
Intermetallics 126 (2020) 106911

Available online 6 October 2020
0966-9795/© 2020 Elsevier Ltd. All rights reserved.

Structural mechanism of glass forming ability in Zr-based binary alloys 

Ming-fei Li a,1, Chanyoung Song b,1, Yi-fu Wang a, Youngsong Cho b, Qiaoshi Zeng c, 
Jaeyong Kim d, Babafemi Malomo e, Liang Yang a,*, Deok-Soo Kim b,** 

a College of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016, PR China 
b Voronoi Diagram Research Center, School of Mechanical Engineering, Hanyang University, Seoul, South Korea 
c Center for High Pressure Science and Technology Advanced Research (HPSTAR), 1690 Cailun Road, Pudong, Shanghai, 201203, PR China 
d Department of Physics, Hanyang University, Seoul, South Korea 
e Department of Mechanical Engineering, Obafemi Awolowo University, Ile-Ife, Nigeria   

A R T I C L E  I N F O   

Keywords: 
Metallic glass 
Molecular dynamics simulation 
Voronoi tessellation 
Free volume 
Microstructure 
Glass forming ability 

A B S T R A C T   

This study presents a computational framework to investigate the structural mechanism of glass forming ability 
(GFA) by carefully comparing two model systems of Zr-based binary metallic glasses (MGs) with distinct GFAs, 
Zr2Cu and Zr2Ni. Based on the Voronoi diagram of three-dimensional spherical atoms, the free volume, the 
cluster regularity, and the atomic packing efficiency in the atomic structure of Zr2Cu and Zr2Ni MGs are effi-
ciently and accurately calculated as a function of temperature during quenching from melts to MGs. The glass 
transitions were found to occur with the fractional free volume reaching a seemingly universal value at ~2%– 
3%. Although the glass states of both MGs show very similar linear temperature-dependent behavior, their 
supercooled liquid states behave quite differently, e.g., the structure of Zr2Cu changes much faster than that of 
Zr2Ni, and by extrapolating the temperature dependence of the free volume of liquids, the free-volume could 
quickly vanish in the Zr2Cu supercooled liquid at ~210 K, while it remains even down to 0 K in Zr2Ni. In 
addition, Zr2Cu has higher atomic packing density and cluster regularity at low temperature region, also is more 
spatially homogeneous than Zr2Ni. These results reveal clear structure characteristics which are associated with 
the viscosity of the supercooled liquids and the Gibbs energy of glass states, therefore, the GFA and stability of 
MGs.   

1. Introduction 

Quenching metallic melts at fast enough cooling rates usually can 
lead to the formation of metallic glasses (MGs). The development and 
characterization of such novel amorphous alloys have been continuously 
attracting extensive research interest, mainly because of their unique 
physical, chemical, and especially, their mechanical properties [1–4]. 
Their glass forming ability (GFA) during the melt-quenching process is 
highly sensitive to compositions. However, the mechanism behind the 
composition sensitivity remains elusive although enormous efforts have 
been made [5–9]. In practice, good GFA in MGs usually requires 
multi-components in their compositions [10]. Fortunately, it has now 
been revealed that some special binary systems can also have extraor-
dinary GFA with critical diameters larger than 1 mm (defined as bulk 
MGs) [11]. The relatively simple chemistry in binary systems could 

largely facilitate simulation studies to address the mechanisms of the 
good GFA in MGs [12]. 

ZrCu and ZrNi are prototype binary model systems for the study of 
GFA because both of them have a broad composition region forming 
MGs [13,14]. Naturally, it would be expected that ZrCu and ZrNi sys-
tems should have similar GFAs due to the physical and chemical simi-
larity between Cu and Ni, i.e., (i) they have similar atomic sizes; (ii) they 
are completely miscible; (iii) they are neighboring elements in the pe-
riodic table. Surprisingly, ZrCu and ZrNi systems actually behave quite 
differently. In particular, ZrCu have much higher GFA that can form bulk 
MGs in some pinpoint compositions [15], while such high GFA is absent 
in the ZrNi [16]. Therefore, a lot of efforts have been devoted trying to 
address this issue [17]. For example, the previous results suggested that 
GFAs in ZrCu and ZrNi may be affected by some structural factors, such 
as cluster distributions or connections [7,9,18], hidden orders [19], 
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atomic bond deficiency [20]. Since MGs are typically considered as the 
“frozen state” of their melts, the structural evolution during quenching 
and its influence on the glass formation could be critical, which, how-
ever, has not been well understood. 

