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Abstract: Molecular dynamics simulation was employed to investigate the dynamical and structural properties of 
Al−Mg melts with the Al concentration systematically changed. The results show that the viscosity of Al67Mg33 
abnormally surpasses that of Al85Mg15 below 550 K, inconsistent with the tendency at high temperatures. The evolution 
of the icosahedral order population is found to account for this dynamic behavior. Structural analysis shows a preferred 
bonding between Al and Mg atoms in the nearest neighbor shells, while a repelling tendency between them in the 
second shells, leading to the prepeak emergence in the partial static structure factors. The formation of icosahedral 
clusters is constrained in the Al-rich compositions because of the lack of sufficient Mg atoms to stabilize the clusters 
geometrically. These results demonstrate the structural consequence through the interplay between geometric packing 
and chemical interaction. These findings are crucial to understanding the structure−dynamic properties in Al−Mg melts. 
Key words: Al−Mg melt; slow dynamics; chemically ordered structure; topologically ordered structure; molecular 
dynamics simulation 
                                                                                                             

 
 
1 Introduction 
 

Al−Mg alloys attract considerable attention in 
the automotive and aerospace industries due to the 
high specific strength [1,2]. Al−Mg-based alloys 
perform exceptionally well in marine and humid 
environments, which makes them widely used in 
shipbuilding and marine engineering [3,4]. Al−Mg 
metallic glasses (MGs) can be obtained by rapidly 
quenching the melts to avoid crystallization. Al−Mg 
MGs possess many unique properties, particularly 
exhibiting superior mechanical properties and 
corrosion resistance compared to their crystalline 
counterparts [5]. However, the glass-forming ability 
(GFA) of Al−Mg MGs is relatively poor, which has 
been a challenge in materials science for the past 40 

years [6]. Studying the structure and dynamics of 
supercooled liquids can provide insights into the 
vitrification process, offering new perspectives for 
improving the GFA of Al−Mg MGs [7−9]. 

The microstructure determines the material 
properties [10,11]. In MGs, the structure is inherited 
from the liquid state, with key features being liquid- 
like regions and string-like relaxation processes [9]. 
The microscopic structure of liquids mainly refers 
to various types of short-range order (SRO). This 
includes the topological SRO that describes local 
geometric packing, and the chemical SRO that 
describes the distribution of different atomic  
species. Chemical order and topological order are 
interrelated and influence each other; they interplay 
with each other and ultimately influence the 
dynamical properties of the liquids [12]. 
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In Al-based melts, strong chemical effect often 

presents. The preferred chemical bonding between 
different atomic pairs leads to the formation of 
chemical SRO in these melts [13,14]. The prepeaks 
observed in the static structure factors can 
characterize the chemical effects in the liquids [15]. 
The prepeaks have been reported in many Al-based 
binary melts both in experiments and computer 
simulations. For instance, they have been observed 
in Al−Au melts by classical molecular dynamics 
simulations [16], in Al−Cu melts by ab initio 
calculations [13], and in Al80Ni20 melts by   
neutron diffraction experiments [17]. Chemical 
concentration fluctuations in adjacent atomic shells 
at low temperatures could cause the appearance of 
prepeaks [18]. However, the specific structural 
characteristics responsible for the appearance of 
prepeaks remain unclear. 

Atomic clusters can influence the hardening 
process of alloys [19,20], such as Cu−Mg clusters 
in Al−Cu−Mg alloys and Mg−Si clusters in 
Al−Mg−Si alloys [21−25]. It is analogous for the 
role played by the topological order structures on 
the dynamics in Al-based melts. In Al60Cu40 melts, 
no single type of cluster predominates [26]. In 
contrast, in Al−Mg melts, icosahedral clusters 
centered around Al atoms dominate [27]. These 
icosahedral clusters inhibit crystallization of Al−Mg 
melts and play a crucial role in forming MGs [28]. 
Furthermore, these icosahedral clusters are inter- 
connected through four types of atomic sharing, 
forming a medium-range order (MRO) [29]. The 
anomalous ordering transitions occurring in 
undercooled Al3Zr liquid involve the following two 
stages: directional diffusion and defect cluster 
stabilization [7]. This significantly enhances the 
filling efficiency of Al-rich regions, thereby 
reducing the Gibbs free energy of the entire system. 

