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ABSTRACT 

In this study, Ni-Zr alloy glass is chosen as the research object, and we use the molecular dynamics 
method to simulate and study the microstructure evolution of Ni-Zr alloy at different temperatures. 
The computational analysis carried out using LAMMPS, and investigated the effect of five different 
cold speeds on the amorphization potential of Ni-Zr. Additionally, the structural properties of Ni-Zr 
amorphous clusters at different cold speeds were elucidated. The results shown that cold speed is 
a key factor influencing the ability of Ni-Zr to form amorphous. Furthermore, amorphous formation is 
more likely to occur at higher cold speeds. The formation of amorphous is facilitated under the 
condition of higher cold speeds. By investigating the microevolutionary process and the relationship 
between structural entropy and temperature, it can be seen that the entropy value of the structure 
shows an increasing trend with the increase of temperature and cold speed. This indicates that the 
structure's instability increases with increasing cold speed, which is favorable to the glass-forming 
ability of Ni-Zr. The kinetic process and structural analysis facilitate an in-depth comprehension of 
the microstructural evolution law and evolution mechanism of the Ni-Zr alloy, thereby providing a 
more reliable theoretical basis for the application and optimization of this material. 
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1. INTRODUCTION 

Amorphous alloys due to their long range of disordered atomic arrangements and short range of 

ordered states, amorphous alloy materials combine the properties of both glass and ordinary 

crystalline metals [1]. The melts of metals and alloys tend to have a crystalline structure when cooled. 

When metals are treated at high temperatures, the arrangement of atoms in the melt becomes irregular 

[2]. On cooling, an ordered and dense crystalline structure is formed. If the melt is cooled rapidly, the 

atoms in the melt do not have time to arrange themselves regularly and the melt becomes 'frozen', a 

state without rapid volume changes, resulting in an amorphous alloy or metallic glass [3]. At the 

microscopic level, the atomic structure affects the macroscopic properties of the alloy. Crystals and 

metallic glasses have different atomic arrangements, resulting in significantly different mechanical 

properties [4]. The unique organization of amorphous alloys gives them corrosion resistance, high 

strength, and good magnetic properties [5]. 

Nickel-zirconium binary alloys have a strong glass-forming ability and a wide range of compositions; 

the design of nickel-based alloy compositions usually makes the use of zirconium as the main alloying 

element [6], and therefore the Ni-Zr binary system has received widespread attention [7]. In recent 

years, with the development of science and industrial technology, many new structures have appeared 

in amorphous alloy systems [8]; however, the Zr-based amorphous system has attracted the attention 
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of many domestic and international researchers over the years due to its highly dominant glass-

forming ability, high cost, and strong mechanical properties [9]. 

The surface composition of alloys has been extensively studied to determine the equilibrium 

concentrations of various constituents on undisturbed surfaces and to test displacement models. In 

addition, many studies have measured surface ion bombardment to determine the nature and extent 

of driving forces responsible for surface enrichment outside of thermodynamic processes [10]. These 

studies have led to a better understanding of the effects of surface atomic bonding, radiation-induced 

displacement, and radiation-induced diffusion on alloy surfaces. O', Connor D.J., Kang H.J., et al [11] 

carried out experiments in 1993 and used X-ray photoelectron spectroscopy (XPS) and differential 

scanning calorimetry (DSC) to determine the atomic surface bonding (ASB) effect and low energy 

ion scattering (LEIS) to investigate the atomic surface bonding effects [12]. LEIS was used to 

investigate the Zr concentration on the annealed surface of pure polycrystalline Ni-Zr samples after 

preferential sputtering, which was 82%, corresponding to a layer thickness of only two atomic layers 

[13]. The effect of oxygen during post-atmospheric cleaning was investigated, showing a gradual 

transition from a zirconium-enriched layer to a typically clean sputtered surface after cleaning.D. 

Galey et al [14] investigated the mechanism of Ni-Zr amorphization using experimental ball milling 

methods. There are two approaches to studying the mechanism of amorphization: static and dynamic 

methods [15]. To elucidate the amorphization mechanism of the ball milling method, D. Galey, L. et 

al. studied the microstructure of Ni-Zr during the amorphization process using transmission electron 

microscopy (TEM), which showed that the amorphization was the result of chemical disorder at the 

interface due to transverse wave scattering [16]. The work of R.W. Cochrane et al [17] investigated 

the surface oxidation of various Ni-Zr-rich nickel alloys to determine its role in the stability of 

zirconium-based amorphous metallic glasses. The evolution of the oxide film was monitored by 

following the XPS peaks of nickel and zirconium oxide after exposure to oxygen at 10 bar for 

different periods [18]. After spray cleaning, oxidation under controlled oxygen at room temperature 

leads to several oxidation steps to ZrO2 and a systematic loss of surface nickel. This reaction saturates 

in several thousand Langmuir exposures. Throughout this process, the nickel is predominantly 

retained in the metallic state. Bibhu Prasad Sahu [19] et al. have systematically studied Ni-Zr alloy 

thin films by constant current magnetron sputtering by varying the Zr power of the target and keeping 

the Ni power of the target constant to study the effect of Zr content on crystallinity and microstructure 

evolution. The results show that by varying the Zr target power from 75 W to 175 W while keeping 

the Ni target power at 200 W, the Zr content of the Ni1-xZrx alloy films can be increased from 13% to 

40% [20]. 