This work presents a systematic investigation to elucidate the 
aforementioned challenge which emphasizes the analysis of the accurate 
free volume calculation and heterogeneous microstructural features 
associated with the GFAs in the Zr2Cu and the Zr2Ni binary systems. 

2. Simulation or calculation methods 

2.1. Molecular dynamics simulation 

The classical Molecular Dynamics (MD) method has been extensively 
used to study microstructures of MGs, by implementing the large-scale 
atomic/molecular massively parallel simulator (LAMMPS) computer 
program [21]. At first, a crystalline Zr2Cu (I4/mmm) or Zr2Ni (I4/mcm) 
model containing about 20,000 atoms was constructed, quickly heated 
to 2000 K with zero applied pressure, and then kept at a constant tem-
perature of 2000 K for another 8 ns, to obtain an equilibrated liquid 
model. The melted Zr2Cu or Zr2Ni model was then quenched to 300 K at 
a cooling rate of 1 × 1010 K/s by maintaining the external pressure at 
zero. It has been revealed that the sub-Tg annealing treatment [22–24] 
can lower the cooing rate to ~108 K/s. This technique was not used in 
this work, because it is required to probe the continuous changes of 
various structural parameters during the quenching. The quenched 
model was again relaxed at 300 K for 2 ns. As a result, the stable 
as-constructed Zr2Cu and Zr2Ni amorphous models with volumetric 
sizes of 7.26 × 7.26 × 7.26 and 7.22 × 7.22 × 7.22 nm3 respectively 
were obtained at 300 K. During the MD simulation, the embedded atom 
method (EAM) interatomic potential developed by Mendelev [25,26], 
which is very suitable to simulate the complex interactions between 
metallic atoms [27–30], and the NPT (constant atom number, pressure, 
and temperature) ensemble, were applied for the liquid and amorphous 
Cu–Zr and Ni–Zr models. Especially, the atomic densities of Zr2Cu 
(0.05139 Å− 3) and Zr2Ni (0.05215 Å− 3) MG models at 300 K obtained in 
MD simulation were calculated by the total atom numbers divided by 
the box size, the corresponding mass density is 6.997 g/cm3 for Zr2Cu 
and 6.961 g/cm3 for Zr2Ni, which are quite consistent with the experi-
mental data of ~7 g/cm3 for both MGs at 300 K from literature [31,32]. 
Moreover, the structure factors, S(Q), of the as-prepared (300 K) models 
obtained from simulations also show satisfactory agreement with that 
from synchrotron radiation X-ray experiment (Fig. 1). The synchrotron 
experiment was measured at room temperature at the beam lines, A1, in 
Hasylab, and BL14W1, in the Shanghai Synchrotron Radiation Facility 
of China. 

