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Understanding the structure—property relationships in glasses is challenging due to their inherent struc-
tural disorder and non-equilibrium nature. Among these, secondary () relaxation plays a vital role in
dictating mechanical behavior, yet its structural origins remain elusive. In this study, we employ
molecular dynamics simulations to investigate the temperature-dependent viscoelastic properties of
CugsZrsg in both metallic glass and nanoglass forms. Our results demonstrate that nanoglasses exhibit
pronounced B relaxation, manifested as an additional wing near the « peak. String-like atomic motions
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indicative of B relaxation are prominent in nanoglass, but largely suppressed in metallic glass despite
observed correlated displacements. Analysis of local short-range icosahedral and polyheral motifs shows
that regions with reduced structural order correspond to greater energy dissipation. These findings
provide new atomistic insights into the microscopic mechanisms governing B relaxation and their
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1. Introduction

Nanoglasses (NGs) are a class of materials synthesized by
consolidating nanoscale clusters of amorphous glass, resulting
in a structure characterized by a central amorphous region
separated by glass-glass interphases.™ The glass-glass inter-
faces formed during compaction exhibit an increased free
volume and compositional heterogeneity compared to the
interior glass regions, which has been attributed to surface
segregation occurring before compaction.*® Therefore, micro-
structural changes within the NG can be utilized to adjust the
interfacial structure, allowing efficient optimization of the
mechanical properties of the NGs."”*°

Metallic glasses, similar to other glassy materials, demon-
strate a wide range of viscoelastic and relaxation behaviors,
which are characterized by structural changes at the molecular
and atomic scales in a broad spectrum of temperatures and
frequencies.* ™ In glasses, relaxation processes are tradition-
ally categorized into two main types: the primary («) relaxation,
which arises from large-scale irreversible atomic rearrange-
ments responsible for the glass transition, and the Johari-
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implications for the mechanical performance of metallic glasses.

Goldstein secondary (B) relaxation,'®"® which is attributed to
localized atomic rearrangements.

Recent molecular dynamics (MD) simulations have demon-
strated that, in metallic glasses, § relaxations are facilitated by
atomic motions characterized by string-like cooperative atomic
rearrangements within the slow-moving matrix.”>*” In Dynamic
Mechanical Spectroscopy (DMS), the P relaxations observed in the
loss modulus plots can manifest in various forms. They may
appear as well-defined peaks in certain glassy materials, as excess
wings extending from the tail of the « relaxation, or, in some cases,
they may be completely absent.'®>°

Numerous studies have demonstrated that 3 relaxations in
metallic glasses are primarily governed by the local atomic
order, which is influenced by both physical treatments and
chemical composition, as evidenced by diffraction techniques
such as neutron and X-ray scattering experiments.”* The local
atomic configuration defining the icosahedral structures forms
the fundamental building blocks of metallic glasses, with
atoms within these structures exhibiting rigid local structure,
high shear resistance, and slower relaxation.”>** The structural
inhomogeneities inherent to these materials give rise to damp-
ing effects associated with structural relaxation, commonly
referred to as anelastic relaxation, which can be understood
as a form of viscoelastic damping.'*>® These damping
responses occur due to the out-of-phase nature of stress and
strain during DMS deformation cycles that are highly tempera-
ture and frequency-dependent.>”*® Therefore, a comprehensive
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understanding of viscoelastic behavior is essential for elucidating
the relaxation and mechanical properties of NGs, as these aspects
are closely interconnected.

