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a b s t r a c t 

One way to increase the ductility of metallic glasses is to induce heterogeneous microstructures, as for ex- 

ample in nanoglasses and crystal-glass composites. The heterogeneities have important consequences not 

only on the development of shear bands, but also on the structural relaxations in the glass phase. Exper- 

iments using dynamic mechanical spectroscopy (DMS) have been conducted, but an atomic-scale picture 

is still lacking. Here we apply DMS within molecular dynamics simulations to a classical CuZr metal- 

lic glass to study how structural relaxations and mechanical energy dissipation are affected by different 

microstructures, including nanoglasses, crystal-glass nanolaminates and glasses with spherical crystalline 

inclusions. We find that in a fully glassy system, not only the fraction but also the spatial homogeneity 

of “hard” icosahedral environments matter. When hard crystalline particles are introduced, the storage 

modulus simply results from volumetric averages consistent with the classical Voigt and Reuss bounds. 

On the other hand, loss moduli are much more complex and can be smaller or larger than in a pure glass 

depending on the microstructure and loading condition. Atomistic processes leading to these evolutions 

are discussed and remaining open questions are highlighted. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Metallic glasses are a classical example of ‘strong-yet-brittle’ 

aterials [1] . A general strategy to, at least, delay their brittle fail- 

re is to create a microstructure that can impede the development 

f an unstable shear band. One successful approach has been to 

esign composites, with a crystalline phase embedded in the glass 

atrix [2–4] . The crystalline phase may be ex-situ or in-situ . In the 

ormer case, crystalline fibers [5] or laminates [6] were incorpo- 

ated into a glassy matrix. In the latter case, crystalline dendrites 

 2 , 3 , 7–10 ] or more spherical precipitates [11] were obtained by a

artial crystallization of the glass. Careful optimization of the pro- 

ess parameters allows to significantly increase the toughness and 

ensile ductility, while retaining a high tensile strength [12] . An- 
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ther successful way to induce microstructural heterogeneities is 

o produce nanoglasses, by consolidating nanometer-sized glassy 

articles [13–16] . 

In-situ composites particularly studied both in experiments 

 11 , 17–21 ] and simulations [22–25] are CuZr-based metallic glasses 

ith a B2-CuZr crystalline phase. In-situ crystallites are near spher- 

cal and show transformation-induced plasticity with a shape 

emory effect, leading to large plastic deformability and pro- 

ounced work hardening [26–28] . 

So far, most of the attention has been on the mechanical prop- 

rties of metallic glass matrix composites for structural engineer- 

ng purposes, i.e. , on the yield stress and fracture toughness. How- 

ver, glasses are also characterized by complex structural relax- 

tion processes [ 29 , 30 ] that are bound to be affected by crys-

alline phases, particularly at the nanoscale. Relaxation processes 

re best studied using dynamic mechanical spectroscopy (DMS) 

 31 , 32 ]. DMS is a convenient and useful tool to characterize vis-

oelasticity and relaxation properties of amorphous materials, as it 

an detect the structural changes at a molecular or atomic scale 

or wide temperature and frequency ranges. In pure glasses, sev- 

ral peaks have been observed in both experiments [33] and simu- 

https://doi.org/10.1016/j.actamat.2021.117293
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ations [34] . The α-relaxation is the main relaxation mode, directly 

elated to viscous flow and the glass transition. At lower tem- 

erature, a secondary β-relaxation is observed, intimately related 

o plasticity [35–37] and connected to string-like events through 

olecular dynamics simulations [ 38 , 39 ]. Other peaks, i.e. , the γ -

elaxation [40] and anomalous α2 relaxation [41] , have also been 

eported. Much less is known about relaxation processes in metal- 

ic glass matrix composites. So far, DMS has been applied exper- 

mentally to in-situ and ex-situ glassy composites, leading to a 

ealth of processes, due either to the release of internal stresses 

uring DMS heating [42] or to solid-state transformations (phase 

ransformation, precipitation) of the crystalline phase leading to 

ew peaks [43–45] , to the doubling of existing peaks [ 42 , 46 ] or

o weakened, broadened and shifted relaxation peaks induced by 

oping [47] . The atomic-scale mechanisms controlling microstruc- 

ural effects on dissipation remain however unknown. 

