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• Al2MgC2 and Al4C3 particles are more
easily to adsorb around molten Mg due
to the adsorption of Ca.

• The doping of Ca makes Mg/Al2MgC2

and Mg/Al4C3 interfaces more stable.
• Ca could effectively migrate from first-
layer to the second-layer in the initial
nucleating stage.

• The size of Al2MgC2 and Al4C3 particles.
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Ca is easier to adsorb on Al2MgC2 and Al4C3 surfaces, and then promote the
subsequent adsorption of Mg. For the Al2MgC2 and Al4C3 particles with ra-
dius (rK1) slightly smaller than the critical nucleation radius rK, there are
chances that their size beyond rK after the adsorption, and thus enhancing
the nucleation rate.
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It is crucial to study grain refinement and refinementmechanism for promoting mechanical properties of Mg al-
loys. In this work, the influencemechanism of Ca on the grain refinement of Al2MgC2 and Al4C3 inMg alloys was
studied. It shows that Ca is easier to adsorb on the surfaces of Al2MgC2 and Al4C3 particles thanMg, which further
promotes the adsorptionMg on the surfaces of Al2MgC2 andAl4C3 particles, leading tomore crystal nuclei beyond
the critical nucleation radius rK. The interface of Ca replaced Mg-2 is found to be more stable, for both Mg/
Al2MgC2 interface and Mg/Al4C3 interface. We further revealed that Ca could effectively migrate from the first-
layer to the second-layer in both the adsorption slabs and doped interface slabs under ambient condition.
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1. Introduction

Magnesium alloys have various advantages in modern industries
with a wide application [1,2], due to its low density, high specific
strength, good electromagnetic shielding properties and excellent recy-
clability [3,4]. However, magnesium alloys also have some disadvan-
tages that cannot be ignored, such as low tensile strength and low
mechanical properties [5]. According to Hall-Patch formula σy =
σ0+ Kd−1/2, themechanical properties ofmagnesium alloyswill be im-
proved significantly if the grain of magnesium alloys is effectively re-
fined [6]. In the studies of grain refining of metals and alloys, one of
the popular theory of metal crystallization nucleation is heterogeneous
nucleation (σLB = σαB + σαLcosθ) [7]. The carbon inoculation method
was proved to be an effective method to refine the grain of Mg\\Al al-
loys [8–10] following the heterogeneous nucleation mechanism,
which is essentially an interface problem. According to experimental re-
searches, the Al4C3 and Al2MgC2 heterogeneous nucleation have proved
to be the grain refiningmechanism of Mg\\Al alloys by carbon inocula-
tion [11,12].

The interfacial problem in the nucleation process has been stud-
ied for many years, and the theory of low misfit mechanism was de-
veloped [13–15]. In 1952, Turnbull and Vonnegut proposed
Turnbull-Vonnegut empirical formula δ = Δa/a0 [13], suggesting
that the nucleation is effective if δ≤0.005 to 0.015. In 1970, Brimfitt
model [14] was proposed to define the misfit between planes of the
interface. In 1998, Zhang and Kelly proposed the E2EM (edge-to-
edge matching) model [15], demonstrating that the effective nucle-

ation should meets f r ¼
rm−rp
rm

b10% and f d ¼ dm−dp
dm

b6%. Nowadays,

in-depth study of the refinement mechanism goes deep into the
atomic level, and thus it is difficult to study only by experiments
and theory. At the same time, the computational simulation is in-
creasingly used in materials research as it can study the physical
and chemical properties at atomic level [16–19]. First-principles cal-
culation plays a significance role for studying the grain refining
mechanism and further developing of Mg alloys [20]. A growing
number of researchers studied the surficial and interfacial properties
by first-principles calculation to analyze the heterogeneous nucle-
ation [21–25]. Z. Fan et al. studied the heterogeneous nucleation of
Al alloys refining by Al-Ti-B-based grain refiner [21]. W. W. Xu
et al. studied the Mg/MgO interfaces by first-principle calculation
[22]. Li et al. and Wang et al. studied the interfacial properties of
Mg/Al4C3 and Mg/Al2MgC2 interfaces by first-principles calculation,
respectively [26,27]. The heterogeneous nucleation and interfacial
properties are well studied using first-principles calculationmethod.