Zr-based amorphous systems have attracted the attention of researchers at home and abroad for many 

years due to their good glass-forming ability and strong mechanical properties. Dimensional stability. 

It has been found that the final solid solution spontaneously transforms into an amorphous state when 

the solvent concentration exceeds the maximum allowable value. Taichi Abe [21] et al. evaluated the 

liquid thermodynamics in the binary systems of Cu-Zr and Ni-Zr and estimated the critical cooling 

rate for glass formation by optimizing the parameter C. The results of this study show that the glass 

formation of Ni-Zr alloys with compositions ranging from 14% to 75% Zr is very difficult to achieve 

[22]. For Zr alloys, it is difficult to obtain intact bulk glass samples with a wide range of compositions 

and the glass forming capacity is relatively low compared to Cu and Zr alloys[23]. Therefore, their 

microstructures can be studied from the glass transition. 

2. MODELLING 

In this paper, a Lammps molecular dynamics simulation system is used to investigate the glass 

formation ability of Ni-Zr alloys for seven cooling conditions. These conditions are defined by the 

following cooling rates: R1=1x1011 K/s, R2=5x1011 K/s, R3=1x1012 K/s, R4=5x1012 K/s, R5=5x1013 

K/s. Initially, 1000 particles were arranged in a cubic system of side length L with a composition ratio 
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of 1:1, and the atoms were randomly distributed on the lattice by setting the initial lattice type to an 

FCC structure. The periodic boundary conditions are set using the EAM potential energy function 

and NPT system synthesis. The kinetic process of Ni-Zr annealing to 300 K is studied for seven 

different cooling rates. Temperature, potential energy, position coordinates, and RDF are derived 

every 2000 steps throughout the process. 

3. RESULTS AND DISCUSSION 

3.1. Radial Distribution Function (RDF) Analysis 

The radial distribution function (RDF) is used to describe the probability of finding particles from 

surrounding objects within a specific space. It reflects the mutual attraction or repulsion effect 

between particles on their distribution state. In the field of molecular simulation, it can be regarded 

as a method for calculating the ratio of particle density to global density inside a periodic bounding 

box. The objective of this paper is to present a method for calculating the number of particles within 

a spherical shell. The density of each spherical shell is proportional to its volume. Therefore, the 

regional density can be defined as the density of each spherical shell, while the local density is the 

ratio of the number of balls to the radius of each ball. The total number of particles within a given 

volume is proportional to the volume itself; thus, the global density may be defined as the density of 

the entire volume. When the particle radius exceeds a critical value, the constant is independent of 

particle size and is solely contingent on the surface roughness within the sphere, a phenomenon 

known as the 'interface' effect. The algorithm is presented in equation (1) [24]: 

 

𝑔(𝑟) =
𝜌(𝑟)

𝜌0
                                        (1) 

 

In the system, the regional density index of the object particle at distance r from the center particle is 

designated as ρ(r), while the ratio of the object particle in the global density index is also designated 

as ρ(r). The maximum spacing between object particles of different radii under this condition, along 

with the optimal scale factor corresponding to their positions, are obtained through calculation. When 

g(r) is equal to 1, it indicates that the regional density of the object particles at r is consistent with the 

global density, demonstrating a high degree of similarity. 

Figures 1. (a~e) show the variation of radial distribution function of Ni-Zr alloy melt under different 

cooling rate conditions. Figures (a) to (e) represent the rdf of Ni-Zr alloy in the temperature range of 

2500 K to 300 K. According to the figures, the g(r) curves show a consistent trend; the first and 

second peaks of the curves gradually increase and become narrower as the temperature decreases, 

which suggests that the whole system is characterized by short-range ordering. As the temperature 

decreases from 2500 K to 300 K, the height of the first peak of the radial distribution function 

gradually climbs, which indicates that the number of the first nearest neighbor atoms of each atom is 

increasing, thus indicating that the order of the system is gradually decreasing and the short-range 

disorder is gradually increasing, which suggests that the alloy has a good low-temperature 

performance. Figure (f) demonstrates the relationship between the height (h) of the first peak of the 

radial distribution function of the Ni-Zr alloy at different cooling rates and the temperature variation, 

showing five different sets of features. Based on these curves we obtain the law of transformation of 

the phase structure in this alloy with the change of cooling rate. According to the figure, with the 

increase of the cooling rate, the speed of the change of the first peak peaks of each component presents 

differences, especially at the cooling rate R1=1×1011 K/s, R3=5×1011 K/s and at R2=1×1012 K/s, 