In this work, we perform Molecular Dynamics (MD) simulations 

f dynamic mechanical spectroscopy (MD-DMS) to study the effect 

f different microstructures on the relaxation and viscoelasticity 

f glass composites and nanoglasses. We consider a classical CuZr 

lass with B2-CuZr crystallites, which we deform cyclically, either 

ongitudinally or by shear. The same MD-DMS technique has been 

pplied to study pure glasses [ 34 , 41 , 4 8 , 4 9 ]. Here, to investigate the

ffect of a microstructure, we modeled several systems of varying 

omplexity: pure glasses quenched at different rates, glass-glass 

anocomposites as well as crystal-glass composites with B2-CuZr 

rystallites of different geometries representative of either in-situ 

spherical precipitates), ex-situ (nanolaminates) and more intricate 

interconnected gyroid phases) composites. 

. Methodology 

All the simulations were conducted using the open source 

AMMPS package [50] . A Finnis-Sinclair type Cu-Zr embedded 

tom method (EAM) potential developed by Borovikov et al. was 

sed to describe interatomic interactions [51] . This potential has 

een used many times in the past to study the properties of CuZr 

etallic glasses, including the formation and interaction of shear 

ands [52] , the brittle-to-ductile transition [53] , as well as the ag- 

ng and rejuvenation under cyclic deformation [54] . This potential 

as also recently used by the present authors to study the dy- 

amic correspondence principle in pure glasses [48] . Nosé-Hoover 

hermostat and barostat were applied during the entire prepara- 

ion protocol for all glasses and glassy composites. Atomic visual- 

zations were performed using OVITO [55] . 

As sketched in Fig. 1 , to produce the crystal-glass composites, 

e start by generating Cu 64 Zr 36 metallic glasses by quenching a 

u 64 Zr 36 liquid from 20 0 0 to 10 0 K at 10 11 K/s at zero pressure.

he dimensions of glasses are about 11.9 × 11.9 × 11.9 nm, con- 

aining 108,0 0 0 atoms. As expected and illustrated in Fig. 2 (a), a

lear deviation during cooling can be observed in the linear curve 

f averaged atomic volume, corresponding to a glass transition 

ith a glass-transition temperature (T g ) of about 800 K. As illus- 

rated in Fig. 1 (a), to produce pure glass structures for DMS defor- 

ation while mimicking the experimental DMS process, the glass 

as heated again to each target temperature at a heating rate of 

0 12 K/s, and 15 configurations (blue dots in Fig. 1 (a)) with a tem-

erature interval of 100 K were generated for subsequent 1 ns- 

nnealing (red dots in Fig. 1 (a)) and DMS deformations. For a bet- 

er understanding of the kinetic behavior around the glass tran- 

ition, atomic configurations extracted during heating at tempera- 

ures between 600 and 1100 K were annealed for 40 ns. The re- 

ult is shown in Fig. 2 (b). The potential energy remains constant 

t 10 0 0 and 110 0 K indicating that the samples are in an equili-

rated liquid state. At the lowest temperatures (600 and 700 K), 

he energy variation is slow, due to kinetically-limited aging of the 
2 
lassy state. In-between (800 and 900 K), the potential energy first 

ncreases rapidly to reach the same level as during cooling, then 

emains almost constant for about 2 ns, before decreasing dramat- 

cally as annealing takes place. High temperatures near the glass- 

ransition temperature allow for an accelerated aging resulting in 

ow energy glasses as already demonstrated by Derlet and Maaß

56] . 

As shown in Fig. 1 (b), to obtain the composite structures, atoms 

n specific regions of the glass were replaced with B2-CuZr crystals 

fter the initial cooling and a 1 ns-annealing at 100 K. The crystal 

irections [100], [010] and [001] of B2-CuZr were set along the X, 

 and Z axes of simulation box. In this work, composites with ge- 

metries of spheres, laminates and gyroids [57] were investigated, 

s illustrated in Fig. 1 (c). After insertion of B2-CuZr crystals, all 

omposites were heated to 800 K at 10 12 K/s and annealed for 

 ns to relax the glass-crystalline interface, and finally cooled back 

own to 100 K at 10 12 K/s. Similar to the pure glass, 15 configu- 

ations were then extracted at 100 K intervals during a 10 12 K/s- 

eating and annealed for 1 ns before being tested by MD-DMS. 

To study the effect of an internal microstructure in a glass, we 

lso generated nanoglasses using the Poisson-Voronoi tessellation 

ethod [58] . Each nanograin was taken from the original 10 11 K/s 

uenched Cu 64 Zr 36 glass with a random orientation at 100 K, cor- 

esponding to the green dot in Fig. 1 (b). The sample was first en- 

rgy minimized to avoid atomic overlaps inside the glass-glass in- 

erfaces. A hydrostatic pressure of 1.5 GPa was then applied for 

 ns at 100 K to eliminate the voids near the interfaces, then fol- 

owed by another 1 ns-annealing at 100 K. The reason for not an- 

ealing at 800 K is to avoid eliminating the artificial glass-glass 

nterfaces due to fast atomic diffusion. The subsequent procedures 

efore MD-DMS simulations are the same as with the pure glass 

nd crystal-glass composites. 