2.2. Calculation of atomic-unfilled spaces 

Typically, an amorphous structure has lower packing efficiency than 
its crystalline counterpart, i.e., excess unfilled space between atoms is 
inevitable duo to the highly disordered structure, which is defined as 
“free volume” in glasses and has been widely used in discussing for-
mation and various properties of glasses [33]. However, the free volume 
is difficult to be quantitatively determined. In this study, we developed a 
novel computer program ‘MGGeometron’ which is capable of computing 
the atomic-unfilled spaces in three dimensional (3D) MG models with 
numerous atoms in an efficient and accurate way. Unfilled space refers 
to the space that is not occupied by atoms in a structure regardless of it is 
crystal or glass [34]. The unfilled space sometimes is also called “total 
free volume”. In this paper, the “free volume” is specifically defined as 
the “excess free volume” compared with the crystalline counterparts, 
which is a subset space of the total unfilled space. The accurate 
computation of the volume of unfilled space is the basis for computing 
the free volume of an MG, which is the critical measure for under-
standing the behavior of MGs in a structural point of view. The unfilled 
space in a crystal structure can be readily calculated based on the atom 
species, position, and the unit cell parameters. In contrast, to accurately 
compute the unfilled spaces in MGs, the geometric model of an MG can 
be divided into a set of Delaunay Tetrahedra (DT) (or 
quasi-triangulation in a more precise sense) [35,36], constructed by four 
nearby atoms in a proximal neighborhood with the Voronoi Diagram 
(VD) of 3D spheres [37]. The unfilled space can be obtained by sub-
tracting the atomic “hard core” volume from the DT by an algorithm that 
decomposes the space [38]. Be aware that VD is different from the or-
dinary Voronoi diagram of points. 

It was proposed that free volume can be estimated by the difference 
between two types of unfilled space volumes: the volume of the unfilled 
space of each tetrahedron in an MG model and that of a corresponding 
tetrahedron in the crystalline counterpart [39,40]. Therefore, the free 
volume in a DT is described as: 

Vol
(
FVmg

)
=Vol

(
UFmg

)
− Vol

(
UFcry

)

i; 0< i< k (1)  

where Vol(FVmg) is the free volume in a tetrahedron of an MG model, 
Vol(UFmg) and Vol(UFcry)k are the volumes of unfilled space in a tetra-
hedron of an MG model and the crystal structure, respectively. There are 
k different types of the basic minimum tetrahedron in a crystalline alloy, 
with the volumes of the corresponding unfilled spaces be denoted as 
Vol(UFcry)1, Vol(UFcry)2, … Vol(UFcry)k in the increasing order of vol-
umes. However, due to the disordered structure, the minimum tetra-
hedra in MGs are different from each other. Thus, the free volume in a 
tetrahedron was calculated by using the following rules. 

Fig. 1. Structure factors of Zr2Cu and Zr2Ni MGs, which were obtained by MD simulation at 300 K and synchrotron radiation X-ray diffraction experiments measured 
at room temperature. The blue solid and red dashed lines denote the experimental data and the MD simulation result, respectively. 
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In this work, the reference crystals of Zr2Cu and Zr2Ni are tetragonal 
phases (space group: I4/mmm and I4/mcm, respectively), which can be 
formed during the heating treatment [41]. These structural models were 
constructed using the structural data from their phase diagrams [42]. 

Although a lot of efforts have been devoted to calculating total free 
volume in metallic glasses [17,39,40,43,44], lacking the spatial distri-
bution information of the free volumes, the local structural heteroge-
neity which is a key feature in MGs is missing. With the newly developed 
program MGGeometron in this work, we can accurately map out all the 
free volumes involved in the entire MG samples. 

3. Results and discussions 

3.1. Temperature dependence of the model volume 

Fig. 2 shows the model volume changes as a function of temperature 
during quenching. These data were obtained by cooling Zr2Cu and Zr2Ni 
melts from 2000 K to 300 K via MD simulations. Typically, the tem-
perature dependence of the sample volume will change continuously but 
show an obvious inflection point which separates the liquid and the glass 
and defines the glass transition temperature, Tg [45]. The 
volume-temperature curves of both Zr2Cu and Zr2Ni could be divided 
into two linear parts from which an intersection was determined as their 
Tg for both models. Therefore, it is clearly demonstrated that Zr2Cu and 
Zr2Ni both can form glasses in our simulations. Nevertheless, it is 
interesting to note that, an obvious difference exists between the Zr2Cu 
and Zr2Ni systems, when analyzing the intersections in both alloys. The 
two straight lines forming the intersection in Zr2Cu have a relatively 
large intersection angle about 28◦, while representations in Zr2Ni only 
have a small value of 10◦. This is because the model volume in Zr2Cu 
exists an accelerated decrease from about 1150 K till 800 K, while that in 
Zr2Ni keeps a uniform decrease from 2000 K to about 700 K. This implies 
that the volume of Zr2Cu deceases more rapidly than that of Zr2Ni in the 
supercooled liquid region (800 K–1150 K). This different feature asso-
ciated with the glass transition events may account for the quite 
different GFAs between these two alloys. The glass transition tempera-
ture (~680 K) of the Zr2Cu estimated in the MD simulation is a little bit 
higher than the value of ~623 K measured in experiments [46]. Such 
over-valuation of Tg has usually been observed in previous MD 

