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ABSTRACT: As a key alloying element in magnesium (Mg) alloys,
calcium (Ca) effectively enhances their oxidation resistance, high- 08}
temperature strength, and castability. However, experimentally
determining the regulatory mechanism of Ca on the fluidity of Mg
alloy melts remains challenging due to the high volatility and
oxidation tendency of the alloy melts. To address this, molecular
dynamics simulations are employed to systematically calculate the
structural parameters (pair distribution function, coordination
number, Voronoi index, and Honeycutt—-Anderson index) and
viscosity of Mg-Ca alloy melts across a Ca content range of 0.1-
10 wt% (covering low concentrations to near the eutectic point of
10.5 wt%). At low Ca concentrations, the degree of structural order in
the melt exhibits oscillatory changes with increasing Ca content
(< 4 wt%), accompanied by significant structural fluctuations. In 0-30 5 10
contrast, the structural order increases slightly with Ca content at o

high Ca concentrations (> 4 wt%), leading to enhanced structural Ca content (wt%)

stability. Throughout the entire Ca concentration range, ICO-type bonded pairs remain predominant, underscoring their critical role
in maintaining the short-range ordered structure. As the Ca content increases, the atomic diffusion capability decreases, while the
melt viscosity shows an overall increasing trend, with values calculated via both equilibrium molecular dynamics and
nonequilibrium molecular dynamics methods confirming this trend. This study provides a microscopic theoretical basis for
elucidating the regulatory mechanism of Ca on the fluidity of Mg-Ca alloy melts by establishing a quantitative correlation between
Ca content, melt structure, and viscosity.
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largely dictates the flow rate of the liquid metal during mold
filling.
The viscosity reflects the atomic transport properties of the melt

1 Introduction

Magnesium alloys, as the lightest metallic structural materials,

possess excellent specific strength, damping capacity, and
electromagnetic shielding performance, granting them significant
application potential in aerospace, new energy vehicles, and
electronic devices [1-6]. Casting is a primary forming process for
magnesium alloy components [7-10]. During casting, the fluidity
of the alloy melt directly determines the mold-filling capability,
which in turn impacts the quality of the formed component. Alloy
melt fluidity is governed by the coupled effects of alloy properties,
process parameters, and component geometry, among which
viscosity is a core influencing factor. The value of the viscosity

and is a structure-sensitive property of metal melts. Currently,
understanding the evolution of complex atomic clusters in
magnesium alloy melts and their correlation with temperature
represents a forefront and challenging research area. Relying solely
on empirical correlations of macroscopic fluidity parameters
without elucidating their underlying structural origins leads to
blindness in the prediction and control of fluidity. Therefore,
precisely revealing the intrinsic relationship between melt
structure and viscosity is key to advancing magnesium alloy
casting from a traditional "trial-and-error" approach toward a
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physics-based “rational design”. This can provide theoretical
support for the precise formation of high-performance, complex-
structure magnesium alloy castings.

Calcium (Ca), as a low-cost and environmentally friendly
alloying element, has attracted significant attention in the field of
magnesium alloys in recent years. Studies have confirmed that the
addition of Ca can significantly enhance the oxidation resistance,
high-temperature strength, and castability of magnesium alloys
[11]. A composite MgO-CaO protective film forms on the surface
of Mg-Ca alloys, effectively improving oxidation resistance [12].
The hardness and tensile strength of Mg-Ca alloys increase with
increasing Ca content [13]. Ca can also react with Al to form
AlL,Ca phases in Mg-Al-based alloys, which suppresses the
precipitation of the detrimental 3-Mg;,Al,, phase, thereby refining
grains and improving corrosion resistance [14]. Moreover, in
Mg-Zn-Ca alloys, Ca promotes the formation of thermally stable
Mg-Zn-Ca ternary phases, enhancing the high-temperature creep
resistance [15]. Ca can reduce the surface tension of the melt,
improve casting fluidity, and minimize defects such as gas pores
and shrinkage porosities. Regarding the improvement of fluidity,
Zhao et al. [14] and You [16] observed that the addition of Ca
reduces the atomic diffusion capability, increases melt viscosity,
and consequently decreases fluidity of Mg alloys. However, the
specific mechanism by which Ca influences the fluidity of
magnesium alloy melts remains unclear. For viscosity, a core
factor affecting melt fluidity, measurement techniques such as
capillary, rotational, parallel-plate, falling-ball, and oscillating
methods are available [17]. Nevertheless, the high oxidation
tendency and volatility of magnesium alloy melts make it difficult
to accurately determine their viscosity and structural
characteristics under experimental conditions.