The MD-DMS method proposed by Yu and Samwer [34] was 

sed in this work. In order to obtain the complex moduli, for 

nstance the complex longitudinal moduli M 

∗, a strain ε xx (t) = 

 A sin ( ωt ) was applied along the X direction while holding the 

 and Z dimensions fixed, with ε A the strain amplitude and 

f = ω/ 2 π the deformation frequency. During the MD-DMS de- 

ormation, a Nosé-Hoover thermostat was applied to keep the 

emperature constant. The resulting stress was then fitted as 

xx (t) = σ0 + σA sin ( ωt + δ) , with σA the stress amplitude and δ
he phase shift. The complex longitudinal modulus is given as 

 

∗ = ( σA / ε A )[ cos (δ) + i sin (δ) ] , with a real part, i.e. , the storage

odulus, M′ = ( σA / ε A ) cos (δ) and an imaginary part, i.e. , the loss

odulus, M′′ = ( σA / ε A ) sin (δ) . Details for DMS deformation proce- 

ures can be found in our previous work [48] . In the current work, 

nly the complex longitudinal modulus M 

∗ and shear modulus G 

∗

re considered, which suffices to know all storage and loss moduli 

or the pure glass, thanks to the dynamic correspondence principle 

48] . We used a reference deformation frequency of 10 GHz, with 

 strain amplitude of 2.5%, well within the static elastic regime 

f the glasses in MD simulations. To limit statistical errors, each 

ata was averaged over 5 deformation cycles. The cyclic deforma- 

ion was thus applied for a total of 0.5 ns, short enough to avoid 

ging of glass, even near the glass transition temperature, as seen 

n Fig. 2 (b). 

. Results 

.1. Pure glasses and nanoglasses 

Cu-centered icosahedral clusters are the dominant structural 

otif in CuZr glasses. As extensively investigated in the litera- 

ure [59–61] , they form stable atomic configurations, with a rel- 

tively high local atomic packing density and a high shear resis- 

ance. Under deformation, they form a rigid backbone, which de- 
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Fig. 1. (a, b) Protocols to produces Cu 64 Zr 36 metallic glasses and B2-CuZr glassy composites, respectively; (c) Examples of atomic configurations of a nanolaminate, a spherical 

and a gyroid B2 composite. Red and blue atoms are Cu and Zr atoms in the glass phase; yellow and white atoms are Cu and Zr atoms in the B2-CuZr crystals. 
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orms mostly elastically. As a result, their density has been shown 

nticorrelated with energy dissipation [ 34 , 48 , 62 ], i.e. , the more Cu-

entered icosahedral clusters in the glass, the less energy dissipa- 

ion. Other types of clusters, typically considered as “geometrically 

nfavored motifs” (GUM) [63–65] or “soft regions”, are loosely 

acked and undergo irreversible rearrangements, which contribute 

o energy dissipation [48] . To obtain structures with varying frac- 

ions of Cu-centered icosahedral environments, a classical method 

s to change the cooling rate, since a higher cooling rate results in 

 lower fraction of icosahedral clusters. Another way is to generate 

 nanoglass, since the highly perturbed glass-glass interfaces will 

ontain very low fractions of icosahedral clusters. 

In this section, we designed three types of Cu 64 Zr 36 metallic 

lasses with different fractions of Cu-centered icosahedral clus- 
3 
ers: two pure glasses generated with cooling rates of 10 11 and 

0 12 K/s, and a nanoglass constructed from the 10 11 K/s quenched 

lass. Fig. 3 (a) illustrates the atomic structure of the nanoglass 

omposed of 14 grains with periodic boundary conditions. Fig. 3 (b) 

hows only the Cu atoms at the center of icosahedral clusters, il- 

ustrating that there are no such atoms near the glass-glass in- 

erfaces. As explained above, we prepared 15 configurations from 

oth initial glasses and from the nanoglass to perform MD-DMS. 

ig. 3 (c) shows the initial fraction of Cu-centered icosahedral clus- 

ers. We see that at low temperatures, the most slowly quenched 

lass has the highest fraction of icosahedral clusters, while the 

ost rapidly quenched glass has the lowest fraction. The nanoglass 

s in-between. At higher temperatures, the difference between the 

ifferent systems decreases and above the glass-transition temper- 
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Fig. 2. (a) Averaged atomic volume while cooling a liquid from 20 0 0 to 10 0 K; (b) Atomic potential energy as a function of annealing time at different temperatures. 
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ture (T g = 800 K), all systems are equivalent, which is expected 

ince they are all in the liquid state. 

