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Al-Ni alloys have better glass forming ability (GFA) than other Al-based alloys. However, the relationship among the atomic 
arrangement, glass transition, packing density and composition hasn’t been systematically studied. In this paper the ab initio 
molecular dynamics simulation (AIMD) was performed on the atom packing and density of AlxNi100-x (x=80, 83, 85, 86, 87 and 
90) alloys. The pair correlation function and Voronoi tessellation indicated that there are obvious topological and chemical 
short-range orders in these alloys. The topological structure consists of Al-centered icosahedra like and Ni-centered tri-capped 
trigonal prism (TTP) like polyhedra. There is strong chemical short-range ordering between Al and Ni atoms indicated by the 
bond-length of Al-Ni pair shorter than the sum of the radii of Al and Ni atoms, which increases with the increasing of Ni con-
tent. It is shown that the densities of amorphous alloys don’t agree with the linear law with a peak at x=85. Based on the fea-
tures of the structure and density, it is concluded that Al-Ni alloys at x=84–86 have high GFA, which can be extended to 
multi-component Al-based alloys. 
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1  Introduction 

Al-based amorphous alloys have always been attracting 
great interest due to its high strength, low density, good 
corrosion resistance and wear resistance. In the 1980s, me-
tallic glasses with good toughness and corrosion resistance 
were prepared in Al-EM (early transition metal)-LM(late 
transition metal) [1], Al-Re(rare earth metal)-LM [2], and 
Al-TM-Re [3] systems. However, for most of the systems, 
only amorphous ribbons and powders have been prepared 
because of the poor glass forming ability (GFA), which 
largely restricts their applications. In order to improve their  

GFA, researches involving thermodynamics [4], kinetics [5], 
atomic size mismatch [6], chemical reaction [7], and atomic 
structure [8] have been performed. To understand the nature 
and mechanism of glass formation, and acquire valuable 
information for composition design with high GFA, it is of 
great significance to characterize the atomic structure of 
liquid and amorphous alloys, and the structural evolution 
during the glass transition. 

The structural features of liquid and glassy Al-Mn [9], 
Al-Fe [10], Al-Fe-Ce [11], Al-Y [12], Al-Y-Ni [12] and 
Al-Ni [13, 14] systems have been investigated by using 
X-ray diffraction and neutron diffraction and so on. These 
experiments have provided some useful information to un-
derstand the structure of Al-based glasses, but the results 
derived from these experiments only reflected the statistical 
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average information. To understand the local order structure, 
rational theoretical structure modeling should be introduced. 
Recently, the investigation of the structure of liquid and 
metallic glasses by using ab initio molecular dynamics 
(AIMD) simulation and reverse Monte Carlo (RMC) simu-
lation has attracted more and more attention. Jakse et al. 
calculated the structure of Al80Mn20 alloy by using AIMD 
and RMC methods, and found the Mn-centred five-folded 
structural characteristics [15, 16]. Bian et al. [17, 18] sys-
tematically investigated the Al-Fe alloys by classical mo-
lecular dynamic (MD) and AIMD simulation, and found 
that the bonding between EM transition elements and Al or 
Fe atoms has a significant effect on their GFA. As Al-Ni 
system has better GFA than other Al-based alloys [19, 20], 
calculations have been performed on the short-range order 
(SRO) of Al80Ni20 [15, 21, 22], Al-Ni-Y [23], Al89La6Ni5 

[24, 25], etc. However, universal recognition of the rela-
tionship among the atomic arrangement, glass transition, 
packing density and composition hasn’t been attained till 
now. More importantly, either the early random dense 
packing hard sphere model [26] or the dense packing cluster 
model and the quasi-equivalent clusters stacking model 
proposed by Miracle [27] and Sheng [28], respectively is 
related to the atomic dense packing, but theoretical or quan-
titative experimental data were not given in these models. 
Recently, Li et al. [29] measured the expansion coefficient 
of Cu-Zr binary glassy alloys. They found that the densities 
were abnormally high for certain composition with high 
GFA. This result indicates that the variation of density with 
composition has implication to understanding the essence of 
GFA. In this paper, AIMD simulation was performed on 
AlxNi100-x (x = 80, 83, 85, 86, 87, 90) binary alloys to study 
the liquid-solid transition, and the variation of atomic struc-
ture and packing density with composition. The correlation 
among these three parameters was clarified, which is ex-
pected to provide a theoretical basis for the composition 
design of Al-based alloys with high GFA. 

