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Understanding the structural origins of thermal expansion in metallic glasses (MGs) is essential
for engineering next-generation materials with high thermal stability and performance. Accordingly,
we used molecular dynamics simulations to investigate how local atomic motifs control the thermal
expansion of MGs. Motif-resolved analysis using Voronoi tessellation reveals that mixed polyhe-
dra are the main contributors to macroscopic thermal expansion, whereas icosahedral units act as
stabilizers that resist volume changes. This interpretation is supported by motif-resolved potential-
energy analysis, which shows lower, more temperature-stable energies for icosahedral polyhedra, in
contrast to the strongly anharmonic response of mixed polyhedra. To connect motif-level thermal
expansion to atomic-scale behavior, we analyzed bonds using the radial probability function (G(r)).
A skewed-normal fit to the first peak shows a monotonic increase in mean interatomic distance with
temperature, resolving the apparent contraction reported in earlier studies relying solely on the
position of the first peak of G(r). Overall, this work establishes a coherent structural picture for
thermal expansion in MGs. The consistent behavior across the investigated alloys demonstrates that
icosahedral units are systematically associated with lower local expansion, while mixed polyhedra
dominate the macroscopic thermal response. This motif-dependent behavior is robust across dif-
ferent compositions, interatomic potentials, and cooling rates, providing a basis for designing MGs
with improved thermal stability.

I. INTRODUCTION

Unlike crystalline metals, which have an ordered struc-
ture, metallic glasses (MGs) inherit the disordered struc-
ture of liquids through rapid quenching. Consequently,
they lack long-range order and crystalline defects such
as grain boundaries and dislocations, exhibiting instead
an amorphous structure characterized by short-range or-
der (SRO) and medium-range order (MRO) [1–4]. This
distinctive structure underpins the exceptional proper-
ties of MGs, including high yield strength, large elastic
limits, low Young’s modulus [5, 6], excellent corrosion
resistance [7], soft magnetic behavior [8, 9], high wear
resistance [10, 11], and promising electrocatalytic perfor-
mance [12–14]. These attributes make MGs attractive
for applications ranging from structural components to
biomedical and energy systems [15–19].

Temperature variations induce dimensional changes in
materials, generating thermal strains and stresses that
are critical during high temperature processing and ser-
vice [20]. Such effects play a central role in solid-state
forming processes and solidification routes, where uncon-
trolled thermal stresses can lead to residual stresses or
cracking [21, 22]. Consequently, for MGs to be effec-
tively utilized in applications such as aerospace compo-
nents, automotive parts, and electronic devices, a com-
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prehensive understanding of their thermal behavior, par-
ticularly thermal expansion, is crucial. For instance, in
aerospace, materials must withstand extreme tempera-
ture variations without significant deformation or fail-
ure [23].
Thermal expansion, quantified by the coefficient of

thermal expansion (CTE) β = 1
V

(

∂V
∂T

)

P
, where V is

the materials volume, T is the temperature, and P is
the pressure, originates from the anharmonicity of inter-
atomic potentials [24]. In metallic glasses, the anhar-
monicity of interatomic interactions manifests heteroge-
neously due to the broad distribution of local atomic en-
vironments [25, 26]. While crystalline materials typically
exhibit uniform thermal expansion governed by a single,
well-defined bonding environment, glasses possess a wide
distribution of local atomic configurations. As a result,
their thermal expansion behavior is inherently more com-
plex and reflects the collective response of diverse local
environments [27–30].
Indeed, experimental techniques, including differen-

tial and interferometric dilatometry, and strain-gauge
measurements, have provided valuable insights into the
thermal expansion of metallic liquids and glasses [31–
34]. Molecular dynamics (MD) simulations offer a com-
plementary approach by directly tracking temperature-
induced dimensional changes at the atomic scale [35].
Recent studies have further demonstrated that thermal
expansion in MGs is spatially heterogeneous, with lo-
cal fluctuations in CTE generating internal stresses that
may activate shear transformations [30]. Synchrotron X-
ray diffraction experiments corroborate these findings, re-
vealing scale-dependent thermal strains associated with
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local rearrangements in SRO [36].
Despite these advances, local CTEs in MGs are com-

monly estimated from temperature-dependent peak po-
sitions of the radial distribution function. This approach
often yields values that deviate from macroscopic mea-
surements and may even suggest negative expansion in
the first coordination shell [37–42]. Such apparent con-
traction does not reflect true bond shortening but arises
from asymmetric peak shapes, which bias bond-length
estimates based on the position of the first peak of the ra-
dial distribution function. These limitations underscore
the need for alternative, structurally consistent methods
to quantify local thermal expansion and to link macro-
scopic behavior to atomic-scale mechanisms. In particu-
lar, the role of distinct atomic motifs, such as icosahedral
and mixed polyhedral environments, remains largely un-
explored.
In this work, we investigate the structural and thermal

expansion behavior of Ni- and Fe-based MGs using MD
simulations. These systems are of particular interest due
to their favorable magnetic, mechanical, and corrosion-
resistant properties [8, 43–45]. Local CTEs are deter-
mined from the temperature-dependent atomic volumes
of distinct Voronoi polyhedra below and above the glass
transition temperature (T g). Additionally, local bond ex-
pansion is investigated by tracking the evolution of the
mean nearest-neighbor distance from the radial probabil-
ity function.

II. METHODS

Molecular dynamics simulations were performed using
the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) software [46] to investigate
the structural and thermodynamic properties of both
monatomic (Fe, Al, Ni) and alloyed MGs. The studied
alloyed systems include binary (Fe75Ni25, Fe50Ni50,
Fe25Ni75, Ni75Al25, Ni80Al20, Ni70Al30), ternary al-
loys (Fe50Cu20Ni30, Fe40Cu40Ni20, Fe40Cu30Ni30,
Fe60Ni25Cr15, Fe60Ni30Cr10, Fe60Ni30Co10,
Ni70Al20Co10, Ni80Al5Co15, Ni80Al10Co10, Ni80Al15Co5,
Ni60Al30Co10, Ni50Al30Co20), the medium entropy
alloy (MEA) Fe50Ni30Co10Cr10Mn10, rare-earth-based
systems (Sm4Al96 and Sm10Al90), and Cu65Zr35 metallic
glasses modeled using both machine-learning and EAM
potentials.
The interatomic potential is a key component in atomic

simulations, as it determines the interactions between
atoms and defines how the potential energy of a system
varies with their positions. To describe interactions in
Al, Ni, Ni-Al, and Ni-Al-Co systems, we adopted the
Embedded-Atom Method (EAM) potential developed by
Pun et al. [47]. This potential successfully replicates the
martensitic phase transformation in ferromagnetic shape
memory alloys of the Ni-Al-Co system and has been
widely employed for modeling MGs [6, 48–51]. Namely,
it has been used to examine the local structural configu-

ration of the amorphous Ni50Al45Co5 alloy system under
uniaxial tensile deformation [48]. In the EAM formalism,
the total energy of the system is expressed as [52]:

Etot =
∑

i

Fi(ρi) +
1

2

∑

i ̸=j

ϕij(rij), (1)

with

ρi =
∑

j ̸=i

fi(rij) (2)