Molecular dynamics (MD) simulation, an atomic-scale
computational method capable of accurately characterizing melt
microstructures [18,19], has emerged as one of the dominant
approaches for investigating melt microstructure. For instance,
Xiao et al. [17] employed MD simulations to reveal significant
short-range order structures in pure magnesium melts and found
that the relationship between the self-diffusion coefficient and
temperature follows the Arrhenius equation. Wang et al [15]
utilized ab initio MD simulations to study the evolution of the
melt structure with composition in Mg-Al alloys at 973 K,
providing new insights into the correlation between the liquid
structure of Mg-Al alloys and the formation of complex solid
intermetallic compounds. You et al. [20] employed ab initio MD
simulations to elucidate the evolution of the melt structure with
the Ca/Al ratio in Mg-Al-Ca alloys and its structural similarity to
solid Laves phases. Sun ef al. [21] applied MD simulations and the
capillary fluctuation method to investigate the crystal-melt
interfacial free energy of magnesium, analyzing related properties
and discussing its influence on dendrite growth orientation.
Zhao et al. [14] combined MD simulations and experimental
analysis to study the effects of alloy composition on atomic
diffusion and short- to medium-range order structures.
Fahs et al [22] performed MD simulations on the Al-rich
Al-Mg-Si ternary system and its binary counterparts in the liquid
and undercooled states, revealing the influence of the local
structure on atomic mobility.

However, existing research on the Mg-Ca alloy system
primarily focuses on the correlation between the microstructure,
mechanical properties, and kinetic properties of the melt structure
and diffusion. Studies investigating the viscosity-structure
relationship in Mg-Ca alloys remain relatively scarce.
Furthermore, conventional experimental techniques cannot
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directly —observe microstructural evolution, necessitating
complementary atomic-scale analysis via MD simulations.

Based on this, the present work employs molecular dynamics
simulations (using LAMMPS) coupled with visualization software
(OVITO, VMD) to investigate the influence of varying Ca content
(0.1-10 wt%) on the structural parameters of magnesium alloy
melts (pair distribution function, radial distribution function,
coordination number, and mean squared displacement). Both
equilibrium molecular dynamics (EMD) and nonequilibrium
molecular dynamics (NEMD) methods are utilized to calculate the
melt viscosity. The objective is to reveal the synergistic evolution
mechanism of Ca content on the melt structure, viscosity, and
atomic diffusion capability, thereby establishing quantitative
relationships between Ca content, melt structure, and viscosity.
This study aims to provide a theoretical basis for optimizing the
casting process and compositional design of magnesium alloys.

2 Simulation methods

2.1 Simulated alloy systems

According to the Mg-Ca phase diagram [23], the eutectic point
between magnesium and calcium corresponds to a Ca content of
10.5 wt%. Since magnesium alloy melts exist as a single phase in
both the pure metal state and at the eutectic composition, where
they exhibit superior fluidity, the Ca content gradients selected for
this study are 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, and 10 wt%. This
selection is designed to comprehensively cover the compositional
range from low Ca concentrations to near-eutectic compositions,
ensuring the systematic nature and representativeness of the
research findings.

2.2 Melt structural parameters

This study characterizes the structural information of the melt
through MD calculations of the pair distribution function, radial
distribution function, coordination number, Voronoi index, and
H-A index (ie, Honeycutt-Anderson bond pair index). The
definitions and calculation methods for each parameter are as
follows.

The pair distribution function (PDF) is used to reveal the
atomic distribution characteristics of the Mg-Ca melt at 1000 K.
The PDF provides a statistical analysis of the overall structural
features and reflects the ensemble average of the structural
information. The pair distribution function is defined as Eq. (1) [24]:

T N
1 Zf:1 jZIAN(r—H—i—(S,)

NxT (M)

g(r) = pyr
where N is the number of atoms, T is the total time step, J, is the
prescribed distance interval, AN denotes the number of atoms
located between distances r and r + §,, and p is the atomic number
density.