2. Computational methodology

In this work, we investigate the distinct viscoelastic behavior
and underlying relaxation mechanisms of Cug,Zr;s metallic
glass (MG) and nanoglass (NG) using MD simulations. All
simulations were performed with the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package.>®
Visualization of the atomic structure and the atomic-scale
deformation mechanisms was done using the OVITO
software.®® The atomistic model of Cug,Zr;s MG and NG were
prepared following the methodology detailed in our previous
studies.*’®* The interatomic interactions were described by
the embedded atom method (EAM) potential developed for
CUesZr36.°* MG was prepared by quenching an equilibrated
melt at a temperature of 2000 K to 50 K with a cooling rate of
0.01 K ps™'. The Cug,Zr;6 MG model prepared demonstrates
properties consistent with previous studies.?*® The NG struc-
ture was prepared in accordance with our previous work.*!
The NG was formed by carving out glassy spheres from
Cug4Zr36 MG model, later consolidating polydisperse glassy
spheres to form the NG consisting of inner-glassy spheres of
diameter about 7 nm separated by glass-glass interface. The
consolidation process was carried out at approximately 50 K,
during which an external hydrostatic pressure of 5 GPa was
applied and subsequently released to 0. During consolidation,
the interfaces and glassy regions of the nanoglass can be
primarily distinguished by the presence of highly sheared
and lightly sheared atoms, respectively. Shear strain analysis
was used to identify interfacial atoms that experienced sig-
nificant shear deformation (n > 0.2) throughout the consoli-
dation process.’” The resulting bulk and the nanoglass have a
size of about 18 nm x 18 nm x 18 nm, containing about
364500 atoms. Model structures from the resulting protocol
are shown for the Cug,Zr3s MG and the NG in Fig. 1(a) and (b).
For all the MD simulations in this study, we used periodic
boundary conditions and a timestep of 2 fs. The Nosé-Hoover
thermostat and barostat, as implemented in LAMMPS, were
used to control temperature and pressure.

3. Results and discussion

Fig. 1c presents the radial distribution function g(r) of MG and
NG for varying temperature. The g(r) plots exhibit a pronounced
first peak in both the MG and NG systems at r = 2.75 A,
reflecting the chemical short-range order in Cu-Zr. The second
peak shows a characteristic splitting, which is indicative of the
glassy structure in MG and NG, respectively. For both systems,
it is evident that short-range order persists even as the tem-
perature increases. However, beyond glass transition tempera-
ture (T,) close to 800-840 K, the secondary peaks in the RDF
merge to form a broad hump. The g(r) results are consistent
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with previous theoretical and experimental studies on Cue,Zr36
MGs.***° The shear stress—strain response is shown in Fig. 1d.
It is important to note that the g(r) and shear stress-strain plots
are included here because they provide key parameters for
performing viscoelastic simulations and for understanding
the molecular response during relaxation. The simple shear
simulation was performed at a strain rate of 1.0 x 10° s™' and a
temperature of 50 K. To check for potential anisotropy, the
shear deformation was applied along all three principal shear
directions (here, denoted by the tilt factors, xy, xz, and yz).
Notably, for both MG and NG, the shear stress—strain responses
are identical across all directions, indicating the isotropic
nature of the atomic models. However, the MG exhibits a
higher Young’s modulus and twice the shear strength in
comparison to the NG in all shear directions. For the subse-
quent linear viscoelastic simulations, an elastic strain of
¢ = 0.0167, as marked in Fig. 1d, is selected as the strain for
the oscillatory shear simulations.

To investigate the temperature-dependent viscoelastic pro-
perties, a non-equilibrium oscillatory shear deformation was
applied,>”*'** and the resulting shear stress was analyzed. The
equations of motion were integrated according to the SLLOD
algorithm,***> equivalent to the Lees-Edwards ’sliding brick’
boundary conditions. The shear strain during oscillatory shear
deformation was determined by a sinusoidal function, which
can be expressed as

Vxy = Yosin(wt) Y

where 7,y is the oscillatory shear amplitude and o is the angular
frequency. The virial shear stress,® which is also a sinusoidal
function, can be expressed as

Ty = Tosin(wt + ) 2

where 7, is the shear stress amplitude, and ¢ is the phase shift
between the stress and the strain profile. The storage (G’), loss
(G") moduli, and loss tangent (tan 3) are calculated as

1"

_T0 cos(0) G T sin(6) ans — )
!

Gl
Yo Yo G

It is well known that the relaxation and damping in glasses
are functions of temperature and frequency of deformation.””
As we are primarily interested in understanding temperature-
dependent relaxation processes, we use two oscillatory shear
frequencies corresponding to time periods of 0.1 and 1 ns. For
each shear frequency, a temperature-sweep simulation was
conducted spanning 120 K to 1000 K for a total simulation
time of 20 ns. The virial shear stress and t,, were measured at
intervals of every 0.1 ps, and the stress response was averaged
over the last 20 cycles to determine the viscoelastic behavior.

