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 A B S T R A C T

Metastable body-centered cubic (bcc) Ti alloys are attractive biomedical implant materials because they exhibit 
a low elastic modulus which helps mitigate bone degradation. The low elastic modulus in these alloys is 
believed to be correlated with a low-stability bcc structure. However, the physical nature of this correlation 
remains unclear. In this study, we show that the low elastic modulus of bcc Ti–Nb alloys originates from the 
anelastic relaxation driven by reversible atomic shuffling events that act as precursors to the 𝜔 (hexagonal) 
and 𝛼′′ (orthorhombic) martensitic transformations. A combination of molecular-dynamics simulations and 
measurements of Young’s modulus and internal friction revealed that the reversible atomic shuffling events 
have a low average activation energy of 0.20 eV, leading to significant anelastic relaxation even at room 
temperature (∼300 K), thereby lowering the elastic modulus. The reversible atomic shuffling events occur in 
sub-nanometer-scale, low-stability bcc regions that are depleted in the bcc-stabilizing element Nb. These regions 
originate from quenched-in statistical compositional fluctuations, which exist even when the constitutive 
elements are randomly distributed. Thus, controlling the reversible atomic shuffling events by manipulating the 
compositional fluctuations and the resultant local chemical composition is an effective strategy for lowering 
the elastic modulus of biomedical bcc Ti alloys.
1. Introduction

A low elastic modulus is crucial for biomedical implant materials 
because it helps prevent bone degradation caused by the mismatch 
between the elastic moduli of the implant and natural bone [1–9]. 
Mg [10] and body-centered cubic (bcc, 𝛽-phase) Zr [11,12] alloys are 
considered candidates for biomedical implants due to their low elastic 
moduli. Metastable bcc Ti alloys are more attractive candidates for 
such implants because they exhibit low elastic moduli close to that of 
natural human bone, in addition to excellent biocompatibility, supe-
rior corrosion resistance, and high specific strength. To obtain a low 
Young’s modulus in bcc Ti alloys, the formation of 𝛼′′ (orthorhombic) 
martensite and the 𝜔 (hexagonal) phases, which have relatively high 
elastic moduli [13,14], should be suppressed, and a single bcc-phase 
state should be retained [15,16]. Furthermore, the elastic modulus of 
the bcc phase itself should be reduced. Previous studied indicate that 
the low elastic modulus of the bcc Ti alloys is correlated with a low-
stability bcc structure [17–20]. However, the physical nature of this 
correlation has remained unclear for decades.

Metastable bcc Ti–Nb-based alloys (Ti–Nb and Ti–Nb–Ta–Zr alloys) 
with low-stability bcc structures exhibit a much lower Young’s modulus 
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than other Ti alloys [18,21,22], and also show excellent in vitro cyto-
compatibility (low cytotoxicity) and superior corrosion resistance [23,
24], making them promising candidates for biomedical implant appli-
cations. These alloys exhibit a double softening of the single-crystal 
shear moduli: 𝑐′ for {110} ⟨11̄0⟩ shear and 𝑐44 for {100} ⟨010⟩ shear, both 
of which contribute to the exceptionally low Young’s modulus [21]. 
However, the underlying mechanisms for the softening of both 𝑐′ and 
𝑐44 remain unclear for both binary Ti–Nb and multicomponent Ti–
Nb–Ta–Zr alloys [18,21,22]. The fact that this softening occurs in both 
systems suggests that the softening of 𝑐′ and 𝑐44 is a general feature 
of Ti–Nb-based alloys with low-stability bcc structures, rather than a 
phenomenon limited to specific multicomponent systems. In the present 
work, we therefore focus on the binary Ti–Nb alloy as a model system. 
The simplicity of this binary system facilitates a clearer interpretation 
of the underlying mechanisms and enables a detailed analysis of the 
softening behavior of 𝑐′ and 𝑐44 through molecular-dynamics (MD) 
simulations.

It has been proposed that the low Young’s modulus in metastable 
bcc Ti alloys arises from a reduced stability of the bcc lattice near the 
martensitic transformation start (𝑀s) temperature, manifesting as sig-
nificant lattice softening [5,25]. Specifically, bcc Ti–Nb alloys undergo 
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a phase transformation to the 𝛼′′ (orthorhombic) martensite phase (Fig. 
1(a) and 1(b)), accompanied by the softening of a short-wavelength 
transverse-acoustic 𝑇𝐴(1∕2) (1, 1, 0) phonon with [110] polarization (Fig. 
1(c) and 1(d)). This phonon softening is believed to be correlated with 
the reduction of 𝑐′ [22]. However, the softening of short-wavelength 
phonons does not directly lead to a decrease in the shear modu-
lus, because the shear modulus reflects the long-wavelength limit of 
acoustic phonons. To clarify this distinction, it is essential to consider 
the length scales associated with these lattice instabilities. The shear 
modulus 𝑐′ is related to the initial slope of the transverse-acoustic 
phonon branch in the long-wavelength limit (𝑘 → 0) near the Bril-
louin zone center (𝛤  point). This slope represents the macroscopic 
resistance of the bcc crystal to uniform {110}⟨11̄0⟩ shear deformation. 
In contrast, the softening of the 𝑇𝐴(1∕2)(1, 1, 0) phonon corresponds to 
a reduced resistance against the microscopic shuffling of every other 
{110} atomic plane. Similarly, the softening of a short-wavelength 
longitudinal acoustic 𝐿𝐴(2∕3) (1, 1, 1) phonon, associated with the 𝜔
transformation (Fig.  2(a)–2(d)) [26,27], does not account for the re-
ductions in 𝑐′ and 𝑐44. This fundamental problem is not unique to Ti 
alloys but is observed in other bcc-based materials [28–31]. In several 
bcc-based ordered compounds, the softening of 𝑐′ is accompanied 
by a softening of short-wavelength transverse-acoustic phonons; how-
ever, the detailed correlation between these two phenomena remains 
unclear.

Recently, a new anelastic relaxation phenomenon associated with 
the 𝜔 transformation has been reported in bcc Ti–V-based alloys with 
low-stability bcc structures [32–34]. In these alloys, reversible atomic 
shuffling events (referred to as dynamic atomic shuffling in a previous 
paper [33]) that act as precursors to the 𝜔-phase nucleation occur. This 
reversible shuffling occurs in locally less-stable bcc regions formed be-
cause of quenched-in statistical compositional fluctuations. According 
to thermodynamic fluctuation theory [35], in a solid solution con-
taining more than two atomic species, the local atomic concentration 
fluctuates around its average value at sufficiently high temperatures 
where atomic diffusion occurs. When the alloy is quenched to room 
temperature, these compositional fluctuations are frozen in, producing 
a spatial variation in composition. This spatial variation is referred to 
as the quenched-in compositional fluctuation. The quenched-in com-
positional fluctuations are distinct from the compositional distribu-
tions formed via spinodal decomposition and are inevitably present in 
metallic materials, even when the constituent elements are randomly 
distributed. Therefore, the novel anelastic relaxation possibly affects 
the elastic properties of various bcc Ti alloys; however, its effect has 
not yet been clarified in previous studies [32,33]. Accordingly, we 
focus on analyzing the effect of anelastic relaxation on the low Young’s 
modulus through MD simulations, combined with measurements of 
Young’s modulus and internal friction. The binary Ti–Nb system is 
suitable for this study due to the availability of a reliable interatomic 
potential [36].