Where ϕij is a pair wise term between atoms i and j sep-
arated by a distance rij , and Fi is the embedding energy
term associated with the local electron density ρi calcu-
lated from the electron density fi(rij) at the site i arising
from atom j. On the other hand, to describe the atomic
interactions for Fe-based systems, including Fe-Ni, Fe-
Ni-Co, Fe-Ni-Cr, and the medium-entropy alloy (MEA)
Fe-Ni-Cr-Mn, we adopted the modified embedded-atom
method (MEAM) potential parametrized by Choi et

al. [53], which was successfully applied to reproduce fun-
damental structural properties of the CoCrFeMnNi HEA
and shown to be suitable for the design of new com-
plex alloys.The Fe-Cu-Ni systems were modeled using
an EAM alloy potential including short-range ZBL cor-
rections [54]. The Sm-Al systems were described using
the EAM potential developed for Al-Sm alloys [55], while
Cu65Zr35 metallic glasses were modeled using both a con-
ventional EAM potential [56] and a machine-learning po-
tential based on the atomic cluster expansion (ACE) for-
malism [57] in order to provide a more accurate descrip-
tion of the local structural order.
For each sample, we prepared a cubic simulation box

with side lengths of 100 Å (i.e., 100 × 100 × 100 Å3),
containing around 55,296 atoms, with periodic boundary
conditions in all three dimensions. The Newtonian equa-
tions of motion were solved using the velocity-Verlet algo-
rithm with a time step of 1 fs. The temperature and pres-
sure of the system were controlled via the Nose-Hoover
thermostat and barostat [58]. All systems underwent a
gradual heating process within the isothermal-isobaric
(NPT) ensemble at a constant pressure of 0 GPa. The
systems were heated up from 300 K to 2500 K, at a rate of
5×1012 K/s, ensuring complete melting. The system was
then relaxed in the canonical (NVT) ensemble for 100 ps
in the liquid state. Finally, rapid cooling was performed
back to 300 K under the NPT ensemble, at a rate of 1013

K/s. This rapid cooling prevented atomic reorganiza-
tion into a crystalline structure, thereby maintaining the
glassy configuration of the MGs. The obtained MGs were
first relaxed under NPT conditions for 100 ps to elimi-
nate residual stresses and ensure structural equilibrium
at zero pressure. Subsequently, the systems were heated
to the desired temperature at a rate of 5×1012 K/s under
the NPT ensemble. Additional heating rates were tested
to verify the robustness of the observed trends and are
reported in the Supplementary Material Fig. S1 [59]. The
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selection of the optimal heating rate is also supported by
prior work indicating that rates below a certain thresh-
old can lead to partial crystallization, while higher rates
produce consistent thermal expansion behavior [60]. The
effect of intermediate NPT relaxations during heating is
discussed in the Supplementary Material Fig. S2 [59]. No
significant difference in thermal expansion behavior was
observed, and the direct heating protocol was adopted
for computational efficiency. The analysis and visualiza-
tion were conducted using OVITO (Open Visualization
Tool) software [61].

A. Radial distribution function

The radial distribution function (RDF) is one of the
most important metrics for characterizing the structural
properties of complex materials. It describes the proba-
bility of finding a neighboring atom at a distance r from
a central atom and can be calculated using the following
expression [62]:

g(r) =
1

4πr2ρj

[

dNij(r)

dr

]

(3)

where i, j are atoms and Nij(r) stands for the average
number of j atoms in the sphere centered on i atoms with
a radius r.

B. Voronoi analysis and motif classification

Voronoi polyhedra (VPs) are categorized into three
types. Icosahedral-like polyhedra are defined as those
with n5 ≥ 8, consistent with previously established crite-
ria [63]. Crystal-like polyhedra correspond to a set of 24
Voronoi indices derived from thermally perturbed FCC,
BCC, and HCP reference structures. Mixed-like polyhe-
dra comprise all remaining configurations. To mitigate
the well-known sensitivity of Voronoi tessellation to ther-
mal vibrations, quasi-degenerate faces were filtered using
an area threshold identified from the local minimum of
the face-area distribution (see Supplementary Material,
Fig. S5). For multicomponent alloys, radical Voronoi tes-
sellation was employed, using the following atomic radii:
Fe (1.26 Å), Ni (1.24 Å), Co (1.25 Å), Cr (1.28 Å), Mn
(1.27 Å), Al (1.43 Å), Cu (1.28 Å), Zr (1.60 Å), and Sm
(1.85 Å). Further details on the classification criteria are
provided in the Supplementary Material [59].

III. RESULTS

A. Structural Formation and Evolution of MGs

Figure 1 presents the variation of the g(r) function
during the rapid quenching process for the following
materials: Ni75Al25, Ni70Al20Co10, Fe60Ni30Co10 and

Fe50Ni20Co10Cr10Mn10. At high temperature, g(r) ex-
hibits a sharp first peak, followed by rapidly decaying
oscillations. This behavior is characteristic of the liquid
state, where the absence of long-range atomic correla-
tions signifies a lack of long-range order. Upon cooling,
g(r) shows a pronounced sharpening of the first peak, in-
dicating an enhancement of the short-range order (SRO).
Concurrently, the second peak splits into two distinct
sub-peaks, a signature of the development of medium-
range order (MRO) and increased cluster connectivity.
This trend, consistent across all studied compositions
(see Fig. S3 in the Supplementary material [59]), marks
the transition from the liquid to the supercooled state.
Such structural signatures align with other metallic glass
systems, including CuxZr100−x [64], Zr50Cu50−xAlx [65],
ZrCo [20], and TiAl3 [66], confirming that the used cool-
ing rate successfully produced glass structures for all sys-
tems.
Figure. 2 shows the system volume as a function

of temperature during the heating and cooling pro-
cesses for Ni75Al25, Ni70Al30Co20, Fe60Ni30Co10 and
Fe50Ni20Co10Cr10Mn10. During the heating process, the
volume increases almost linearly with temperature until a
sudden jump occurs (Tm=1917 K for Ni75Al25, Tm=1986
K for Ni70Al30Co20, Tm=2143 K for Fe60Ni30Co10, and
Tm=2061 K for Fe50Ni20Co10Cr10Mn10), indicating the
onset of melting. Conversely, during cooling, the vol-
ume decreases continuously, with a change in slope at
the glass transition temperature (T g). The intersec-
tion between the two linear adjustments, applied re-
spectively to the glassy and liquid regions of the curve
V (T ), determines the glass transition temperature, which
is found to be T g≈1112 K for Ni75Al25, T g≈1038 K
for Ni70Al30Co20, T g≈1075 K for Fe60Ni30Co10, and
T g≈1028 K for Fe50Ni20Co10Cr10Mn10. However, after
solidification, the excess volume between the beginning
of heating and the end of quenching is referred to as
free volume [67], suggesting that the alloy lacks a crys-
talline structure and has transitioned into an amorphous
state. The same behavior was observed for the other MGs
studied (see Fig. S4 in the Supplementary material [59]).
This observation is consistent with findings from various
studies, which concluded that the material has indeed
reached a glassy state, with the crystalline phase being
inhibited [68, 69].

B. Investigation of thermal expansion in MGs

1. Global thermal expansion

To quantify the thermal expansion behavior of the
MGs, the volumetric strain (V − V0)/V0 was plotted
as a function of temperature during the heating stage
(Fig. 3). The volumetric coefficient of thermal expan-
sion (β) was extracted from linear fits of the volumetric
strain in specific temperature ranges corresponding to
the glassy and liquid states. For all studied MG systems,
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FIG. 1. Evolution of the radial distribution function g(r) during the cooling process for the four investigated metallic glass
systems: (a) Fe50Ni20Co10Cr10Mn10, (b) Fe60Ni30Co10, (c) Ni70Al20Co10, and (d) Ni75Al25.

the glassy-state CTE was determined in the temperature
range from 300 to 900 K, while the liquid-state CTE was
obtained between 1300 and 2000 K. An exception is made
for the monoatomic Al MG, where the fitting ranges were
300–600 K for the glassy state and 700–1400 K for the
liquid state, due to its lower characteristic transition tem-
peratures.
The analysis of volumetric strain as a function of tem-

perature provides key insights into the thermal expansion
behavior of the studied systems. In the low-temperature
regime, MGs exhibit a linear increase in volume, consis-
tent with positive thermal expansion. The onset of the
glass transition temperature (T g) is marked by a clear
change in slope, signifying the structural shift from a
glassy to a supercooled liquid state. Above T g, the slope
becomes significantly steeper, indicating that the volu-
metric expansion coefficient (β) is higher in the liquid
state than in the glassy state. This behavior, widely
documented in both theoretical and experimental liter-
ature [70–73], reflects the fundamental structural rear-
rangement and the increased atomic mobility that char-
acterize the liquid regime.
In both crystalline and amorphous materials, thermal

expansion is mainly governed by the anharmonic nature
of interatomic interactions, which is the primary origin
of thermal expansion of both glasses and crystals. In
liquids, however, the absence of long-range order allows

translational atomic motions and structural rearrange-
ments associated with viscous flow, which introduce an
additional configurational contribution. As a result, the
volumetric thermal expansion coefficient of liquids βL,
can be considered the combined effect of a vibrational
component comparable to that observed in glasses and
crystals and a configurational component specific to the
liquid state [26, 74, 75]. Consequently, thermal expan-
sion is lower in the glassy state and significantly higher
in liquids and supercooled liquids, owing to the addi-
tional configurational contribution. The variation of vol-
ume with temperature was extracted by fitting the ob-
tained curves with a linear function, and the volumetric
thermal expansion coefficients (β) for the MGs in both
the solid and liquid states were determined from the fol-
lowing macroscopic equation [76]:

V − V0

V0

= β∆T = β(T − T0) (4)

where V0 is the initial volume at temperature T0, V
is the volume at temperature T , and β is the volumetric
coefficient of thermal expansion.
Table I summarizes the volumetric thermal expansion

coefficients of the studied MGs in both the glassy (βG)
and supercooled liquid (βL) states. A considerable in-
crease in the thermal expansion coefficient is observed
during the transition from the glassy to the liquid state
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FIG. 2. Volume as a function of temperature during heating (red curves) and cooling (blue curves) for the four studied metallic
glass systems. Melting is indicated by the abrupt change in the heating curves, while the glass transition temperature T g

is identified from the intersection of linear fits to the low- and high-temperature regimes: (a) Fe50Ni20Co10Cr10Mn10, (b)
Fe60Ni30Co10, (c) Ni70Al20Co10, and (d) Ni75Al25.

FIG. 3. Temperature dependence of volumetric strain in all studied systems. Low-temperature curves are used to extract
thermal expansion coefficients of MGs, while high-temperature curves are used for liquids.

in all systems studied. The coefficient of the liquid state
(βL) is always higher than that of the glassy state (βG),
reflecting a transition toward a more disordered struc-
tural state. This increase has been attributed to the
larger free volume in the supercooled and equilibrium
liquid phases, accompanied by the enhanced atomic mo-
bility inherent to the liquid state [75].

In the glassy state, Al-based metallic glass exhibits the

highest thermal expansion coefficient among the studied
systems. In contrast, Ni-based glasses (Ni, Ni75Al25, and
Ni70Al20Co10) exhibit considerably lower values, sug-
gesting higher dimensional stability at low temperature.
In comparison, Fe-based glasses (Fe75N25, Fe60Ni30Co10
and Fe50Ni20Co10Cr10Mn10) show higher βG values than
Ni-based glasses. However, this trend is reversed in the
liquid state: Fe-based alloys exhibit lower thermal ex-
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TABLE I. Thermal expansion coefficients βv and glass transition temperature T g of MGs in the glassy and liquid states.

Composition Glass βG (10−5 K−1) Liquid βL (10−5 K−1) βL/βG T g (K)
Al 6.07± 0.34 10.50± 0.13 1.72 602.04
Ni 3.68± 0.24 9.54± 0.05 2.59 1050.01
Fe 4.20± 0.09 7.51± 0.06 1.78 1102.78
Fe75Ni25 4.36± 0.10 7.85± 0.06 1.80 1100.86
Fe50Ni50 4.16± 0.04 7.91± 0.12 1.90 1054.08
Fe25Ni75 4.35± 0.05 8.98± 0.13 2.06 1087.11
Fe50Cu20Ni30 5.00± 0.06 9.92± 0.10 1.98 1025.80
Fe40Cu40Ni20 5.42± 0.06 10.42± 0.10 1.92 1024.74
Fe40Cu30Ni30 5.22± 0.08 10.18± 0.10 1.95 1019.40
Fe60Ni25Cr15 4.32± 0.05 8.10± 0.07 1.88 1096.36
Fe60Ni30Cr10 4.31± 0.05 7.91± 0.08 1.83 1101.49
Fe60Ni30Co10 4.12± 0.06 7.98± 0.10 1.94 1090.00
Fe50Ni30Co10Cr10Mn10 4.30± 0.03 7.86± 0.14 1.83 1095.67
Ni70Al30 3.34± 0.06 10.58± 0.23 3.17 1076.91
Ni75Al25 3.44± 0.05 10.30± 0.15 2.99 1065.78
Ni80Al20 3.51± 0.11 10.48± 0.16 2.99 1068.34
Ni70Al20Co10 3.63± 0.13 9.35± 0.13 2.58 1096.90
Ni80Al5Co15 3.75± 0.08 9.57± 0.20 2.55 1077.06
Ni80Al10Co10 3.70± 0.14 9.33± 0.18 2.52 1078.78
Ni80Al15Co5 3.55± 0.12 9.83± 0.22 2.77 1086.93
Ni60Al30Co10 3.49± 0.06 9.65± 0.10 2.77 1080.41
Ni50Al30Co20 3.70± 0.09 8.87± 0.10 2.40 1084.64
Ni80Co20 3.87± 0.11 9.51± 0.30 2.46 1076.91
Sm4Al96 6.15± 0.48 23.27± 0.20 3.78 923.60
Sm10Al90 4.43± 0.21 18.81± 0.57 4.25 956.09
Cu65Zr35 ML 5.40± 0.05 8.01± 0.10 1.48 994.88
Cu65Zr35 EAM 4.78± 0.07 7.90± 0.06 1.65 1008.69

pansion compared to Ni-based ones, reflecting a stronger
resistance to thermal expansion upon heating above T g.
These findings are consistent with the results reported by
Komatsu et al. in (FexNi1−x)78Si8B14 MGs [77], where
the thermal expansion coefficient of as-quenched samples
decreased monotonically with increasing Fe content. This
behavior was attributed to the magnetic contribution to
the thermal expansion coefficient in Fe-rich alloys, where
large volume magnetostriction partially compensates the
normal lattice expansion, leading to an Invar-like reduc-
tion of thermal expansion that is particularly pronounced
in Fe78Si8B14 [77].
The glass transition temperature also varies across

compositions, confirming distinct thermal behaviors
among the studied alloys [78]. Although no direct corre-
lation between β and T g was found in our study, previous
works have suggested that the fragility parameter (m)
may provide the missing link between thermal expansion
and glass transition dynamics, as fragile glasses tend to
exhibit larger expansion coefficients at lower T g [75–80].

2. Local thermal expansion from Voronoi analysis

Macroscopic thermal expansion coefficients represent
averaged quantities and therefore mask the intrinsic
structural heterogeneity of MGs. To identify the atomic-
scale origins of thermal expansion, a local analysis based
on distinct atomic motifs is required. In the following, lo-

cal thermal expansion coefficients are evaluated by mon-
itoring the temperature-dependent atomic volumes of in-
dividual Voronoi polyhedra, enabling direct comparison
across different local atomic motifs. Fig. 4 presents the
spatial distribution of local atomic volume fluctuations
((V − V0)/V0) at 400 K and 2000 K, illustrating how
atomic volumes are distributed within the system at dif-
ferent temperatures. These snapshots clearly show that
thermal expansion is highly heterogeneous at the atomic
scale, with some regions expanding much more strongly
than others upon heating. This observation is consis-
tent with the findings of Shang et al. [30], who reported
that MGs exhibit heterogeneous thermal expansion coef-
ficients, analogous to the heterogeneity observed in their
elastic constants. They further showed that such non-
uniform expansion can generate internal stresses strong
enough to trigger local atomic rearrangements, a mecha-
nism proposed to explain cryogenic rejuvenation during
thermal cycling, although resolving this mechanism di-
rectly in MD simulations remains difficult [30]. To clarify
how these local responses contribute to the macroscopic
thermal behavior, we next analyze the role of different
types of local clusters in thermal expansion and thermal
stability.