2  Methodology 

The ab initio molecular dynamics (AIMD) simulation is 
based on density-function theory (DFT) which was firstly 
proposed by Car and Parrinello in 1985 [30]. This simula-
tion method does not need to know the accurate interaction 
potential between elements as the classical molecular dy-

namics simulation did. Our calculation was performed by 
using Viena ab initio simulation program (VASP) [31, 32]. 
A cubic supercell with 200 atoms was constructed as the 
initial configuration. Al and Ni atoms were distributed ran-
domly in the cubic supercell with the initial density ob-
tained by mass/average atomic volume. At each temperature 
platform, the supercell volume was adjusted corresponding 
to zero external pressure, as known of “zero external pres-
sure” method, the relative position of atoms was fixed in 
this process. Projector augmented wave (PAW) [33, 34] 
potential was adopted to describe the coulomb interaction of 
ion core on the valence electrons. The electronic exchange 
and correlation were described in the generalized gradient 
approximation (GGA) [35]. The simulation was performed 
in a canonical ensemble with a Nose’thermostat [36] for 
temperature control. The equation of motion was solved via 
the velocity Verlet algorithm [37] with a time step of 5 
frame/s. 

The cooling routes adopted for every alloy in the simula-
tion were shown in Figure 1. For each alloy, the system was 
firstly equilibrated for 3000 steps at 2000 K to obtain 
equilibrating configuration out of the impact of initial con-
figuration. Then the system was equilibrated sequentially at 
1.3TL (TL is the liquidus temperature in thermodynamic 
equilibrium phase diagram, as listed in Table 1) for 3000 
steps, to acquire equilibrium configurations and kinetic 
properties at this temperature. Finally, the system was 
quenched to 300 K with a cooling rate of 5×1013 K/s, and 
kept at this temperature for 1000 steps to get the ultimate 
amorphous configuration. 

 

 

Figure 1  Schematic of the quenching process for AlxNi100-x alloys. 

Table 1  Liquidus temperature, TL and the initial density, ρ employed in the simulation 

Alloys Al80Ni20 Al83Ni17 Al85Ni15 Al86Ni14 Al87Ni13 Al90Ni10 

TL (K) 1253 1176 1125 1116 1109 1078 

1.3TL (K) 1629 1529 1463 1451 1442 1401 

ρ (Å−3) 0.06464 0.06394 0.06348 0.06326 0.06303 0.06236 
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3  Results and discussion 

3.1  Pair correlation functions 

The pair correlation function (PCF) is one of the main pa-
rameters which are used to reveal the structural characteris-
tics of liquid and amorphous states. It can be derived from 
the Fourier transformation of the structure factors. The par-
tial pair correlation function gij(r) is defined by the prob-
ability of finding particle j in the spherical shell where par-
ticle i is taken as the center, i.e., [38] 
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where L denotes the length of the cubic supercell; Ni and Nj 

are the numbers of ions of i and j species, respectively, and 
nij(r,∆r) is the number of ions of j species in the sphere shell 
from r to r+∆r, as referenced to i species. There are 
n(n+1)/2 different partial PCFs in a system with n kinds of 
species, the generalized PCF was obtained by the linear 
combination of the partial PCFs [39], i.e., 
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are the concentrations of i and j species, respectively, fi(Q) 
and fj(Q) are the neutron scattering coefficients of i and j 
species, respectively. The structure factor is then obtained 
from the Fourier transformation of its PCF, g(r), by the 
equation [38]: 
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The reduced atomic distribution function G(r) [40] is de-
fined as 

 2
0( ) 4π ( )( ( ) 1),G r r r g rρ= −  (4) 

where ρ0 (r) is the average atomic density. 
Figure 2 shows the comparison of the simulation results 

of S(Q) and G(r) with the experiment results [41] for liquid 
Al80Ni20 alloy at 1330 K. It can be seen that AIMD simula-
tion results agreed with the experiment results very well. 
Our AIMD simulation nearly reproduced the shapes and 
positions of the experimentally measured PCF peaks, al-
though there was a slight difference in the heights of the 
peaks. This difference didn’t influence the correctness of 
our simulation. The reason for this situation was the fact 
that there were many factors, e.g., scattering coefficients 
and specimen size, influencing the scattering intensity in 
experiments. 