Liquid dynamics plays a crucial role in the 
solidification and crystal growth processes, as the 
solute concentration and its diffusion rate in the 
liquid phase influence the rate and morphology of 
crystal growth, ultimately impacting the alloy’s 
performance [30−33]. For example, in 7xxx series 
Al alloys, Zn and Mg concentrations and diffusion 
affect MgZn₂ (η) phase distribution, where high 
concentrations can reduce fracture toughness and 
corrosion resistance. By controlling solute diffusion, 
a finer η phase improves mechanical properties [34]. 
The impact of structure on dynamics in liquids has 

been a topic of ongoing interest, particularly 
concerning the slow dynamics in glass-forming 
liquids. Notable phenomena include the violation of 
the Stokes−Einstein (SE) relationship and non- 
Arrhenius transitions [35−37]. Chemical interaction 
influences the dynamic collectivity in liquids, 
resulting in strong coupling between the diffusion 
coefficients of the chemically interacting elements 
[15,16]. In Cu−Ag melts, the anomalous dynamic 
behavior resulting from changes in the diffusion 
mechanism originates from a rapid increase in the 
number of slow-moving particles and a sudden 
expansion in the local structural differences 
between atoms [38]. In Al−Ni melts, the strong 
interaction between icosahedral SRO and chemical 
SRO results in a pronounced peak in the 
interdiffusion coefficient near the equiatomic 
composition [14]. However, detailed studies linking 
structure with dynamics in the Al−Mg system have 
not yet conducted. 

We employed classical molecular dynamics 
(MD) simulations to investigate the dynamic 
properties and structure of Al−Mg melts, with the 
Al molar fraction of xAl=0, 15%, 33%, 50%, 67%, 
85%, and 100%. This work represents a significant 
advancement in understanding the interplay 
between geometric and chemical ordering in 
Al−Mg melts, providing new insights into the 
mechanisms that govern their dynamic properties. 
We calculated the diffusion coefficients and 
viscosity among other dynamic properties of the 
Al−Mg melts, revealing an anomalous phenomenon 
where Al67Mg33 surpasses Al85Mg15 in viscosity   
at low temperatures. Combining the analysis of 
chemical ordering and topological ordering 
structures, we elucidated the close relationship 
between the structure and dynamics of Al−Mg 
melts. We revealed the structural origins behind 
slow dynamic phenomena, including the 
temperature evolution of transport coefficients and 
the abnormal composition dependence. This is 
significant for understanding the glass-forming 
process in the Al-based alloys. 
 
2 Methods 
 
2.1 Simulation details 

We employed the large-scale atomic/ 
molecular massively parallel simulator (LAMMPS) 
to conduct classical MD simulations on the Al−Mg 
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glass-forming liquids based on the embedded atom 
method (EAM) potential [39]. The potential 
function used was developed by LIU and ADAMS 
[40] for Al−Mg alloys, where the total energy (Etot) 
can be expressed as  

tot
1= ( ) ( )
2

i
α i αβ ij

i i j
E F rρ φ

≠

+∑ ∑
                

(1) 
 
where F is the embedding energy, ρi is the electron 
density at atom i, φ is a pair potential interaction, α 
and β are the element types of atoms i and j, 
respectively, and rij is the distance between atoms i 
and j. The electron density at atom i was calculated as 

( )= ,i αβ ij
j i

ρ f r
≠
∑  where fαβ(r) designates the electron 

density generated by element type β at distance r 
from a central atom of type α. 

For the Al−Mg liquids, we performed MD 
simulations with 5000 atoms under periodic 
boundary conditions. A system consisting of 5000 
atoms is a reasonable compromise, providing 
sufficient statistics while allowing calculations to be 
completed within an acceptable time scale. The 
periodic boundary conditions were employed to 
avoid boundary effects and simulate the behavior of 
a bulk system. The variable xAl represents the molar 
fraction of Al atoms in the Al−Mg liquids. The 
compositions studied include: xAl=0, 15%, 33%, 
50%, 67%, 85%, and 100%. The computer 
simulations started from a random configuration at 
1600 K with a time step of 1 fs. After relaxation for 
50000 time steps, the system reached equilibrium. 
Subsequently, it was cooled down to the target 
temperature at a rate approximately 2.5×1012 K/s in 
the NPT ensemble (constant number of particles, 
pressure, and temperature). For xAl=15%, 33%, 50%, 
67% and 85%, the lowest temperature studied was 
530 K, while for pure Al and pure Mg, it was 580 K. 
At the target temperature, the box length was set to 
the value at zero pressure, and configurations were 
collected using the NVT ensemble (constant 
number of particles, volume, and temperature). The 
running time increased as the temperature decreased, 
ensuring that the equilibrium state reached at low 
temperatures. Sixteen independent runnings were 
conducted at each composition and temperature to 
make statistical averages. 
 
2.2 Calculation of liquid dynamics 

Dynamic properties of the melts including 
atomic diffusion, shear viscosity, and dynamic 

heterogeneity were calculated. According to the 
Einstein equation, the diffusion coefficient (D) can 
be measured from the mean-square displacement 
(MSD):  

21lim
6

( )
t

D r t
t→∞

= 〈∆ 〉                        (2) 
 
where 〈∆r2(t)〉 represents the MSD, defined as  

2 2

1

1Δ ( ) [ ( ) (0)]
N

i i
i

r t r t r
N =

〈 〉 = 〈 − 〉∑  

             
(3) 

 
with N the number of atoms and ( )ir t  the position 
of atom i at time t. 

