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Abstract 

The microstructural inhomogeneity of Zr46Cu46Al8 metallic glasses is 

investigated quantitatively by molecular dynamics simulation. A parameter, the 

change ratio of polyhedral volume, is used to characterize the microstructural 

inhomogeneity in metallic glasses. Based on identifying the polyhedral volume 

expansion and contraction around each atom, the microstructural heterogeneity of 

metallic glasses can be revealed and quantified. The relation between the 

redistribution of the free volume and production or annihilation of defects has been 

established. By molecular dynamics simulations of dynamic mechanical tests, the 

distribution of the change ratio of polyhedral volume is correlated to dynamic 

heterogeneities in metallic glasses at the atomic level. Our work opens a new 

technologically avenue towards the characterization of microstructural inhomogeneity 

that affects the thermodynamics, dynamics and deformation in metallic glasses. 

Keywords: Metallic glass; Microstructural inhomogeneity; Free volume; Molecular 

dynamics simulation 

1. Introduction

In the macrostructural view, metallic glasses (MGs) all appear completely 

amorphous. While in the microstructural view, because of inherited disordered 

structure of liquids, MGs are characterized by the heterogeneous atomic configuration 

[1], resulting in outstanding properties not found in crystalline metals [2-7]. Through 

numerous ways, scientists have proved the existence of the microstructural 
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heterogeneity in MGs. For example, through ultrasound-accelerated crystallization in 

Pd-based MGs, Ichitsubo et al. inferred that the typical features in fragile MGs are 

composed of strongly bonded regions and weakly bonded surroundings [8]. Using 

molecular dynamics simulation and nanobeam electron diffraction, Hirata et al. 

reported that individual atomic clusters and their assemblies can be experimentally 

observed [9]. By small angle X-ray scattering, Zhang et al. found the range of 

medium length scales over which structural rearrangements occur should be the 

structural origin of the heterogeneous dynamics of MGs [10]. These are clearly 

related to the heterogeneous microstructure of MGs, in which the local structure 

varies significantly on the nanometer scale. 

To study heterogeneous microstructure of MGs at the atomic scale, several 

structural models have been proposed, such as coordination number, configurational 

potential energy [11], topological local order [12], and so on. These pioneering 

models all aim at different analysis in MGs, but they have some limitations. For 

example, the coordination number can reflect the packing density of local structures, 

but is difficult to provide the geometric symmetry of these structures. Configurational 

potential energy could reflect the relative stability of different MGs states, but is 

difficult to use to compare different compositions. Icosahedral clusters cannot only 

reflect microstructural heterogeneity, but also establish good relations with 

deformation and dynamic. However, in some MGs, icosahedral clusters are absent. As 

a result, it is still disputable as how each atom independently affects the 

heterogeneous microstructure of MGs. Therefore, a more effective model for 
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microstructural heterogeneity needs be proposed. 

The definition of free volume is the extra volume relative to one ideal disordered 

atomic state of the largest density. In 1959, Cohen and Turnbull [13], using the 

free-volume concept, predicted that MGs can be prepared when liquid is cooled 

sufficiently. Then, free volume was extended by Spaepen to explain plastic 

deformation in MGs [14]. In Spaepen’s model, if atoms move to smaller positions 

from the original locations under applied stress, free volume is created. Later, Argon 

found that free volume existed in a group of atoms, which were sufficient to carry out 

local shear transformation [15]. The free-volume model, combined with energy, can 

be useful for describing the structure, dynamics, thermodynamics and deformation 

[16].
 
Recently, Wang et al. found that homogeneous spatial distributions of free 

volume [17] and gradient of free volume distribution in MGs [18] can dramatically 

change mechanical properties. Meanwhile, orientation and statistical distribution of 

free volumes can affect the mechanical responses of spinodal decomposed MG 

composites [19]. Ding et al. introduced ‘flexibility volume’ as a universal indicator, 

which builds a bridge between the structure and properties of MGs [20]. There are 

descriptions and a number of constitutive models of volumetric change in deformation 

of MGs [21-24]. Definitely, there are some pitfalls for using “free volume” theory to 

describe MGs [1, 25]. So while it can be used for phenomenological studies, its 

limitations should be realized. For example, the free volume can’t be well determined 

quantitatively, and doesn’t contain information about the topological symmetry and 