To study the evolution of different local atomic struc-
tures during the heating process, we used the Voronoi
tessellation analysis (VTA) method, which characterizes
each atom by four integer indices called Voronoi indices
⟨n3, n4, n5, n6⟩, with ni denoting the number of faces of
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the Voronoi polyhedron with i edges. For example, the
full icosahedral cluster is represented by the Voronoi in-
dex ⟨0, 0, 12, 0⟩ [63, 81, 82]. Voronoi polyhedra (VPs) are
generally categorized into three types: icosahedral-like,
mixed-like, and crystal-like. Further details on the clas-
sification criteria and representative Voronoi indices are
provided in the Supplementary Material [59] (Section 1:
Voronoi tessellation analysis and Section 2: Classification
of Voronoi Polyhedra).

Fig. 5 displays the variation of the main VP families
as function of temperature evolution, for Ni70Al20Co10,
Fe60Ni30Co10 and Fe50Ni20Co10Cr10Mn10. At low tem-
peratures, icosahedral-like polyhedra dominate the glassy
state. As temperature increases, their fraction progres-
sively decreases while mixed-like polyhedra steadily in-
crease and become predominant after the glass tran-
sition. The fraction of crystal-like polyhedra remains
low (around 5%) over the entire temperature range, in-
dicating the absence of crystallization. Similar behav-
ior is observed for all systems (Supplementary mate-
rial Fig. S6 [59]), demonstrating a temperature-induced
transformation from icosahedral-like to mixed-like local
structures.

To extract the contribution of each substructure to the
thermal expansion, we calculated the average atomic vol-
ume for each Voronoi polyhedra at each temperature dur-
ing heating. Note that the polyhedra at a given tempera-
ture are not necessarily the same at other temperatures,
as atomic motion continuously reshapes local environ-
ments, making it challenging to track the expansion of
individual polyhedra. Instead, we consider the average
atomic volume of all polyhedra of the same type at each
temperature. This allows us to quantify the local vol-
umetric thermal expansion for each class of polyhedra
and compare it with the global volumetric thermal ex-
pansion. For each type, the average atomic volume at a
temperature T was compared to its value at T = 300 K.
The resulting relative change defines the local volumet-
ric strain. In contrast, the relative change in the total
system volume represents the global volumetric strain,
allowing a direct comparison between local and global
expansion coefficients.

Fig. 6 presents the temperature dependence of the
local and global volumetric strains in Ni70Al20Co10,
Fe60Ni30Co10, and Fe50Ni20Co10Cr10Mn10. The figures
reveal diverse thermal responses of Voronoi polyhedra
across the glassy and liquid states, highlighting the com-
plexity of atomic-level thermal behavior. Below the glass
transition, the average atomic volumes of most Voronoi
polyhedra increase linearly with temperature, in parallel
with the overall volume expansion of the MGs. Above the
glass transition, however, this trend changes, indicating
a shift in the local structural response to heating.

The local thermal expansion coefficient for each type
of Voronoi polyhedra is quantified by fitting the curves
in Fig. 6 with a linear function using Eq. (5) in both

the glassy and liquid states:

< v > − < v0 >

< v0 >
= β(T − T0) (5)

Here, ⟨v0⟩ and ⟨v⟩ denote the average atomic volume of
a given Voronoi polyhedron type at temperatures T0 and
T , respectively, and β is the corresponding local thermal
expansion coefficient.
By comparing local and global coefficients of thermal

expansion (βG and βL) in the glassy and liquid states
(Table II), we can identify which Voronoi polyhedra con-
tribute most to the overall thermal expansion. Analysis
of the relative volume variation ((⟨v⟩ − ⟨v0⟩)/⟨v0⟩), be-
fore and after the glass transition, provides insights into
the structural origins of thermal expansion. In both the
glassy and liquid states, the CTE of Mixed-like poly-
hedra closely matches that of the overall system. For
instance, in the MEA system (Fig. 6 and Table II), the
CTE of mixed polyhedra in the glassy state is 4.44×10−5

K−1, compared to 4.30 × 10−5 K−1 for the overall sys-
tem, and 7.48 × 10−5 K−1 in the liquid state close to
the system value of 7.86× 10−5 K−1. This demonstrates
that mixed polyhedra dominate the overall thermal ex-
pansion behavior. In contrast, icosahedral polyhedra
consistently exhibit lower CTE values, and crystal-like
polyhedra show relatively higher CTE values. This be-
havior of the crystal-like polyhedra can be attributed to
their low fraction in the system: their contribution to
the macroscopic response remains limited despite their
comparatively larger local volume fluctuations. A simi-
lar behavior is observed in other systems we studied, as
shown in the Supplementary Material Fig. S7 and Ta-
ble S1 [59].
To further support the analysis of local thermal ex-

pansion based on atomic volumes, we examined the tem-
perature dependence of the potential energy of different
polyhedron types. Fig. 7 shows the evolution of the av-
erage atomic potential energy of the global system and
of the icosahedral-like and mixed-like Voronoi polyhedra
during heating. For all alloys, the potential energy in-
creases with temperature, but there are clear differences
between the structural families. Icosahedral polyhedra
consistently exhibit the lowest potential energy, consis-
tent with previous studies showing that icosahedral or-
der corresponds to an energetically stable local configu-
ration in MGs [83–85]. In contrast, mixed-like polyhedra
have the highest potential energy, which increases more
rapidly with temperature, reflecting their greater sensi-
tivity to thermal fluctuations. The global system energy
lies between these two curves, indicating the averaged
contribution of all local environments. A similar behav-
ior is observed in other systems we studied, as shown in
the Supplementary Material Fig. S8 [59].

Crystal-like polyhedra are not shown in Fig. 7 because
their very low population throughout the heating pro-
cess leads to considerable statistical noise in the average
potential energy. Furthermore, since crystal-like atoms
are surrounded predominantly by icosahedral-like and
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FIG. 4. Spatial distribution of local atomic volume fluctuations (V −V0)/V0 at 400 K and 2000 K, highlighting the heterogeneous
nature of thermal expansion.

FIG. 5. Variation of Icosahedral-like, Crystal-like, and Mixed-like Voronoi polyhedra with temperature in MGs.

mixed-like neighbors, their potential energy reflects the
local chemical environment rather than an intrinsic prop-
erty of crystal-like configurations. Including these data
without this context would risk misinterpretation.

3. Local thermal expansion from G(r)

The local thermal expansion can also be evaluated
from the temperature-dependent shift of the first peak
of the pair distribution function, G(r). As tempera-
ture increases, the peak position reflects changes in the
average nearest-neighbor distance, providing a measure
of atomic-scale expansion. This approach complements
the Voronoi-based analysis by linking structural rear-
rangements to thermal expansion at the short-range or-
der level. In several recent studies [38, 42, 86, 87], the
position of the maximum of the first peak in g(r) was
used to determine the local coefficient of thermal ex-
pansion (CTE). These studies reported apparent bond
contraction, since the peak shifts toward smaller r val-
ues with increasing temperature. However, this appar-
ent contraction is an artifact that does not represent the
true thermal behavior of the average bond length. Gan-
gopadhyay et al. [87] attributed this apparent negative

thermal expansion in the liquid state to the influence
of pair partial atom contributions on the peak inten-
sity of g(r). Similarly, Lou et al. [88] and Su et al. [38]
linked negative CTEs in liquids to the transformation of
highly-coordinated clusters into lower-coordinated ones.
It should be noted that g(r) is normalized with respect
to the average density, describing only the relative prob-
ability of finding an atom at a distance r from a reference
atom. As such, it does not directly yield the true aver-
age bond length. Moreover, previous studies neglected
the effect of peak asymmetry, focusing only on the po-
sition of the first peak’s maximum. For completeness,
the local thermal expansion was also estimated using the
conventional method based on the position of the first
peak of g(r), leading to an apparent negative expansion
in the liquid state, in agreement with previous reports.
These results are provided in the Supplementary material
Fig. S9 [59].

To overcome the limitations of the radial distribution
function g(r), we analyzed the radial probability distribu-
tion function G(r), defined as G(r) = 4πr2ρg(r), during
the heating process (Fig. 8). Unlike g(r), which describes
relative atomic correlations, G(r) represents a probabil-
ity density function, allowing the direct calculation of
physically meaningful quantities, such as coordination
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FIG. 6. Variation of global volume and atomic volume of icosahedral-like, crystal-like, and mixed-like Voronoi polyhedra During
Heating.