Fig. 2 illustrates the temperature-dependent G’ and G”
moduli of MG and NG for the two shear frequencies. Fig. 2(a)
and (b) compares the G’ of MG and NG, respectively. For both
models, it is evident that at shorter oscillation periods (higher
frequencies), G’ is higher compared to lower frequencies,
as atoms have less time to respond to the applied deformation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Equilibrated snapshots of atomic configurations of a CugsZrsg (@) metallic glass (MG) and (b) nanoglass (NG). Red and blue atoms are Cu and Zr
atoms in the glass phase; green and yellow atoms are Cu and Zr atoms at the interface in Cues4Zrsg nanoglass. (c) Radial distribution function g(r) of MG
and NG at varying temperature; curves are shifted for clarity. (d) Shear stress—strain curves of MG and NG for all three shear directions on independent

shear planes (denoted by the tilt factors, xy, yz, and zx).

At higher frequencies, the material exhibits more elastic, solid-
like behavior than at lower frequencies. Additionally, a transi-
tion in G’ is observed near the onset of T,, which shifts to
higher temperatures with increasing frequency, similar to other
amorphous materials.””*® Compared to NG, the G’ of MG is
higher at all shear frequencies, consistent with the higher shear
modulus and shear strength of MG observed in the simple
shear simulations, as shown in Fig. 1d.

While G’ characterizes the non-dissipative elastic response,
G’ provides insight into the material’s energy dissipation under
oscillatory shear. Fig. 2(c) and (d) compares the G’ of MG and
NG, respectively. It is important to note that G” remains small
at low temperatures due to limited atomic mobility. As the
temperature increases, G” rises as atomic rearrangements
become more pronounced, leading to enhanced viscous flow.
A peak appears near T, corresponding to the a-relaxation,
where structural relaxation dominates. Beyond Ty, the material
flows more readily, and decreases G” accordingly. However, T,

© 2026 The Author(s). Published by the Royal Society of Chemistry

shifts to larger temperatures at higher frequencies, consistent
with the G'. Despite the structural heterogeneity of the NG, no
difference is observed in the temperature corresponding to the
G" peak T, between the two structures. The T, values were
determined to be 760 K and 880 K for oscillation periods of 1 ns
and 0.1 ns, respectively. But across the entire temperature
range shown here, NG exhibits higher G” than MG at equivalent
shear frequencies. However, the G” in NG exhibits a distinctive
shoulder-like feature in the temperature range of 400-740 K,
commonly referred to as ’excess wings’, which correspond to
B-relaxations, as evident in Fig. 2d. Of particular importance is
the difference in B-relaxations observed in NG, which arises
from its structural heterogeneity. The excess volume and
the absence of structurally stable short-range motifs, such as
icosahedral clusters at the glass-glass interface, enhance
atomic mobility, resulting in greater stress dissipation even at
intermediate and low temperatures. Fig. S1, supplementary
material, shows the evolution of potential energy over 20 cycles

Mater. Adv.
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of oscillatory deformation with a time period of 0.1 ns at 640 K,
680 K, and 720 K within the p-relaxation range. NG exhibits a
monotonic decrease in potential energy at all temperatures,
whereas the potential energy of MG remains nearly constant.
This reduction indicates enhanced relaxation in NG, facilitating
energy dissipation and enabling the system to attain a lower-
energy atomic configuration during shear deformation.