The adsorption model [28–30] suggests that heterogeneous nucle-
ation is a process ofmelted atomadsorption on the surface of nucleation
substrate in the initial nucleation process. Therefore, it is crucial to study
the adsorption ofmelted atomon substrate surface for the study of grain
refinement mechanism. In addition, several studies showed that alloy
elements have a significant influence on the grain refining of metals
and alloys [31–33]. It is known that alloy elements are easy to segregate
to the surface and interface and affect their properties [19,34,35]. Some
researches revealed that Ca element, which is a surface active element,
has great influence on the grain refining effect of magnesium alloys
[36–39]. It was found that Cawas segregated to the surface of nucleation
substrate from our previous experiment, and Ca was easy to adsorb on
substrate surfaces according to our previous calculation [39,40]. How-
ever, the effect of Ca on the grain refinement effect of carbon inoculation
still need further study.
In this work, the effect of Ca on the grain refinement effect of Al4C3
and Al2MgC2 particles were studied by first-principles calculations.
We analyzed the structures and properties of Ca or Mg adsorbed Al4C3
and Al2MgC2 surfaces, Ca doped Mg/Al4C3 and Mg/Al2MgC2 interfaces,
respectively. The adsorption energy, the work of adhesion, the forma-
tion energy of defect and the migrate energy of the atom were investi-
gated. Our calculated results provide a good analysis and ample
support of the experimentalfindings, indicating that Ca is easy to adsorb
on the Al4C3 and Al2MgC2 surfaces. Further, we analyzed the influence
mechanism of Ca. Our work is to further explore the refinement and de-
sign of Mg alloys and provide theoretical references for them.

2. Computational details

In this paper, all calculated configurationswere calculated by Vienna
Ab initio Simulation Package (VASP) that based on Density functional
theory (DFT) [41,42]. The projector augmented wave (PAW) method
and Perdew-Burke-Ernzerhof (PBE) functional were used [43]. For the
Al2MgC2 calculation part, the plane-wave cutoff energy was set as
400 eV, the Brillouin zone were selected as 9 × 9 × 5 for the bulk calcu-
lation. For the Al4C3 calculation part, the plane-wave cutoff energy was
set as 340 eV. We calculated the formation enthalpy of Al4C3 and
Al2MgC2, which are −0.665 eV and − 0.291 eV, respectively, in line
with experiment that both compounds could formed in themagnesium
alloys [12,44–46]. The calculated lattice constants of Al2MgC2, with
space group symmetry of P-3 m1 (164), are a = 3.385 Å and c =
5.806 Å, excellent agreement with the experimental lattice parameters
(a = 3.377 Å, c = 5.817 Å) [47]. The Al4C3 bulk and surface have been
analyzed in our previous work [40]. For all calculation, the Brillouin
zonewas selected as 4 × 4 × 1 for adsorption slab and interface calcula-
tions. 20 Å was selected as the vacuum thickness and each side was
10 Å. The convergence criterion for the structural relaxation was set to
0.01 eV/Å. The climbing image nudged elastic band [48] method was
used to calculate diffusion barriers for Ca atom migrate in the adsorp-
tion surface and doped interface.

3. Results and discussions

3.1. Surface properties

Since the closest packing crystal plane of Al2MgC2 is perpendicular to
the c-axis, the surface configurations of Al2MgC2(0001) are classified as
five kinds along to c-axis direction as shown in Fig. 1 (a), including Al
(Al)-, Al(C)-, C(Mg)-, C(Al)- and Mg-terminated surfaces. Al(C)-termi-
nated surface means that the surficial layer is Al termination, and sub-
surface second layer is C layer, also for other surface slabs. The surface
energies of different surface models were calculated by formula (1)
[27] as follows:

σAl2MgC2 0001ð Þ ¼ 1
2A
½Eslab−NMgμAl2MgC2

bulk þ 2NMg−NAl
� �

ΔμAl

þ 2NMg−NAl
� �

μbulk
Al þ 2NMg−NC

� �
ΔμC þ 2NMg−NC

� �
μbulk
C �

ð1Þ

The Eslab is total energy of surface slab,Ni is the number of atom (i re-
fers to Mg, Al and C atom, respectively), μ is the chemical potential, A
represents the surface area of Al2MgC2 surficial slab.