The partial PCFs of heterogenic atomic pairs and ho-
mogenic atomic pairs and the generalized PCF of liquid and 
amorphous Al-Ni alloys, gAl-Al(r), gAl-Ni(r), gNi-Ni(r) and g(r) 
were shown in Figure 3. Some features of the PCFs for 
these Al-Ni alloys could be observed. After quenched into 
the glass state, all the heights of the first peaks became 
higher, and the positions shifted to the right-hand side 
slightly. The second peaks of gAl-Al(r), gAl-Ni(r) and gNi-Ni(r) 
exhibited pronounced splitting, indicating the development 
of short-range order in the structure.  

The second peaks of gAl-Al(r) of all the six alloys oc-
curred splitting evidently, reflecting obvious short-range 
ordering of Al-Al atom pairs. What is more, the right split-
ting sub-peak of the second peak increased with the increase 
of Al content. When the Al content was 86%, 87% and 90%, 
the two splitting sub-peaks were nearly the same high. 
Compared to gAl-Al(r), the peaks of gAl-Ni(r) were higher and 
narrower, revealing stronger interaction between Al-Ni than 
Al-Al. Except for the two alloys with x=80, 83, the second 
peaks of gAl-Ni(r) all split, whereas the variation of splitting 
with the Al content could not be seen. It was noticed that 
the first peaks of gNi-Ni(r) were much lower than the second 
peaks, indicating strong interaction between Al and Ni spe-
cies. The dominant species in the first shell of Ni was Al, 
while the Ni atoms occupied the second shell. We could 
also see splitting on the second peak of gNi-Ni(r) curves of all  

 

 

Figure 2  Comparison of the liquid G(r) and S(Q) of Al80Ni20 binary alloy from the AIMD calculation with the experimental data [41]. 
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Figure 3  Pair correlation functions in liquid (dashed lines) and amorphous (solid lines) AlxNi100-x alloys. 

the six alloys, and the intensity of the right sub-peak tended 
to increase firstly and then to decrease with the increase of 
Al content. The second peaks of gNi-Ni(r) were the highest 
among all the peaks at x=85, 86 and 87. Obvious splitting in 
the first peaks of general g(r) was observed because of large 
radius difference between Al and Ni atoms. The first peak 
became wider, while the right sub-peak of it became higher 
and sharper with the increase of Al content. Slight splitting 
occurred on the second peaks of general g(r), which wasn’t 
obviously affected by the content of Al. 

3.2  Voronoi tessellation and coordination number 

In the following sections, we will present the geometric 
features of atomic clusters by using the Voronoi tessellation 
method which was developed by Finney in 1970 [42]. The 
Voronoi polyhedron is defined as the smallest closed con-
vex polyhedron formed by the perpendicular bisector sur-
faces of the lines connecting the central atom and the adja-
cent atoms, reflecting the local nearest-neighbor coordina-
tion, described by the Voronoi index 〈n3, n4, n5, n6, 〉, 
where ni denotes the number of i-edged faces of the Voronoi 
polyhedron and Σni is the total coordination number (CN). 
The type of the coordination polyhedron with a certain cen-
tral atom can be identified through the Voronoi index. For 
example, 〈0, 12, 0, 0〉 represents face-centered cubic (fcc) 
structure with CN=12; 〈0, 6, 0, 8〉 body-centered cubic (bcc) 
structure with CN=14; 〈0, 0, 12, 0〉 icosahedral structure 
with CN=12.  