The radial distribution function (RDF) represents the average
number of atoms within a spherical shell of radius r surrounding a
central atom. Its value equals the product of the particle
probability density at that position and the surface area of the
spherical shell, defined as Eq. (2) [25]:

6(r) = anr () g0 = ampgtr) @

where Vis the volume of the simulation system, and the meanings
of the remaining parameters are consistent with those in Eq. (1).
The coordination number characterizes the number of nearest
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neighboring atoms directly adjacent to a central atom, reflecting
the bonding capacity and coordination relationship between the
central atom and its surroundings. It is calculated by integrating
the first peak of the RDF, expressed as Eq. (3)[25]:

Z= J:mmg(r) 4nprdr (3)

where Z is the coordination number, and the upper integration
limit (r,,) corresponds to the position of the first minimum after
the first peak in the radial distribution function, i.e., the maximum
distance of the first nearest neighbor atoms.

Voronoi polyhedron analysis characterizes the topological
features of melt configurations by constructing Voronoi polyhedra
that enclose atoms, partitioning the three-dimensional space into
atomic coordination cells [24]. Different Voronoi polyhedra are
described using the Voronoi index <ns, #,, ns ng>, where n;
represents the number of i-edged faces on the surface of the
Voronoi polyhedron. This index clearly reflects the arrangement
characteristics of neighboring atoms surrounding the central
atom.

Honeycutt-Anderson analysis (H-A analysis, common
neighbor analysis) investigates local atomic configurations in
liquid systems. According to the H-A scheme [16,26], the indices
i, j, k, and [ characterize bonding pairs of atoms and their
common neighbors, precisely describing the local bonding
environment and providing crucial insights into the degree of
ordering in atomic arrangements within the melt.

2.3 Self-diffusion coefficient

The calculation of the diffusion coefficient in an alloy system
requires prior determination of the mean squared displacement
(MSD). The MSD represents the average of the squared particle
displacements over a given time interval, quantifying the average
distance of particle motion and reflecting the extent of particle
diffusion or disorder [17]. It is expressed as Eq. (4):

N

MSD (1) = 3" ([ (t+7) 1, (0]) )

i=1

where N is the total number of atoms in the system, r(7) is the
position vector of atom i at time 7, and < ...> denotes the
ensemble average.

When the data sampling time is sufficiently long, the MSD
exhibits a linear relationship with the self-diffusion coefficient (D),
as described by the Stokes-Einstein equation, from which the self-
diffusion coefficient can be calculated (Eq. (5)):

Dysp = é]imw (5)

t—0 t

2.4 Viscosity

In MD simulations, the viscosity is commonly calculated using
two methods: the equilibrium method based on the stress
autocorrelation function and the nonequilibrium method based
on the velocity autocorrelation function. This study employs both
methods to calculate the melt viscosity, ensuring the accuracy of
the viscosity data.

1) Equilibrium molecular dynamics (EMD) method

This method is suitable for thermodynamic equilibrium
systems. By statistically analyzing the potential energy, kinetic
energy, and stress tensor of each particle, the temporal evolution
of the stress autocorrelation function is obtained. After a
sufficiently long simulation time, the stress autocorrelation
function converges to a constant value. The viscosity is then
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obtained by integrating the stress autocorrelation function over
time using the Green-Kubo relation. Notably, the viscosity
calculation based on the stress autocorrelation function is highly
sensitive to time. Therefore, a sufficiently long simulation time is
required to ensure that the correlation function converges to an
equilibrium state to avoid computational errors.

2) Nonequilibrium molecular dynamics (NEMD) method

This study employs the Miiller-Plathe method to calculate the
viscosity of liquid metals. The core principle involves measuring
the velocity gradient generated after momentum exchange by
simulating momentum transfer between the central and bottom
regions of the system. The viscosity is calculated as the ratio of the
total momentum flux transferred to the resulting velocity gradient.
During the calculation, the frequency of momentum exchange is a
critical parameter: if the momentum exchange is too small, the
velocity gradient can maintain a linear response regime, and
errors can be corrected via linear regression [27]; if the
momentum exchange is too large, the momentum transfer loses
uniformity, leading to a significant increase in simulation error [23].

2.5 Simulation procedure

The MD simulations employed the modified embedded-atom
method (MEAM) potential developed by Kim et al [28]. This
potential has been extensively validated by numerous studies to
accurately describe the physical properties and microstructure of
the Mg-Ca system [29,30], ensuring the reliability of the
simulation results.

The initial configuration is a hexagonal close-packed (HCP)
crystal, with lattice vectors constructed using custom parameters
(a=32 A, ¢/a=1.6235). The simulation box is a cube with a side
length of 20 unit cells. Periodic boundary conditions are applied
throughout the simulation. The Newtonian equations of motion
are integrated using the Verlet leapfrog algorithm within the NVE
ensemble (constant number of particles, volume, and energy),
with an integration time step of 1 fs.