In order to find the surface structure that thick enough to present
bulk-like characteristic interiors, we calculated surface energies (see
Fig. 1 (c) and Table 1) of different-layer slabs that belong to the same



Fig. 1. (a) The schematic diagramof surface configurations of Al2MgC2. (b) The changeof the interlayer spacing (%) of different termination surficial slabs. (c) The surface energies of Al(Al)-
, Al(C)-, C(Mg)-, C(Al)- and Mg-terminated surface slabs.
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configuration, also the percentage change of the interlayer spacing of
different slabs (Fig. 1 (b)). From Fig. 1 (b), the change of the interlayer
spacing (%) decrease and will reach convergence as the i and j of Δi-j
Table 1
Surficial energies of different Al2MgC2 surface structures.

Surface model σ(J/m2)

Al(Al)-terminated 7-layer 12-layer 17-layer
*

22-layer ΔμC
(eV)

2.200 2.184 2.183 2.182 −0.181
1.907 1.892 1.890 1.889 0

Al(C)-terminated 5-layer 10-layer 15-layer
*

20-layer ΔμC
(eV)

1.215 1.196 1.194 1.193 −0.181
0

C(Al)-terminated 9-layer 14-layer 19-layer
*

24-layer ΔμC
(eV)

2.543 2.554 2.551 2.548 −0.181
2.250 2.261 2.259 2.255 0

C(Mg)-terminated 8-layer 13-layer
*

18-layer 23-layer ΔμC
(eV)

8.684 8.785 8.787 8.786 −0.181
8.977 9.078 9.080 9.079 0

Mg-terminated 6-layer 11-layer
*

16-layer 21-layer ΔμC
(eV)

1.376 1.437 1.438 1.438 −0.181
1.668 1.729 1.731 1.731 0

The symbol * represents the layer met the convergence criterion for each kind of surface
slabs.
increase. Meanwhile, the surface slab layer which reaches convergence
is represented by a symbol ‘*’ as shown in Table 1. Our calculated results
of surface energies are in line with the previous results [27]. We can
found that the surface energy of Al(C)-terminated-15 layers Al2MgC2
slab is the lowest, which also meets the stoichiometry (c.f. Fig. 1 (c)).
Moreover, the change of interlayer spacing of Al(C)-terminated-15
layers slab is also reach convergence. In addition, the calculated surface
energies and surface slabs of Al4C3 can be found in our earlier work [40],
the closest packing 28-layer Al-terminated Al4C3(0001) surface was se-
lected. We also calculated other secondary packing surfaces of Al2MgC2
and Al4C3 structures as a test, including Al2MgC2(010), Al2MgC2(110),
Al2MgC2(111), Al4C3(010) and Al4C3(110) surfaces as shown in our
supplemental material (Fig. S1, Fig. S2, Table S1 and Table S2). Accord-
ing to our calculation results, surface energies of Al2MgC2 and Al4C3 sec-
ondary packing surfaces are all greater than that of Al(C)-terminated-15
layers Al2MgC2(001) slab (1.194 J/m2) and 28-layer Al-terminatedAl4C3
(001) surface (1.024 J/m2). Consequently, the Al(C)-terminated-15
layers Al2MgC2 slab and 28-layer Al-terminated Al4C3(0001) slab were
selected for further calculation.

3.2. Adsorption in the initial nucleation stage

From adsorption model, we know that atoms adsorption on crystal
surfaces is significant to metal nucleation. According to EPMA-WDS
mapping images of reference [40] and EPMA-BSE analysis showing as
Fig. S3 and Table S3 in our supplemental material, it can be seen that
Ca segregate on the surfaces of Al2MgC2 and Al4C3 particles. We



Fig. 2. (a) The Ead (adsorption energy) of Ca or Mg on Al2MgC2(0001) surficial slab. The discrete points are the Ead of Mg on different sites of Al2MgC2(0001) + Ca slabs. (b) The
diagrammatic sketch of different adsorption sites that (1) single Mg or Ca adsorb Al2MgC2(0001), (2)(3)(4) H1 site, H2 site and T site of Mg and Ca co-adsorption on Al2MgC2(0001),
respectively.
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calculated the first-layer adsorption slabs of Ca/Mg on the Al2MgC2 and
Al4C3 surfaces.We further calculated the second-layer adsorption of Ca/
Mg on Al2MgC2 + 3 Mg + 1Ca, Al2MgC2 + 4 Mg, Al4C3 + 3 Mg + 1Ca
and Al4C3 + 4 Mg surfaces, respectively, to obtain insights of initial
nucleation.