Viscosity (η) was calculated via the Green− 
Kubo relation [41]:  

 

0
B

( ) (0) dxy xy
V P t P t

k T
η

∞
= 〈 〉∫

                
(4) 

 
where Pxy is the off-diagonal elements of the stress 
tensor and V is the volume of simulated cubic   
box, kB is the Boltzmann constant and T is the 
temperature. 

The non-Gaussian parameter (α2(t)) was 
calculated to quantify the dynamic heterogeneity in 
the melts [42], defined as 
 

4

2 2 2
3 Δ ( )( ) 1
5 Δ ( )

r tα t
r t

〈 〉
= −

〈 〉                      
(5) 

 
where 4Δ ( )r t〈 〉 is the mean-quadruple displacement. 
 
2.3 Calculation of liquid structures 

To explore the relationship between the 
dynamics and structure of Al−Mg melts, chemical 
order structure and topological order structure in  
the melts were characterized. Partial static structure 
factors (Sαβ(q)) were calculated through the Fourier 
transformation of the partial pair distribution 
function, gαβ(r), in the liquids: 
 

( ) α β
αβ αβ

N N
S q δ

V
= + ⋅

  
2 sin( )4π [ ( ) 1] dαβV

qrr g r r
qr

−∫
           

(6) 

 
where q is the magnitude of the wave vector; δαβ is 
the Kronecker delta symbol, which equals 1 when 
α=β and 0 when α≠β; Nα and Nβ are the numbers 
of atoms of types α and β, respectively. 

Local structures of Al−Mg melts were studied 
based on the Voronoi tessellation method [43,44]. 
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This method divides the system space into Voronoi 
polyhedra around each atom, with each polyhedron 
defined by perpendicular planes connecting the 
central atom and all its neighboring atoms. The 
types of Voronoi polyhedra are described by the 
index 〈n3, n4, n5, n6〉, where ni denotes the number of 
i-edged faces of the Voronoi polyhedron [45]. For 
example, 〈0,0,12,0〉 represents a perfect icosahedron 
with 12 pentagonal faces. 

The local five-fold symmetry (LFFS) was 
utilized to quantify Voronoi polyhedra clusters [46], 
defined as the fraction of pentagonal faces in the 
polyhedron (fi

5):  
5 5

3,4,5,6
i i if n nκ

κ =

= ∑                         (7) 

 
where inκ  denotes the number of 𝜅𝜅-edged polygon 
in Voronoi polyhedron type i. 

The structural parameter (d5) was used to 
quantify the average degree of five-fold symmetry 
in Al−Mg melts [47]:  

( )5
5 i i

i
d f P=∑

                      
     (8) 

 
where Pi denotes the proportion of Voronoi 
polyhedra type i. 

To quantify the icosahedral order in Al−Mg 
melts, the bond orientational order (BOO) 
parameters developed by STEINHARDT et al [48] 
are introduced. The local structure of particle i was 
characterized by the BOO parameters defined as 
follows:  

24π( ) | ( ) |
(2 1)
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l lm
m l
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where n(i) is the coordination number of particle i; 
Ylm(rij) denotes the spherical harmonics; l is an 

integer; m ranges from −l to l. A combination of the 
order parameters Q6, 6Ŵ  and 4Ŵ  can be used to 
identify the symmetry of local positional order. 
Using this method, we can determine the 
proportions of atoms with fcc-like, hcp-like, 
bcc-like, and local icosahedral order. 
 
3 Results and discussion 
 
3.1 Liquid dynamics 

In this section, we reported the dynamic 
properties of Al−Mg glass-forming liquids, such  
as self-diffusion coefficients, viscosity, and the 
Stokes−Einstein (SE) relation that links them. This 
aids in understanding the GFA and stability of 
glass-forming liquids. One instance is that the low 
dynamics can hinder the crystallization process, and 
then benefits GFA. 

Figure 1 shows the temperature evolution of 
diffusion coefficients and viscosity for different 
 

 
Fig. 1 Temperature evolution of diffusion coefficient (a) 
and viscosity (b) in Al−Mg liquids (The dotted line 
represents the fitting of the Arrhenius relation at high 
temperatures) 
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components of the Al−Mg liquids. As the 
compositions of pure Al and pure Mg crystallize 
below 580 K, the data for pure elements below this 
point are not available. At high temperatures, D 
decreases with increasing Al concentration, while it 
increases for η. This can be understood as the 
mixing of Mg liquids with more viscous Al liquids. 

