the experimental 
observations in TiNbO alloys [13], which indicated stress induced 
transition from strain glass state to martensite. During unloading, a 
reverse process can be detected. At low temperature T = 5 K, the α′′

phase is the stable phase, the system before loading shows the coexis
tence of both O′, α′′ and mixed nanodomains (Figs. 6 and 7). Under 
loading, the O′ nanodomains increase firstly then decrease but the α′′

nanodomains increase continuously, the system will transform into a 
twinned martensitic state. In contrast, Fig. 13 shows the stress-strain 
curves and the corresponding microstructural evolution for normal MT 
in Ti-20 at.% Nb at 650 K (>Af ~560 K) and 400 K (<Ms ~485 K) 
respectively. SE with large hysteresis is observed at 650 K (Fig. 13(a)). A 
critical applied load is needed to trigger the nucleation of α′′ martensite 
upon loading and the nucleation of β phase upon unloading, resulting in 
a large hysteresis. The curved boundaries are also found between the 
variants (such as v9-v10) of the stress-induced α′′ with the same shear 
mode but opposite shuffle directions. At T = 400 K, a detwinning process 
with large hysteresis and remnant strain is obtained (Fig. 13(b)), 
accompanied by non-recoverable strain. 

5. Conclusion 

In summary, we have revealed the mechanism of shuffle-regulated 
strain glass transition of β → O′ → α′′ in Ti-Nb-based SMAs by inte
grating thermodynamic database, first-principles calculations, phase 
field simulations and experiments. Concentration modulations with 
~10 nm wavelength are generated by spinodal decomposition. Total 
energies of the β→ α′′ transformation for four Ti-Nb binary systems are 
calculated by first principles as a function of the shear and shuffle 
components, showing the change of phase transformation path from β 
→ α′′ to β → O′ with increasing Nb content. Both the shuffle and shear 
components show concentration dependence, i.e., decreasing with 
increasing Nb content, and can be coupled together. Phase field simu
lations that consider the coupling between the concentration modula
tions and the shear-shuffle modes of the transformations demonstrate 
that concentration modulations caused by spinodal decomposition 
create local concentration field that induces O′ nanodomains formation 
at the Nb-lean regions, then the continuously-increased shear induces 
the formation of α′′ nanodomains. The α′′ nanodomains form in the 
interior of the formed O′ nanodomains, which lead to the mixed nano
domains. This core-shell structure has been proved by our experimental 

observations. The concentration field limits the growth of both O′ and α′′

nanodomain size and could be the origin of continuous transition. As a 
result, a synergistic combination of linear superelasticity, almost zero 
hysteresis and remnant strain across a wide temperature range is 
achieved. 
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