The distributions of Voronoi polyhedrons of all the six 
alloys were calculated. It was seen that the polydradrons 
with Z9 <0, 3, 6, 0> were the highest, while the average 
CN=12 and 13 of all the atoms in the six kinds of alloys 
were dominant. It can be easily understood that there were 
many types of polyhedra appearing such as 〈0, 3, 6, 3〉, 〈0, 2, 
8, 2〉, 〈0, 3, 6, 4〉, 〈0, 1, 10, 2〉 with the CN=12 and 13, but 
only one kind of polyhedron 〈0, 3, 6, 0〉 appeared with 
CN=9. Taking the Al85Ni15 alloy for example (as shown in 
Figure 4), Z9 〈0, 3, 6, 0〉 was dominant in the Voronoi dis-
tribution, with the highest percentage 7%. However, the 
frequency of CN=9 in Al85Ni15 glass was only about 10%, 
while CN=12 and 13 occupies 26.01% and 29.67%, respec-
tively, corresponding to the polyhedra Z12 〈0, 3, 6, 3〉, Z12 
〈0, 2, 8, 2〉, Z13 〈0, 3, 6, 4〉 and Z13〈0, 1, 10, 2〉. Similar 
results in other five alloys could also be obtained. It was 
seen that the Voronoi polyhedra with five-edged faces were 
dominant, indicating that the SROs exhibited the feature of 
five-folded symmetry, which is true even for the polyhedra 
with frequencies lower than 2%. 

The Voronoi polyhedron and CN distributions with the 
central atoms of Al and Ni respectively were shown in Figure 
5. The CN of the Al-centred Voronoi polyhedra ranged from 
9 to 16, CN=12 and 13 were dominant. As for Ni-centred 
Voronoi polyhedral, CN ranged from 8 and 12 with CN=9 
being dominant. There was a tendency for the variation of 
CN distribution with composition. It was seen that in the low 
CN range, the CN tended to increase with the increase of Al 
content, but in the high CN range, CN decreased.  
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Figure 4 Voronoi polyhedra and CN distribution in Al85Ni15 amorphous 
alloy. 

It was shown that the Al-centered and Ni-centered poly-
hedra were completely different. There were a variety types 
of Al-centered polyhedra with the change of composition, 
among which Z12〈0, 2, 8, 2〉, 〈0, 3, 6, 3〉 and Z13 〈0, 3, 6, 4〉, 
〈0, 1, 10, 2〉 kept dominant. For example, the total fraction 
of these types of Al-centered polyhedra in Al85Ni15 was up 
to 65.4% (as shown in Figure 6). The Al-centred polyhedra 
were mainly composed of defective icosahedra and 
Frank-Kasper polyhedra [43] with CN between 14 and 16. It 
is to say that the Al atoms are in the coordination circum-
stance similar to icosahedron. The CNs of Ni-centered 
polyhedra in the six alloys were all less than 12. <0, 3, 6, 0>, 
<0, 2, 8, 0> and <0, 4, 4, 0> which are related to Bernal 
polyhedra [44] were the dominant polyhedra (here, 〈0, 3, 6, 
0〉 represents tri-capped trigonal prism packing(TTP [8]), 〈0, 
3, 6, 1〉 is the TTP counterpart; 〈0, 2, 8, 0〉 the bi-capped 
square archimedean antiprism(BASP) [8], <0, 2, 8, 1> is the 
BASP counterpart; 〈0, 4, 4, 0〉 the standard square dodeca-
hedron). The Z8 〈0, 4, 4, 0〉 and Z9〈0, 3, 6, 0〉 polyhedra 
tended to increase firstly and decrease sequentially with the 
increase of Al content. The Z9 polyhedron of Al85Ni15 was 
the highest of all the six alloys, reaching up to 64.9%. The 
fractions of Z10 〈0, 2, 8, 0〉, 〈0, 3, 6, 1〉 and Z11 〈0, 2, 8, 1〉 

 

Figure 5  The Al-centred and Ni-centred CN distribution in AlxNi100-x 

amorphous alloys. 

polyhedra decreased with the increase of Al content. In bi-
nary systems, it has been proven that the preference for a 
particular type polyhedron is controlled by the effective 
atomic size ratio of the solute to solvent atoms, R*. With 
decreasing R*, the preferred polyhedra type changes from 
the Frank-Kasper type (for R*>1.2) to the icosahedral type 
(R* < 0.902), and then to the BSAP type (R* < 0.835), and 
finally to the TTP type (R* < 0.732) [8]. As for Al-Ni binary 
system, 0.835< RNi/RAl<0.902, but the dominant polyhedron 
in the Ni-centered polyhedra is of TTP type, not icosahedral 
or BASP type. Ni is located in a coordination environment 
similar to the crystal structure, implying that the SRO de-
pends on not only the atomic radius size ratio of the two 
species but also the chemical interaction.  