In this study, we investigate the origin of the low elastic modulus 
in bcc Ti–Nb alloys, focusing on the anelastic relaxation driven by 
pretransitional, reversible atomic shuffling events associated with the 
𝜔 and 𝛼′′ martensitic transformations. To analyze the effect of anelastic 
relaxation on the elastic properties at room temperature, the tempera-
ture dependences of Young’s modulus and internal friction in a Ti–Nb 
polycrystal were measured from 300 K to 25 K (or 10 K). Although 
the elastic properties at low temperatures are not directly relevant to 
biomedical implant applications, understanding them helps clarify the 
elastic properties at room temperature. By analyzing the temperature 
dependence of internal friction, the activation energy for the reversible 
atomic shuffling was evaluated using the Debye model. MD simula-
tions were conducted, and the elastic properties were analyzed using 
the stress-fluctuation formula to evaluate the anelastic contributions 
originating from the reversible atomic shuffling events. Moreover, the 
atomic displacement, displacement vector, relaxation time, and chem-
ical compositions in the bcc regions that undergo reversible atomic 
2 
shuffling were analyzed. A combination of the MD simulations and 
experimental measurements revealed that anelastic relaxation, driven 
by the reversible atomic shuffling events that act as precursors to the 
𝜔 and 𝛼′′ martensitic transformations, lowers the Young’s modulus in 
bcc Ti–Nb alloys.

2. Methods

A Ti–28.6Nb(–0.3O)(at.%) alloy polycrystal was prepared from 
high-purity Ti and Nb by arc melting and subsequently homogenized 
at 1273 K for 3 days. The Ti and Nb concentrations were analyzed 
using an electron probe microanalyzer, and the oxygen content was 
determined using an oxygen analyzer. The oxygen content corresponds 
to an unavoidable impurity introduced during alloy preparation. Such 
a small amount of oxygen is not expected to significantly affect the 
activation energy for the anelastic relaxation process associated with 
atomic shuffling [33,40]. A plate specimen measuring 60.0 × 6.0 ×
0.886 mm3 and a rectangular parallelepiped specimen measuring 4.08×
4.00 × 3.11 mm3 were cut from the homogenized ingot for measuring 
the Young’s modulus 𝐸 and internal friction 𝑄−1. Both specimens were 
solution-treated at 1273 K for 1 h in vacuum and then quenched in ice 
water. No surface oxidation was observed on the quenched specimens. 
Furthermore, the residual stress induced by quenching was considered 
negligible due to the sufficiently small size of the specimens. The 𝐸 and 
𝑄−1 values of the quenched plate specimens were measured from 300 
K to 25 K in 5 K steps during cooling and subsequent heating via the 
cantilever resonance method (resonance frequency 𝑓r = 166.4 Hz at 
300 K). A cryogen-free system with the specimen in a static exchange-
gas environment was used for the low-temperature measurements. 
During the measurements, the specimen was placed in a chamber filled 
with helium gas. After thermal equilibration within the chamber, the 
𝐸 and 𝑄−1 of the specimen were measured. The temperature was 
monitored using a thermocouple placed near the specimen. Because 
the specimen was thermally equilibrated with the surrounding helium 
exchange gas, the specimen temperature was assumed to be equal to the 
gas temperature. The temperature dependence of 𝑄−1 was measured 
using different resonance frequencies to analyze the activation energy 
of atomic relaxation using the Debye model. 𝑄−1 of the quenched plate 
specimen was measured via the free vibration method (𝑓r = 854.2 Hz 
at 300 K). The 𝑄−1 values of the quenched rectangular parallelepiped 
specimen were measured from 300 K to 10 K in 10 K steps via 
the free-decay method using an electromagnetic acoustic resonance 
method [41] with 𝑓r = 433.7 kHz at 300 K. The peak temperature of 
𝑄−1 was determined by fitting the temperature-dependent 𝑄−1 curves 
measured for three independent specimens. An Arrhenius plot was then 
constructed using the relationship between the peak temperature and 
the relaxation time obtained from these specimens. From this Arrhenius 
analysis, we determined the activation energy associated with the 
anelastic relaxation. Furthermore, the activation energy distribution 
was analyzed using the Debye model, assuming a Gaussian distribution. 
The observation of an internal-friction peak in all three specimens 
indicates that this peak is intrinsic to this alloy system; moreover, as 
described in the Results section, its peak temperature depends on the 
resonance frequency, demonstrating that the anelastic relaxation is a 
thermally activated process. For the measurement of Young’s modulus 
using the cantilever resonance method, the resonance frequency was 
recorded with a step size of approximately 0.1–0.4 Hz, and the modulus 
was calculated from the resonance peak position. A frequency shift of 
0.4 Hz corresponds to an uncertainty of approximately 0.03 GPa in 
Young’s modulus.

MD simulations were performed using the LAMMPS code [42]. 
The simulation cell, which contained a total of 2000 atoms, was a 
10 × 10 × 10 supercell created by replicating the conventional two-
atom bcc unit cell (space group Im3̄m). Ti atoms were substituted for 
Nb to obtain Ti–𝑥Nb alloys with 𝑥 ranging from 20 to 36 at.% in 
1 at.% increments. The substitutional disorder was modeled using a 
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Fig. 1. Crystal structures of the (a) bcc (𝛽) and (b) 𝛼′′ martensite phases in Ti alloys, and atomic arrangements of the (c) bcc and (d) 𝛼′′ phases viewed along the 
directions parallel to [100]𝛽 and [100]𝛼′′ , respectively; the crystal structures were visualized with VESTA [37]. The shuffling of parallel adjacent {01̄1}𝛽 planes along 
the ⟨011⟩𝛽 directions, indicated by the arrows, is necessary for the formation of the 𝛼′′ martensite phase. This shuffling is associated with the phonon softening 
with the wave vector 𝒌 = (2𝜋∕𝑎)(0,−1∕2, 1∕2), where 𝑎 is the lattice constant of the bcc phase. This phonon mode is called the 𝑇𝐴(1∕2) (1, 1, 0) phonon. In addition 
to this atomic shuffling, the formation of 𝛼′′ martensite requires macroscopic shear on the {112}𝛽 planes along the ⟨111̄⟩𝛽 directions, whereas a nanodomain 
structure [38], also called the O′ phase [39], forms exclusively through atomic shuffling on the {01̄1}𝛽 planes.
special quasirandom structure generated by a Monte Carlo algorithm 
implemented in mcsqs within the ATAT package [43]. Atomic inter-
actions were described by the force-matched empirical potential for 
Ti–Nb proposed by Ehemann and Wilkins [36]. Apart from accurately 
reproducing the lattice constants and cohesive energies of the bcc as 
well as the 𝜔 and 𝛼′′ martensite phases predicted by density functional 
theory (DFT) calculations, the potential proposed therein also success-
fully predicts the 𝛼′′ martensitic transformation strain. In addition, 
the single-crystal elastic constants computed using the force-matched 
empirical potential are consistent with available experimental data as 
well as with DFT calculations [36]. Although the full phonon dispersion 
curves, including 𝛼′′ martensitic transformation, were not checked, 
the phonon mode that governs the 𝜔 transformation was validated. 
Specifically, the potential was refined to reproduce the 𝐿𝐴(2∕3) (1, 1, 1)
mode, and it captures the DFT-predicted energy barrier associated 
with the atomic shuffles along the 𝜔 ↔ 𝛽 transformation pathway 
corresponding to this phonon mode.