Temperature evolution of transport coefficients 
can be considered as a thermal activation process 
described by the Arrhenius law: A=A0exp[−Ea/(RT)], 
with A=D or 1/η, and Ea the activation energy 
associated with a group of atoms within a certain 
volume during the thermal activation process. The 
Arrhenius law describes the data well at high 
temperatures (see dotted lines in Fig. 1). It fails    
in the temperature range investigated for most    
of the compositions. The non-Arrhenius transition 
indicates that the activation energy Ea is not constant 
but increases with the increase of the undercooling. 
The associated activation volume also increases. 
Thus, more atoms are involved in the transport 
processes. This is a signature of the emergence of 
collective motion in glass-forming liquids, and  
has been reported in various liquids [8,15,18]. No 
clear non-Arrhenius transition can be seen in 
compositions for xAl=0 and 15%. The onset points 
for the non-Arrhenius transition are at about 600 K 
for xAl=33% and 50%, while they are at about 
650 K for xAl=67%, 85%, and 100%. This could be 
due to the geometrical packing discrepancy in these 
compositions. Icosahedral clusters that stabilize 
supercooled liquids are responsible for the 
dynamics slowing down in the melts. The 
population of these clusters is consistently found to 
increase with the increase of xAl, accounting for  
the composition-dependent onset point of the 
non-Arrhenius transition. 

One notable and interesting phenomenon is 
that the dynamics of Al67Mg33 becomes the lowest 
at low temperatures. This can be seen both in D and  
η: a drastic drop appears in D, while a sharp 
increase appears in η, as shown in Figs. 1(a)    
and (b). This phenomenon occurs at temperatures 
below 550 K. This is a non-entropic mixing effect. 
Some anomalous structural transitions at low 
temperatures may be the cause of this slow dynamic 
behavior. 

Self-diffusion coefficients and viscosity are 
correlated through the SE relation, expressed as 
Dη=kBT/(2πd), where d is the effective atomic 

diameter. The SE relation was initially applied to 
the diffusion of macroscopic particles in solvents 
composed of much smaller constituents. However, 
it was also applied to dense liquids, linking the 
self-diffusion of larger components with the 
viscosity of the liquids [49]. The temperature 
evolution of 1000Dη/T using different self-diffusion 
coefficients is shown in Fig. 2. The SE relation 
holds at high temperatures, while it breaks down at 
low temperatures. The degree of deviation from  
the SE relation calculated using the self-diffusion 
coefficients of Al and Mg atoms differs, with the 
deviation being more pronounced when using the 
DAl. This is because the diffusivity of Al is higher 
than that of Mg. However, the temperature at which 
the breakdown of the SE relation occurs is the same. 
The SE relation weakly breaks down at about 600 K 
for xAl=50%, while at about 650 K for xAl=67% and 
85%. The breakdown of SE relation is ascribed to 
the emergence of collective motion in viscous 
liquids. This can be confirmed by the fact that the 
breakdown points coincide with the onset points of 
the non-Arrhenius transition found in the transport 
coefficients. 
 

 
Fig. 2 SE relation with temperature for Al (full-filled 
symbols) and Mg atoms (open symbols) 
 

Breakdown of the SE relationship is one of the 
hallmarks for the emerging slow dynamics in 
viscous liquids, connected with the celebrated 
finding in glass transition, i.e., the so-called 
dynamic heterogeneity [50,51]. The dynamic 
heterogeneity is the phenomenon that the 
connectivity of atomic motions fluctuates both in 
time and space. One of the convenient methods to 
quantify the dynamic heterogeneity in time is to 
calculate the non-Gaussian parameters. 
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Figure 3 shows the non-Gaussian parameters, 
α2(t), for different components at 540 and 600 K.  
At short time, the displacement of atoms is 
proportional to the thermal velocity, which gives 
zero value of α2(t). With increasing time, 
non-Gaussian statistics increases due to the 
collective motion between atoms. At long-time  
limit, atomic motion reaches the diffusion regime, 
making α2(t) approach zero again. Thus, a 
maximum peak emerges in α2(t), where the 
collective motion between atoms is the strongest. 
Generally, the maximum value increases with the 
increase of Al concentration. This implies that the 
dynamic heterogeneity increases with the increase 
of xAl. The maximum value for xAl=85% is the 
highest at 600 K, while it is the highest for xAl=67% 
at 540 K. This is well consistent with the highest 
viscosity or the lowest diffusivity compositions 
found at these two temperatures (see Fig. 1). 
 

 
Fig. 3 Non-Gaussian parameters for different compositions 
at 600 K (solid line) and 540 K (dashed line) 
 

To better illustrate the temperature dependence 
of dynamic heterogeneity, we calculated the 
variation of the maximum non-Gaussian parameter, 

max
2α , and its temperature derivative, max

2 dd /α T , in 
the three compositions where the SE relation 
exhibits strong violation at low temperatures,    
as shown in Fig. 4. max

2α  is small at high 
temperatures and increases with decreasing 
temperature, indicating a growth of dynamic 
heterogeneity. This trend is similar to that of   
Dη/T, where the extent of the violation of the SE 
relationship also increases with lowering 
temperature. The derivative, max

2 ,d /dα T  gives the 
speed of the changing dynamic heterogeneity. At 
T >700 K, max

2 dd /α T
 

is nearly constant, while it 

decreases rapidly below 700 K. This indicates that 
the dynamic heterogeneity of these three 
components increases rapidly below 700 K, a 
temperature close to the weak breakdown point of 
the SE relationship. The rapid increase in dynamic 
heterogeneity also suggests a transition of the 
atomic motion towards collective motion. 
 