The solidification simulation process is divided into two stages:
heating/relaxation and cooling.

1) Heating and relaxation stage: The initial model is heated to
1300 K within the isothermal-isobaric (NPT) ensemble (constant
number of particles, pressure, and temperature) and relaxed for
1,000,000 steps. This ensures complete melting of the alloy system
and eliminates the influence of the initial crystal structure on
subsequent simulations.

2) Cooling stage: The fully molten alloy system is cooled from
1300 to 1000 K at a rate of 1x10” K/s, with a cooling time step of
0.001 ps, yielding the data files for the melting and solidification
process.

Based on the solidification data, the system is placed in the NPT
ensemble and fully relaxed for 500,000 steps with a time step of
0.001 ps to ensure that the system reaches thermodynamic
equilibrium. After relaxation, the structural parameters and
dynamic property parameters of Mg-Ca melts with different Ca
contents are calculated using the methods described above.

3 Results and discussion

3.1 Structural characteristics of magnesium alloy melts

3.1.1 Pair distribution function

The PDF describes the probability of finding other particles at a
radius r from an arbitrarily specified central particle. Figure 1
shows the PDF curves for Mg-Ca alloy melts with different Ca
contents at 1000 K, where Fig. 1(a) presents the total PDF curves
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Fig.1 Total and partial PDFs of liquid Mg-Ca alloys with different Ca contents studied at 1000 K, including (a) Total PDF gry(r), (b) Mg-Mg partial PDF gy, \,(r),

(c) Mg-Ca partial PDF gy, (1), (d) Ca-Ca partial PDF g¢, ¢,(r)-

for the Mg-Ca alloys; Fig. 1(b) displays the partial PDF curves for
Mg-Mg atomic pairs; Fig. 1(c) illustrates the partial PDF curves
for Mg-Ca atomic pairs; Fig. 1(d) depicts the PDF curves for
Ca-Ca atomic pairs. Common characteristics observed in the
PDF curves include the following: all curves exhibit a relatively
high first peak, only three peaks appear within the 0-10 A range,
and the PDF value converges to 1 as the radius r increases. This
phenomenon indicates that at a temperature of 1000 K, the
Mg-Ca alloy systems with Ca contents ranging from 0.1 to
10 wt% all exist in a typical liquid state characterized by short-
range order and long-range disorder, consistent with the
structural features of liquid metals.

3.1.2 Coordination number

The coordination number represents the number of atoms
surrounding a given central atom. The partial coordination
number (Z;) denotes the number of j atoms located within the
first coordination shell of an i atom. The distance defining the first
coordination shell is determined by the position of the first
minimum after the first peak in the radial distribution function.
The partial coordination number is obtained by integrating the
first peak of the corresponding partial radial distribution function.
The total coordination number is equal to the sum of all relevant
partial coordination numbers, for example, Zy;,= Zy, vg + Zvig-car
Table 1 records the calculated partial and total coordination
numbers for liquid Mg-Ca alloy systems with different Ca
contents at 1000 K. As the Ca content increases, the partial
coordination numbers for both Mg and Ca atoms exhibit minor
fluctuations (e.g., Zy, v, decreases from 11.806 at 0.1 wt% Ca to
11.453 at 2.5 wt% Ca and then increases to 11.655 at 3 wt% Ca),

=
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while the total coordination number remains largely stable (e.g.,
Zytg-oa Tanges from 11.418 to 11.890 and Zc, oy ranges from
12.471 to 13.699). This demonstrates that the increase in Ca
content has a limited effect on the atomic coordination numbers
in the Mg-Ca alloy melt, indicating that the atomic packing mode
remains largely unchanged and that the melt structure exhibits
high stability at the atomic coordination level.