Fig. 2. Temperature dependence of the sample volumes of the Zr2Cu (a) and Zr2Ni (b) systems.  

Fig. 3. Temperature dependence of the total-unfilled space in the Zr2Cu and Zr2Ni models (a), and the fractional free volume of the Zr2Cu and Zr2Ni models (b).  
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simulations, which is attributed to the ultra-high cooling rate applied 
[45,47]. 

3.2. Temperature dependence of micro volumetric parameters 

The total volume of a material or a structural model as a function of 
temperature only reflects the thermal expansion behavior and the dif-
ference in the thermal expansion coefficients before and after the glass 
transitions, which cannot directly catch the microscopic mechanism of 
the glass formation in MGs. In contrast, the free volume is an intrinsic 
structural feature in amorphous materials and is believed to directly 
correlated with the glass formation [48]. Hence, it is critical to study the 
evolution of atomic-unfilled space including free volume during melt 
quenching. 

Fig. 3a shows the temperature dependence of the unfilled space in 
the Zr2Cu and Zr2Ni systems. It is found that, in both models, the unfilled 
spaces monotonically decrease with temperature decreasing, and a 
transition at ~680 K is observed according to a sudden slope change. 
This is quite consistent with those shown in Fig. 2a and b. In addition, 
atomic-unfilled spaces in MGs are made up of both intrinsic voids and 
excess free volumes, and it has been suggested that the intrinsic voids in 
the glassy state should be similar to those in the crystalline counterparts 
[49]. Therefore, it is assumed that the evolution of unfilled spaces is 
influenced by the change in free volumes rather than by the intrinsic 
voids. To verify this scenario, the relationships between fractional free 
volume and temperature in Zr2Cu and Zr2Ni were plotted in Fig. 3b. It is 
worth noting that the temperature dependence of the fractional free 

volume is not constant but clearly catches the glass transition events by 
the abrupt slope changes. Once the fractional free volume reaches an 
almost constant value of ~2%–3%, the supercooled liquids are arrested 
into glassy states. This fractional free volume is surprisingly consistent 
with the predicted values based on the theory of free volume for glass 
formation [33]. The intersection angle of two fitting lines in Zr2Cu, is 
significantly larger than that in Zr2Ni, due to the very rapid decrease of 
free volumes at the temperature region of 750–1200 K in Zr2Cu. How-
ever, the fractional intrinsic voids volume does not dramatically change 
with temperature and shows no signal for the glass transitions (see 
Fig. S1 in the supplementary materials). This result indicates that the 
evolution of model volume is closely associated with the change of free 
volumes, and the free volume is an essential structural parameter that 
may significantly affect the glass transition and glass formation. 

3.3. Temperature dependence of micro cluster-level parameters 

Clusters were regarded as structural units of the short-range ordered 
local structures in MGs and also their melts [50,51]. It was suggested 
that, in crystalline alloys, clusters are formed by dense and ordered 
atomic packing, and influenced by the chemical distribution mechanism 
[52]. In this work, the microstructure evolution also was studied in 
terms of cluster packing. Various clusters were extracted from each 
structural model and indexed via the Voronoi tessellation method, and 
their distributions at different temperatures are shown in Fig. 4 [53]. It is 
found that the fractions of some major Voronoi clusters (VCs) slightly 
change with temperature, such as <0,1,10,2>, <0,1,10,3>, and <0,3,6, 

Fig. 4. Distributions of major Voronoi clusters during the quenching in the Zr2Cu (a) and Zr2Ni (b) systems. Only those whose fractions are larger than 2% are shown.  