We conducted MD-DMS simulations on the three glasses. Fig. 4 

resents the measured complex longitudinal moduli M 

∗ and com- 

lex shear moduli G 

∗. Both M′′ and G 

’ ’ present a marked relax- 

tion peak at the glass transition temperature (T g = 800 K), above 

hich all samples are in the liquid state where they have lost the 

emory of their initial state and thus show identical properties. 

elow 800 K, both glasses and the nanoglass have similar longi- 

udinal storage moduli M′ while in shear, G ′ is slightly larger for 

he slowly quenched glass than for the rapidly quenched glass and 

he nanoglass. The microstructure has a stronger effect on the loss 

oduli. First, we recover that the rapidly quenched glass has larger 

′′ and G ′′ than the slowly quenched glass, which is consistent 

ith the lower density of icosahedral clusters in the former than 

n the latter. More surprising is the fact that the nanoglass, despite 

aving a density of icosahedral clusters in-between both glasses, 

as the highest loss modulus. The reason can be found in Fig. 5 ,

n which we show the residual atomic displacements at the end 

f each loading cycle both on the surface and in the interior of a 
4 
epresentative nanograin. We see that the residual atomic displace- 

ents are mainly concentrated in the glass-glass interfaces and are 

lose to zero in the interior of the grain. Since the global strain 

eturns back to zero at the end of each loading cycle, the resid- 

al atomic displacements visible in the interface are irreversible 

tomic rearrangements, which increase the energy dissipation. 

This first set of glassy systems shows that not only the density 

f icosahedral clusters but also the localized deformation within 

he glass-glass interfaces affects energy dissipation. The nanoglass 

as a higher density of clusters than the rapidly quenched glass 

10 12 K/s) but has also a higher dissipation at low temperatures be- 

ause the glass-glass interfaces are localized “soft” regions prone to 

rreversible atomic rearrangements. Icosahedral clusters may also 

e destroyed in the course of the deformation, which will further 

ncrease the dissipation. By way of contrast, icosahedral clusters 

re less dense in the rapidly quenched glass but they are homo- 

eneously distributed and thus still limit atomic rearrangements. 

herefore, the glass-glass interfaces play an important role in the 

ynamic mechanical response by creating non-icosahedral environ- 

ents in nanoglasses. 
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Fig. 3. (a) Atomic structure of a Cu 64 Zr 36 nanoglass and (b) Cu- < 0,0,12,0 > atoms 

in the nanoglass; (c) Temperature dependence of the fraction of Cu- < 0,0,12,0 > 

atoms in a slowly- and a rapidly-quenched glass as well as in a nanoglass. 
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Fig. 4. (a) Complex longitudinal moduli M 

∗ and (b) shear moduli G ∗ of different 

metallic glasses: CuZr glass with cooling rates of 10 11 and 10 12 K/s and a CuZr nano- 

glass. 
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In the case of a nanoglass, we introduced “soft” regions in a 

ure glass. We now consider the opposite case, where we intro- 

uce “strong” crystalline regions in the glass. 

.2. Nanolaminates 

The first crystal-glass composite to be considered is a nanolam- 

nate made of 50% Cu 64 Zr 36 glass, 50% B2-CuZr crystal. Since this 

tructure is not isotropic, we need to distinguish different direc- 

ions of loading illustrated in Fig. 6 . For longitudinal deformations, 

he cyclic deformation can be applied either perpendicularly (Y) or 

arallel (X) to the glass-crystal interface, which are denoted as iso- 

tress and iso-strain longitudinal loadings, respectively. Similarly, 

wo cyclic shear deformations can be applied, in planes either per- 

endicular (XY) or parallel (XZ) to the interface, hereinafter de- 

oted as iso-stress and iso-strain shear loadings, respectively. For 

he iso-stress longitudinal loading ( Fig. 6 (a)), both phases are sub- 

ected to the same applied stress in the Y direction, while the lat- 

ral dimensions are fixed. By way of contrast, with the iso-strain 

ongitudinal loading ( Fig. 6 (c)), the glass and crystalline phases are 

ompressed or stretched equally in the X direction with the Y and 

 dimensions fixed. The cases of iso-stress ( Fig. 6 (b)) and iso-strain 

( Fig. 6 (d)) shear loadings are similar. Due to the different elas- 

ic moduli of the glass and B2-CuZr crystal, when subjected to the 

ame stress, both phases undergo different strains, and inversely, 

nder the same strain, they develop different stresses. 