3.1.3 Voronoi index

This study extracted Voronoi indices corresponding to Voronoi
polyhedra with an area fraction exceeding 1% and selected the five
most representative indices (<0,3,64>, <0,2,6,4>, <0,1,10,2>,
<0,1,84>, <0,2,82>) to characterize the local short-range
topological order of the melt structure. Figure 2(a) shows the
distribution of Voronoi indices in Mg-Ca alloy systems with
different Ca contents, while Fig. 2(b) illustrates the variation in the
population fraction of these selected Voronoi indices with
increasing Ca content. The Voronoi indices in the Mg-Ca alloy
melts exhibit oscillatory changes with increasing Ca content,
although the overall variation is modest (e.g., the fraction of
<0,3,64> ranges from ~0.019 to ~0.021), indicating no
fundamental transformation in the local melt structure. Further
analysis shows that the variation in Voronoi indices is more
pronounced in the low Ca content range (< 4 wt%) than in the
medium-high Ca content range (= 4 wt%). This phenomenon
suggests that Ca atoms induce more significant perturbations to
the local melt structure at lower concentrations. When the Ca
content increases to a certain level (> 4 wt%), the local melt
structure gradually stabilizes and becomes less sensitive to further
Ca additions.

Materials and Solidification, 2026, 2(1): 9580018
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3.1.4 H-A Index 1421, 1422, and 1431 decrease first and then increase. At 1.5 wt%

Figures 3(a) and 3(b) show the percentage of typical H-A bond Ca, the variation in bond pair percentages deviates ﬁom the

> 4 th ] 4 ¢ 1 ordered aforementioned trend, showing an abnormal decrease or increase,
paus - an e comesponding proportion of local ordere which is attributed to transient local structural reorganization at
structures, respectively, in liquid Mg-Ca alloy systems with

: this specific composition. When the Ca content ranges from 4 to
different Ca contents at 1000 K. In the 0.1-4 wt% Ca range, the 10 wt%, the percentages of all bond pairs remain essentially stable

proportions of bond pairs 1441, 1541, 1551, and 1661 generally with increasing Ca content, indicating that the melt structure has
increase firstand then decrease, while those of bond pairs 1311,1321, stabilized and is less sensitive to Ca content variation.

Table1 Partial coordination numbers, total coordination numbers of Mg atoms and Ca atoms in Mg-Ca alloys with different Ca contents at 1000 K

Partial coordination number Total coordination number
Ca content (wt%)
ZMg—Mg ZMg—Ca ZCa—Mg ZCa—Ca ZMg—mtal ZCa—total
0.1 11.806 0.008 12.835 — 11.813 12.835
0.5 11.713 0.041 13.699 — 11.754 13.699
1.0 11.602 0.080 13.186 0.067 11.682 13.200
1.5 11.540 0.120 13.144 0.137 11.660 13.281
2.0 11.553 0.151 12.316 0.155 11.704 12.471
2.5 11.453 0.192 12.490 0.198 11.645 12.688
3.0 11.655 0.235 12.679 0.225 11.890 12.904
3.5 11.456 0.275 12.656 0.261 11.731 12.917
4.0 11.408 0.314 12.548 0.330 11.722 12.878
6.0 10.963 0.460 12.003 0.535 11.423 12.538
8.0 10.797 0.621 11.901 0.630 11.418 12.531
10.0 10.837 0.804 12.067 0.825 11.641 12.892
Note: “—” indicates that no Ca—Ca atomic coordination relationship is detected at this Ca content.
0.025 0.022
(a) Ca content (b)
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Fig.2 Voronoi index in liquid Mg-Ca alloy systems with different Ca contents at 1000 K: (a) distribution of Voronoi indices in liquid Mg-Ca alloy systems with Ca
contents of 0.1,0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 10 wt%; (b) variation of each Voronoi index with increasing Ca content.
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Fig.3 Bond pair analysis in liquid Mg-Ca alloy systems with different Ca contents at 1000 K: (a) proportion of typical H-A bond pairs; (b) proportions of icosahedral

(ICO)-type (1551, 1541, and 1431), body-centered cubic (BCC)-type (1441 and 1661), face-centered cubic/hexagonal close-packed (FCC/HCP)-type (1421 and 1422),
and random-type structures.
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In Fig. 3(b), the proportions of ICO-type (icosahedral), BCC-
type (body-centered cubic), FCC/HCP-type (face-centered
cubic/hexagonal close-packed), and random-type bond pairs all
undergo noticeable changes in the 0.1-4 wt% Ca range. The
proportions of ICO-type and BCC-type bond pairs increase first
and then decrease, while those of FCC/HCP-type bond pairs
decrease first and then increase. When the Ca content is between
4 and 10 wt%, all bond pair types remain nearly constant, with
ICO-type bond pairs consistently predominant, accounting for the
largest proportion of the local ordered structure. These results
further confirm that the structure of the Mg-Ca alloy melt is
significantly influenced by Ca content and exhibits poorer stability
at low Ca concentrations, whereas the structural stability is
markedly enhanced at high Ca concentrations. Additionally, ICO-
type bond pairs are identified as the primary factor maintaining
the short-range ordered structure of the alloy melt.