Fig. 5. (a) Temperature dependence of the tetrahedron regularity parameter, T, of the Zr2Cu and Zr2Ni systems, (b) a highlighted temperature region from 300 
to 1000 K. 
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3>. However, the weights of many other VCs do not obviously change 
with temperature. It is not found a sudden slope change in any major 
VCs at the Tg. This result indicates that the VC index and its change is not 
sensitive to the glass formation and may not be a dominant factor. This is 
also consistent with the viewpoint proposed in previous work [54]. 

In addition, the lack of a sudden change in the correlation between 
temperature and Voronoi index is not surprising because the Voronoi 
index is determined only by the rotational symmetries of shell atoms in 
each cluster. Therefore, the cluster regularity affected by bond lengths, 
bond angles, and chemical fluctuation of atoms, is not considered. 
Clusters can adjust their geometric regularities without changing their 
Voronoi indexation, due to the small energy barrier to be subdued [55, 
56]. In this work, a regularity parameter of tetrahedron [57] was 
adopted. The tetrahedrisity parameter, T, is the variance of the edge 
lengths in a tetrahedron, indicating its regularity. The T value can be 
calculated by 

T =
∑

i∕=j

(
ei − ej

)2

/

15 < e>2 (6)  

where ei denotes the length of the i-th edge on the triangle face of a given 
tetrahedron, and <e> is the corresponding mean value. For a regular 
tetrahedron where all edges are the same, the value of T equals zero. 
Thus, the T value can indicate the regularity of any cluster, because each 
Voronoi-indexed cluster is formed by stacking a series of tetrahedra with 
a shared vertex which is located at the center atom of this cluster. 

The relationship between temperature and T values was established 
and shown in Fig. 5. It was suggested that, the smaller the T value is, the 
more regular of a tetrahedron and denser of an atomic packing are 
involved [58]. It is noticeable that the T value monotonically decreases 
with temperature in both models, indicating that the clusters get more 
and more regular during the cooling process. This is reasonable because 
atoms are readily arrested or fixed in some local regions to form more 
ordered local structures during quenching. In addition, it is interesting 
that the curve of Zr2Cu has a steeper slope at the intermediate temper-
ature range of ~800–1200 K, although this curve is almost in parallel 
with that of Zr2Cu at both high and low temperature intervals. This hints 
that clusters get regular faster in the supercooled liquid region of Zr2Cu 
rather than of Zr2Ni, so that cluster regularity rather than cluster index is 
closely related to the glass transition and glass formation. 

3.4. Temperature dependence of atomic-level parameters 

In addition, it was proposed that the parameter of atomic packing 
efficiency (APE) can indicate how densely atoms are packed in clusters, 
and is related to the glass formation in alloys [59,60]. The APE inside the 

indexed Cu- and Zr-centered Voronoi-indexed clusters was calculated by 

APE=
Va

Vu
(7)  

where Va and Vu denote the volume of the embedded atoms inside a 
cluster and the total volume of the cluster itself, respectively. Vu can be 
obtained by summing the volumes of all the VCs containing tetrahedra 
because each VC is built by stacking tetrahedra with a shared vertex, 
located at the site of the VC’s center atom. Because each atom embedded 
in the cluster is truncated as a cone ball, thus, Va can be calculated by 
summing the volumes of all the cone balls [57]. 