Due to the additional heating, cooling and annealing during 

he preparation of composite samples (see Fig. 1 (b)), the struc- 

ure and mechanical properties of the glass phase may change. To 

dentify more clearly the effect induced by the crystal phase, the 

ure glasses used in this section as reference were treated with 

he same thermal processes as the composites. 
5 
Fig. 7 (a) presents the complex longitudinal moduli M 

∗ for the 

ure glass, the pure B2-CuZr crystal and the nanolaminate compos- 

te. The pure crystal has as expected a higher storage modulus and 

n almost zero loss modulus. We therefore expect that, by a sim- 

le volumetric effect, adding a crystalline phase in the glass will 

ncrease the storage modulus and decrease loss modulus compared 

o the pure glass. This is precisely what is seen in Fig. 7 (a) for lon-

itudinal loading. Moreover, the storage modulus M′ in iso-strain is 

igher than in iso-stress as expected from the Voigt and Reuss ef- 

ective moduli discussed in Section 4 . Conversely, the loss modulus 

nd lag angle are lower in iso-strain than in iso-stress. The case 

f iso-strain shear shown in Fig. 7 (b) is similar to longitudinal 

so-strain, with a higher G ′ and a lower G ′′ compared to the pure

lass. With iso-strain loading, whether longitudinal or shear, both 

rystal and glass phases deform equally and the effective modulus 

f the composite results from a volumetric average of the crystal 

nd glass moduli. 

The case of iso-stress shear loading shown in Fig. 7 (b) is more 

omplex because G ′′ is larger than in the pure glass over the en- 

ire temperature range. The relaxation peak occurs at the same 

emperature as in the pure glass (800 K), but has a larger am- 

litude. With iso-stress loading, the crystal and glass phases are 

ubjected to the same stress but develop different shear strains. 
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Fig. 5. Atomic displacements at the end of each loading cycle on the surface of a nanograin (upper figures) and in a slice in the middle of the same grain at 100 K (bottom 

figures) under longitudinal deformation. 

Fig. 6. Loading modes of a glass-crystal nanolaminate composite: (a) iso-stress longitudinal loading with a longitudinal strain applied in the Y direction perpendicular to the 

laminate interface, (b) iso-stress shear loading with a shear strain applied in the XY plane perpendicular to the laminate interface, (c) iso-strain longitudinal loading with a 

longitudinal strain in the X direction parallel to the interface, (d) iso-strain shear loading with a shear strain in the XZ plane parallel to the interface. 
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ince the glass phase has a much lower G ′ than the crystal (20 GPa

ompared to 75 GPa at 100 K), it deforms significantly more. We 

easured that the strain amplitude at 100 K in the glass phase 

s close to 4.2% for a 50% crystal-50% glass composite, compared 

o the overall 2.5% strain amplitude. The strain amplitude in the 

lass phase also varies with the volume fraction of B2 crystal, i.e. , 

or 20% crystal-80% glass and 80% crystal-20% glass composites at 

00 K it is close to 3.0% and 7.0%, respectively. As shown in Fig. 8 ,

he shear loss modulus of a pure glass increases with the strain 

mplitude. The increase of the strain amplitude in the glass phase 

ue to the presence of the hard crystal phase thus induces an in- 

rease of G ′′ . However, the overall increase of the iso-stress shear 

oss modulus of the nanolaminate seen in Fig. 7 (b) is larger than 

n the pure glass in Fig. 8 . Moreover, the excess G ′′ in the compos-

te extends beyond the relaxation peak ( Fig. 7 (b) for T > 800 K)

hen the glass is in a liquid phase, while the strain amplitude has 

o effect on the dissipation of the pure glass in the liquid phase 

 Fig. 8 for T > 800 K). At these high temperatures, the liquid reor-

anizes quickly, leading to large positive and negative atomic dis- 

lacements illustrated in Fig. 9 (a). However, if we average the X 
i

6 
isplacements parallel to the laminate interfaces in slabs perpen- 

icular to the Y direction in order to remove the effect of the local 

earrangements, we find as shown in Fig. 9 (b) that the displace- 

ents are discontinuous at the interface at the end of each cy- 

le. This is a signature of sliding, or shear motion, between the 

iquid and the glass, which in turn produces dissipation. We there- 

ore conclude that the excess dissipation in the nanolaminate com- 

osites with an iso-stress shear loading results from the combined 

ffects of an increased strain amplitude in the glass and shear mo- 

ions at the crystal-glass interface. 