The supercell was first equilibrated in the isothermal–isobaric (NPT) 
ensemble at 300 K and zero pressure for 300 ps with a 1 fs time 
step. The temperature and pressure were controlled using a Nosé–
Hoover chain thermostat-barostat, and periodic boundary conditions 
were applied in all three directions. For Ti–28Nb and Ti–33Nb, the 
temperature was then varied to 10, 25, 50, 75, 100, 125, 150, 200, 
250, 300, 400, 500, and 600 K at a cooling or heating rate of 10 K 
ps−1 in the NPT ensemble, followed by a 200 ps equilibration at each 
temperature. Finally, the elastic-stiffness tensor was calculated at every 
temperature in simulations with a constant number of atoms, constant 
volume, and constant temperature (NVT). The elastic-stiffness tensor 
for Ti–25Nb was calculated over 260–300 K in 5 K increments, and 
3 
that for the Ti–Nb alloys except Ti–25Nb, Ti–28Nb, and Ti–33Nb was 
calculated at 300 K.

The stress-fluctuation formula was used to examine the effect of 
anelastic relaxation on the elastic properties. The elastic stiffness tensor 
𝐶𝑖𝑗𝑘𝑙 at finite temperature 𝑇  is given by [44,45]:

𝐶𝑖𝑗𝑘𝑙 = ⟨𝐶B
𝑖𝑗𝑘𝑙⟩ −

𝑉
𝑘B𝑇

(⟨𝜎𝑖𝑗𝜎𝑘𝑙⟩ − ⟨𝜎𝑖𝑗⟩⟨𝜎𝑘𝑙⟩)

+
2𝑁𝑘B𝑇

𝑉
(𝛿𝑖𝑙𝛿𝑗𝑘 + 𝛿𝑖𝑘𝛿𝑗𝑙), (1)

where 𝜎𝑖𝑗 is the stress tensor, 𝑉  is the volume containing the 𝑁
(= 2000) atoms, 𝛿𝑖𝑗 is the Kronecker delta, 𝑘B is the Boltzmann 
constant, and ⟨⋅⟩ denotes an ensemble average. The term ⟨𝐶B

𝑖𝑗𝑘𝑙⟩ =
(1∕𝑉 )(𝜕2𝑈∕(𝜕𝜖𝑖𝑗𝜕𝜖𝑘𝑙)) corresponds to the Born contribution: the instan-
taneous affine response obtained when all atoms follow the imposed 
macroscopic strain without relaxation; 𝑈 and 𝜖𝑖𝑗 denote the poten-
tial energy and strain tensor, respectively. The second term 𝐶F

𝑖𝑗𝑘𝑙 =
−{𝑉 ∕(𝑘B𝑇 )}(⟨𝜎𝑖𝑗𝜎𝑘𝑙⟩ − ⟨𝜎𝑖𝑗⟩⟨𝜎𝑘𝑙⟩) is the stress-fluctuation contribution 
and reflects the non-affine response leading to stress relaxation. The 
third term is the kinetic (ideal-gas) contribution, which originates from 
thermal momentum fluctuations. The Born term and stress tensor com-
ponents were calculated at 1-fs intervals, and their ensemble averages 
were accumulated over 1 ns. The elastic-stiffness tensor 𝐶𝑖𝑗𝑘𝑙 was then 
computed from these averages. Eq.  (1) is based on the stress-fluctuation 
formalism, in which the isothermal elastic stiffness tensor is obtained 
from equilibrium stress fluctuations at fixed temperature and fixed 
simulation cell shape (i.e., in the NVT ensemble; 𝑁 = 2000). Therefore, 
no finite deformation steps are required to evaluate 𝐶𝑖𝑗𝑘𝑙, in contrast 
to a finite-strain stress–strain method. Importantly, when thermally 



M. Tane et al. Acta Materialia 307 (2026) 121969 
Fig. 2. Crystal structures of the (a) bcc (𝛽) and (b) 𝜔 phases in Ti alloys, and atomic arrangements of the (c) bcc and (d) 𝜔 phases viewed along the directions 
parallel to [11̄0]𝛽 and [112̄0]𝜔, respectively; the crystal structures were visualized with VESTA [37]. Atomic shuffling, that is, the collapse of {111}𝛽 lattice plane 
pairs (indicated by the arrows) is necessary for the formation of the 𝜔 phase. This atomic shuffling is associated with the phonon softening with the wave vector 
𝒌 = (2𝜋∕𝑎)(2∕3, 2∕3, 2∕3), where 𝑎 is the lattice constant of the bcc phase. This phonon mode is called the 𝐿𝐴(2∕3) (1, 1, 1) phonon.
activated atomic movements occur during the NVT simulation, the 
stress tensor exhibits enhanced fluctuations. As a result, the stress-
covariance (fluctuation) contribution in Eq. (1) is finite and reduces the 
isothermal elastic stiffness. The fluctuation term therefore quantifies 
the extent to which thermally activated local, non-affine relaxations 
soften the elastic response relative to the purely affine (Born) contribu-
tion. The polycrystalline Young’s modulus 𝐸 was calculated from the 
𝐶𝑖𝑗𝑘𝑙 components using the Voigt–Reuss–Hill approximation [46].