To understand the atomic mechanisms underlying the
relaxation behavior in MG and NG, the spatio-temporal atomic
dynamics were analyzed using the intermediate scattering
function (ISF) for both MG and NG at temperatures of 680 K
and 880 K, respectively. The ISFs were computed using atomic
trajectories recorded at a temporal interval of 0.02 ps to
accurately capture particle displacements. Fig. 3 presents ISF
at temperatures of 680 K and 880 K, corresponding to the
presence of B- and o-relaxations, respectively, in both MG and
NG. The wave vector k was varied to probe the system dynamics
across different length and time scales. For instance, low k
values capture long-range collective dynamics, whereas high &
values focus on short-range vibrations and atomic diffusion.
The plots exhibit an initial ballistic regime, followed by the
cage motion of atoms (B-relaxation) at intermediate times and,
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(a) and (b) Storage modulus (G’) and (c) and (d) loss modulus (G") of CuesZrse MG and NG for shear oscillation periods of 0.1 and 1 ns.

subsequently, the escape of atoms from the cage, characterized
by a stretched exponential behavior. The temperature depen-
dence of the ISF is evident, as the cage motion persists for a
longer duration at the lower temperature of 680 K compared to
880 K. At both 680 K and 880 K, while MG and NG share broadly
similar relaxation behavior, NG demonstrates a more rapid
initial relaxation phase, particularly at k = 0.8 A. Nevertheless,
the total relaxation times for both systems remain largely
equivalent, as shown in Fig. 3(a) and (c). This is consistent
with the G” peaks observed at a similar temperature (i.e., at
T =760 K and ¢t = 1 ns). However, Fig. 3(b) and (d), which
presents the ISF of NG, shows a separate comparison of the
relaxation behavior in the grain interiors and the glass-glass
interfaces. It is evident from the plots that Cu and Zr atoms at
the interfaces relax faster than those in the grain interiors at
680 K and 880 K, respectively. Overall, the ISF analysis indicates
that, in addition to the relaxation behavior of the glassy
interiors present in both MG and NG, the interfaces in NG play
a vital role in its relaxation mechanism.

The atomic mechanisms underlying the observed relaxation
phenomena in MG and NG are elucidated by further analyzing
atomic rearrangements during oscillatory shear simulations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

Intermediate scattering function (ISF) of (a) and (c) metallic glass and nanoglass at 680 K and 880 K. (b) and (d) Comparison of the ISF between

atoms in the grain interiors and at the interfaces of the nanoglass at 680 K and 880 K, respectively.

Firstly, the atomic displacements in MG and NG are consid-
ered. Fig. 4a shows the distribution of the magnitude of atomic
displacements at T = 680 K, where p-relaxation is prominent in
both NG and MG for an oscillatory time period of 0.1 ns. The
plot reveals a noticeable peak at short displacements (x 1 A)
followed by a distinguishable hump for both MG and NG
systems. At the range of 2-4 A, NG dicpict a larger fraction of
atomic jumps to its nearest neighbors. This position of the
hump in the displacement histogram directly corresponds to
the first peak in the pair distribution function g(r), see Fig. 4b,
which signifies the likelihood of atomic hopping to the first
nearest neighbor shell. Upon analyzing the atomic displace-
ments, it is observed that some atoms tend to move rapidly,
following a cooperative string-like motion. These string-like
motions in MG and NG were analyzed by computing atomic
displacements relative to an initial reference configuration.
A suitable cutoff distance, corresponding to the position of
the first peak in the g(r) plot (i.e., here 2.75 A), indicative of the
typical nearest-neighbor distance, was employed to identify
clusters of atoms exhibiting string-like motion. Fig. 4c high-
lights the string-like motion of fast-moving atoms in NG at
T = 680 K, observed at the end of 20 shear cycles. The left panel
in Fig. 4c shows displacement vectors, marked in red, within a

© 2026 The Author(s). Published by the Royal Society of Chemistry

2D sliced representation of MG and NG, respectively. Interest-
ingly, these fast-moving atoms were observed to be concen-
trated in the interfacial regions of the NG (see SI, Fig. S3). The
right panel depicts a 3D representation of atoms, color-coded
according to clusters involved in cooperative string-like motion.
At 680 K (during P-relaxation), NG clearly exhibits a larger
number of fast-moving atoms, resulting in more clusters
participating in string-like motion. It is also noted that this
phenomenon is observed exclusively in NG at the relatively
lower temperature range of 400-500 K, and is absent in MG
(see SI, Fig. S2). Fig. 4e, presents the histogram of string lengths
(Nstring) for MG and NG at T = 680 K. It is observed that the
string lengths in CuesZr; MG and NG are not significant, with
the longest string comprising five atoms. Comparatively, NG
contains a larger number of such atoms than MG, implying
enhanced relaxation in NG, as also evidenced by the excess
wing in the plot G” plot. To further analyze the effect of
structural heterogeneity in NG, the non-affine displacement
(Dmin’)**° was computed for MG and NG over the temperature
range of 640-720 K. Fig. 4d, presents the probability distribu-
tion of Dp,;,” for the systems. It is evident that the non-affine
displacement in NG (shown in red) exhibits relatively larger
atomic displacements, leading to more shear compared to MG