.3. Spherical B2 composites 

We now consider another geometry for the crystal-glass com- 

osite, where spherical B2-CuZr crystals are embedded in the 

lassy matrix. The diameter of the crystalline spheres was varied 

rom 6 to 10 nm. As can be seen in Fig. 10 , the storage moduli M 

’ 

nd G ′ again follow an expected volumetric effect and gradually 

ncrease as larger B2 spheres are introduced. 
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Fig. 7. Complex longitudinal (a) and shear (b) moduli of a 50% crystal- 50% glass 

nanolaminate composite under iso-stress and iso-strain loadings. Pure glass and 

pure crystal data are added for comparison. Hollow symbols indicate that the crys- 

talline phase completely disappeared during the cyclic deformation. 
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With spherical inclusions, the stresses and strains are no longer 

omogeneous in the glassy matrix and the distinction between iso- 

tress and iso-strain does not apply. However, since the crystalline 

nclusion is fully embedded in the glassy matrix, crystal and glass 

hases can deform differently and we should expect a dissipation 

n the spherical composite closer to the iso-stress rather than the 

so-strain nanolaminate. We indeed see in Fig. 10 (b) that G ′′ is 

arger in the composite than in the pure glass as observed with 

he iso-stress sheared nanolaminates ( Fig. 7 (b)). Also, the relax- 

tion peak increases in amplitude but remains at 800 K. 

Another observation from Fig. 10 (b) is that G ′′ increases with 

he sphere radius. We will see below in Fig. 12 that the same 

s true for iso-stressed nanolaminates. The non-affine displace- 

ents shown in Fig. 11 provide an atomistic picture of this behav- 

or. Firstly, we observe a pronounced increase of the atomic dis- 

lacements near the glass-crystal interface, particularly visible in 

he heatmaps of Fig. 11 (b) generated by averaging the non-affine 

isplacements of Fig. 11 (a) on a 30 × 30 grid in a 1 nm thick

lice perpendicular to the Z axis in the middle of the simulation 

ox. The increased non-affine displacements at the interface con- 

rm that the spherical composites behave closer to an iso-stress 

ather than an iso-strain nanolaminate. Secondly, we see that the 
7 
tomic displacements at the interface get larger when the size of 

he spherical inclusion increases due to the larger strain contrast 

etween the two phases, which explains that the dissipation in- 

reases as a function of the sphere radius. The case of longitudi- 

al loading shown in Fig. 10 (a) is different since we see that M′′ 
ardly depends on the sphere radius before the relaxation peak. 

n the glassy phase, the presence of spherical crystalline inclusions 

ffects only the storage modulus but not the loss modulus. On the 

ther hand, we see a large effect at high temperatures where the 

elaxation peak does not increase in amplitude but is shifted to- 

ards higher temperatures, with a shift amplitude which increases 

apidly with the sphere radius. 

This behavior is phenomenologically different from the lami- 

ate geometry in Fig. 7 and the shear loading in Fig. 10 (b) and

mplies that the presence of the crystalline spherical inclusions 

nd the interactions between the glass and the crystal stabilize the 

lassy phase and increases the glass transition temperature. 

. Discussion 

.1. Microstructural effects on complex moduli 

The results shown above demonstrate that while storage moduli 

re mainly dominated by the volumetric effect of mixing hard and 

oft phases, loss moduli are much more complex and there is no 

imple relation between the loss modulus and the microstructure 

f a glass-glass or a glass-crystal composite. First, we have shown 

n Section 2 that not only the density of “hard” icosahedral en- 

ironments but also their structural heterogeneities (induced here 

t the glass-glass interfaces) play important roles in the dynamic 

echanical responses. A similar situation may also be expected 

n glasses containing shear bands where the localized deformation 

trongly rejuvenates the glass, which locally contains a low frac- 

ion of icosahedral clusters. Under DMS, shear bands are expected 

o be prone to irreversible rearrangements, leading to an increased 

nergy dissipation compared to an undeformed glass with a simi- 

ar average cluster density. 

Second, we have shown that the dissipation in crystal-glass 

omposites depends on both the microstructure and loading. When 

he crystal and the glass phases are forced to deform equally, both 

he loss and storage moduli result from the volumetric average 

f the loss and storage moduli in both phases. This point is an- 

lyzed quantitatively below. By way of contrast, when the crystal 

nd the glass phases can deform differently, as in the iso-stressed 

anolaminate ( Fig. 7 ) or the spherical inclusions ( Fig. 10 ), we have

een that there is a second volumetric effect related to the in- 

reased strain amplitude in the glassy matrix, which in turn in- 

uces an increased dissipation by triggering an increasing num- 

er of plastic events during the deformation cycles. This feature 

as also reported in the work of Yu et al. [66] , who found that

echanical strain has a similar effect as temperature in accelerat- 

ng the relaxation dynamics. This effect is accompanied by a sur- 

ace effect related to slipping at the crystal-glass interface, which 

s analogous to the shear motions seen in the glass-glass interfaces 

 Fig. 5 ). This effect is probably present at all temperatures but is 

ifficult to measure below the relaxation peak while Fig. 9 shows 

 clear evidence of slippage at 10 0 0 K. We therefore believe that 

uch shear motion explains the increased energy dissipation at and 

bove the relaxation peak seen with shear loading, in both the 

so-stressed nanolaminate ( Fig. 7 (b)) and the spherical inclusions 

 Fig. 10 (b)). 