The atomic relaxation underlying the anelastic response was in-
vestigated by evaluating the magnitudes and orientations of atomic 
displacement vectors within the same NVT ensemble used in the elastic-
stiffness tensor calculations. We also calculated the intermediate scat-
tering function in the NVT ensemble to evaluate the activation energy 
𝐻a associated with the atomic relaxation: 

𝐹 (𝒒, 𝑡) = 1
𝑁

𝑁
∑

𝑖=1

𝑁
∑

𝑗=1

⟨

𝑒𝑖𝒒⋅(𝒓𝑖(𝑡)−𝒓𝑗 (0))
⟩

, (2)

where 𝑁 is the number of atoms, 𝒒 is the wave vector, and 𝒓𝑖(𝑡) is the 
position of atom 𝑖 at time 𝑡. The activation energy 𝐻a was evaluated 
based on the assumption that the relaxation process is thermally acti-
vated and follows Arrhenius behavior. We assumed that the relaxation 
time 𝜏, determined from the intermediate scattering function, is in-
versely proportional to the activation rate of atomic relaxation. We fur-
ther assumed that the time constant 𝜏0 is temperature-independent over 
the temperature range examined, which allowed 𝐻a to be evaluated 
from the Arrhenius relation: 

ln 𝜏 = ln 𝜏0 +
𝐻a
𝑘 𝑇

. (3)

B

4 
Because the total MD sampling time is 1 ns, the MD simulations 
reflect elastic properties influenced by anelastic relaxation processes 
with activation frequencies up to ∼1 GHz. On the other hand, the 
measured Young’s modulus reflects anelastic relaxation in the ∼0.2–400 
kHz range, corresponding to the resonance frequencies used in the 
experiments. Nevertheless, the simulation and experimental results can 
be compared by focusing on the temperature dependence of the elastic 
response associated with anelastic relaxation. This is because changing 
the observation frequency shifts the freezing temperature of the atomic 
relaxation, without altering the qualitative temperature dependence of 
the elastic properties, when the anelastic relaxation is governed by 
thermally activated atomic movements. Furthermore, the activation 
frequencies can be compared by evaluating the activation energy for 
atomic relaxation from the intermediate scattering function in the MD 
simulations and from internal friction in the experiments.

3. Results

3.1. Anomalous temperature dependence of Young’s modulus and its corre-
lation with thermally activated atomic relaxation

The Young’s modulus of a Ti–28.6Nb (at.%) alloy polycrystal ex-
hibited an anomalous temperature dependence. Fig.  3 presents the 
experimentally measured polycrystalline (a) Young’s modulus 𝐸 and 
(b) internal friction 𝑄−1 of Ti–28.6Nb during cooling and heating as 
a function of temperature. The temperature dependences of Young’s 
modulus and internal friction exhibited negligible thermal hysteresis 
between cooling and heating, indicating that the 𝛼′′ martensitic trans-
formation (nucleation of 𝛼′′ phase) did not occur even upon cooling 
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to low temperatures. As shown in Fig.  3(a), the Young’s modulus de-
creased upon cooling from 300 K, reached a minimum at approximately 
155 K, and increased sharply thereafter with further cooling. A large 
peak in the internal friction 𝑄−1 was observed near the onset of this 
sharp increase (around 100 K), as shown in Fig.  3(b).

Fig.  3(c) shows the temperature dependence of internal friction 𝑄−1

in the Ti–28.6Nb alloy, measured by cantilever resonance (CR), free 
vibration (FV), and electromagnetic acoustic resonance (EMAR), with 
resonance frequencies 𝑓r of 166.4 Hz for CR, 854.2 Hz for FV, and 
433.7 kHz for EMAR. The peak temperature of 𝑄−1 was lowest for CR 
and highest for EMAR, indicating that it shifted to higher values with 
an increase in the resonance frequency 𝑓r .

Fig.  3(d) shows the Arrhenius plots of relaxation time 𝜏 associated 
with the atomic relaxation responsible for the internal-friction peak. 
The 𝜏 values were determined by analyzing the internal-friction peaks 
using the Debye model [47]. An approximately linear relationship was 
observed between ln 𝜏 and 1∕𝑇 . Linear fitting of the Arrhenius plots 
yielded an activation energy 𝐻a = 0.21 eV and a pre-exponential time 
constant 𝜏0 = 1.4 × 10−14 s.

In the Debye relaxation model, we assumed a Gaussian distribution 
of the activation energy [48] to account for the effect of quenched-
in compositional fluctuations on the activation-energy distribution. 
Under this assumption, the temperature dependence of internal friction 
𝑄−1(𝑇 ) is given by 
𝑄−1(𝑇 ) =

𝛥𝑀
2 ∫

∞

0

1
√

2𝜋𝜎2a
exp

⎡

⎢

⎢

⎢

⎣

−

(

𝐻a −𝐻a

)2

2𝜎2a

⎤

⎥

⎥

⎥

⎦

×

sech
[

𝐻a
𝑘B𝑇

+ ln(𝜔r𝜏0)
]

𝑑𝐻a,

(4)

where 𝜔r(= 2𝜋𝑓r) is the angular frequency, and 𝐻a and 𝜎a are the 
average and standard deviations of the activation energy, respec-
tively. The relaxation strength 𝛥𝑀  and pre-exponential time constant 
𝜏0 (1.4 × 10−14 s) were assumed to be constant values. By the fitting of 
Eq. (4) to the experimental data, the probability distribution of activa-
tion energy 𝐻a was determined. The average 𝐻a and standard deviation 
𝜎a are 0.20 eV and 0.035 eV, respectively. The fitted curve, along with 
the measured internal friction data, is shown in Supplementary Fig. 
S1. Fig.  3(e) presents the probability distribution of 𝐻a. The activation 
energy 𝐻a exhibits a broad distribution, which is probably attributable 
to quenched-in compositional fluctuations. The relaxation frequency 
𝑓a, calculated from 𝐻a and 𝜏0 via 𝑓a = 1∕(2𝜋𝜏), decreased sharply 
at temperatures below 100 K, as shown in Fig.  3(f). This indicates 
that the sharp increase in Young’s modulus below ∼100 K results from 
the freezing of atomic relaxation, a phenomenon known as the 𝛥𝑀
effect [47].

3.2. Effect of stress relaxation on the softening in elastic moduli

The MD simulations using the stress-fluctuation formula reproduced 
the experimentally observed anomalous temperature dependence of 
Young’s modulus. Fig.  4(a) shows the temperature dependence of the 
calculated polycrystalline Young’s modulus 𝐸 for the Ti–28Nb and 
Ti–33Nb alloys. For Ti–33Nb, 𝐸 decreased upon cooling from 600 
K, reached a minimum at 100 K, and increased sharply at lower 
temperatures. These calculated results were in good agreement with 
the experimental observations. For Ti–28Nb, wherein the stability of 
the bcc structure is lower than that of the Ti–33Nb bcc structure, 
although the temperature dependence of 𝐸 was similar to that of Ti–
33Nb, the 𝐸 values were lower than those of Ti–33Nb above 100 K. This 
trend is consistent with those reported in previous studies: a reduction 
in the bcc stability due to a lower concentration of bcc-stabilizing 
elements leads to a lower Young’s modulus [17,18]. Although the 
calculated temperature dependence of Young’s modulus is qualitatively 
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consistent with the experimental trend, small quantitative deviations 
remain. Above 150 K the measured Young’s modulus exhibits a nearly 
linear decrease with increasing temperature (Fig.  3(a)), whereas the 
MD results show a more pronounced nonlinear concave-down (upward-
convex) dependence (Fig.  4(a)). This discrepancy possibly reflects the 
limited transferability of the empirical potential used in this study.