chemically ordered local environment in itself [26]. 
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Studying the volumetric change in microstructural inhomogeneity quantitatively, 

should be very meaningful as the volume is sensitive to small changes in the atomic 

configurations [27]. Free volume is a global concept and defines an average value. In 

contrast, the present paper deals with a local point of view. Various authors introduced 

the concept of “pseudo-defects” in amorphous materials. For example, Granato 

defined the interstitialcy theory [28, 29], while Perez introduced the concept of 

quasi-point defects [30], which corresponds to zones where the packing may be 

higher or lower than the average. The quasi-point defects theory can be adopted to 

predict the atomic mobility and mechanical properties of MGs [31, 32]. In addition, 

Liu et al. claimed that both soft and hard zones exist in the MGs [33]. Free volume 

change has been investigated by density measurement [34], positron annihilation [35],

enthalpy measurements [36], and so on. These methods have demonstrated that during 

thermal annealing of MGs, annihilation of free volume is less than 0.5% 

approximately. Meanwhile, because of inherent limitations in the spatial resolutions, 

the experimental methods charactering the free volume change cannot reach the 

atomic scale. Therefore, atomic free volume change is not easy to measure accurately, 

and hence is not very effective to use for predicting properties. Determining precisely 

the subtle changes in free volume has been a challenge at the atomic scale. 

To investigate the evolution of free volumes at the atomic level, molecular 

dynamics (MD) simulation of Zr46Cu46Al8 MGs was employed. There are also recent 

literature (MD and experimental) highlighting the specific role of free volume (via 

Voronoi volume) in the microstructural and mechanical properties of MGs [37, 38]. 
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Compared to Zr-Cu MGs, the alloying of Al into Zr-Cu can promote the adding of 

icosahedral clusters and affect mechanical properties of MGs distinctly [1, 39]. In the 

present study, we studied the microstructural inhomogeneity of Zr46Cu46Al8 MGs by 

the volume change ratio of Voronoi polyhedra, whose faces bisect connecting the 

central atom to its neighboring atoms at right angles [40]. The polyhedra can be 

characterised by the Voronoi index [n3, n4, n5, n6], where ni denotes the number of 

i-edged faces of the Voronoi polyhedra. With this mind, each atom of a Voronoi

polyhedron can share the effective space with all nearest neighbors. Based on this, the 

change ratio of polyhedral volume can be identified and analyzed in terms of the 

number of polyhedra, their volume, and their shape. The available space surrounding 

each atom, that is necessary for atomic motion, is also clear. In search of a realistic 

picture of microstructural inhomogeneity, the correlation between the "free" character 

of the free volume and microstructural inhomogeneity in MGs is discussed. 

2. Model and simulation details

Molecular dynamics simulations were performed in LAMMPS, based on 

embedded atom potential parameterized by Cheng et al., which has been successfully 

employed to resolve the atomic structure of ternary CuZrAl MGs [41, 42]. The 

Zr46Cu46Al8 model, containing approximately 100,000 atoms, was equilibrated for 5 

ns at 2000 K under periodic boundary conditions. Then it was cooled to 100 K at 1 K 

ps
-1

 and 0 Pa under NPT ensemble. Molecular dynamics simulations of dynamic

mechanical spectroscopy (MD-DMS) were employed to obtain dynamic deformation 
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information [43]. This method applied a sinusoidal strain ε = εAsinωt, where ω is the 

angular frequency and εA is the amplitude, fixed within the linear elastic regime. The 

resultant stress was fitted as σ = σAsin (ωt + δ), where δ is the phase difference 

between stress and strain. Storage (E’) and loss (E’’) modulus values were calculated 

as E’ = σA/εA cos(δ) and E’’ = σA/εA sin(δ), respectively. The free volume (  ) can be 

defined as the Voronoi volume less the atomic core volume, as follows [44].  

voro atom

f i iV V V  (1) 

Where voro

iV  represents the Voronoi volume of the ith atom, and atom

iV  represents the 

core volume of the ith atom. Note that due to different atomic radii, the Voronoi 

method for calculating the volume should be weighted according to the atomic size 

differences. Since atom

iV is generally a constant, it is reasonable to substitute voro

iV

for the free volume 
fV  In this paper, voro

iV will be used to replace the free volume. 