3.2 Diffusion behavior

Figure 4 shows the relationship between the mean squared
displacement (MSD) and time for Mg-Ca alloy melts with
different Ca contents at 1000 K. Table 2 presents the slopes of the
MSD-time curves and the corresponding atomic self-diffusion
coefficients for Mg and Ca atoms at 1000 K. The MSD is
calculated by summing the squared displacements of atoms within
the simulated system along the x, y, and z directions. Its evolution
with time directly reflects the rate of atomic diffusion. The MSD
of both Mg and Ca atoms increases linearly with time, consistent

2000
(a)
Ca content (Wt%)
0.1 0.5
—1 —15
—~ 1500F ———» 55 ,’/
—3 —35
O:F —4 —6
S —8 —10
— 1000 /
A /
w2
=
500 -
///
0 200 400 600

1(ps)

(

with the diffusive behavior of liquid metals. At the same time, the
MSD value decreases with increasing Ca content, indicating
reduced atomic mobility.

Combining the data from Fig. 4 and the slope values for Mg
atoms in Table 2, it is evident that the atomic diffusion behavior in
Mg-Ca alloy melts exhibits a distinct concentration dependence.
In the low Ca content range (0.1-2.5 wt%), the diffusion
capabilities of both Mg and Ca atoms exhibit fluctuating changes
with increasing Ca content, without displaying a clear monotonic
trend, eg., the Mg self-diffusion coefficient fluctuates between
0.5726x10” and 0.6121x10° m%s, and the Ca self-diffusion
coefficient fluctuates between 0.3733x10” and 0.4047x10” m?/s.
This is attributed to Ca atoms acting as “impurity atoms” that
cause minor perturbations to the melt structure, coupled with the
possible presence of local atomic vacancies or defects. Upon
entering the high calcium content range (> 3 wt%), the diffusion
capabilities of both atoms gradually decrease with increasing Ca
content, e.g, the Mg self-diffusion coefficient decreases from
0.5775%x10” to 0.5064x10° m’/s when the Ca content changes
from 3 to 10 wt%. This phenomenon can be attributed to the
enhanced interatomic interactions within the system at high Ca
contents, which increases the resistance to atomic motion and
consequently reduces the diffusion capability.

3.3 Viscosity

Figure 5 shows the relationship between the viscosity of Mg-Ca
alloy melts and the Ca content at 1000 K, with curves calculated

2000
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=
500

400 600

1(ps)

Fig.4 Relationship between the mean squared displacement (MSD) and simulation time in Mg-Ca alloys with different Ca contents at 1000 K. (a) MSD of Mg atom in
Mg-Ca alloys with different Ca contents; (b) MSD of Ca atom in Mg-Ca alloys with different Ca contents.

Table2 Slopes of the mean squared displacement (MSD) vs time curves for Mg atoms and Ca atoms and diffusion coefficients of Mg atoms and Ca atoms in

Mg-Ca alloy melts with different Ca contents at 1000 K

Ca content (wt%) Mg MSD slope (10° m*/s) Ca MSD slope (10 m*/s) Mg self-diffusion coefficient (10° m*/s) Ca self-diffusion coefficient (10~ m*/s)

0.1 3.6727 27644 0.6121 0.4607
0.5 3.5909 23241 0.5985 03874
1.0 3.5456 27482 0.5909 0.4580
15 3.5127 23594 0.5855 03932
2.0 3.6020 24282 0.6003 0.4047
25 3.4357 22398 05726 03733
3.0 3.4651 22173 05775 03696
35 3.4368 2.3007 05728 03834
4.0 3.4088 24171 05681 0.4028
6.0 3.2959 22539 05493 03757
8.0 32130 22361 05355 03727
10.0 3.0387 2.0533 0.5064 0.3422
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Fig.5 Curves of the viscosity of Mg—Ca alloy melts with different Ca contents at
1000 K.

by the EMD and NEMD methods. The melt viscosity exhibits an
overall increasing trend with increasing Ca content, albeit with
local fluctuations. This aligns with decreasing atomic diffusion
capability, i.e., higher viscosity corresponds to greater resistance to
atomic motion. At 1 wt% Ca, the melt viscosity is lower than that
at 0.1 wt%, indicating that the addition of calcium at this specific
concentration reduces the viscosity of the magnesium alloy melt.
This observation corresponds to the fluctuating characteristics of
the melt structure at low Ca contents. Within the Ca content
range of 0.1-4 wt%, the variation in viscosity with increasing Ca
content is relatively complex, consistent with the oscillatory trends
described previously for the melt structure (e.g, H-A index,
Voronoi index). Furthermore, distinct inflection points in
viscosity occur at 1, 6, and 8 wt% Ca, which are speculated to
correspond to local structural reorganization or significant
changes in the degree of order within the melt.