 
Fig. 4 Maximum non-Gaussian parameter ( max

2α ) and 
temperature derivative in compositions xAl=50%, 67%, 
and 85% 
 

A consistent phenomenon can be observed in 
the temperature evolution of max

2α  and max
2 :d /dα T  

the maximum non-Gaussianality of xAl=67% 
composition exceeds that of xAl=85% composition, 
so does the change rate of the maximum 
non-Gaussianity. This coincides with the findings  
in viscosity or diffusivity (Fig. 1). Therefore, the 
abnormal change of the dynamics with composition 
could be connected to the change of the dynamic 
heterogeneity in the Al−Mg melts. Despite the clue 
of dynamic heterogeneity found for the abnormal 
behavior of transport coefficients, the structural 
significance for it is still unclear and needs to be 
clarified. 
 
3.2 Chemically ordered structure 

Previous studies have indicated that in 
Al-based melts, there often exists strong chemical 
interaction. Chemical effects arise from electronic 
interactions and can influence the structure and 
dynamic properties of the liquid [13,14]. The 
emergence of prepeaks in the static structure factor 
S(q) is one of the most outstanding features for the 
occurrence of chemical effects, and is measurable in 
experiments. 

Figure 5 shows the calculated partial S(q),  
for different compositions at 600 K. Prepeaks are 
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Fig. 5 Total (a) and partial static structure factors S(q) for Al−Al (b), Al−Mg (c), and Mg−Mg (d) pairs at 600 K in 
Al−Mg melts 
 
observed in both SAlAl(q) and SMgMg(q) (Figs. 5(b) 
and (d)). Prepeaks in Al-rich compositions appear 
more strongly in SMgMg(q), whereas they strongly 
appear in SAlAl(q) for the Mg-rich compositions. The 
prepeak is more likely to occur in the minority pairs 
of S(q). In SAlMg(q), however, negative prepeaks 
emerge, which counteract the prepeaks in SAlAl(q) 
and SMgMg(q), resulting in the absence of prepeaks 
in the total S(q). The emergence of prepeaks 
indicates a change in the filling behavior of 
secondary coordination shells, which is a reflection 
of chemical ordering in the liquid, as reported in 
Al−Fe [52], Zr−Ni [53], Al−Au [16], Al−Cu [13], 
Al−Ni [17], and Al−Ti [18] melts. However, the 
specific structures responsible for the chemical 
ordering remain elusive. As the prepeaks in the 
partial S(q) become sharper with decreasing 
temperature, studying the structural changes in the 
liquid with temperature variation can provide an 

explanation for the occurrence and enhancement of 
the prepeaks. 

The chemical environment in the atomic 
coordination shells can be quantified by the partial 
coordination number, which can be obtained from 
the integration of the partial pair distribution 
function gαβ(r): 
 

2

1

24 ( )d
r

αβ α αβr
Z c r g r rρ= π ∫

                
(13) 

 
where Zαβ represents the number of species α 
surrounding a central species β, cα is the 
concentration of species α, and ρ is the average 
number density. When computing the first 
coordination shells, r1 is zero, and r2 is the position 
of the first valley in the partial radial distribution 
function. When computing the second coordination 
shells, r1 is the position of the first valley in the 
partial radial distribution function, and r2 is the 
position of the second valley in the partial radial 
distribution function. The total coordination number  
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of atomic species β is given by β αβ
α

Z Z=∑ . If the 

atoms in the coordination shell around a central 
atom are randomly distributed according to the 
liquid concentration, the ratio of coordination 
species is: Zαβ/Zβ=cα, independent on the species of 
the central atom. 

We calculated the discrepancies of the ratio of 
coordination species in the first and second 
coordination shells to the random distribution, i.e., 
Zαβ/Zβ−cα, with the results shown in Fig. 6. In the 
first coordination shells, we observed that the 
number of neighboring Al atoms around a central 
Al atom is fewer than that expected from random 
distribution (Fig. 6(a)). This indicates that the Al 
atoms avoid being nearest neighbors of themselves. 
As a counterbalance, the concentration of Mg  
atoms around central Al atoms will be higher   
than that expected from random mixing, with    
the value opposite to that of Al (the results are not 
shown here). Interestingly, the avoidance of the 
Al−Al connection is weaker in non-equiatomic 
compositions (xAl=15%, 85%), but it is stronger in 

compositions close to the equiatomic one (xAl=33%, 
50%, 67%). For the local chemical environment 
around Mg atoms, we found a clear excess Al 
concentration at xAl=67% and 85% (Fig. 6(b)). This 
implies the preferred connection between Al and 
Mg atoms in these compositions. With decreasing 
temperature, the avoidance for Al−Al pairs and the 
preferred connection for Al−Mg pairs gradually 
increase. Thus, the chemical interaction or the 
chemical short-range order is strengthened at   
low temperatures. This supports the previously 
mentioned non-entropic mixing effect observed at 
low temperatures. 