3. Results and discussion

Because the microstructure of MGs combines two aspects: a high-density 

packing fraction and a concentration of the free volume. The latter, the concentration 

of the free volume, is closely related to the atomic structure and atomic mobility. For 

example, MGs are stable kinetically below Tg with the absence of free volume. 

However, upon reheating at different temperatures below Tg, some of the liquid’s free 

volume is activated. Figure 1 shows the distributions of the contributing volume of 

Zr-centered, Cu-centered and Al-centered polyhedra with reheating at 550 K, 650 K 

and 750 K (Tg = 750 K). The contributing volume of one type of polyhedron can be 
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defined as the number of the polyhedron multiplied by the average volume of the 

polyhedron. As shown in Figure 1, with the increasing temperature, the contributing 

volumes of the Zr-centered polyhedra with index <0, 1, 10, 4>, <0, 2, 8, 5> and <0, 1, 

10, 5> all decreased. Similar phenomenon is observed for those of the Cu-centered 

polyhedra with index <0, 2, 8, 1>, <0, 2, 8, 2>, <0, 0, 12, 0> and Al-centered 

polyhedra with index <0, 0, 12, 0>, <0, 1, 10, 2>. With the increasing temperature, 

although the volume of these polyhedra may slightly increase, there is an obvious 

reduction in their number due to the destruction of symmetry during the reheating 

process. Based on the above, the contributing volumes of these highly symmetrical 

polyhedra are found to be reduced. However, with the increasing temperature, the 

contributing volumes of the Al-centered polyhedra with index <0, 3, 6, 3>, <0, 3, 6, 

4>, <0, 2, 8, 1> and <0, 2, 8, 2> all increased. Meanwhile, the number of the 

Zr-centered, Cu-centered and Al-centered fragmented polyhedra increased 

significantly with increasing temperature. The fragmented polyhedra are composed of 

all kinds of low-content polyhedra, that possess low symmetry and high entropy [45]. 

Their corresponding clusters are also more energetic and mobile. For example, the 

contributing volume of Al-centered fragmented polyhedra increased from 34677 Å
3
 in 

the 550 K state to 38950 Å
3
 in the 750 K state. On the other hand, if normalized by 

the entire model volume (1,728,000 Å
3
), the volume changes are less than 0.25%, 

which explains the difficulties in accurate measuring experimentally. While the 

contributing volume in the some polyhedra increases, the contributing volume of 

other polyhedra has a decreasing trend. Based on the differences of the contributing 
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volume of polyhedra, the microstructural heterogeneity of MGs is revealed. 

Although the distributions of contributing volume of polyhedra are consistent 

with free-volume theory, little attention has been paid to the forming process of the 

free volume at the atomic scale. During reheating, the atomic motion leads to 

redistribution of the volume around the atoms. As shown in Figure 2, compared to the 

quenched state, the total volume of the model reheated at 650 K increased, as 

indicated by dashed arrows. In detail, atoms A and A’ correspond to the volume 

expansion, while atoms B and B’ correspond to the volume contraction. By 

identifying the volume expansion and contraction around these atoms, the 

microstructural heterogeneity of MGs can be quantified. 

Based on the above, the microstructural heterogeneity of MGs is quantified by a 

parameter   , defined as the change ratio of the polyhedral volume less the change 

ratio of the volume of the model. 

1 0 1 0

0 0

pi pi M M
i

pi M

V V V V
C

V V

 
  (2) 

where 
0

piV represents the volume of polyhedra i before reheating, while 
1

piV

represents that after reheating. 0

MV represents the volume of model before reheating,

while 0

MV represents that after reheating. 

As shown in Figure 3, Ci can present inhomogeneity very well. Compared to the 

model reheated from 450 K to 500 K with the model reheated from 700 K to 750 K, it 

is found that with the increase of temperature, the change of Ci becomes more 

apparent. A clear effect of structural relaxation is visible in the random volume 

distributions of the atoms at different temperatures. Structural relaxation induced by 
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temperature treatment, leads to different free volume, which comes from the break 

and re-formation of the atomic bonds. This means that the contribution values of the 

polyhedra become more and more uneven at higher temperature. Accompanied by 

increasing temperatures, the volume changes reach a certain degree, and it needs less 

energy to move the atoms. Therefore, redistribution of the free volume leads to the 

production or annihilation of defects, forming microstructural heterogeneity. In 

previous work, the number of quasi-nearest atoms, NQ, focusing on the cluster defects, 

can better reflect the correlation between the local structure and the defects [46]. Two 

atoms as a pair of quasi-nearest atoms should meet all the following three conditions: 

(I) they share a common nearest neighbor; (II) they are adjacent to each other, defined

by that their corresponding Voronoi faces of the Voronoi polyhedron, centered by their 

common nearest neighbor, share an edge; (III) they are not the nearest neighbors of 

each other [47]. 