For both Ti–28Nb and Ti–33Nb, the single-crystal shear modulus 𝑐′
decreased upon cooling from 600 K, reached a minimum, and increased 
thereafter with a further decrease in the temperature, as shown in Fig. 
4(b). The 𝑐′ value of Ti–28Nb, which has a less-stable bcc phase, was 
lower than that of Ti–33Nb at 𝑇 ≥ 100 K. The temperature-dependence 
of the single-crystal shear modulus 𝑐44 was similar to that of 𝑐′ (Sup-
plementary Fig. S2(a)), whereas the bulk modulus 𝐵 remained largely 
constant over the entire temperature range (Supplementary Fig. S2(d)). 
These results indicate that the anomalous temperature dependences 
of 𝑐′ and 𝑐44 lead to the corresponding anomalous dependence of the 
polycrystalline Young’s modulus 𝐸. Moreover, for the Ti–25.6Nb single 
crystal [22], the experimentally measured 𝑐′ and 𝑐44 decreased upon 
cooling from 300 K, consistent with the calculated trends (Supple-
mentary Figs. S3(a) and S3(b)). Furthermore, at 300 K, the calculated 
single-crystal moduli 𝑐′, 𝑐44, and 𝐵, as well as the polycrystalline 
Young’s modulus 𝐸, were in good agreement with their experimental 
values (Supplementary Figs. S4(a), S4(d), S5(a), and S5(d)). These 
results validate the stress-fluctuation formula used to evaluate the 
elastic properties of Ti–Nb alloys.

The origin of the anomalous temperature dependences of 𝑐′ and 
𝑐44 was examined by separating the corresponding Born and stress-
fluctuation contributions using the stress-fluctuation formula. As shown 
in Fig.  4(c) the Born contribution to 𝑐′ increased with a decrease in the 
temperature for both Ti–28Nb and Ti–33Nb. This indicates that 𝑐′ does 
not soften upon cooling under affine deformation (i.e., without atomic 
relaxation). In contrast, the stress-fluctuation contribution, reflecting 
non-affine atomic relaxation, decreased upon cooling from 600 K and 
reached a minimum near 100 K, similar to that in the case of 𝑐′. A 
similar temperature dependence was observed for the stress-fluctuation 
contribution to 𝑐44 (Supplementary Fig. S2(c)), whereas the corre-
sponding Born contribution decreased only marginally upon cooling 
(Supplementary Fig. S2(b)). These large stress-fluctuation contributions 
to 𝑐′ and 𝑐44 at low temperatures are consistent with the appearance 
of the internal friction peak at low temperatures, as both phenomena 
originate from stress relaxation due to atomic relaxation. Consequently, 
these results indicate that the anomalous temperature dependences of 
𝑐′ and 𝑐44 originate from stress relaxation.

3.3. Origin of atomic relaxation responsible for large stress relaxation

The element-resolved atomic displacements were analyzed to iden-
tify the element that contributes to a greater extent to the atomic 
relaxation that leads to large stress fluctuations (i.e., large stress re-
laxation). Fig.  5(a) shows the temperature dependence of the average 
displacements of Ti and Nb atoms from their equilibrium positions, 
𝑑Ti and 𝑑Nb, in the NVT ensemble simulation for the Ti–28Nb alloy. 
The displacements of Ti atoms were greater than those of Nb atoms 
at all examined temperatures, indicating that the positional fluctua-
tions for Ti atoms are larger than those for Nb atoms. From these 
average displacements, the ratio of the average displacement of Ti 
atoms to that of Nb atoms, 𝑑Ti∕𝑑Nb, was calculated (Fig.  5(b)). The 
ratio 𝑑Ti∕𝑑Nb reached its maximum around 150–200 K, the temperature 
range at which the stress fluctuations are significant (Fig.  4(d)). This 
implies that the Ti-atom fluctuations contribute to stress relaxation 
to a greater extent than Nb-atom fluctuations. This is consistent with 
the results reported in previous studies which suggest that atomic 
relaxation occurs preferentially in locally less-stable, Ti-rich regions 
formed by quenched-in statistical compositional fluctuations [32,33].

The origin of atomic fluctuations was examined by analyzing their 
correlation with the local Nb concentration in the sub-nanoscale re-
gions. Supplementary Fig. S6 shows the local Nb concentration 𝑐
Nb
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Fig. 3. Results of the experimental analyses of elastic properties and atomic relaxation. Temperature dependence of the (a) polycrystalline Young’s modulus 𝐸
and (b) internal friction 𝑄−1 for the Ti–28.6Nb alloy during cooling and heating, measured via the cantilever resonance method. (c) Temperature dependence 
of internal friction 𝑄−1 in the Ti–28.6Nb alloy, measured via the cantilever resonance (CR), free vibration (FV), and electromagnetic acoustic resonance (EMAR) 
methods. (d) Arrhenius plot of the relaxation time 𝜏 associated with the atomic relaxation responsible for the internal-friction peak, analyzed using the Debye 
model. (e) Probability distribution of the activation energy 𝐻a determined from the temperature dependence of internal friction measured by CR. (f) Frequency 
of activation 𝑓a for atomic relaxation leading to internal-friction peaks.
within the second-nearest-neighbor (2NN) shell (a sphere of radius 
𝑟 ≤ 4.0 Å) in the NVT ensemble simulation for the Ti–28Nb alloy 
at 150 K; this 2NN shell contains 15 atoms. The Nb concentration 
𝑐Nb fluctuates statistically within this shell even for a quasirandom 
distribution of Ti and Nb atoms, arising from quenched-in statistical 
compositional fluctuations [32,33]. Fig.  6(a) shows the average dis-
placement of constituent atoms from their equilibrium positions as 
a function of the local Nb concentration 𝑐Nb within the 2NN shell. 
The average displacement and the standard deviation increased with 
a decrease in 𝑐Nb. This indicates that large atomic fluctuations occur 
predominantly in Nb-lean regions wherein the local stability of the bcc 
lattice is lower. Fig.  6(b) shows the correlation coefficient 𝑅 between 
the average atomic displacement and local Nb concentration 𝑐Nb within 
spheres of different radii 𝑟. The selected radii, 𝑟 = 3.1, 4.0, 5.0, 6.1, 
6.8, and 7.7 Å, correspond to the 1st through the 6th neighbor shells, 
respectively. For 𝑟 ≤ 4.0 Å (i.e., within the 2NN shell), 𝑅 approaches −1, 
indicating a very strong inverse correlation. The correlation is weaker 
for other radii. These results indicate that the local Nb concentration 
within the 2NN shell is the primary factor governing the magnitude 
of atomic fluctuations. This interaction range is significantly shorter 
than the dimensions of our 10 × 10 × 10 supercell (approximately 
32.8 Å in length). Therefore, the 2000-atom model is sufficiently large 
to capture the compositional fluctuations responsible for the observed 
atomic fluctuations. Furthermore, the correlation coefficient in Fig. 
6(b), calculated using the local Nb concentration and displacement data 
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from all 2000 atomic sites, is based on an ensemble of diverse local 
environments that is statistically sufficient to validate the identified 
relationship.