R4=5×1012 K/s, the change of the second peaks is more significant, which suggests that under the 

condition of higher cooling rate, the amorphous formation is more easily promoted. 
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Figure 1. RDF plots of Ni-Zr alloy liquids at different cooling rates 

3.2. Common Neighbourhood Cluster (CNS) Analysis 

The detailed evolution of the five main CNSs in Ni-Zr alloys at varying cooling rates and temperatures 

is illustrated in Figure 2. The evolution of this CNS exhibits three distinct modes in response to 

varying temperatures. 

The initial mode of evolution is characterized by a gradual decrease in the number of S444, S555, 

and S666 [25], as a consequence of the cooling rate. This is observed in the cooling rates R1=1x1011 

K/s, R2=1x1012 K/s, R3=1x1012 K/s, R4=5x1012 K/s, and R5=5x1013 K/s (see Figs. (a~e)). The second 

pattern is characterized by a gradual increase in the number of S311, S322, S421, S422, S433 and 

S655 at cooling rates R1=1x1011 K/s, R2=5x1011 K/s, R3=1x1012 K/s, R4=5x1012 K/s and R5=5x1013 

K/s (see Figs. (a~e)) exhibited a gradual increase. The number of S544 undergoes a process of 

increasing and then decreasing, finally reaching its maximum value (of 17.78%) at R5 = 5x1013 K/s, 

followed by corresponding decreases around 1300 K and 1750 K, as detailed in Figure 2(a~e). 

Among the five major CNSs, S555 exhibits no translational symmetry and a high degree of rotational 

symmetry, which is an inherent property of metallic glasses or topologically close-packed crystals. 

S544 and S433 can be readily deformed in S555 and S444, respectively, which are considered to be 
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the primary structures of metallic glasses [26]. At a temperature of 300 K and a cooling rate of R5= 

5x1013 K/s, the maximum content of S555 can reach 34.86%. The maximum content of S444 and 

S666 is approximately 8.87% and 12.95%, respectively, at a cooling rate of R5=5x1013 K/s. The 

quantity of S433 demonstrates a gradual increase in the cooling rate of R2, R3, R4, R5. However, the 

maximum content at a cooling rate of R5=5x1013 K/s is 15.15%. S544, on the other hand, exhibits a 

downward trend in its content after a certain temperature, but reaches its maximum content at the 

cooling rate of R5=5x1013 K/s, with a value of 17.78%. It can thus be concluded that an appropriate 

increase in the cooling rate can assist NiZr alloys in enhancing their glass formation ability (GFA). 
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Figure 2. the function of CNS and temperture at different cooling speeds 

3.3. Structural Entropy Analysis 

Entropy reflects the degree of chaos in a system and is a state function in a physical system. It is 

widely believed that the higher the entropy value, the more chaotic the system. A higher entropy value 

means that the system energy distribution is more uniform, the better the thermodynamic stability, 

and the material system within the disordered liquid and amorphous structure entropy value is 

generally greater than the crystal structure entropy value. In order to provide a more detailed analysis 
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and description of the structural changes occurring within the system, the concept of LaSC structure 

is employed. This allows for the examination and documentation of the various local topological 

structure types and their associated probability distributions. The structural entropy during 

solidification represents the difference between the entropy of the supercooled liquid and the crystal 

within the system, which is related to the discrete positions of the system atoms. Furthermore, the 

structural entropy during melting is defined as a parameter capable of reflecting the degree of 

structural ordering of the melting process system, as illustrated by equation (2) [27]. 

 

𝑆＝− ∑(𝜌𝑖 log 𝜌𝑖)                                  (2) 

 

Since this type of structure makes up a large proportion of the system, its value is less than 1. For the 

system containing only one type of LaSC structure, we can infer that its S = 0. Looking at this result, 

we find that the conclusion does not fully correspond to the actual situation. As the number of 

structural types of the system increases, its size will gradually decrease and the value of S will increase, 

which will lead to the deepening of the disorder of the system. The relationship between the structural 

types of LaSC structures and the degree of orderliness of the system can be determined by the 

Maximum Criteria Cluster Analysis (MCCA), which is an extremely important method for structural 

analysis. 