To quantify the correlation between Ci and NQ for each element, the atoms are 

sorted by their NQ from low to high. Next, these atoms are divided into ng groups, and 

each group contains na atoms. The average Ci (<Ci>) and NQ (<NQ>) are calculated for 

each group. Figure 4(a) shows <Ci> exhibits a linear relation with <NQ> under na = 

200 for Zr, Cu and Al. To quantify the linear relation coefficient, the Pearson 

correlation coefficient K is used, as follows.  

(3) 

where E(X) and E(Y) are the average values of variables X and Y, and D(X) and D(Y) 

are the standard deviations of variables X and Y. K = 1 or K = -1 represents maximum 
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correlation, while K = 0 indicates no correlation. Figure 4(b) shows the Pearson 

correlation coefficient K between Ci and NQ as a function of na. It can be seen that K 

for both Cu and Al is higher than that of Zr. This fact suggests that microstructural 

heterogeneity depends the element. When na increases, K increases rapidly. When na 

is more than 20, K reaches 0.6~0.8, suggesting the linear relation is becoming strong. 

When na is more than 200, K is close to 1, which suggests that the correlation is the 

strongest. These prove that Ci and NQ are closely correlated. Meanwhile, Ci can 

provide a more direct description of microstructural heterogeneity. 

In order to verify the practicability of the parameter Ci in the structure-property 

relationship in MGs, dynamic mechanical tests were performed in MD simulations. 

Figure 5 displays the normalized storage modulus E’/Eu and normalized loss 

modulus E’’/Eu as functions of <Ci> for Al centered polyhedra at different 

temperatures. Here, Eu is the non-relaxed modulus, which is assumed to be E' at 100 

K. The frequency was set to 100 GHz. Because of inherent limitations of MD method,

the time and size scale in MD simulation is much shorter than the experimental time 

scale. So E’/Eu computed here is higher than that reported on dynamic mechanical 

analysis experiment. But the results are still of significance in understanding the 

phenomenon [43, 46, 48, 49]. For example, Qiao et al. found that the stress-driven 

event involves fast event as the local atomic rearrangement, while the thermally 

activated event is the percolation of the fast event involving a significant contribution 

from the atomic diffusion, which is consistent with the experimental observations [49]. 

And atomistic simulations can demonstrate the interplay between fast and slow event 
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and display similar results with experimental observations. Yu et al. pointed that the 

findings of the molecular dynamics simulation of dynamical mechanical spectroscopy 

can be compared with experiments and have implications in controlling storage (E’) 

and loss (E’’) modulus in MGs [43]. 

As shown in Figure 5, <Ci> exhibits a linear relation with the normalized storage 

modulus E’/Eu, while there is a sine relationship between <Ci> and E’’/Eu. The 

asymmetrical peaks of normalized loss modulus E’’/Eu corresponding to α relaxations, 

signaling the transition from glassy to supercooled liquid states [43]. With the 

increase of <Ci>, the normalized storage modulus E’/Eu becomes lower. Because <Ci> 

is defined as the change ratio of the polyhedral volume less the change ratio of the 

volume of the model after reheating. Through this definition, <Ci> is zero if the 

change ratio of the polyhedral volume is equal to the change ratio of the volume of the 

model after reheating, corresponding the change homogeneity of polyhedra. More 

positive values of Cij indicate more expansive polyhedral volumes compared to the 

model, whereas negative values of Cij indicate contraction of polyhedral volumes 

compared to the model. After reheating, these atoms in the expanded regions of 

polyhedra are arranged loosely and their structures are not dense, which makes the 

atomic clusters be unable to withstand higher resistance. This explains why the larger 

the <Ci> value is, the smaller E’/Eu is. While in the negative regions of <Ci> values, 

the contraction of polyhedral volumes results in atoms being denser. So, these clusters 

are not easy to move, leading to the larger E’/Eu. These results are consistent with 

related experiments [50-53]. The above results indicate that the <Ci> has a strong 
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correlation with the normalized storage modulus E’/Eu and normalized loss modulus 

E’’/Eu. Through adjusting the distribution of <Ci>, dynamic heterogeneities in MGs 

can be changed.  