The crystallographic orientations of atomic fluctuations of the Ti–
28Nb alloy were analyzed to examine their correlation with pretran-
sitional atomic shuffling. Fig.  7(a) shows a stereographic projection 
of the maximum atomic-displacement vectors observed at 600 K in 
an NVT simulation. The large displacement vectors were distributed 
almost isotropically over all crystallographic directions. In contrast, at 
150 K, the distribution of the large displacement vectors was highly 
anisotropic, as shown in Fig.  7(b). Fig.  7(d) shows the weighted density 
map of the maximum atomic displacements at 150 K, calculated for vec-
tors with magnitudes ≥ 0.7 Å. The density mapping indicates that the 
large-amplitude vectors were aligned predominantly near the ⟨111⟩ and 
⟨101⟩ directions and were absent near the ⟨001⟩ directions. However, 
the distribution of large displacement vectors turned more isotropic 
again at 75 K, as shown in Fig.  7(c). These results indicate that large 
atomic fluctuations have preferential orientations at 150 K, at which 
stress fluctuations are significant (Fig.  4(d)). These preferred directions, 
⟨111⟩ and ⟨101⟩, correspond to the atomic-shuffling directions involved 
in the 𝜔 and 𝛼′′ martensitic transformations, respectively (Figs.  1 and
2). The 𝜔 transformation requires atomic shuffling of approximately 
0.47 Å along ⟨111⟩. The large displacement amplitudes observed at 150 
K exceed the magnitude of atomic shuffling required for the 𝜔 trans-
formation. The 𝛼′′ martensitic transformation requires an estimated 
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Fig. 4. Results of analysis of stress-relaxation effects on the elastic properties using MD simulations. Temperature dependence of the (a) polycrystalline Young’s 
modulus 𝐸 and (b) single-crystal shear modulus 𝑐′ for the Ti–28Nb and Ti–33Nb alloys, calculated using the stress-fluctuation formula and Voigt–Reuss–Hill 
approximation. (c) Born-term and (d) stress-fluctuation-term contributions to the single-crystal shear modulus 𝑐′ in Ti–28Nb and Ti–33Nb alloys, calculated using 
the stress-fluctuation formula.

Fig. 5.  Results of analysis of element-resolved atomic displacements. (a) Temperature dependence of the average displacements of Ti and Nb atoms from their 
equilibrium positions, 𝑑Ti and 𝑑Nb, in an NVT ensemble simulation for Ti–28Nb. (b) Ratio of the average displacement of Ti atoms to that of Nb atoms (𝑑Ti∕𝑑Nb) 
in Ti–28Nb, calculated by averaging the absolute displacements from their time-averaged equilibrium positions during the NVT ensemble simulation.
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Fig. 6.  Atomic fluctuations responsible for stress relaxation. (a) Average displacement of constituent atoms from their equilibrium positions as a function of 
the local Nb concentration 𝑐Nb within the second-nearest-neighbor shell in the NVT simulation for Ti–28Nb at 150 K. (b) Correlation coefficient 𝑅 between the 
average atomic displacement and local Nb concentration 𝑐Nb in spherical regions with a radii 𝑟 in the NVT ensemble simulation for Ti–28Nb at 150 K.
Fig. 7.  Stereographic projections of the maximum atomic-displacement vectors observed in NVT MD simulations for Ti–28Nb at (a) 600, (b) 150, and (c) 75 K. 
(d) Weighted density map of the maximum atomic displacements at 150 K, calculated for vectors with magnitudes ≥ 0.7 Å.
atomic shuffling of 0.13 Å along ⟨101⟩ in Ti–28Nb [49], which is consid-
erably smaller than that required for the 𝜔 transformation. Consistent 
with this difference, the large-amplitude displacement vectors tend to 
be located around ⟨111⟩ rather than ⟨101⟩ (Fig.  7(b) and 7(d)). These 
results indicate that the observed atomic fluctuations originate from the 
shuffling events associated with the 𝜔 and 𝛼′′ transformations.

3.4. Thermal activation of pretransitional, reversible atomic shuffling events

The formation of 𝛼′′ martensite requires macroscopic lattice shear in 
addition to atomic shuffling. In contrast, a nanodomain structure [38], 
also referred to as the O′ phase [39], forms exclusively via atomic shuf-
fling on the {01̄1}  planes, which is associated with the 𝛼′′ martensitic 
𝛽

8 
transformation (Fig.  1(c) and 1(d)). The 𝜔 phase is also formed pre-
dominantly via the collapse of {111}𝛽 plane pairs resulting from atomic 
shuffling. Therefore, the atomic shuffling behavior can be examined 
by analyzing the formation of the nanodomain structure and 𝜔 phase. 
Accordingly, we analyzed their formation behaviors by evaluating the 
corresponding static structure factors 𝑆(𝒒) that are the intermediate 
scattering functions 𝐹 (𝒒, 𝑡) at 𝑡 = 0. Fig.  8(a) shows 𝑆(𝒒) as a function 
of the wave-vector magnitude 𝜉 along the [𝜉, 𝜉, 𝜉] direction in Ti–28Nb. 
The plotted 𝑆(𝒒) values are averaged over crystallographically equiv-
alent wave vectors and 𝑎 is the lattice constant of the bcc structure. 
At 75 and 150 K, a small peak appeared at 𝒒 ≈ (2𝜋∕𝑎)(4∕3, 4∕3, 4∕3), 
indicating that a small fraction of the 𝜔 phase is formed at these low 
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Fig. 8. Correlation between atomic shuffling and phase transformations. (a) Static structure factor 𝑆(𝒒) plotted against the wave-vector magnitude 𝜉 along the 
[𝜉, 𝜉, 𝜉] direction in NVT ensemble simulations for Ti–28Nb at 75, 150, and 600 K. (b) Static structure factor 𝑆(𝒒) for the 𝜔 phase (𝒒 = (2𝜋∕𝑎)(4∕3, 4∕3, 4∕3)) in 
NVT ensemble simulations for Ti–28Nb and Ti–33Nb alloys as a function of temperature. (c) Intermediate scattering function 𝐹 (𝒒, 𝑡) for the 𝜔 phase as a function 
of the aging time 𝑡 in NVT ensemble simulations for the Ti–28Nb alloy at 75, 150, and 600 K. 𝑆(𝒒) and 𝐹 (𝒒, 𝑡) values were averaged over crystallographically 
equivalent wave vectors.
temperatures. This assignment is based on the crystallographic corre-
spondence that the wave vector 𝒒 ≈ (2𝜋∕𝑎)(4∕3, 4∕3, 4∕3), expressed in 
the bcc reciprocal lattice, corresponds to the 𝜔-phase (0002)𝜔 reciprocal 
lattice point [50]. Consequently, in our MD-based static structure factor 
analysis, this 𝒒 reflects the density correlations associated with the 
structural periodicity along the ⟨111⟩𝛽 ∥ [0001]𝜔 direction. For Ti–28Nb, 
the intensity of this peak increased with a decrease in the temperature 
(Fig.  8(b)) and was higher than that for Ti–33Nb at all temperatures 
examined. These results are consistent with the fact that the stability 
of the 𝜔 phase increases with a decrease in the temperature and fraction 
of the bcc-stabilizing element [26]. The nanodomain (O′) structure 
was also formed at low temperatures (Supplementary Figs. S7(a) and 
S7(b)). These results indicate the occurrence of pretransitional, atomic 
shuffling events, which lead to the formation of the 𝜔 phase and 
nanodomain (O′) structure at low temperatures.