The variation trend of viscosity calculated by the equilibrium
method is consistent with that obtained by the nonequilibrium
method. This agreement verifies the reliability of the viscosity data
and confirms that the Ca content influences the viscosity of
Mg-Ca alloy melts in a predictable pattern, closely correlated with
the melt structure evolution.

3.4 Correlation between melt structure and viscosity

Integrating the aforementioned results, the degree of structural
order, Voronoi indices, and proportion of ICO-type bond pairs in
Mg-Ca alloy melts exhibit similar trends. The changes in both
melt viscosity and atomic diffusion capability show significant
correlations with the evolution of the melt structure, which can be
specifically described in the following two aspects:

The pair distribution function curves reveal that the variation in
the height of the first peak (a key indicator of short-range order)
correlates strongly with viscosity. A higher first peak signifies
greater short-range order, which increases resistance to atomic
motion and thus raises viscosity. This confirms a strong positive
correlation between melt order and viscosity.

From the perspective of the characteristics of the Voronoi and
H-A indices, the proportions of various bond pair types and the
Voronoi indices fluctuate markedly with increasing Ca content
within the low Ca range (< 4 wt%). This indicates significant
structural fluctuations within the melt. Consequently, the melt
viscosity is influenced jointly by the types of bond pairs (e.g., the
proportions of ICO-type and BCC-type pairs) and the local spatial
configurations of the melt (characterized by Voronoi indices),
leading to complex fluctuations superimposed on an overall
increasing trend.

https://doi.org/10.26599/MAS.2026.9580018

The atomic radius of Ca (1.97 A) is larger than that of Mg
(1.60 A). At low Ca contents (< 4 wt%), the Ca atoms are
embedded in the Mg atomic lattice as “impurities”, disrupting the
local coordination balance and leading to frequent transitions of
the Voronoi index (e.g., alternating fluctuations in the proportions
of <0,3,6,4> and <0,2,6,4>). The Ca atoms can form strong bonds
with surrounding Mg atoms, temporarily forming local atomic
clusters. The formation and dissociation of these clusters cause
fluctuations in the proportion of H-A bond pairs (e.g., the
remarkable decrease in type 1551 bond pairs at 1.5 wt% Ca).

Upon entering the high Ca range (= 4 wt%), the proportions of
the bond pairs stabilize, e.g., ICO-type pairs remain dominant,
and the melt structure becomes more stable. Additionally, the
variation in Voronoi indices with Ca content aligns closely with
the trend in viscosity change. This suggests that within this range,
the change in melt viscosity is primarily governed by the evolution
of the local spatial configuration of the melt (Voronoi indices),
showing a steadily increasing trend with increasing Ca content.

The three viscosity inflection points at 1, 6, and 8 wt% Ca can
be directly mapped to the melt structural parameters. In detail, the
proportions of FCC/HCP-type and random-type bond pairs
decrease from 0.16 and 0.17 at 0.5 wt% Ca to 0.13 and 0.14 at
1 wt% Ca, respectively, and the proportion of the Voronoi index
<0,2,6,4> decreases to 0.018, corresponding to a local decrease in
viscosity. In addition, the position of the first peak in the total PDF
Zrow(r) shifts from 3.18 A at 0.5 wt% Ca to 3.12 A at 1 wt% Ca,
and Zyy, o decreases to 11.682 (a decrease of 0.072 compared to
0.5 wt% Ca), indicating the contraction of the Mg atomic
coordination shell and local structural loosening, further
corresponding to the decrease in viscosity. At 6 wt% Ca, the
proportion of ICO-type bond pairs maintains a high value (0.61),
and the proportion of the Voronoi index <0,2,8,2> increases to
0.015. The improved structural order leads to a significant increase
in viscosity. At 8 wt% Ca, the proportion of the Voronoi index
<0,1,8,4> changes abruptly, and the proportion of ICO-type bond
pairs decreases to 0.59, changing structural rigidity, which
corresponds to the viscosity inflection point at this Ca content.