The emergence of the prepeaks in S(q) 
correlates with the structures beyond the first 
coordination shells. To this end, we investigated the 
coordination numbers of the second coordination 
shells. Figures 6(c) and (d) show the results 
obtained for central Al and Mg atoms, respectively. 
The fluctuations are larger than those in the first 
coordination shells, but the trend can still be 
observed. The number of Al atoms around central 

 

 
Fig. 6 Ratios of coordinating numbers relative to concentration expected from random mixing in first neighborhoods 
around central Al atoms (a), and Mg atoms (b); and in second neighborhoods around Al atoms (c), and Mg atoms (d) 
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Al atoms in the second coordination shells is slightly 
lower than that expected from random distribution. 
As the temperature decreases, the preference of 
central Al atoms for Al atoms increases, eventually 
to the value of randomly mixing. Thus, the Al 
atoms are slightly repelled around the central Al 
atoms in the second neighbor shells, similar to the 
situation of the first neighbor shells. However, one 
should note that the repelling effect is much weaker 
in the second neighbor shells than that in the   
first neighbor shells (Fig. 6(a)). This can induce a 
concentration fluctuation around the central Al 
atoms in the neighboring shells, leading to the 
emergence of the prepeaks observed in Fig. 5(b). 

The repelling effect is more clearly observed 
in the second neighbor shells around Mg atoms 
(Fig. 6(d)); Mg-coordinating Al atoms are fewer 
than that expected in random mixing in the 
compositions except for xAl=15% melts. This is 
opposite to the case in the first shells, where Al and 
Mg atoms prefer to be the nearest neighbors. The 
less Al coordinates in the second neighbor shells of 
Mg atoms may be the consequence of the repelling 
effect among Al atoms. As Al atoms avoid being 
nearest neighbors of themselves, Al atoms in the 
first shells could depress the occurrence of other Al 
atoms in the second shells around Mg. The opposite 
trends between the first and second coordination 
shells exhibit a unique alternating excess 
concentration fluctuation phenomenon, which 
gradually strengthens as the temperature decreases. 
Similar phenomena have also been reported in 
Al−Ti melts [18]. The alternating excess 
concentration fluctuations can lead to the 
appearance of more notable prepeaks in S(q) in 
Mg−Mg pairs observed in Fig. 5(d). 
 
3.3 Topologically ordered structure 

The topological short-range order plays a 
nontrivial role in dynamical properties of metallic 
liquids. The type of topological SRO is closely 
related to the geometric packing efficiency. It has 
been reported that there is a large amount of 
icosahedral order in Al−Mg melts [27−29,54]. This 
is because icosahedral clusters are the densest and 
energetically favorable clusters [55]. The effective 
atomic size ratio of Al to Mg atoms is 0.894, close 
to the ideal effective atomic size ratio of icosahedral 
packing, which is 0.902 [56]. To compare with the 
dynamical behavior, we replotted the viscosity as 

shown in Fig. 7(a), which is the same as that 
presented in Fig. 1(b). The icosahedral order in 
Al−Mg melts was quantified using the average 
degree of five-fold symmetry (Fig. 7(b)) and the 
local icosahedral (ICO) order fraction obtained 
from BOO parameter analysis (Fig. 7(c)). 
Additionally, Fig. 7(d) presents the variation of the 
fraction of the eight most abundant Voronoi 
polyhedra in Al67Mg33 with temperature. 

The two calculation methods, i.e., the five-fold 
symmetry and ICO order from BOO parameters, 
give almost the same changing tendency of 
structure evolution in these compositions. At high 
temperatures, the five-fold local symmetry and  
ICO fraction monotonically increase with increasing 
Al concentration. As the temperature decreases, the 
five-fold local symmetry and ICO fraction 
significantly increase for xAl=50%, 67%, 85%, and 
100% compositions, with a slight increase observed 
for xAl=15% and 33% cases. This indicates that the 
icosahedral order in Al−Mg melts grows up with 
decreasing temperature. Especially, the icosahedral 
order increases rapidly at xAl=67% below 650 K, 
which is the onset point of the non-Arrhenius 
transition in this composition. And more 
interestingly, the population of the icosahedral order 
exceeds that of xAl=85% melts at T <550 K. This 
inversion phenomenon happens at the points 
exactly the same as that in viscosity (Fig. 7(a)) and 
the maximum value of the non-Gaussian parameter 
(Fig. 4). Thus, there is a close relationship between 
the dynamic quantities such as shear viscosity and 
dynamic heterogeneity, and the icosahedral order 
structure in the Al−Mg melts. Actually, HU et al [47] 
have fitted the parameter of five-fold local 
symmetry and viscosity with temperature and found 
that the five-fold symmetry might be a good 
structural parameter for establishing the structure− 
property relationship. However, the finding here 
suggesting the subtle correlation between ICO order 
and slow dynamics or dynamic heterogeneity is still 
striking. 