TABLE II. Comparison between global and local volumetric thermal expansion coefficients in the glassy (βG) and liquid (βL)
states for different Voronoi polyhedron types in selected MGs. The rest of the samples are shown in Tab. S4-S8 in the SM [59].

System / Polyhedra Glass βG (10−5 K−1) Liquid βL (10−5 K−1) βL/βG

Fe50Ni20Co10Cr10Mn10

Global 4.30± 0.0283 7.86± 0.135 1.86
Crystal-like 4.93± 0.28 9.87± 0.46 2.00
Mixed-like 4.44± 0.023 7.48± 0.154 1.68

Icosahedral-like 4.09± 0.023 6.72± 0.139 1.64
Fe60Ni30Co10

Global 4.12± 0.06 7.98± 0.10 1.93
Crystal-like 4.57± 0.15 9.24± 0.29 2.02
Mixed-like 4.26± 0.05 7.46± 0.13 1.75

Icosahedral-like 3.80± 0.06 6.60± 0.13 1.73
Ni70Al20Co10

Global 3.63± 0.13 9.35± 0.15 2.57
Crystal-like 4.09± 0.24 15.3± 0.24 3.74
Mixed-like 3.45± 0.20 8.45± 0.12 2.44

Icosahedral-like 3.26± 0.80 8.26± 0.11 2.53

numbers, through its integrals. Fig. 8 shows G(r) for
the Ni70Al20Co10 alloy across the glassy, supercooled liq-
uid, and equilibrium liquid states over the temperature
range 300–2000 K. The first peak of G(r) is particularly
relevant for investigating local thermal expansion, as it
reflects the short-range atomic order that governs the
structural stability of MGs. As shown in Fig. 8, this peak
exhibits a noticeable asymmetry. Following Sukhomlinov
and Müser [86], the first peak of G(r) was fitted using a
skewed normal distribution (SND). Rather than tracking
the mode (peak position), we tracked the mean of the fit-
ted distribution, which corresponds to the average bond
length. Here we apply this approach to characterize the
local thermal expansion of MGs across a broad compo-
sitional space, complementing the Voronoi-based motif
analysis.

The relative shift of the mean bond length was quan-

tified as ⟨r⟩−⟨r0⟩
⟨r0⟩

, as shown in Fig. 9.

The results indicate that the mean interatomic dis-
tance associated with the first peak of G(r) increases
with temperature in all studied systems with a noticeable
change in slope around the glass transition temperature

(T g), reflecting the structural transformation from the
amorphous solid to the liquid state. This trend is con-
sistent with the local thermal expansion evaluated from
atomic volume changes, which also indicates positive ex-
pansion. In contrast to previous studies reporting appar-
ent contraction from the first peak of g(r), our approach
demonstrates true thermal expansion. Similar behavior
is observed in other metallic glass systems (Supplemen-
tary material, Fig. S10 [59]), confirming that the trends
are not system-specific but rather general.

IV. DISCUSSION

All analyses carried out in this work, including macro-
scopic volume expansion, changes in local atomic envi-
ronments, the potential energy of Voronoi motifs, and
bond-length evolution, provide a coherent understanding
of the structural origin of thermal expansion in MGs.
At the macroscopic scale, all the studied alloys exhibit

positive thermal expansion, with a pronounced change in
slope near the glass transition temperature. This change
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FIG. 7. Average atomic potential energy of the global system and of icosahedral-like, and mixed-like Voronoi polyhedra as a
function of temperature.

FIG. 8. Radial probability distribution function G(r) of
Ni70Al20Co10 metallic glass at different temperatures. The
inset highlights the evolution of the first peak.

reflects the transition from a purely vibrational thermal
response in the glassy state to a regime where additional
configurational contributions become active in the super-
cooled liquid state. In MGs, the thermal expansion be-
low T g is mainly governed by vibrational contributions
arising from the anharmonicity of interatomic potentials,
leading to a linear volume–temperature relationship with
a relatively low thermal expansion coefficient. Above T g,
the volume continues to evolve linearly with tempera-
ture, but with a significantly higher slope. This increase
in the thermal expansion coefficient is associated with
the activation of additional configurational contributions
enabled by enhanced atomic mobility and structural re-
laxation in the supercooled liquid state, as discussed by
Lunkenheimer [74], and in earlier studies [75, 89].
The glass transition temperature varies slightly with

composition among the investigated alloys. Previous ex-
perimental and theoretical studies have reported an in-
verse correlation between the thermal expansion coeffi-

cient and the glass transition temperature, and have fur-
ther suggested that this apparent relationship is medi-
ated by the fragility of the supercooled liquid, with more
fragile systems generally exhibiting higher thermal ex-
pansion coefficients and lower T g values, as discussed for
instance by Gangopadhyay et al. [90], Lunkenheimer et

al. [74] and Guo et al. [91]. A negative trend is observed
between the liquid thermal expansion coefficient βL and
the glass transition temperature T g across the investi-
gated systems (See Fig. 10). This trend is presented as
physically consistent with prior literature rather than as
a predictive quantitative relation: metallic glasses with
lower liquid thermal expansion tend to exhibit higher
glass transition temperatures, as reported by Gangopad-
hyay et al. [90], Lunkenheimer et al. [74], and Guo et

al. [91].

The macroscopic response masks the strong hetero-
geneity inherent to MGs. As illustrated in Fig. 4, some
atomic regions expand much more than others, revealing
pronounced spatial variations in local thermal expansion,
in agreement with the observations of Shang et al. [30].
They showed that such non-uniform expansion generates
internal stresses capable of inducing local atomic rear-
rangements, a mechanism proposed to explain cryogenic
rejuvenation during thermal cycling. However, Shang et

al. did not fully address the nature of these expanding
regions, nor did they specify which types of atomic envi-
ronments are more susceptible to expansion and which re-
main more stable during heating. Furthermore, although
overall expansion is homogeneous on a macroscopic scale,
local contributions to thermal expansion can vary consid-
erably depending on atomic structures.

Understanding the structural origin of this heterogene-
ity, therefore, requires analyzing the thermal response of
different atomic environments. To this end, we examined
the evolution of different Voronoi polyhedra during heat-
ing. As shown in Fig. 5, the population of icosahedral-
like polyhedra gradually decreases during heating, while
that of mixed-like polyhedra increases significantly. This
evolution highlights a topological transition from densely
packed icosahedral-like configurations to more disordered
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FIG. 9. Relative change of the mean nearest-neighbor distance with temperature for Ni70Al20Co10 and Ni75Al25 MGs.

FIG. 10. Liquid thermal expansion coefficients βL plotted as a
function of the corresponding glass transition temperature T g

for the investigated metallic glasses. The solid line represents
a linear fit, showing a negative trend. The main purpose
of the fitted line is to highlight the trend and not a general
correlation.

mixed-like environments, consistent with previous struc-
tural observations [92–95]. In contrast, crystal-like poly-
hedra remain at very low fractions, limiting their contri-
bution to the macroscopic response.

Local thermal expansion analysis based on atomic vol-
ume variations (Fig. 6) further reveals distinct responses
depending on polyhedron type. Icosahedral polyhedra
exhibit the smallest volume variations, reflecting their
compact geometry and resistance to thermal deforma-
tion. This stabilizing behavior is consistent with their
low potential energy (Fig. 7) and with previous stud-
ies identifying icosahedral clusters as an energetically fa-
vorable local configuration in MGs [83–85]. In contrast,
mixed-like polyhedra exhibit local expansion values close
to those of the overall system in both the glassy and liq-

uid states, indicating that they dominate the macroscopic
thermal expansion. This behavior can be attributed to
their more flexible atomic environments, higher poten-
tial energy, and enhanced anharmonicity, as supported
by the energetic analysis (Fig. 7). Although crystal-like
polyhedra exhibit greater local expansion, their very low
population makes their contribution negligible. These
combined structural and thermal features provide a co-
herent picture of the macroscopic thermal expansion of
MGs. The convergence of volumetric and energy analyses
demonstrates that thermal expansion is primarily gov-
erned by mixed-like polyhedra, while icosahedral polyhe-
dra are consistently associated with lower local expansion
across all investigated systems. The enhanced packing
efficiency and geometric regularity of icosahedral units
reduce the anharmonicity of the local potential energy
landscape, providing a structural basis for the observed
behavior consistent with previous studies [83–85]. This
motif-dependent ordering of local CTEs, βico < βmixed <
βcrystal, is preserved across 25 compositions spanning five
chemical families, multiple interatomic potentials includ-
ing a machine-learning potential of near-DFT accuracy,
and cooling rates spanning nearly two orders of magni-
tude ( See Tab. S2 and S3). This robustness suggests
that the motif-dependent thermal response is a general
characteristic of MGs rather than an artifact of simula-
tion conditions.