The correlation mechanism provides clear guidance for
optimizing the viscosity of Mg—Ca alloy melts by controlling the
Ca content. In the low Ca content range, the viscosity can be
reduced, and the fluidity is improved by precisely controlling the
Ca content (e.g., approximately 1 wt%). In the high Ca content
range, the focus should be placed on monitoring the local spatial
configuration of the melt to achieve precise control of viscosity
through compositional adjustments.

3.5 Effect of temperature fluctuations

In practical casting processes, temperature fluctuations are
inherent and unavoidable. Specifically, the temperature
fluctuations around the studied 1000 K may directly alter the
thermal kinetic energy of melt atoms: a slight increase in
temperature could enhance atomic diffusion (increasing the
diffusion coefficient), weaken the stability of local atomic clusters
(e.g., reducing the proportion of ICO-type bond pairs), and
thereby lower the melt viscosity. Conversely, a moderate
temperature decrease may promote the ordering of the melt
structure (e.g., increasing the proportion of FCC/HCP-type bond
pairs) and elevate viscosity. Such viscosity variations, in turn, can
affect key casting processes. For instance, higher viscosity may
impede melt flowability during mold filling, while lower viscosity
might increase the risk of shrinkage defects during solidification.

4 Conclusions
This study employed molecular dynamics simulations to calculate
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the structural parameters (pair distribution function, coordination
number, Voronoi index, H-A index) and dynamic property
parameters (diffusion coefficient, viscosity) of Mg-Ca alloy
systems with Ca contents ranging from 0.1 to 10 wt% at 1000 K.
Through systematic analysis of the simulation results, the
following main conclusions are drawn:

1) At 1000 K, all Mg-Ca alloy systems exhibit liquid-state
structural characteristics, namely, long-range disorder and short-
range order, with ICO-type bond pairs remaining predominant
across the entire Ca content range. The variation trends of the
structural order, the proportion of ICO-type bond pairs, and the
Voronoi indices with increasing Ca content are highly consistent.
At low Ca concentrations (< 4 wt%), all three parameters exhibit
significant fluctuations, e.g., the proportions of ICO-type bond
pairs increase first and then decrease, indicating poor structural
stability of the melt. At high Ca concentrations (= 4 wt%), the
structural order increases slightly with Ca content, the proportion
of the ICO-type bond pairs stabilizes, and the Voronoi indices
show a mild increasing trend, markedly enhancing the structural
stability.

2) The viscosity of Mg—Ca alloy melts generally shows an
increasing trend with increasing Ca content, with values
confirmed by both EMD and NEMD methods. The inflection
points occur at 1, 6, and 8 wt% Ca, corresponding to local
structural reorganization. These specific composition points (e.g.,
1 wt% Ca) represent potential compositional windows for
improving melt fluidity by reducing viscosity.

3) The changes in viscosity and atomic diffusion capability are
highly correlated with the evolution of the melt structure in
Mg-Ca alloy melts. At low Ca concentrations (< 4 wt%), the melt
structure fluctuates significantly, and the viscosity exhibits an
overall increasing trend with superimposed oscillations, consistent
with structural variations. At high Ca concentrations (> 4 wt%),
the types of bond pairs stabilize, and the change in viscosity is
primarily governed by the evolution of the local spatial
configuration of the melt, showing a steady increase with Ca
content.

By establishing quantitative relationships and correlation
mechanisms between Ca content, melt structure, and viscosity,
this study provides important theoretical support for the
compositional design and casting process optimization of Mg-Ca
alloys. It also offers a referential methodology and perspective for
research on the melt structure and viscosity of other Mg alloy
systems.

The current study is limited to a single temperature of 1000 K
and does not explore the synergistic effect of temperature and Ca
content on the melt structure-viscosity relationship. As discussed
in Section 3.5, the temperature is a key variable in the actual
casting process. Meanwhile, the study simplifies the industrially
commonly used Mg-Ca-X (e.g, X = Zn, Al) multicomponent
alloy systems to binary alloys, which limits the industrial
applicability of the research conclusions. Future studies can focus
on simulations at multiple temperatures and research on
multicomponent systems to improve the theoretical framework
and enhance application value. Through elucidating the coupling
law of temperature-Ca content and the regulatory mechanism of
elements such as Zn and Al a more comprehensive
structure-viscosity regulation map can be established, which can
promote the transformation of research conclusions to industrial
practical applications.
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