In liquids of xAl=67% the population of most 
Voronoi polyhedra decreases with decreasing 
temperature, such as that of 〈0,3,6,3〉, 〈0,2,8,1〉, 
〈0,3,6,4〉, 〈0,2,8,2〉, and 〈0,1,10,2〉 clusters 
(Fig. 7(d)). Meanwhile, the fraction of perfect 
icosahedra with the Voronoi index 〈0,0,12,0〉 rapidly 
increases, becoming the highest fraction of Voronoi 
polyhedron below 580 K. This indicates that the 
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Fig. 7 Temperature evolution of viscosity (a), average degree of five-fold symmetry (b), and ICO fraction (c) in Al−Mg 
melts, and fraction of Voronoi polyhedra in liquids of xAl=67% (d) 
 
growth of icosahedral order in Al−Mg melts 
primarily originates from the increase of perfect 
icosahedra with the Voronoi index 〈0,0,12,0〉. This 
increment might be due to other Voronoi polyhedra 
transforming into 〈0,0,12,0〉, e.g., the transformation 
of distorted icosahedra indexed as 〈0,2,8,1〉, 〈0,2,8,2〉, 
and 〈0,1,10,2〉. 

As more clusters transform into icosahedral 
clusters, the configuration entropy of the liquids 
could reduce with cooling down. To verify this, we 
calculated the local configurational entropy in 
different compositions. The Shannon entropy (S) in 
terms of Voronoi clusters can be defined as [57]  

1
lg 

N

i i
i

S P P
=

=−∑                           (14) 
 

When there is only one type of Voronoi 
polyhedron in the liquid, with Pi=1 for that 
polyhedron and Pi=0 for all other types, then   
S=0, indicating that the system is in the most 
ordered structural configuration. When all Voronoi 
polyhedra occur with equal probability in the liquid, 
i.e., Pi=1/N or all types, then S reaches its maximum 

value, indicating that the system is in the most 
disordered structure. 

Figure 8(a) shows the calculated Shannon 
entropy with temperature in different compositions. 
Except for pure Mg, compositions with higher icosa- 
hedral order exhibit lower local configurational 
entropy, and their rate of decrease is faster. This 
suggests that the liquids of more icosahedral 
clusters can also be in a more ordered structure. 
This phenomenon is particularly pronounced in 
liquids of xAl=67%. At 560 K, the rate of decrease 
in the local configurational entropy suddenly 
increases in this alloy. The rapid decrease in 
Shannon entropy with decreasing temperature also 
indicates the presence of a strong non-entropic 
mixing effect. The same trend is observed in the 
Voronoi polyhedron fraction (Fig. 7(d)): the fraction 
of 〈0,0,12,0〉 rapidly increases at 560 K. This 
validates that the increase in the perfect icosahedral 
structure is due to the transformation of other types 
of Voronoi polyhedra into 〈0,0,12,0〉. This leads to a 
more ordered liquid structure in this composition. 

By finding the drastic increment of icosahedral 
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Fig. 8 Temperature evolution of local Shannon 
(configurational) entropy (a) and packing fraction (b) 
 
clusters and the corresponding decrease in Shannon 
entropy, we concluded that the unexpected slow 
dynamics in liquids of xAl=67% can be ascribed to 
the change of local structure. An intriguing question 
is whether there is a clue in global structural 
quantities that account for the dynamic changes in 
these liquids. One of the most prevailing methods to 
characterize the liquid structure is the packing 
fraction. This comes from the hard-sphere 
approximation. If the structure is more densely 
packed, the dynamics will be more viscous, and 
vice versa. 

By assigning an atomic size to each atom,  
the global packing fraction, φ, of the liquids can  
be calculated by 3 π/ 6n α α

α
φ c dρ= ∑  where ρn is the 

number density and dα is the assigned diameter of 
atomic species α. Figure 8(b) shows the packing 
fraction calculated by taking the nearest-neighbor 
distance from the pair distribution function as dα. 
As the temperature decreases, the packing fraction 
increases, indicating more closely packed structure 

at low temperatures as expected. At the same 
temperature, it can be observed that the packing 
fraction almost monotonically increases with the 
increase of Al concentration. This behavior does not 
conform to the abnormal change of viscosity, which 
shows a maximum at the composition xAl=67% at 
low temperatures. Therefore, the dynamic behavior 
of the melts cannot be explained in terms of the 
hard-sphere like approximation, but should take 
account of the chemical effect on the structure. 