We analyzed the stabilities of the 𝜔 phase and nanodomain structure 
by evaluating the intermediate scattering function, 𝐹 (𝒒, 𝑡). Fig.  8(c) 
shows 𝐹 (𝒒, 𝑡) for the Ti–28Nb alloy as a function of the aging time 
𝑡 at 75, 150, and 600 K. The wave vector 𝒒 = (2𝜋∕𝑎)(4∕3, 4∕3, 4∕3)
corresponds to the formation of the 𝜔-phase. At 75 K, initially, 𝐹 (𝒒, 𝑡)
decreased sharply at 𝑡 ≈ 0 owing to phonon vibrations, after which it 
remained largely constant. This indicates that the formed 𝜔 phase is 
stable and atomic relaxation on the simulation timescale is negligible. 
However, at 150 K, after the initial phonon-induced decrease, 𝐹 (𝒒, 𝑡)
decreased gradually without reaching zero. This indicates that a portion 
of the 𝜔 structure is unstable and reverts to the bcc phase via atomic 
relaxation. In other words, a portion of the formed 𝜔 structure is embry-
onic and does not achieve stable nucleation. At the higher temperature 
of 600 K, 𝐹 (𝒒, 𝑡) decreased to nearly zero almost immediately (𝑡 ≈ 0), 
indicating that the formed embryonic 𝜔 structure is highly unstable 
and reverts immediately to the bcc structure. A similar analysis for 
the nanodomain (O′) structure, using 𝒒 = (2𝜋∕𝑎)(1∕2, 0, 3∕2), revealed 
that the temperature dependence of the atomic relaxation process was 
similar to that for the 𝜔 phase (Supplementary Fig. S7(c)). These 
results indicate that the relaxation process is strongly temperature-
dependent. In addition to the aforementioned reverse relaxation (from 
𝜔 or nanodomain to bcc), a forward relaxation (from bcc to 𝜔 or 
nanodomain) is also expected. However, this forward process could not 
be quantitatively analyzed because the change in 𝐹 (𝒒, 𝑡) for the bcc 
structure was negligible compared to its initial value, 𝐹 (𝒒, 0). These 
findings suggest that reversible atomic shuffling events, including the 
forward and reverse atomic relaxation processes, occur and that the 
relaxation time strongly depends on temperature.
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The activation energy for the reverse atomic relaxation (from 𝜔 or 
nanodomain to bcc) was analyzed to examine its correlation with the 
experimentally observed anelastic relaxation. Fig.  9(a) shows Arrhe-
nius plots of the relaxation time 𝜏 determined from the intermediate 
scattering function 𝐹 (𝒒, 𝑡). The plots correspond to the relaxation from 
the 𝜔 phase (𝒒 = (2𝜋∕𝑎)(4∕3, 4∕3, 4∕3)) and the nanodomain structure 
(𝒒 = (2𝜋∕𝑎)(1∕2, 0, 3∕2)) to the bcc structure. The relationships between 
ln 𝜏 and 1∕𝑇  were approximately linear for both relaxation processes. 
Linear fits to the plots yielded an activation energy 𝐻a = 0.084 eV 
and a pre-exponential factor 𝜏0 = 1.3 × 10−14 s for the relaxation from 
the 𝜔 phase. The corresponding values for the relaxation from the nan-
odomain structure were 0.083 eV and 2.6 × 10−14 s, respectively. The 
activation energies obtained from the MD simulations (0.083–0.084 eV) 
were smaller than the experimental values determined via the internal-
friction experiments (average value of 0.20 eV). This discrepancy is 
probably attributed to differences in the relaxation processes evaluated 
by each method. The occurrence of reverse relaxation (from the 𝜔 phase 
or nanodomains to bcc) indicates that the embryonic 𝜔 or nanodomain 
structures are less stable than the bcc structure. This suggests that 
the activation barriers for the forward and reverse atomic relaxation 
processes are asymmetric, with the forward barrier potentially exceed-
ing the reverse one, as shown in Fig.  9(c). Similar forward–reverse 
barrier asymmetry has been reported for relaxation events in amor-
phous silicon, where the activation energy for the forward relaxation 
is higher than that for the reverse one [51,52]. Furthermore, due to 
the limited time scale of the MD simulations, atomic relaxation events 
with higher activation energies may not be fully captured. Conse-
quently, this difference in the sampled relaxation events contributes 
to the discrepancy in activation energy between the MD simulations 
and internal-friction experiments. Additionally, the discrepancy may 
reflect the limited transferability of the empirical potential used in this 
study. Accordingly, despite the difference in activation energy, we can 
conclude that the experimentally observed atomic relaxation is caused 
by reversible atomic shuffling events that act as precursors to the 𝜔 and 
𝛼′′ martensitic transformations.

The activation energies associated with the atomic shuffling events 
that lead to embryonic 𝜔 or nanodomain structures are relatively 
low; consequently, such shuffling can occur even at low temperatures. 
Because these shuffling events do not involve significant volumetric 
strain, they are not accompanied by a substantial increase in elastic 
strain energy, which would otherwise raise the activation barrier. In 
addition to volumetric strain effects, the activation energy is also 
expected to correlate with the shuffling amplitude, a relationship that 
should be quantified in future work.
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Fig. 9. Thermal activation of pretransitional, reversible atomic shuffling events. (a) Arrhenius plots of the relaxation time 𝜏 for the intermediate scattering function 
𝐹 (𝒒, 𝑡) in Ti–28Nb. The plots correspond to the relaxation from the 𝜔 phase (𝒒 = (2𝜋∕𝑎)(4∕3, 4∕3, 4∕3)) and the nanodomain structure (𝒒 = (2𝜋∕𝑎)(1∕2, 0, 3∕2)). (b) 
Relaxation time 𝜏 for the reverse transition (from 𝜔 or nanodomain to bcc) in Ti–28Nb. The relaxation times were calculated from the activation energies and 
pre-exponential factors obtained from the MD simulations. (c) Schematic explaining reversible atomic shuffling events and the corresponding activation energies 
for the forward (from bcc (𝛽) to 𝜔 or nanodomain) and reverse relaxations.
4. Discussion

The relaxation times 𝜏 for the reverse transitions (from 𝜔 or nan-
odomain to bcc) for the Ti–28Nb alloy were calculated from the ac-
tivation energies and pre-exponential factors which were obtained 
from the MD simulations. The 𝜏 values increased with a decrease in 
the temperature (Fig.  9(b)). Below ∼90 K, the 𝜏 values were greater 
than 1 ns, which is the averaging window used for computing the 
elastic-stiffness tensor. Thus, within the simulation window consid-
ered in this study, atomic relaxation rarely occurs at temperatures 
below ∼90 K; that is, the relaxation is effectively frozen on the sim-
ulation time scale. A decrease in the relaxation frequency at low 
temperatures resulted in a decrease in the stress-fluctuation frequency, 
thereby leading to a sharp increase in the elastic moduli below ∼100 
K (Fig.  4(a) and 4(b)). These increases correspond to the 𝛥𝑀 ef-
fect observed in the experimentally measured Young’s modulus (Fig. 
3(a)), wherein the atomic-relaxation-freeze temperature depends on 
the ensemble-averaging time, analogous to elastic-modulus measure-
ments at different resonance frequencies. We therefore conclude that 
elastic-stiffness calculations based on the stress-fluctuation formula are 
effective for evaluating the effect of anelastic relaxation on the elastic 
properties, and that anelastic relaxation lowers the elastic moduli of 
Ti–Nb alloys.