The adsorption energy of i atom adsorb surficial slab is calculated by
formula [34,40]:

Ead ¼ Etotslab1 þ niEi−Etotslab2

� �
=ni ð2Þ

Eslab1
tot and Eslab2

tot are the total energy of the surficial slab that before
and after adsorption of i atom, respectively.

As shown in Fig. 2, the adsorption energy of H2 site is the highest,
indicating that the H2 site of Al2MgC2(0001) surface is the most sta-
ble adsorption site. According to the calculated results shown in
Fig. 3. (a) The Ead (adsorption energy) of Ca or Mg on Al2MgC2 + 3 Mg+ 1Ca and Al2MgC2 +
(1) single Mg or Ca adsorb Al2MgC2(0001) slab, (2)(3)(4) H1 site, H2 site and T site ofMg and C
adsorb Al2MgC2 + 4 Mg that (1) single Mg or Ca adsorb Al2MgC2(0001) slab, (2)(3)(4) H1 sit
Fig. 2, Ead of Ca is significantly greater than that of Mg, therefore, Ca
is easier to adsorb on Al2MgC2(0001) surface than Mg. In addition,
the Ead of Mg increased because of Ca adsorption on Al2MgC2

(0001) surface. Calculated results revealed that Ca promotes the ad-
sorption of Mg. Al2MgC2 particles attract surrounding atoms and
grow up due to the presence of Ca. In our previous work [40], both
Ca and Mg atoms tend to stabilize at the H2 site of Al-terminated
Al4C3(0001) surface, and Ca promotes the adsorption of Mg on
Al4C3 surface. As shown in Fig. 3, at 0.25ML and 0.5ML coverages,
Ead of single Ca or Mg adsorption on Al2MgC2 + 3 Mg + 1Ca surface
are larger, while at 0.75ML and 1ML coverages, on
Al2MgC2 + 3 Mg + 1Ca and Al2MgC2 + 4 Mg surface are almost
the same. The results of Ca and Mg reveal that Ca is easier to adsorb
on the surface of nucleation particles. When co-adsorbed with Ca,
the adsorption energy of Mg on Al2MgC2 + 4 Mg H1 site is the
4 Mg slabs. (b) The diagrammatic sketch of Ca or Mg adsorb Al2MgC2 + 3 Mg+ 1Ca that
a co-adsorption on Al2MgC2(0001), respectively. (c) The diagrammatic sketch of Ca orMg
e, H2 site and T site of Mg and Ca co-adsorption on Al2MgC2(0001), respectively.



Fig. 4. (a) The Ead (adsorption energy) of Ca orMg on Al4C3+ 3Mg+1Ca and Al4C3+ 4Mg slabs. (b) The diagrammatic sketch of Ca orMg adsorb Al4C3+ 3Mg+1Ca that (1) singleMg
or Ca adsorb Al4C3(0001), (2)(3)(4) H1 site, H2 site and T site of Mg and Ca co-adsorption on Al4C3(0001), respectively. (c) The diagrammatic sketch of Ca orMg adsorb Al4C3+ 4Mg that
(1) single Mg or Ca adsorb Al4C3(0001), (2)(3)(4) H1 site, H2 site and T site of Mg and Ca co-adsorption on Al4C3(0001), respectively.
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largest, andmuch larger than that of single Mg adsorption. In Fig. 4, it
indicates that the adsorption energy of Ca on Al4C3 + 3 Mg + 1Ca
surface is larger than on Al4C3 + 4 Mg surface. At the coverages of
0.25ML and 0.5ML, the adsorption energy of single Mg on
Al4C3 + 3 Mg + 1Ca surface is larger, while it is almost the same
on Al4C3 + 3 Mg + 1Ca and Al4C3 + 4 Mg surface at the coverage
of 0.75ML and 1ML. Ca is easier to adsorption on Al4C3 + 3Mg+ 1Ca
and Al4C3+ 4Mg surface thanMg for the adsorption energies of Ca is
larger. When co-adsorbed with Ca, the adsorption energy of Mg on
Al4C3 + 4 Mg H1 site is the largest. We conclude that Ca promotes
the adsorption of Mg for both first-layer and second-layer adsorption
on substrate surfaces in the initial nucleation stage. This will lead to
the increase of nucleation particle size and thus beneficial to the nu-
cleation rate.
3.3. Influence of Ca on interfacial properties