The relationship between the APE and temperature is shown in 
Fig. 6. The APE values monotonically increase with decreasing tem-
perature in both models, due to the continuous decrease of free volume 
during quenching. It is notable that there are interceptions at about 
650–680 K which determine glass transition temperatures in both 
models, is quite consistent with those shown in Figs. 2, 3 and 5. It is 
noted that the APE values increase in both models with decreasing 
temperature. This is reasonable because excessive free volumes are 
removed from these models, and atoms are densely packed accordingly. 
Although the APE value of Zr2Cu at the high temperature range is 
smaller than that of Zr2Ni, this value of Zr2Cu increases more rapidly 
than the Zr2Ni, and gets larger than the latter at ~950 K. In addition, it is 
interesting that the slope of the curve of Zr2Cu gets steeper at the in-
termediate temperature range of ~800–1200 K, implying that APE ac-
celerates in the supercooled liquid of Zr2Cu. However, such acceleration 
is absent in the Zr2Ni. 

3.5. Influence of temperature-dependent structural parameters on glass 
formation 

We have illustrated that some macroscopic-to-micro parameters can 
catch the structural evolution in Zr2Cu and Zr2Ni, and probably can be 
applicable to other alloy systems. In fact, these structural factors have 
close relationships between each other. For instance, free volumes are 
involved in total atomic-unfilled spaces which are inversely propor-
tional to the packing density of atoms. Although they are closely related 
to each other, these parameters are independently calculated by defi-
nitions only based on the detailed atomic structures. Therefore, the 
consistent behavior of these structural parameters during quenching 
indicates the reliability of our simulations and calculations. 

It was proposed that glass formation and GFAs can be estimated by 
using some thermodynamic parameters measured on the already syn-
thesized samples such as Trg [60], ΔTx [61], and γ [62], which were 
developed from thermodynamic consideration of viscosity, entropy, and 

Fig. 6. (a) The evolution of atomic-packing efficiencies (APE) of the Zr2Cu and Zr2Ni models during quenching and (b) a highlighted temperature region from 300 
to 1000 K. 
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enthalpy [63,64]. In this work, it has been revealed that the micro-
structural parameters including free volume, cluster regularity, and 
atomic packing could be good indicator of the glass transition and for-
mation. However, all of them in the Zr2Cu model change more rapidly at 
an intermediate temperature region ranged from ~800 to ~1200 K, 
which roughly corresponds to that of the supercooled liquid region. 
Since ZrCu is one of the best glass formers in binary systems, it hints that, 
if these structural parameters are very sensitive to the temperature in the 
supercooled liquid region, the glass is apt to be formed. 

It was suggested that close to Tg, one key thermodynamic parameter, 
viscosity, is extraordinarily sensitive to temperature changes [64]. If the 
supercooled liquid has large viscosity or a large viscosity change, crys-
tallization is apt to be bypassed, leading to glass formation. The free 
volume, cluster regularity, and atomic packing are structural parameters 
are highly temperature dependent, and sensitive to temperature changes 
in the supercooled liquid as well, which could be the structural mech-
anism for the dramatic viscosity increase through glass transitions, 
therefore, closely related to the GFAs in MGs. 

In addition, as we know, the cooling rate strongly influences the glass 
formation in alloys. It was suggested that, in the process of liquid 

quenching, the liquid freezes to a glass through the glass transition, and 
the larger the cooling rate, the more residual enthalpy and entropy are 
frozen in Ref. [65]. Thus, we also discussed the influence of the cooling 
rate on the temperature dependence of structural parameters. Further 
MD simulations to quench the Zr2Cu and the Zr2Ni melts were carried 
out, by using a higher cooling rate of 1 × 1012 K/s. The relationships 
between the temperature and the fractional free volume in these two 
Zr2Cu or Zr2Ni models with different cooling rates of 1 × 1010 K/s and 
1 × 1012 K/s, are shown in Fig. 7. 