Although cooling rates employed in MD simulations
remain orders of magnitude higher than those achiev-
able experimentally for metallic alloys, the motif-resolved
CTEs show only marginal sensitivity to the cooling rate
within the range accessible to MD (Table S1). Specifi-
cally, changing the cooling rate by nearly two orders of
magnitude alters absolute CTE values by less than 5%,
while the ordering βico < βmixed < βcrystal is preserved in
both the glassy and liquid regimes. This consistency sug-
gests that the structural trends reported here are robust
within the framework of MD simulations, even if absolute
values may differ from those measured experimentally.
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Finally, the analysis based on the radial probability
distribution function G(r) overcomes the limitations of
previous approaches that rely solely on the peak position
of g(r). Earlier studies reported apparent contraction
upon heating [38, 42, 86, 87], often interpreted as neg-
ative thermal expansion (see also Fig. S11). However,
such conclusions arise from neglecting the asymmetry of
the first peak of g(r). By fitting this peak using a skewed
normal distribution and tracking the mean bond length
Fig. 8 and Fig. 9, we revealed a continuous increase in
the average interatomic distance with temperature. The
change in slope around T g corresponds to the structural
transition from the amorphous to the liquid state. This
trend is reproduced across all studied systems (Figs. S10-
S12) and demonstrates that, for all investigated systems,
the average nearest-neighbor distance in the first coor-
dination shell increases monotonically with temperature
when peak asymmetry is properly accounted for.

V. CONCLUSION

We investigated the structural behavior of a range of
metallic glasses widely studied in the literature, includ-
ing monoatomic MGs, binary, ternary, and high-entropy
alloys. The radial distribution function (RDF) revealed
enhanced short-range order and a splitting of the sec-
ond RDF peak, confirming the formation of a metallic
glassy state. The glass transition temperatures of the
different systems were determined from the temperature
dependence of the volume during cooling. The thermal
responses of local atomic structures in MGs, both below
and above the glass transition temperature, were ana-
lyzed. Voronoi tessellation analysis showed that mixed-
like polyhedra are the primary contributors to macro-
scopic thermal expansion, whereas icosahedral-like poly-

hedra exhibit reduced local expansion and thus play a
stabilizing role. Crystal-like motifs were found to play
only a minor role due to their scarcity. These observa-
tions were corroborated by the potential energy analysis,
which highlighted the energetic stability of icosahedral
patterns and the anharmonic nature of mixed polyhedra.
Contrary to previous studies suggesting an apparent con-
traction of interatomic bonds based on the position of the
first maximum of g(r), our analysis using the radial prob-
ability function G(r), combined with the fitting by an
asymmetric normal distribution suggested in Ref. [86],
revealed a clear positive local expansion with increas-
ing temperature. Taken together, the results across 25
metallic glass compositions spanning five chemical fami-
lies, and validated against multiple interatomic potentials
and cooling rates, reveal a robust, motif-dependent struc-
tural behavior governing thermal expansion. The consis-
tent ordering βico < βmixed < βcrystal across all investi-
gated systems suggests this is a general characteristic of
MGs rather than a composition- or potential-specific ar-
tifact. These findings provide a consistent atomic-scale
understanding of macroscopic thermal expansion and of-
fer useful insights for the rational design of MGs with
enhanced thermal stability.
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I. EFFECT OF COOLING AND HEATING RATE ON THERMAL EXPANSION

To motivate the choice of the heating rate, additional simulations were performed on the binary Ni75Al25 metallic
glass using four different heating rates: 1011 K⁄s, 5×1011 K/s, 1012 K/s and 5×1012 K/s. The results (Fig. S1)
indicate that for 5×1011 K/s, 1012 K/s, and 5×1012 K/s, the thermal expansion behavior was nearly identical.
However, at the lowest rate of 1011 K/s, a contraction appeared near the glass transition temperature (Tg), which is a
clear signature of crystallization. Therefore, 5×1012 K/s was selected in this study, as it prevents crystallization and
reduces computational cost. Previous studies have shown that extremely large heating rates are commonly used in
molecular dynamics simulations of metallic glasses to avoid crystallization while remaining consistent with atomistic
timescale limitations [60, 96].

FIG. S1. Thermal expansion curves of the Ni75 Al25 metallic glass obtained with different heating rates (1011 K/s, 5×1011

K/s, 1012 K/s and 5×1012 K/s).

In Tab. S1 we show the sensitivity of the results to the cooling rate by redoing the same simulations for a selected
composition (i.e., Fe50Ni30Co10Cr10Mn10) using four different cooling rates that span almost 2 order of magnitude.
As shown in Tab. S1, changing the cooling rate changed the values of CTE only marginally and, more importantly,
the ordering where βico < βmixed < βcrystal is preserved across all cooling rates tested. While MD cooling rates remain
orders of magnitude higher than experimental rates, the motif-dependent trends of local CTEs are robust within the
range accessible to MD simulations.

II. EFFECT OF INTERATOMIC POTENTIAL ON LOCAL CTES

To address potential dependence, we performed additional simulations for two alloys using alternative interatomic
potentials. For Fe75Ni25, we compared results from an EAM potential by Tramontina et al. [54] and a MEAM potential
parametrized by Choi et al. [53]. For Zr35Cu65 system, we compared an EAM potential [56] with a machine learning
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TABLE S1. Effect of cooling rate on global and local volumetric thermal expansion coefficients βG (glass) and βL (liquid),
given in units of (×10−5 K−1).

Glass βG Liquid βL

Cooling rate Global Crystal-like Mixed-like Icosahedral-like Global Crystal-like Mixed-like Icosahedral-like

5× 1011 4.17± 0.053 4.86± 0.022 4.35± 0.01 3.98± 0.04 8.01± 0.07 10.5± 0.02 7.58± 0.06 6.58± 0.01

1012 4.19± 0.07 5.05± 0.02 4.41± 0.01 3.95± 0.08 7.90± 0.08 9.91± 0.02 7.65± 0.09 6.91± 0.02

5× 1012 4.12± 0.03 4.68± 0.006 4.40± 0.07 3.87± 0.04 7.83± 0.01 9.84± 0.02 7.45± 0.01 6.67± 0.01

1013 4.20± 0.04 4.82± 0.02 4.56± 0.08 3.87± 0.03 7.95± 0.07 10.10± 0.03 7.54± 0.07 6.70± 0.06

potential [57], which offers a near-DFT level accuracy. In all cases, the ordering βico < βmixed < βcrystal is preserved
for both liquid and glassy domains. Numerical values for these simulations are summarized in Tab. S2 and Tab. S3.
Although absolute values are slightly different between potential, which is expected, the trends are consistent, which
demonstrates that the main finding of this work, that is the icosahedral-like polyhedra are consistently associated
with lower thermal expansion, is robust with respect to the choice of interatomic potential.

TABLE S2. Comparison of volumetric thermal expansion coefficients (K−1) for Fe75Ni25 obtained using EAM and MEAM
interaction models.

Potential Global Crystal-like Mixed-like Icosahedral-like
Glass regime
EAM 4.61 5.19 4.84 4.23
MEAM 4.36 4.80 4.62 4.09
Liquid regime
EAM 9.09 10.30 8.37 7.20
MEAM 7.85 9.58 7.41 6.75

TABLE S3. Comparison of volumetric thermal expansion coefficients (×10−5 K−1) for Cu65Zr35 obtained using EAM and ML
interaction models.