Icosahedra exist extensively in metallic glasses as a 
dense packing structure. It is generally accepted that the 
high concentration of icosahedra reflects high GFA of an 
alloy. Figure 6 showed that icosahedron Z12 〈0, 0, 12, 0〉 
were all centred by Al atoms, of which the concentration 
was much lower than that of other types of polyhedra. This 
may be one of the reasons for the low GFA of Al-based 
glasses. Table 2 showed the fractions Z12 〈0, 0, 12, 0〉 in all 
the interested alloys. It was found that the number of Z12 
increased from liquid to amorphous state, and was the highest  
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Figure 6  The Al-centred and Ni-centred voronoi polyhedra distribution 
in Al85Ni15 amorphous alloy. 

in Al86Ni14 glassy alloy. If the concentration of Z12<0, 0, 12, 
0> is the only criterion to judge the GFA, it is the Al86Ni14. 

3.3  Chemical short range order 

We have discussed the topological short-range order (TSRO) 
in Al-Ni binary amorphous alloys. Here we will focus on 
the chemical short-range order (CSRO) in them. It has been 
proven that CSRO exists extensively in Al-based metallic 
glasses [14, 45, 46]. The intensity of the first peak of PCF 
reflects the chemical interaction between different species 
qualitatively. It was seen in Figure 3 that at room tempera-
ture, the intensity of the first peak of gAl-Ni was higher than 
that of gAl-Al and gNi-Ni, indicating that the chemical interac-
tion between heterogeneous species was stronger than that 
between homogeneous species. Table 3 showed the calcu-
lated partial atomic nearest distances and CNs, which were 
acquired from integration under the first peaks of PCFs, 
expressed as [40] 

 
min

0

2
04π ( )d .

r

m
r

N r g r rρ= ∫  (5) 

From Table 3, it was seen that the nearest displacement 
between Al and Al atoms was nearly the same as the sum of 
their atomic radii, whereas that of Ni-Ni was much lager 
than the sum of atomic radii. For Al-Ni pair, the nearest 
displacement was 2.48, much smaller than their sum of 
atomic radii, indicating strong interaction between Al and 
Ni species. We also calculated the Warren-Cowley CSRO 
parameter αij [47] to characterize the chemical interaction. 
The αij is defined as  

 1 / ( ),ij ij j ij iiN c N Nα = − +  (6) 

where i represents Ni species, Nij and Nii are the partial CN 
around Ni, and cj is the mole fraction of Al. The calculated 
results were also shown in Table 3. It was seen that the αNiAl  

Table 2  The fraction of voronoi polyhedron 〈0, 0, 12, 0〉 in liquid and amorphous AlxNi100-x alloys 

 Al80Ni20 Al83Ni17 Al85Ni15 Al86Ni14 Al87Ni13 Al90Ni10 

1.3TL 0.635 0.575 0.975 0.7 1.115 0.85 

300 K 0.97 0.825 1.035 1.935 0.825 1.65 

Table 3  Structural parameters of AlxNi100-x amorphous alloys from the AIMD calculation (partial atomic nearest distance Rij, partial coordination number 
Nij, chemical short-range order parameter αij) 