3.3.1. Clean interface
According to nucleation models, the interfacial properties are im-

portant to the nucleation process. Dislocations theoretically affect
the nucleation process. However, the primitive nuclei are small in
Fig. 5. (a) The work of adhesion (Wad) of Mg/Al(C)-terminated Al2MgC2 in
the molten magnesium during actual crystallization process. If
there is dislocation in primitive nuclei, it is beneficial to reduce sur-
face mismatch stress. Moreover, the magnesium matrix is molten
liquid and no dislocation effects. Therefore, dislocations are not con-
sidered in the initial nucleation stage and ideal interface structure is
calculated in our work. As shown in Fig. 5 (a) and (b), we studied the
Wad of Mg/Al2MgC2 interface and Mg/Al4C3 interface. Interface con-
figurations are set up as FCC (face-centered cubic), HCP (hexagonal
close-packed) and OT (on the top), shown in Fig. 5 (a) and (b). In
our calculation, the misfit of Mg/Al2MgC2 interface model is 5.7%,
while that of Mg/Al4C3 interface model is 3.98%. In the interface
slabs, atoms match well at the interface. We calculated the work of
adhesion of different clean interfaces by formula as follows:

Wclean
ad ¼ 1

A
EslabMg þ EslabB −EslabMg=B

� �
ð3Þ

slab
A represents the surface area of Al2MgC2 or Al4C3 surface, Ei repre-
sents the total energy of i slab (i represents theMg slab, Al2MgC2 surface
slab, Al4C3 surface slab, Mg/Al2MgC2 interface slab and Mg/Al4C3 inter-
face slab, respectively). It can be found that the Wad of configuration
HCP of Mg/Al2MgC2 interface and Mg/Al4C3 interface are both the
highest, which means that these two interfaces are the most stable.
terface. (b) The work of adhesion of Mg/Al-terminated Al4C3 interface.



Fig. 6. (a) Schematic diagram of Mg/Al2MgC2 interface doping (replace-Mg-1, 2, 3 and 4 represents the site that replaced by Ca, respectively). (b) The formation energy of defect that Ca
replacing different site. (c) The work of adhesion (Wad) of different slabs.
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Configurations HCP ofMg/Al2MgC2 interface andMg/Al4C3 interface are
employed for further Ca doping investigation.

3.3.2. Ca doped interface
From EPMA-BSE analysis showing as Fig. S3 and Table S3 in our sup-

plemental material, it is known that the Ca content at the edge of the
particle is several times that of the center of the particle. It can be
regarded that Ca segregates in the interface between Al2MgC2/Al4C3

and Mg matrix. To study the effect of Ca on the interfacial properties,
we calculated the Ca doped Mg/Al2MgC2 and Mg/Al4C3 interface, the
formation energy of defect [49] was given by:

E f ¼ Edopedinterface−Ecleaninterface− μCa−μMg

� �
ð4Þ

Ei represents the calculated energy of corresponding slab, while μi
represents the chemical potential of the corresponding atom.

It can be seen from Fig. 6 (b) that the formation energy of Ca replac-
ing Mg-1 slab is the largest, while that of Ca replacing Mg-2 and Mg-3
slab is smaller. According to Fig. 6 (c), the Wad of Ca replacing Mg-1
slab is lower than that of clean interface, while the Wad of Ca replacing
Mg-2 andMg-3 slabs are higher than that of clean interface. These indi-
cated that Ca prefer to replace Mg-2 andMg-3 site, which increases the
stability of interface. In Fig. 7 (b), it shows that the defect formation en-
ergy of Ca replacing Mg-2 slab is the lowest. From Fig. 7 (c), we know
that Wad of Ca replacing Mg-2 slab is the largest and larger than Wad

of the clean interface. This means that Ca is easily to replace Mg-2 site
and enhance the adhesion of Mg/Al4C3 interface. According to the
above analysis, it concludes that Ca is difficult to replace Mg-1, while
it is stable and easy to replace Mg-2, on both Mg/Al2MgC2 interface
andMg/Al4C3 interface. Combining the analysis of adsorption in the ini-
tial nucleation stage, it infers that Ca will preferentially adsorb on the
surface of the Al2MgC2 and Al4C3 particles in the initial stage of nucle-
ation. However, in the process of forming the interface in the later
stage of nucleation, Ca is unstable in the first layer and may migrate
from the first layer to the second layer, thereby making the structure
stable. We will discuss the possible diffusion between the first and sec-
ond layers in the following.
3.4. Diffusion paths and related electronic properties