Potential Global Crystal-like Mixed-like Icosahedral-like
Glass regime
EAM 4.78 17.05 7.24 4.80
ML 5.40 19.22 7.65 4.88
Liquid regime
EAM 7.90 27.28 10.14 8.17
ML 8.01 25.72 9.83 9.34

III. EFFECT OF INTERMEDIATE NPT RELAXATIONS DURING HEATING

In addition to the rate effect, we examined the influence of intermediate NPT relaxations during heating. For this
purpose, a stepwise heating protocol was applied, in which the temperature was increased in increments of 100 K. At
each temperature step, the system was relaxed under NPT conditions for 100 ps, and the average volume obtained
during this relaxation was recorded. The results were compared with those obtained using the direct continuous
heating protocol at the same effective heating rate of 5×1012 K/s. As shown in Fig. S2, no significant difference is
observed in the global volume evolution between the two protocols. This comparison demonstrates that intermediate
NPT relaxations do not significantly affect the macroscopic thermal expansion behavior under the present simulation
conditions. Therefore, the direct heating protocol without intermediate relaxations was adopted in the main text for
simplicity and computational efficiency.
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FIG. S2. Comparison of the global volume evolution obtained using (i) a stepwise heating protocol with intermediate NPT
relaxations of 100 ps at each 100 K increment and (ii) a direct continuous heating protocol without intermediate relaxations
for the Ni70Al20Co10 metallic glass, both performed at an effective heating rate of 5×1012 K/s.

IV. STRUCTURAL FORMATION AND EVOLUTION OF METALLIC GLASSES

A. Radial distribution function

Fig. 1 presents the evolution of the radial distribution function during cooling.

FIG. S3. Evolution of the total radial distribution function of the studied MGs during the cooling process.



4

B. Volume as a function of temperature

Fig. S4 shows the evolution of the total volume with temperature during heating and cooling.

FIG. S4. Volume variation as a function of temperature for selected metallic systems during heating and cooling processes.

V. INVESTIGATION OF THERMAL EXPANSION IN METALLIC GLASSES

1. Voronoi tessellation analysis

Voronoi polyhedra are known to be unstable with regard to small perturbations of the particle positions, particularly
under the effect of thermal vibrations, which can lead to topological instabilities and the formation of quasi-degenerate
faces. In order to limit these effects, a filtering criterion based on minimum face area and minimum edge length is
applied. The very small faces resulting from Voronoi tessellation are generally considered physically insignificant and
are often attributed to numerical artifacts rather than actual structural features. In order to determine an appropriate
surface threshold for filtering quasi-degenerate Voronoi faces, we calculated the histogram of face areas for all Voronoi
polyhedra in the system using Ovito software. As shown in Fig. S5, the area distribution exhibits a marked minimum
between the first narrow peak (corresponding to very small, probably non-physical faces) and the second broader peak
(associated with significant atomic interfaces). This minimum was chosen as the filtering threshold, allowing digital
artifacts to be eliminated while retaining relevant structural features.

2. Classification of Voronoi polyhedra

In order to analyze the structural contributions to thermal expansion, all Voronoi polyhedra were classified into
three categories according to their topology:
Icosahedral-like: Voronoi polyhedra with a high degree of fivefold symmetry, defined as those having a number of

pentagonal faces n5 ≥ 8. These structures are typically associated with local atomic packing that promotes glass
formation.
Crystal-like: This class of polyhedra corresponds to those typically observed in crystalline phases. To define the

relevant Voronoi indices, we first constructed reference crystal structures (e.g., FCC, BCC, HCP), then introduced
moderate thermal perturbation by slightly increasing the temperature in these crystal systems. This procedure induced
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FIG. S5. Distribution of Voronoi face areas for Ni75Al25 at different temperatures. The minimum between the first narrow
peak (artifacts) and the second broader peak (physical faces) is chosen as the threshold for filtering quasi-degenerate Voronoi
faces.

small distortions in the polyhedra while preserving the overall crystal order. The Voronoi polyhedra generated under
these conditions can thus be regarded as deformed crystalline motifs. The corresponding indices were then used as
a reference to define the crystal-like category. The following indices were identified as representative of crystal-like
Voronoi polyhedra in our analysis:

⟨0, 2, 4, 6⟩, ⟨0, 1, 6, 5⟩, ⟨0, 2, 6, 4⟩, ⟨0, 1, 4, 7⟩, ⟨0, 0, 6, 6⟩,

⟨0, 9, 4, 0⟩, ⟨0, 9, 2, 1⟩, ⟨0, 8, 4, 0⟩, ⟨0, 0, 4, 8⟩, ⟨0, 3, 4, 6⟩,

⟨0, 11, 1, 0⟩, ⟨1, 9, 3, 0⟩, ⟨0, 7, 4, 1⟩, ⟨0, 7, 6, 0⟩, ⟨0, 6, 6, 0⟩,

⟨0, 4, 4, 6⟩, ⟨0, 6, 0, 8⟩, ⟨0, 12, 0, 0⟩, ⟨0, 10, 2, 0⟩, ⟨0, 9, 3, 0⟩,

⟨0, 5, 2, 6⟩, ⟨0, 5, 0, 8⟩, ⟨0, 4, 2, 8⟩.

Mixed-like: All remaining polyhedra that do not meet the criteria for icosahedral-like or crystal-like categories are
grouped together in this class.
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3. Fraction of Each Voronoi Polyhedron Type

To characterize the temperature-induced evolution of local atomic structures, we analyzed the fraction of each class
of Voronoi polyhedra as a function of temperature.

FIG. S6. Evolution of icosahedral-like, crystal-like, and mixed-like Voronoi polyhedra with temperature in selected metallic
glasses.
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4. Temperature Dependence of Average Atomic Volume for Different Voronoi Polyhedron Types

Fig. S7 summarizes the temperature dependence of the average atomic volume for different Voronoi polyhedron
types.

FIG. S7. Variation of global volume and atomic volume of icosahedral-like, crystal-like, and mixed-like Voronoi polyhedra
during heating. The title on top of each plot indicates the sample for which the data is shown.
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FIG. S8. Variation of global volume and atomic volume of icosahedral-like, crystal-like, and mixed-like Voronoi polyhedra
during heating. The title on top of each plot indicates the sample for which the data is shown.
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TABLE S4. Comparison between local and global coefficients of thermal expansion (βG and βL) in the glassy and liquid states
for selected metallic systems.

System / Polyhedra βG (10−5 K−1) βL (10−5 K−1) βL/βG

Al

Global 6.07± 0.34 10.50± 0.13 1.72
Crystal-like 6.49± 0.35 13.30± 0.28 2.04
Mixed-like 5.64± 0.35 9.44± 0.10 1.67
Icosahedral-like 4.86± 0.24 7.40± 0.39 1.52

Ni

Global 3.68± 0.24 9.54± 0.05 2.59
Crystal-like 3.91± 0.30 10.40± 0.68 2.65
Mixed-like 3.53± 0.20 8.54± 0.09 2.41
Icosahedral-like 3.38± 0.16 7.58± 0.44 2.24

Fe

Global 4.20± 0.09 7.51± 0.06 1.78
Crystal-like 4.56± 0.26 8.84± 0.32 1.93
Mixed-like 4.44± 0.10 6.86± 0.06 1.54
Icosahedral-like 3.93± 0.11 6.46± 0.15 1.64

Fe75Ni25
Global 4.36± 0.10 7.85± 0.06 1.80
Crystal-like 5.24± 0.15 9.41± 0.24 1.79
Mixed-like 4.73± 0.34 7.45± 0.08 1.57
Icosahedral-like 4.02± 0.10 6.98± 0.09 1.73

TABLE S5. (Table S4 Continued) Local and global CTE in glassy and liquid states.