The case of spherical inclusions loaded longitudinally is even 

ore intriguing ( Fig. 10 (a)) since the spherical inclusions hardly af- 

ect the low-temperature dissipation but stabilize the glass phase 

y shifting the relaxation peak to higher temperatures. It is well- 

nown that a nanoconfinement affects the glass-transition temper- 
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Fig. 8. Complex shear modulus of a pure glass tested with different strain amplitudes noted in the figure. We checked that even at the largest amplitude, the stresses can be 

accurately fitted by a sinusoid. The values of the shear strains in the legend correspond to the strain amplitudes in the glass phase of sheared nanolaminates with different 

crystal volume fractions, as explained in the text. 

Fig. 9. Non-affine atomic displacements in the X direction at the end of iso-stress shear loading cycles at 10 0 0 K shown (a) with colors in the central Z plane and (b) 

averaged in slabs perpendicular to the Y direction. 
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ture [ 67 , 68 ], but it remains unclear (1) why in our simulations the

lass-transition temperature increases while it classically decreases 

ith nanoconfinement and (2) why the relaxation peak tempera- 

ure varies only with a longitudinal loading and not for instance in 

hear. From the existing results, we know that the atomic struc- 

ure of the composite samples as well as the loading condition 

an influence significantly relaxation behaviors. The volume vari- 

tion under longitudinal loading and the localized atomic motions 

ear the spherical interface might be key clues to the underlying 

echanisms. However, no direct evidence has been found from the 

tomic trajectory to support these speculations. Despite our best 
i

8 
fforts, we have not been able to identify atomistic mechanisms 

hich could explain these observations. 

.2. Dependence on crystalline volume fraction 

To explore more quantitatively the low-temperature depen- 

ence of the complex moduli on the crystalline phase, the storage 

nd loss moduli were computed at 100 K as function of the vol- 

me fraction of B2-CuZr crystal for different microstructures: the 

anolaminates and spherical inclusions discussed above, but also 

nterconnected gyroid structures generated with the algorithm pro- 
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Fig. 10. Complex longitudinal (a) and shear (b) moduli of a composite containing 

spherical B2-CuZr crystallites of different radii in a glassy matrix. Hollow symbols 

indicate that the sample completely amorphized during the cyclic deformation. 
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Fig. 11. Non-affine atomic displacements (a) and corresponding heatmaps of non-affine 

composites with different B2 sizes shown in a 1 nm thick slice in the middle of the simu

9 
osed in [57] and relaxed using the same protocol as the other 

omposites. The result is shown in Fig. 12 . Classical effective mod- 

lus calculations [69] yield longitudinal iso-strain and iso-stress 

oduli for a laminate geometry expressed as 

 

′ 
iso−strain = ( 1 − φ) M 

′ 
a + φM 

′ 
c (1) 

nd 

′ iso−stress = 

M′ a M′ c 
( 1 − φ) M′ c + φM′ a (2) 

ith M′ a (resp. M′ c ) the storage modulus of the amorphous (resp. 

rystal) phase and φ, the volume fraction of crystal phase. The 

ame expressions apply for the shear modulus. Note that these ex- 

ressions reflect only the volumetric effect of mixing phases with 

ifferent elastic moduli. 

In Fig. 12 (a) and (c), we recover the linear relationship between 

′ and G ′ and the volume fraction φ for the iso-strained nanolam- 

nates expected from Eq. (1) , as well as the convex relation for the 

so-stressed nanolaminates expected from Eq. (2) . The same con- 

ex curve is followed by the spherical and gyroid composites for 

ongitudinal loading, while in shear, the corresponding G ′ are in- 

etween G 

′ 
iso−strain 

and G 

′ 
iso−stress 

. This is expected since the iso- 

train and iso-stress moduli correspond respectively to the upper 

ound (Voigt estimation) and lower bound (Reuss estimation) of 

ffective moduli of composites [69] . Storage moduli are therefore 

imply controlled by the volumetric effect related to the relative 

raction of hard and soft phases in the composite. 