4. Conclusion

Based on MD simulations, the microstructural inhomogeneity characterized by 

Ci in Zr46Cu46Al8 MGs was investigated. The results showed that the contributing 

volume in the some polyhedra increases, the contributing volume of other polyhedra 

has a decreasing trend. Based on the differences of the contributing volume of 

polyhedra, the microstructural heterogeneity of MGs is revealed. By further 

identifying the volume expansion and contraction around each atom, the 

microstructural heterogeneity of MGs can be quantified. Through the Pearson 

correlation coefficient K, there is a linear relationship between the change ratio of 

polyhedral volume Ci and the number of quasi-nearest atoms NQ. Dynamic 

mechanical tests performed in MD simulations showed that the <Ci> has a strong 

correlation with the normalized storage modulus E’/Eu and normalized loss modulus 

E’’/Eu. Through adjusting the distribution of <Ci>, dynamic heterogeneities in MGs 

can be changed. The present analysis offers a new perspective for understanding the 

evolution of microstructural heterogeneity of MGs quantitatively.  
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Figure Captions 

Fig. 1 The distributions of the contributing volume of (a) Zr-centered, (b) Cu-centered and (c) 

Al-centered polyhedra with reheating at 550 K, 650 K and 750 K. 

Fig. 2 Schematic description of the polyhedral volume distribution of models (a) as quenched and 

(b) reheated at 650 K. Atoms A and A’ correspond to the volume expansion, while atoms B and B’

correspond to the volume contraction.  

Fig. 3 Volume parameter of Ci for (a) the model reheated from 450 K to 500 K and (b) the model 

reheated from 700 K to 750 K. 

Fig. 4 (a) <Ci> as a function of <NQ> with na = 200 for Zr, Cu and Al. For each element, the atoms 

are sorted by their <NQ> from low to high. They are divided into ng groups, each containing na 

atoms. For each group, the average Ci (<Ci>) and NQ (<NQ>) are calculated. (b) Pearson 

correlation coefficient as a function of na between <NQ> and <Ci>. 

Fig. 5. Evolution of normalized storage modulus E’/Eu and normalized loss modulus E’’/Eu as 

functions of <Ci> for Al centered polyhedra at different temperatures. Here, Eu is the non-relaxed 

modulus, which is assumed to be E' at 100 K.
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Fig. 1 The distributions of the contributing volume of (a) Zr-centered, (b) Cu-centered and (c) 

Al-centered polyhedra with reheating at 550 K, 650 K and 750 K. 
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Fig. 2 Schematic description of the polyhedral volume distribution of models (a) as quenched and 

(b) reheated at 650 K. Atoms A and A’ correspond to the volume expansion, while atoms B and B’

correspond to the volume contraction. 
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Fig. 3 Volume parameter of Ci for (a) the model reheated from 450 K to 500 K and (b) the model 

reheated from 700 K to 750 K. 
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Fig. 4 (a) <Ci> as a function of <NQ> with na = 200 for Zr, Cu and Al. For each element, the atoms 

are sorted by their <NQ> from low to high. They are divided into ng groups, each containing na 

atoms. For each group, the average Ci (<Ci>) and NQ (<NQ>) are calculated. (b) Pearson 

correlation coefficient as a function of na between <NQ> and <Ci>. 
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Fig. 5. Evolution of normalized storage modulus E’/Eu and normalized loss modulus E’’/Eu as 

functions of <Ci> for Al centered polyhedra at different temperatures. Here, Eu is the non-relaxed 

modulus, which is assumed to be E' at 100 K.  
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Highlight: 

1 The microheterogeneity is characterized by polyhedral volumes quantitatively. 

2 The simulations allow reproduction of evolutions of atomic-level heterogeneity. 

3 The simulation results are in good agreement with experiments and 
 
theories. 

4 The heterogeneities can be predicted by the distributions of polyhedral volumes. 
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