Alloys rAl-Al rAl-Ni rNi-Ni NAl-Al NAl-Ni NNi-Al NNi-Ni αNiAl 

x=80 2.82 2.48 2.72 11.03 2.21 8.85 0.32 -0.206 

x=83 2.88 2.48 2.72 11.04 1.75 8.57 0.38 -0.154 

x=85 2.85 2.48 2.85 10.69 1.55 8.77 0.13 -0.159 

x=86 2.85 2.48 2.55 10.89 1.37 8.41 0.13 -0.145 

x=87 2.88 2.48 2.75 11.45 1.26 8.43 0.22 -0.120 

x=90 2.85 2.48 2.82 11.64 0.97 8.74 0.10 -0.099 
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varied from −0.206 to −0.099 when the Al content increased 
from 80% to 90%, demonstrating strong chemical interac-
tion between Al and Ni atoms. Moreover, this interaction 
tended to increase with the increase of Ni content. The 
strong bonding interaction might be attributed to the special 
outer electron structure (unfulfilled d or f orbit) of the tran-
sition elements in the alloys. They form stable hybrid orbits 
with Al atoms, which improve the bonding force among 
elements in the alloys [48]. However, as the Al content was 
85%, this tendency seemed to be deviated, the absolute 
value of αNiAl was larger than those of Al84Ni16 and Al86Ni14. 
We speculated that there was stronger interaction between 
heterogeneous atoms, the atoms were more densely packed 
in Al85Ni15. 

3.4  Atomic density 

The GFA of amorphous alloys is always considered to be 
correlated to the packing density of atoms. Generally 
speaking, the higher the packing density, the closer the dis-
tance between atoms. Therefore, the free volume will be 
smaller and the viscosity may be larger, which results in 
better GFA. Either the random dense packing hard sphere 
model raised  by Bernal [26], or the dense packing cluster 
packing model by Miracle [27], or the stacking model of 
quasi-equivalent clusters by Sheng [28], is based on this 
criterion. Experimentally, it is found that the density or 
mole volume has a great impact on GFA, concluding that 
the system with good GFA has smaller change of volume 
during the quenching or crystallization process [49, 50]. Li 
et al. [29] believed that the GFA is related to the amorphous 
density of a system. They evidenced that the alloys with 
good GFA show a peak in the density curve.  

In this work, we tried to find some relationship between 
the amorphous density and GFA in Al-Ni alloy system. 
Figure 7 showed the amorphous density calculated from the 
“zero external pressure” method. It was seen that the amor-
phous density tended to decrease with the increase of Al 
content. This is easily understood that the radius of Al is 
larger than that of Ni. As x=85, there is a peak, which devi-
ates from linear relationship obviously. This is similar to 
that phenomenon in Cu-Zr system found by Li et al. There-
fore, we speculate that in the Al-based alloys with the Al 
content from 84% to 86%, the alloy has a higher atomic 
packing density. The high atomic packing density in the 
liquid state means high viscosities and the atoms move dif-
ficultly so that the liquid is more stable, and the nucleation 
and crystallization are inhibited.  

Based on the results including PCFs, Voronoi tessella-
tions, CSRO and densities, we speculate that as x=84–86, 
the GFA of this system is high. If we maintain the Al con-
tent within 84%–86%, and add other transition or RE ele-
ments into this system, the GFA will be improved largely. 
This has been proven to be valid in Al85Ni5Y8Co2 and 
Al86Ni9La5 (of which the critical thicknesses reached  

 

Figure 7  Atomic number density of AlxNi100-x amorphous alloy (The 
density of the crystalline phase was estimated from the equilibrium phase 
diagram using the lever rule). 

900 μm [19] and 780 μm, respectively) [20]. 

4  Conclusions 

1) The amorphous structure of AlxNi100-x alloys was 
characterized by employing AIMD simulation at a cooling 
rate of 5×1013 K/s. The PCFs indicate obvious SRO in this 
system. Voronoi tessellation shows that the SRO are mainly 
constituted by Al-centred icosahedral structure and Ni-cen- 
tred TTP struture.  

2) In Al-Ni binary amorphous alloys, the bond length of 
Al-Ni is less than their sum of radii, revealing that there are 
strong CSRO. This tendency increases with the increase of 
the content of Ni.  

3) The densities of Al-Ni amorphous alloys were calcu-
lated based on the AIMD simulation results. It is shown that 
there is a peak at x=85. We speculate that Al85Ni15 has 
higher atomic packing density and higher stability of liquid 
than other alloys in this system. 

4) Based on both the features of structure and density, we 
conclude that the GFA is high when the Al content is be-
tween 84% and 86%, which has been proven in the reported 
multi-component Al-Ni amorphous alloys.  
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