As discussed above, loss moduli are more intricate. As seen in 

ig. 12 (b) and (d), for iso-strained nanolaminates, the longitudinal 

nd shear loss moduli ( M′′ and G ′′ ) follow the same linear relation

s in Eq. (1) and thus also result from the volumetric effect of mix- 

ng glassy dissipative and crystalline non-dissipative phases. The 

ongitudinal loss modulus M′′ of the iso-stress nanolaminate fol- 

ows a concave shape, which is also followed by the spherical and 

yroid B2-CuZr glassy composites. Dissipation is therefore lower 

han in the pure glass but larger than with the simple volumetric 

verage of Eq. (1) . We also see that due to the concave shape of

he curve, M′′ is close to constant at low volume fractions, which 

xplains why M′′ with spherical inclusions does not depend on the 

phere radius in Fig. 10 (a). 

We see a different effect with G ′′ , which is larger in the iso-

tressed nanolaminate and spherical composite than in the pure 

lass. The reason is the sensitivity of G ′′ on the strain amplitude 

n the glassy phase discussed in Section 3 and illustrated in Fig. 8 .

his effect is stronger than the simple volumetric effect due to 
displacements averaged on a 30 × 30 grid (b) for a pure glass and spherical B2 

lation box deformed at 2.5% shear strain. 



G.-J. Lyu, J.-C. Qiao, Y. Yao et al. Acta Materialia 220 (2021) 117293 

Fig. 12. Relation between complex moduli and volume fraction of B2-CuZr phase for different microstructures (nanolaminates, spherical inclusions and gyroid composites) 

loaded either longitudinally (a, b) or in shear (c, d). 
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he absence of dissipation in the crystalline phase and leads to an 

verall increase of G ′′ . Note that the same confinement effect is 

ot seen with M′′ because the storage modulus contrast between 

he glass and the crystal is smaller for M′ than for G ′ , such that

he strain in the glassy phase is closer to the overall applied strain 

ith a longitudinal loading than with shear. 

. Conclusions 

Dynamic mechanical relaxation has been an important topic in 

he field of metallic glasses. However, the origin of mechanical 

elaxation is still far from fully understood. In the current work, 

D-DMS simulations in the CuZr metallic glasses and composites 

ith various microstructures were performed to reveal the relax- 

tion characteristics from the atomic scale. We have shown that 

n a fully glassy system, not only the fraction but also the homo- 

eneity of “hard” icosahedral environments are important. When 

ard crystalline particles are introduced, the storage modulus sim- 

ly results from volumetric averages consistent with the classical 

oigt and Reuss bounds. Loss moduli are much more complex and 

epend sensitively on the microstructure and loading condition. 

n particular, we have seen that while a laminate geometry does 

ot affect the temperature of the relaxation peak, i.e. , the glass- 

ransition temperature, but only changes its amplitude, spherical 
10 
articles can stabilize the glass phase by increasing the tempera- 

ure of the relaxation peak without affecting its height. Such dif- 

erentiated nanoconfinement effects deserve a deeper analysis and 

ill be the subject of a future work. 

Although the above results are about composites with embed- 

ed B2-CuZr crystals, they provide inspiration for understanding 

he origin of energy dissipation or mechanical relaxation in mono- 

ithic metallic glasses. Due to the feature of structural hetero- 

eneities in pure glass, analog to the composites, there are also 

egions with different moduli, such as “soft regions” and “hard re- 

ions”, even though without clear boundaries between them. Dif- 

erent regions possess different moduli, and between them there 

re different strains under cyclic deformation, which induce energy 

issipation in the pure glass. Therefore, we can expect for an ideal 

lass containing absolutely no heterogeneous structure and no im- 

erfection, that there will be no relaxation and energy dissipation. 

urthermore, it can be inferred that if there is no shear motion be- 

ween regions with different moduli, there will still be no energy 

issipation. For instance, in the nanolaminates when both phases 

re deformed with the same strain, there is no shear motion at 

he glass-crystal interface, which has no effect on energy dissipa- 

ion. Another evidence in pure glass can also be found in our pre- 

ious work [48] where the loss modulus derived from the isostatic 

eformation on the pure Cu 64 Zr 36 glass was almost negligible, as 
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xpected since no shear exists as the same deformation is applied 

n three principal directions simultaneously, while for other defor- 

ation modes, such as longitudinal deformation, shear or uniaxial 

eformations, there is shear motion. The above analysis shows that 

or the energy dissipation or the mechanical relaxation to occur in 

 pure glass, two conditions must be met: one is the structural 

eterogeneity, i.e. , the “hard regions” and “soft regions”, with dif- 

erent moduli in different regions, and the other is a local shear 

eformation, resulting in atomic shear motions between different 

egions. 
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