In regions wherein the bcc phase is locally less stable due to the 
statistical compositional fluctuations, the softening of the transverse-
acoustic 𝑇𝐴(1∕2) (1, 1, 0) and longitudinal-acoustic 𝐿𝐴(2∕3) (1, 1, 1)
phonon modes probably lowers the energy barrier for the atomic 
shuffling involved in the 𝛼′′ martensitic and 𝜔 transformations. This 
effect can be attributed to the fact that phonon softening decreases the 
curvature of the atomic potential-energy surface. Consequently, in Nb-
lean, less-stable bcc regions, the formation of the embryonic state due 
to atomic shuffling and its subsequent reversion to the bcc state cycle 
repeatedly when phase nucleation is suppressed by a high energy bar-
rier (Fig.  9(c)). The reversible atomic shuffling events lead to significant 
anelastic relaxation that leads to a decrease in the shear moduli 𝑐′ and 
𝑐44, even at room temperature (∼300 K). This mechanism clarifies the 
ultimate decreases in 𝑐′ and 𝑐44 due to softening of short-wavelength 
phonons. The magnitude of the anelastic-relaxation-induced reductions 
in 𝑐′ and 𝑐44 increases with a decrease in the Nb concentration in Ti–Nb 
alloys because shuffling is localized to Nb-lean regions (Supplementary 
Figs. S4(a), S4(b), S4(d), and S4(e)). Therefore, a low Young’s modulus 
𝐸 is obtained in low-stability bcc structures with low concentrations of 
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the bcc-stabilizing element Nb (Supplementary Fig. S5(d)). These find-
ings explain the detailed correlation between a low Young’s modulus 
and low bcc-phase stability.

The nucleation of 𝜔 and 𝛼′′ martensitic phases must be avoided be-
cause the formation of these high-modulus phases increases the Young’s 
modulus [18,21]. In contrast, their pretransitional, reversible atomic 
shuffling events are essential for lowering the Young’s modulus, despite 
their unrecognized significance. Thus, controlling the reversible atomic 
shuffling events and the resultant anelastic relaxation is an effective 
strategy for achieving a further decrease in the elastic modulus of 
biomedical bcc Ti alloys. Crucially, decreasing the activation energy for 
reversible atomic shuffling and promoting anelastic relaxation are es-
sential to reduce Young’s modulus; conversely, increasing the activation 
energy for the nucleation of 𝜔 and 𝛼′′ martensite phases is necessary 
to suppress the formation of these high-modulus phases. Accordingly, 
simultaneously controlling these two activation energies is a key mate-
rial design strategy for achieving a low Young’s modulus. A previous 
study demonstrated that in Ti–V-based alloys, the addition of Al or 
oxygen affects quenched-in statistical compositional fluctuations and 
the activation energy for atomic shuffling [33]. Therefore, adding these 
ternary or quaternary elements and optimizing the overall composition 
offer a potential strategy to control reversible atomic shuffling and 
the resultant anelastic relaxation. Furthermore, the activation energy 
for the nucleation of 𝜔 and 𝛼′′ phases can be raised by increasing 
the transformation strain. While the 𝜔 transformation is characterized 
by a small transformation strain, tailoring this strain and increasing 
the nucleation barrier will also be achieved by adding ternary or 
quaternary elements and optimizing the alloy composition.

To complement the experimental findings for ternary and quater-
nary alloys and to enable alloy design and optimization, the current 
computational framework will be extended beyond binary systems. This 
involves developing transferable machine-learning interatomic poten-
tials that explicitly consider both substitutional and interstitial alloying 
elements. These potentials will enable finite-temperature simulations to 
elucidate the effects of these elements on reversible shuffling and the 
associated anelastic relaxation.

Heterogeneous polarization fluctuations, known as polar nanore-
gions (PNRs), develop in the nanoscale regions of BaTiO3-based and 
other relaxor ferroelectrics [53]. These PNRs are embedded within a 
matrix that is chemically disordered because of the random distribution 
of different ions on the crystal lattice. A decrease in the temperature 
leads to a considerable reduction in the dynamic polarization fluctua-
tions in PNRs and an apparent fluctuation freeze on the experimental 
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time scale. This freezing process, which occurs below a material- and 
frequency-dependent freezing temperature, exhibits a non-Arrhenius 
behavior commonly described by the Vogel–Fulcher relation. Elastic-
modulus softening is observed above this freezing temperature. This 
elastic softening reflects the coupling between the dynamic fluctuations 
of the PNRs and strain [54]. Although the dynamic fluctuations in the 
nanoscale regions of relaxor ferroelectrics affect their elastic properties 
in a manner similar to that in bcc Ti–Nb alloys, the characteristics 
of these fluctuations and the corresponding regions differ significantly 
from those in bcc Ti–Nb alloys. To achieve a materials design that 
reduces the elastic modulus of Ti alloys, the effects of local chemi-
cal composition [55] on reversible atomic shuffling events should be 
clarified in greater detail.

5. Conclusions

We revealed that metastable bcc Ti–Nb alloys exhibit reversible 
atomic shuffling events that act as precursors to the 𝜔 and 𝛼′′ marten-
sitic transformations. The reversible shuffling has a low average ac-
tivation energy of 0.20 eV, leading to significant anelastic relaxation 
even at room temperature (∼300 K). The resulting anelastic relaxation 
reduces the single-crystal shear moduli 𝑐′ and 𝑐44, thereby lowering 
the polycrystalline Young’s modulus. The reversible atomic shuffling 
events occur in the sub-nanometer low-stability bcc regions that are 
statistically depleted in the bcc-stabilizing element, Nb. The local Nb 
concentration within the second-nearest-neighbor (2NN) shell in these 
regions is the primary factor governing the magnitude of atomic re-
laxation. Thus, controlling the reversible atomic shuffling events by 
manipulating the quenched-in statistical compositional fluctuations and 
the resultant local chemical composition is an effective strategy for 
designing biomedical bcc Ti alloys with an elastic modulus lower than 
that of conventional biomaterials. To achieve this materials design, the 
effects of local chemical composition on the reversible atomic shuffling 
events should be clarified in greater detail.
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