To study the diffusion route and energy barrier of Ca atom, we an-
alyze two scenarios, i.e., adsorption model and interface doping
model. We constructed the initial, final and some intermediate con-
figurations that contains one Mg vacancy, and the CI-NEB (climbing
image nudged elastic band) optimized configurations are shown in
Fig. 8.

The Mg vacancy formation energy was calculated by formula:

ΔHf VMg
� � ¼ E0 þ μMg−E0 ð5Þ

The E′ is the total energy of vacancy defect structure, E0 is the total
energy of ideal structure without vacancy. μMg is the chemical potential
ofMg atom, μMg= EMg

bulk/nMg for the nucleation process is in the environ-
ment of the molten magnesium.



Fig. 7. (a) Schematic diagram of Mg/Al4C3 interface doping (replace-Mg-1, 2, 3 and 4 represents the site that replaced by Ca, respectively). (b) The formation energy of defect that Ca
replacing different site. (c) The work of adhesion (Wad) of different slabs.
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The vacancy concentration can be estimated according to the for-
mula [50]:

CVa ¼ AC
Va∙ exp −

H F
Va

kBT

 !
ð6Þ

AVa
C , HVa

F and kB represent the Mg site concentration, vacancy
formation energy, and Boltzmann constant, respectively. T is the
corresponding experimental temperature, and is set to 1033.15 K
[40,51].

According to formula (5) and (6), the calculated vacancy concentra-
tion of the Al2MgC2 adsorption slab is 7.92 × 1019/cm3, and correspond-
ingly 9.41 × 1020/cm3 forMg/Al2MgC2 doped interface slab, 2.60× 1019/
cm3 for Al4C3 adsorption slab and 1.87 × 1019/cm3 for Mg/Al4C3 doped
interface slab, respectively. According to the calculated vacancy forma-
tion energy and vacancy concentration of Mg vacancy, it can be con-
cluded that the Mg vacancy is rather easy to form. As shown in Fig. 8,
the energy barrier of Ca adsorbed Al2MgC2 slab and Ca doped Mg/
Al2MgC2 interface are 0.510 eV and 0.471 eV, respectively. The energy
barrier of Ca adsorbed Al4C3 slab and Ca doped Mg/Al4C3 interface are
0.492 eV and 0.449 eV, respectively. All these calculated diffusion bar-
rier are acceptable, indicating that Ca can migrate from the first layer
to the second layer. Combined with the analysis of adsorption results,
it can be concluded that Ca will adsorb on Al2MgC2 and Al4C3 surface
at the initial stage of nucleation, then migrate from the adsorption
first layer to the adsorption second layer as the nucleus grows up. It
also can migrate from the first layer to the second layer at the process
of interface forming.

We analyzed the charge difference density and Electron Locali-
zation Function (ELF) [52] for the initial and final states of different
configurations, respectively. As defined in reference [52], the value
of ELF is between 0 and 1, corresponding to completely delocalized
and fully localized electronic configurations. As shown in Fig. 9, the
charge is distributed throughout the space around adsorbed Mg
atoms and Ca atoms on the adsorption surface, showing the feature
of metal bonding. According to the charge density difference and
local charge distribution, charges are accumulated around the surfi-
cial C atoms, while there is little charge around the adsorption Mg
atoms according to ELF results. This reveals that the adsorbed
atoms formed mixed ion/covalent bonds with the surficial C
atoms. The charge around Ca atoms is more localized than other
atoms. It formed the ionic bond between the Ca and C atom, while
formed mixed metal/covalent bond between the Ca and surround-
ing atoms in the initial state of adsorption slab and doping slab. Ac-
cording to the 3D charge difference density and ELF, there exists
more charge between Ca and Mg in the initial state in contrast to
the final state. The adsorption of Ca causes changes in surface prop-
erties, and the surficial charge is redistributed, possibly leading to
the fact that Mg is more easily adsorbed.