Mater. Adv.
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(a) Distribution of atomic displacements in MG and NG at 680 K, (b) pair distribution function (g(r)) of NG, (c) 2D sliced MG and NG (left panel;

color-coded by displacement relative to non-affine displacement, with red indicating atoms exhibiting higher displacement.) and 3D string clusters in MG
and NG (right panel; color-coded according to the number of clusters.) at 680 K, (d) probability distribution of non-affine displacement (Dpin?) of MG and
NG for varying temperature, and (e) histograms of string counts (Ngying) in MG and NG, respectively.

(shown in blue) as a function of temperature. The contoured
map of the spatial distribution of Dy, is also provided in the
SI, Fig. S4, depicting more number of soft spots formed by
small groups of atoms in NG that are most prone to shear
transformation under oscillatory deformation.

To further understand the effect of local short-range struc-
tures on viscoelastic behavior, the evolution of the most pro-
minent Cu-centered ((0,0,12,0)) full icosahedra and ((0,2,8,2))
polyhedra atomic configurations was analyzed by Voronoi
tessellation. In Cug,Zrzs MG, the short-range structure pre-
dominantly consists of Cu-centered icosahedral clusters,

Mater. Adv.

whereas in NG, the presence of interfaces leads to the distor-
tion of these full icosahedra into polyhedra, a phenomenon
that has been widely studied.>"*>**" These local clusters form
stable atomic arrangements with a relatively high local atomic
packing density. Under deformation, they contribute signifi-
cantly to shear resistance by forming rigid atomic configura-
tions. As a result, the density of Cu-centered icosahedral clusters
exhibits an inverse correlation with energy dissipation.> Fig. 5(a)
and (b) depicts the Cu-centered (0,0,12,0) and (0,2,8,2) fractions
for both MG and NG before and after the oscillatory shear cycles.
The initial fraction of these short-range structures is consistent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of 20 oscillatory shear cycles.

with previous studies on Cue,Zr;¢ MG and NG.>"** In Fig. 5a,
at temperatures well below the glass transition temperature,
MG exhibits the highest fraction of (0,0,12,0) full icosahedral
structures, owing to the presence of bulk amorphous regions.
This is also reflected in MG having a higher G’ compared to
NG. This fraction gradually decreases with increasing tem-
perature. As the system approaches the glass transition tem-
perature, the icosahedral fractions in both MG and NG
converge, as expected, due to their structural similarity in
the liquid state. The lower prevalence of Cu-centered icosa-
hedral configurations in NG is associated with enhanced
energy dissipation, arising from the limited presence of rigid
local atomic structures, as reflected in NG’s behavior. Simi-
larly, the (0,2,8,2) polyhedra fraction with respect to tempera-
ture is analyzed in Fig. 5b. A similar fraction of (0,2,8,2)
polyhedra in MG and NG arises from their energetically
favorable dominant local structure. As a function of tempera-
ture, the polyhedra exhibit a trend similar to that of Cu-
centered full icosahedra, with their fraction gradually decreas-
ing until a pronounced change occurs near T.

4. Conclusions

In conclusion, all-atom molecular dynamics simulations reveal
a correlation between viscoelastic properties and relaxation
behavior of MG and NG, linking these phenomena to their
structural characteristics. The pronounced extra wing in the
loss moduli of NG is directly associated with prominent string-
like atomic motion observed in NG, as also evidenced from the
intermediate scattering functions. Furthermore, variations in
the fraction of (0,0,12,0) icosahedra and (0,2,8,2) polyhedra are
consistent with the presence of p-relaxations, highlighting the
structural origins of their distinct damping and relaxation
responses.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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