It is found that the Zr2Cu model quenched at a higher cooling rate has 
a larger Tg value. It is more interesting that this Zr2Cu model has a 
smaller intersection angle about 14.3◦. This is because free volumes are 
relatively not so efficiently reduced at the supercooled temperature re-
gion when quenching the melt at a higher cooling rate. Whereas, there is 
no evident difference between these two Zr2Ni models quenched at 
different cooling rates, indicating the less sensitivity of ZrNi system to 
the cooling rate. In addition, it is noticed that the intersection angle of 
Zr2Cu with a cooling rate of 1 × 1012 K/s is closed to that of Zr2Ni with a 
cooling rate of 1 × 1010 K/s. All of these imply that more liquid-like 
structures such as excessive free volumes are likely to be preserved 
and frozen in Zr2Ni rather than Zr2Cu, if the same cooling rate is 
adopted. In other words, compared with Zr2Ni, Zr2Cu is more likely to 
relax its microstructure by annihilating free volumes while bypassing 
crystallization during quenching. This is helpful to the formation of 
stable glassy solid. In previous work, it was also suggested that 
increasing cooling rates results in a glass with a less “relaxed” structure 
consisting of more “liquid-like” clusters (i.e. excess free volume with 
irreversible dynamics) [66]. 

Fig. 7. Temperature dependence of the fractional free volume with different cooling rates in the Zr2Cu model (a) and the Zr2Ni model (b), and comparison of the 
Zr2Cu and Zr2Ni models with the same cooling rate of 1 × 1010 K/s (c). 

Table 1 
Total anti-free volume and total positive-free volume in the Zr2Cu and Zr2Ni 
MGs at 300 K.   

Total anti-free volume (±0.1 Å3) Total positive free volume (±0.1 Å3) 

Zr2Cu − 1546.4 6678.6 
Zr2Ni − 2235.6 6425.2  

Fig. 8. Three-dimensional distributions of anti-free volumes in as-constructed models at 300 K of the Zr2Cu (a) and Zr2Ni (b) MGs. Each detected anti-free volume is 
shown in a red sphere. 
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Regarding the cooling rate at the extreme slow end, it was suggested 
that an ideal MG could form when the supercooled liquid is approaching 
the Kauzmann temperature (TK) without crystallizing, which was called 
Kauzmann glass transition [67]. If we extrapolate the temperature 
dependence line of the fractional free volume in the supercooled liquid 
states of both models as shown in Fig. 7c, the Zr2Cu liquid will end up 
with a zero-free volume state at ~210 K, which maybe resemble the 
ideal glass state. While for Zr2Ni liquid, the free volume remains even 
down to 0 K, suggesting that, in theory, ideal MG state cannot be formed 
in Zr2Ni. This might also indicate that Zr2Cu is a better glass former than 
Zr2Ni. 

In addition, It was revealed that there is a relatively strong p-d hy-
bridization in Zr2Ni [68], while such hybridization is absent in Zr2Cu. 
This bonding difference probably causes the change of interatomic dis-
tances, although Ni and Cu atoms have the similar radius. The relatively 
strong bonding in ZrNi may increase the barrier for rearrangement of 
atoms and stabilize the local structures when quenching a melt at a high 
cooling rate. As a result, liquid-like structures are prone to be preserved 
in ZrNi than in ZrCu MG, leading to a slower change in an intermediate 
temperature regime for Zr2Cu compared to Zr2Ni. Since the EAM po-
tential parameters were obtained by strictly fitting the experimental 
data, such as structure factors (S(Q)) obtained from X-ray or neutron 
diffraction, EXAFS data, and so on. If there is p-d hybridization in ZrNi 
system, it surely has been included in its EAM potential. 

3.6. Defects effect on glass formation 

In general, two basic criteria usually were adopted to evaluate the 
GFAs in alloys [47,63,69,70]: (i) slow dynamics (high viscosity) of the 
supercooled liquid which usually inhibits the crystallization during melt 
quenching; (ii) small difference in Gibbs energy between glass and 
crystal which stabilizes the glass state once synthesized. 