3.5. Analysis of influence mechanism of Ca

According to the metal crystallization thermodynamics, only the
crystal nucleus that reached the critical nucleation radius ( rK



Fig. 8. Diffusion route and energy barrier of Ca atom are shown, including the initial, final and some intermediate configurations in the transition process. (a) Slab of Ca and Mg adsorb
Al2MgC2 surface, (b) Slab of Ca doped Mg/Al2MgC2 interface, (c) Slab of Ca and Mg adsorb Al4C3 surface, (d) Slab of Ca doped Mg/Al4C3 interface.

8 S.-Q. Yang et al. / Materials and Design 192 (2020) 108664
¼ 2σαLTm

ΔH fΔT
) can exist stably in melt and continue to grow, eventually

becoming an effective crystal grain. According to all the above anal-
ysis, the adsorption energy of Ca on Al2MgC2 and Al4C3 surfaces is
significant greater than that of Mg, Ca adsorbs first and then im-
proves the adsorption of Mg on these particles. Therefore,
Al2MgC2 and Al4C3 particles are more easily to attract the adsorp-
tion of surrounding Mg atoms and grow up. Some Al2MgC2 and
Al4C3 particles in the molten Mg alloys are big enough that their ra-
dius is larger than rK and they can play a good role in heterogeneous
nucleation. Moreover, there always have some Al2MgC2 and Al4C3

particles with a radius slightly smaller than the critical nucleation
radius. As shown in Fig. 10, we suppose that the radius of primary
Al2MgC2 and Al4C3 particles is rK1, and the critical nucleation radius
is rK. If the rK1 is less than but close to rK, with the adsorption of Ca
and its assisting adsorption of Mg, the radius of these Al2MgC2 and
Al4C3 particles will increase to rK2, which is larger than rK. Based on
the diffusion investigation in our work, Ca will migrate from the
surficial first layer to surficial second layer during the process of ini-
tial nucleation, as describes in Fig. 10. After Ca diffusion to the sur-
ficial second layer, Ca will still further promote the adsorption of
Mg on surface of substrate particles. In summary, the radius of
more particles will larger than rK because of Ca. As a result, the
number of effective nucleation particles increases and followed by
the nucleation rate due to the influence of Ca. In addition, Ca
makes the Mg/Al2MgC2 and Mg/Al4C3 interfaces more stable, it is
beneficial to the grain refining.

4. Conclusions

We have studied the influence mechanism of Ca element on grain
refining of carbon-inoculated Mg\\Al alloy by first-principles calcula-
tion. Our studies and analysis are instructive for the design and
development of magnesium metals and alloys. The main findings are
listed as follows:

(1) Ead of Ca on Al2MgC2 andAl4C3 surfaces is significant greater than
that of Mg for both first-layer and second-layer adsorption.
Al2MgC2 and Al4C3 particles are more easily to adsorb surround-
ing molten Mg atoms and grow up due to the adsorbed Ca.

(2) Configurations HCP of Mg/Al2MgC2 and Mg/Al4C3 interfaces are
both the most stable. Ca enhances the stability of Mg/Al2MgC2

and Mg/Al4C3 interfaces, as Wad of Ca replaced Mg-2 interfaces
are greater than that of corresponding clean interfaces.

(3) Ca can migrate from surficial first-layer to surficial second-layer
in the initial stage of nucleation. After Ca diffusion to the surficial
second layer, it still promotes the adsorption of Mg.

(4) Because of the influence of Ca, the radius (rK1) of more particles
could increase to rK2 and beyond the critical nucleation radius
rK, therefore, more particles act as the effective nucleation. As a
result, the nucleation rate increase and thus improves the grain
refinement of Mg\\Al alloys.
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Fig. 9. The 3D charge difference density and the cross section and longitudinal section ELF through the Ca atom. (a) (b) The initial and final state of Ca adsorbed Al2MgC2 surface,
respectively. (c) (d) The initial and final state of Ca doped Mg/Al2MgC2 interface, respectively. (e) (f) The initial and final state of Ca adsorbed Al4C3 surface, respectively. (g) (h) The
initial and final state of Ca doped Mg/Al4C3 interface, respectively.

Fig. 10. (a) The schematic diagram of initial nucleation progress. (b) The clean surface and adsorption slabs of Al2MgC2. (c) The clean surface and adsorption slabs of Al4C3.
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