System / Polyhedra βG (10−5 K−1) βL (10−5 K−1) βL/βG

Fe50Ni50
Global 4.16± 0.04 7.91± 0.12 1.90
Crystal-like 4.61± 0.06 10.39± 0.29 2.25
Mixed-like 4.44± 0.07 7.36± 0.14 1.66
Icosahedral-like 3.81± 0.06 6.49± 0.11 1.70

Fe25Ni75
Global 4.35± 0.05 8.98± 0.13 2.06
Crystal-like 4.48± 0.11 11.37± 0.44 2.54
Mixed-like 4.38± 0.04 8.75± 0.16 2.00
Icosahedral-like 4.15± 0.15 7.04± 0.15 1.70

Fe50Cu20Ni30
Global 5.00± 0.06 9.92± 0.10 1.98
Crystal-like 5.39± 0.20 11.13± 0.43 2.07
Mixed-like 5.11± 0.04 9.04± 0.16 1.77
Icosahedral-like 4.45± 0.07 7.90± 0.25 1.78

Fe40Cu40Ni20
Global 5.42± 0.06 10.42± 0.10 1.92
Crystal-like 5.90± 0.18 11.79± 0.29 2.00
Mixed-like 5.39± 0.09 9.41± 0.12 1.75
Icosahedral-like 4.76± 0.04 8.59± 0.13 1.80
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TABLE S6. (Table S4 Continued) Local and global CTE in glassy and liquid states.

System / Polyhedra βG (10−5 K−1) βL (10−5 K−1) βL/βG

Fe40Cu30Ni30
Global 5.22± 0.08 10.18± 0.10 1.95
Crystal-like 5.83± 0.24 12.36± 0.36 2.12
Mixed-like 5.10± 0.14 9.12± 0.11 1.79
Icosahedral-like 4.70± 0.05 8.32± 0.22 1.77

Fe60Ni25Cr15
Global 4.32± 0.05 8.10± 0.07 1.88
Crystal-like 4.76± 0.30 10.10± 0.44 2.12
Mixed-like 4.63± 0.07 7.77± 0.10 1.68
Icosahedral-like 4.10± 0.06 6.95± 0.19 1.70

Fe60Ni30Cr10
Global 4.31± 0.05 7.91± 0.08 1.83
Crystal-like 4.94± 0.33 10.01± 0.19 2.03
Mixed-like 4.47± 0.08 7.54± 0.12 1.69
Icosahedral-like 4.11± 0.04 6.79± 0.08 1.65

Ni70Al30
Global 3.34± 0.06 10.58± 0.23 3.17
Crystal-like 4.06± 0.53 23.37± 1.40 5.76
Mixed-like 2.91± 0.14 9.69± 0.31 3.33
Icosahedral-like 3.25± 0.18 9.32± 0.23 2.87

TABLE S7. (Table S4 Continued) Local and global CTE in glassy and liquid states.

System / Polyhedra βG (10−5 K−1) βL (10−5 K−1) βL/βG

Ni75Al25
Global 3.44± 0.05 10.30± 0.15 2.99
Crystal-like 2.47± 0.64 17.80± 0.72 7.20
Mixed-like 3.37± 0.14 9.40± 0.10 2.78
Icosahedral-like 3.34± 0.10 9.08± 0.39 2.71

Ni80Al20
Global 3.51± 0.11 10.48± 0.16 2.99
Crystal-like 3.00± 0.48 17.21± 0.12 5.74
Mixed-like 3.35± 0.17 9.48± 0.21 2.83
Icosahedral-like 3.33± 0.16 9.02± 0.18 2.71

Ni80Al5Co15

Global 3.75± 0.08 9.57± 0.20 2.55
Crystal-like 3.60± 0.25 13.72± 0.74 3.81
Mixed-like 3.33± 0.11 8.70± 0.21 2.61
Icosahedral-like 3.62± 0.08 7.84± 0.26 2.17

Ni80Al10Co10

Global 3.70± 0.14 9.33± 0.18 2.52
Crystal-like 3.97± 0.26 13.28± 0.38 3.35
Mixed-like 3.22± 0.18 8.47± 0.24 2.63
Icosahedral-like 3.61± 0.09 7.85± 0.19 2.17
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TABLE S8. (Table S4 Continued) Local and global CTE in glassy and liquid states.

System / Polyhedra βG (10−5 K−1) βL (10−5 K−1) βL/βG

Ni80Al15Co5

Global 3.55± 0.12 9.83± 0.22 2.77
Crystal-like 3.23± 0.42 13.64± 0.57 4.22
Mixed-like 3.13± 0.16 8.90± 0.26 2.84
Icosahedral-like 3.56± 0.12 8.74± 0.29 2.46

Ni60Al30Co10

Global 3.49± 0.06 9.65± 0.10 2.77
Crystal-like 4.31± 0.40 17.26± 0.18 4.00
Mixed-like 3.09± 0.10 9.06± 0.19 2.93
Icosahedral-like 3.47± 0.11 9.11± 0.24 2.63

Ni50Al30Co20

Global 3.70± 0.09 8.87± 0.10 2.40
Crystal-like 3.54± 0.50 16.48± 0.13 4.66
Mixed-like 3.55± 0.13 8.54± 0.06 2.41
Icosahedral-like 3.87± 0.11 8.37± 0.30 2.16

Sm4Al96
Global 6.15± 0.48 23.27± 0.20 3.78
Crystal-like 7.40± 0.41 50.00± 0.33 6.76
Mixed-like 7.13± 0.50 23.89± 0.07 3.35
Icosahedral-like 6.67± 0.76 19.57± 0.13 2.93

Sm10Al90
Global 4.43± 0.21 18.81± 0.57 4.25
Crystal-like 5.89± 0.51 40.17± 0.45 6.82
Mixed-like 6.11± 0.37 19.88± 0.56 3.25
Icosahedral-like 4.63± 0.29 19.26± 0.87 4.16

Cu65Zr35 ML

Global 5.40± 0.05 8.01± 0.10 1.48
Crystal-like 5.89± 0.51 25.71± 0.46 4.36
Mixed-like 6.11± 0.23 9.83± 0.27 1.61
Icosahedral-like 4.63± 0.29 9.34± 0.52 2.02

Cu65Zr35 EAM

Global 4.78± 0.07 7.90± 0.06 1.65
Crystal-like 17.05± 0.17 27.27± 2.20 1.60
Mixed-like 7.24± 0.22 10.14± 0.13 1.40
Icosahedral-like 4.80± 0.20 8.17± 0.50 1.70
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5. Potential Energy

Figure S9 and Fig. S10 shows the evolution of the average atomic potential energy for the global system and for
different Voronoi polyhedron types as a function of temperature.
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FIG. S9. Average atomic potential energy of the global system and of icosahedral-like, crystal-like, and mixed-like Voronoi
polyhedra as a function of temperature. The title on top of each plot indicates the sample for which the data is shown.
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6. Local thermal expansion from the first peak position of g(r)

For comparison with conventional analyses reported in the literature, the local thermal expansion was also estimated
from the temperature dependence of the position of the first maximum of the radial distribution function g(r). As
shown in Fig. S11 for the Fe50Ni20Co10Cr10Mn10 metallic glass, this approach yields an apparent decrease of the
peak position in the liquid state, leading to an apparent negative local thermal expansion, in agreement with previous
reports. As discussed in the main text, this behavior originates from the asymmetric shape of the first peak and the
density-normalized nature of g(r), and therefore does not represent the true evolution of the average bond length.
These limitations motivate the use of the radial probability distribution function G(r) = 4πr2ρ g(r), combined with
asymmetric peak fitting, as employed in the main text to obtain a physically meaningful local thermal expansion.

7. Local thermal expansion, determined by the shift of the first peak of G(r)
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FIG. S10. Average atomic potential energy of the global system and of icosahedral-like, crystal-like, and mixed-like Voronoi
polyhedra as a function of temperature. The title on top of each plot indicates the sample for which the data is shown.
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FIG. S11. Relative change of the mean nearest-neighbor distance with temperature for selected systems.
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FIG. S12. Relative change of the mean nearest-neighbor distance with temperature for selected systems.
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