Figure 3 shows the structural entropy curves of five groups with temperature change under different 

cooling rate conditions. Figure 4 shows the CNS structural entropy of NiZr, Figure 5 shows the CN 

structural entropy of NiZr, Figure 6 shows the structural entropy of LSC of NiZr, and Figure 7 shows 

the types of LSC. From the figure, the LSC has a higher structural entropy of more than 1. 95 for a 

cooling rate of R5 = 5×1013 K/s, indicating that there is a wide variety of initial structures of the 

system, which since the LSC analysis method is able to classify the disordered liquid structures more 

finely. It also shows that there is a relationship between the cooling rate and the structural entropy at 

low temperatures. As the temperature increases, the entropy value of the structure shows a maximum 

value when the cooling rate condition is R5=5×1013 K/s, indicating that the instability of the structure 

increases as the cooling rate increases. This is due to the presence of many grain boundaries in the 

polycrystalline structure and the continuous melting of the grain boundaries during the heating 

process leads to the maximum value of the structural entropy. It also indicates the presence of a large 

number of crystals with small grain sizes and low density in the system at low temperatures, and the 

appearance of these crystal defects at high temperatures complicates the system. When the 

temperature exceeds 500 K, the entropy value shows an almost linear increasing trend, which is well 

reflected in the fitted curves. 
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Figure 3. Plot of entropy as a function of temperature 
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Figure 4. Structural entropy of CNS 
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Figure 5. Structure entropy of CN                   Figure 6. Structural entropy of LSC 
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Figure 7. the types of LSC 

3.4. Crystallographic Phase Transition 

The average energy of atoms is a basic statistical parameter of the system, and its characteristic 

change with temperature can reflect the basic types of phase transitions, thus revealing the nature of 

phase transitions. In this paper, a set of models based on interatomic forces and electronic structure 

theory is established to calculate the average energy of atoms using the molecular dynamics 

simulation method. The thermodynamic properties of metal alloys in the stages of melting, 
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crystallization, and supercooled melt, as well as their influence on the variation rule of the atomic 

mean energy with time, are investigated by measuring the plots of the atomic mean energy versus 

temperature at different cooling rates. The solidification process of liquid Ni-Zr nanoparticles shows 

a curve of atomic mean energy as the temperature (E-T) changes. 
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Figure 8. the potential energy curve with different cooling condition 

We have quenched liquid samples of Ni-Zr melted at high temperatures up to 300 K. In our 

experiments, a monotonically decreasing trend of the atomic potential energy with decreasing 

temperature was found, which is related to the atomic arrangement during the phase transition. A 

close correlation between atomic potential energy and temperature was observed for the Ni-Zr alloys 

(each with 50% content) under five different sets of cooling conditions. As the cooling rate increases 

in the two groups of R1 and R3, the glass transition temperature of the glass gradually increases, with 

Tg values of 875 K and 880 K respectively; in the three groups of cooling rates of R2, R4 and R5, the 

Tg values are 930 K, 940 K and 950 K respectively, indicating that the glass transition is closely 

related to the cooling rate. As the cooling rate increases, the Tg values obtained also increase. As the 

system moves away from the steady state, the glass transition starts later and later as the cooling rate 

increases, eventually reaching an equilibrium value where the phase transition point from low to high 

temperature is slightly higher than it would otherwise be. At higher temperatures, a tendency towards 

a more glassy state is inevitable as the system is unable to repair itself to form an irregular solid. As 
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the cooling rate increases, the tendency to form a glassy transition increases, leading to a shift in Tg 

towards higher temperatures. 

4. SUMMARY 

The formation mechanism of the amorphous organization under certain cooling rate conditions has 

been investigated by molecular dynamics methods. For the amorphous Ni-Zr alloy, a detailed 

analytical study was carried out at different cooling rates. The evolution trends of proximity 

subclusters and glass transition temperatures were observed during rapid solidification, and the 

conclusions are as follows. 

(1) From the two-body distribution function (RDF) under different cooling rate conditions, it can be 

seen that the amorphous formation is more likely to be promoted under higher cooling rate conditions. 

(2) At a cooling rate of 5x1013 K/s, the content of all structure types is higher than the rest of the 

cooling rate because the precipitated phase species increase and are more uniformly distributed in the 

alloy with increasing cooling rate. Therefore, a moderate increase in the cooling rate can effectively 

enhance the glass formation ability (GFA) of NiZr alloys, thus improving their properties. Meanwhile, 

the relationships between sub-clusters under different cooling rates are found to decrease the distance 

between sub-clusters with increasing cooling rates, leading to an increase in density. 

(3) With the gradual decrease in temperature, the potential energy of the Ni-Zr alloy samples shows 

a decreasing trend under all five sets of different cooling rate conditions. With the increase in cooling 

rate, the glass transition temperature of the system also shows a gradually increasing trend. The 

experiments show that the Tg values obtained at higher cooling rate conditions show a positive 

correlation trend, while the Tg values obtained at lower cooling rate conditions show a negative 

correlation. As the cooling rate increases, the cooling rate of the system is also accelerated, which 

leads to a natural increase in the glass transition temperature, which in turn promotes the formation 

of the glassy state, therefore the glass transition occurs at higher temperatures. 
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