Although we find that the drastic increment of 
icosahedral clusters accounts for the corresponding 
increase of viscosity in these melts, the reason why 
the icosahedral order is the highest in the mediate 
composition, i.e., xAl=67%, is still unclear. We 
argue that this is due to the interplay between the 
chemical order and the geometrical order. Figure 9 
shows the fractions of eight Voronoi polyhedra in 
different compositions at 530 K, typically including 
the perfect icosahedra 〈0,0,12,0〉, the distorted 
icosahedra such as 〈0,2,8,2〉, 〈0,1,10,2〉, and 〈1,0,9,3〉, 
as well as other four large clusters that are of more 
coordination numbers. It can be found that the 
icosahedral clusters are mostly Al-centered, while 
the large clusters tend to be Mg-centered. When the 
Mg concentration is too few in the compositions, 
e.g., at xAl=85%, the large clusters transit to be 
Al-centered, such as 〈0,3,6,4〉 and 〈0,2,8,4〉, or 
reduce their population, such as 〈0,1,10,4〉 and  
〈0,0,12,4〉. 
 

 
Fig. 9 Fraction of Voronoi clusters centered by Al 
(fulfilled squares) and Mg (hollowed squares) at 530 K 
(In order to clearly compare the data in different 
compositions, y-axis is broken to skip range from about 
10 to 22.5) 
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The chemical SRO observed before is crucial 
for the filling efficiency of local structures. 
Icosahedral SRO structures have been found in 
Al−Mg melts [28,29,54]. The icosahedral structure, 
lacking translational symmetry, cannot fulfill the 
entire space. For an icosahedral cluster, the distance 
from the central atom to the atoms in the shell is 5% 
shorter than the distance between the atoms in the 
shell. The atomic radius of Al atoms is smaller than 
that of Mg atoms. Therefore, placing an Al atom  
at the center of an icosahedron and placing an 
appropriate number of Mg atoms in the shell can 
effectively increase the space utilization efficiency, 
forming an energetically favorable dense packing 
system. Thus, the chemical SRO, i.e., the preferred 
connection between Al and Mg is beneficial to the 
topological SRO, i.e., the icosahedral order. 

In the icosahedral clusters, the central atoms 
are usually Al atoms, with Al and Mg atoms 
forming the shell around them. The icosahedral 
order can grow up with xAl as more atoms can be 
potentially to form ICO. However, when xAl is too 
large, the population of Mg atoms will become 
insufficient to adhere onto ICO cluster shells. At 
this time, the ICO clusters will become unstable and 
their population will reduce at large xAl. As the 
temperature decreases, the proportion of icosahedra 
increases, and the phenomenon of Mg atom 
deficiency becomes more pronounced. This 
explains why the five-fold local symmetry and ICO 
fraction in the composition of xAl=67% surpass 
those of xAl=85% at 550 K. 
 
4 Conclusions 
 

(1) Upon cooling down, both the diffusion 
coefficients and viscosity of Al−Mg melts with 
varying compositions display an Arrhenius-to-non- 
Arrhenius transition at the crossover temperature, 
where the SE relation also breaks down. This 
transition is due to the emergence of slow dynamics 
manifested as the dynamic heterogeneity. 

(2) The viscosity of Al67Mg33 surpasses that  
of Al85Mg15 at temperatures below 550 K. The 
population of the icosahedral order exhibits the 
same surpassing behavior in these melts at exactly 
the same temperature. This indicates that the subtle 
dynamics of the liquids is controlled by the 
geometrical local order. 

(3) Al−Mg melts exhibit strong chemical 
ordering. Coordination numbers reveal that Al and 
Mg prefer to bond together in nearest neighbor 
shells. However, the Al−Mg pairs tend to repel each 
other in the second neighbor shells. 

(4) The geometrical local order interplays with 
the chemical local order. The icosahedral clusters 
are mainly formed by the Al atoms, while a portion 
of Mg atoms are necessary to be in the shells of the 
clusters to relieve the structural frustration. The 
preferred heteroatomic bonding supports icosahedra 
formation. 
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摘  要：采用分子动力学模拟方法研究了 Al 成分变化的 Al−Mg 熔体的动力学和结构特性。研究结果表明：在温

度低于 550 K 时，Al67Mg33 的黏度异常地超越了 Al85Mg15 的黏度，这与高温下的趋势不一致。二十面体有序结构

的演变是导致这种异常动力学行为的原因。结构分析显示：Al 和 Mg 原子在最近邻壳层中表现出优先键合，而在

第二近邻壳层中表现出排斥趋势，导致部分静态结构因子中出现预峰；由于缺少足够的 Mg 原子来稳定二十面体

团簇，二十面体团簇的形成在富 Al 熔体中被抑制。该结果展示了由几何密堆与化学作用之间相互影响所导致的

结构演变行为。这些发现对于理解 Al−Mg 熔体的结构−动力学性质具有重要意义。 
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