Free volume also could be defined as the atomic volume in excess of 
the ideally densely packed reference amorphous state [71], which was 
developed by the original definition of Cohen and Turnbull [48]. 
However, the ideal densely packed MGs are still impossible to be pre-
pared by experimental methods. Therefore, in order to quantify free 
volumes in an MG, an ideal crystal with the same composition was 
adopted as the reference state. It was proposed that free volume is the 
volumetric deviation of an amorphous structure at atomic scale from 
that of its crystalline counterpart [39]. It is evident that the regions of 
lower atomic density can be considered as the accumulation of those free 
volumes [72], but there also are some local regions with higher atomic 
density which were defined as anti-free volumes [73]. Therefore, a 
positive free volume and an anti-free volume were defined as the n-type 
defect (negative density fluctuation) and the p-type defect, respectively 
[73]. It was speculated that an inhomogeneous free volume distribution 
in glasses could result in disparate solid-like and liquid-like domains 
[74], which also can be related to the regions containing positive free 
volume or anti-free volume. The more the n- and p-type defects in an MG 
model, the larger the structural fluctuation, and the more unstable this 
amorphous model would be. 

According to equations (4) and (5) in section 2.2, both the anti-free 
free volume and positive volume in a model were calculated, respec-
tively. The positive free volume (n-type defects) and anti-free volume (p- 
type defects) in Zr2Cu and Zr2Ni MGs, are listed in Table 1. It is found 
that there is minimal difference of the total value of positive free volume 
between Zr2Cu and Zr2Ni, indicating that the concentration and fraction 
of the total positive free volume is similar in these two model MGs. 
Whereas, it is interesting to note that there are more anti-free volumes in 
Zr2Ni than in Zr2Cu, suggesting that the p-type defects are more favored 
in Zr2Ni. To further clarify this, the 3D distributions of the anti-free 
volume in Zr2Cu and Zr2Ni as-constructed models are plotted in Fig. 8. 
It is notable that, even though the anti-free volumes are homogeneously 
distributed in both of these two models, it is apparent that there are 
more p-type defects in Zr2Ni than in Zr2Cu, confirming that there are 

more local regions of high atomic density in Zr2Ni. In other words, larger 
structural fluctuation induced by more p-type defects exists in Zr2Ni. 
This indicates the higher local atomic stress and the lower structural 
stability in Zr2Ni. Since Zr2Cu and Zr2Ni amorphous models were ob-
tained by using the same cooling rate and size, thus we can conclude that 
the different GFAs in Zr2Cu and Zr2Ni binary systems are significantly 
influenced by the structural fluctuations induced by positive or anti free 
volume involved. 

4. Conclusions 

The structural evolution of Zr2Cu and Zr2Ni metallic models as a 
function of temperature during quenching has been studied and 
compared. According to our accurate calculation based on a newly 
developed computer program ‘MGGeometer’, it is found that when the 
fractional free volume reaches ~2–3%, the glass transition occurs, 
which quantitatively confirms the free volume theory for glass forma-
tion. The faster the fractional free volume decreases during quenching 
the supercooled liquid, the higher GFA the MGs may have. This 
conclusion obtained by the fractional free volume indicator is consistent 
with the temperature dependence of the previously proposed structural 
parameters such as cluster regularity, and atomic packing efficiency. A 
zero-free volume state was able to be determined by extrapolating the 
temperature dependent line of the fractional free volume to lower 
temperatures, which could be an “ideal glass” state defined from the 
structural point of view and related to GFA as well. The glass states of 
these two alloys are highly similar, but their supercooled liquids behave 
quite differently which highlights the importance of the structure and 
properties of supercooled liquids on the glass formation. These results 
explain why there is a better GFA in ZrCu system than ZrNi, in spite of 
the similar physical and chemical properties between Cu and Ni ele-
ments. In addition, it is revealed that there is a larger structural fluc-
tuation in the as-prepared Zr2Ni model in terms of the concentrations of 
anti-free volumetric defects, contributing to the lower structural sta-
bility in ZrNi system. From the foregoing facts and results, detailed 
atomic level structural mechanism for the GFA in MGs could be prom-
ising based on accurate structural analysis and calculation. 
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