
ARTICLE IN PRESS 

JID: JMAA [m5+; May 4, 2022;1:54 ] 

Available online at www.sciencedirect.com 

Journal of Magnesium and Alloys xxx (xxxx) xxx 
www.elsevier.com/locate/jma 

Full Length Article 

Effect of solute atom adsorption on heterogeneous nucleation by in-situ 

MgO particles: Experimental and theoretical studies 

Liling Mo 

a , Hengbin Liao 

a , Xiong Zhou 

a , Yu-Jun Zhao 

b , ∗, Jun Du 

a , ∗
a Department of Metallic Materials, School of Materials Science and Engineering, South China University of Technology, 381 Wushan Rd, Guangzhou, 

Guangdong 510640, China 
b Department of Physics, South China University of Technology, 381 Wushan Rd, Guangzhou, Guangdong 510640, China 

Received 1 November 2021; received in revised form 7 March 2022; accepted 14 March 2022 
Available online xxx 

Abstract 

The introduction of oxide inclusions during the smelting process has a clear promising heterogeneous nucleation potency on Mg-based 
alloys, but the mechanism has not been explored clearly yet. In the present work, the grain refinement mechanism of MgO in pure Mg, 
Mg-3Al and AZ31 (Mg-2.9Al-0.9Zn-0.3Mn) alloys is investigated by combing first-principles calculations and experiments. The theoretical 
results show that solute atoms adsorption will affect the nucleation and the subsequent growth process, which is an important factor affecting 
the refinement efficiency. A contradiction between the experimental results and the grain growth restriction factor (GRF) theory is observed, 
that is the refinement ratio of AZ31 is worse than Mg-3Al alloy. This is explained by an adsorption model which reveals that Al promotes 
the adsorption of Mg on MgO surface so as to stimulate more particles available as nucleating sites. Meanwhile, Fe and Mn also have 
favorable effects on the adsorption of Mg, Zn may play the opposite role compared to Al. The theoretical analyzes provide a strong support 
to the experiments that Al benefits the initial nucleation of α-Mg on MgO to promote the grain refining effect of Mg-3Al prior to AZ31 
alloy. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium (Mg) and its alloys have attracted extensive 
ttention for their excellent properties, and are considered 

o have broad application prospects in industry [1–3] . How- 
ver, some undesirable properties such as low mechanical 
roperties and poor workability limit their wider applica- 
ions and developments. Grain refinement can simultaneously 

mprove the mechanical properties and processing abilities 
f Mg-based alloys and further broaden their applications 
ffectively [4] . 

Over the past decades, some grain refinement techniques 
ave been developed [5–10] . Nevertheless, many researchers 
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nd organizations are still striving for an efficient and sta- 
le refining method. Among them, most of the attempts are 
oncentrated on adding nonmetallic particles or making them 

n-situ form in the Mg melt [ 4 , 11 , 12 ]. Noting that Mg has a
igh tendency to oxidize and will produce oxide inclusions 
uring smelting process. Various studies have shown that ox- 
des can act as inoculation refiners and reduce the grain size 
f Mg alloys effectively. Fu et al. [13] studied the refining 

ffect of ZnO by experiments and the edge-to-edge matching 

E2EM) model. They found the amounts of ZnO would be re- 
uced by the reaction of ZnO + Mg → MgO + Zn and the 
rain refinement efficiency was limited. Men et al. [14] used 

he intensive melt shearing method to investigate the grain 

efinement mechanism of AZ91 alloys, where the dispersive 
gO particles in the melt were thought to be potent nucle- 

tion sites. Wang et al. [15] carried out transmission electron 

icroscope (TEM) studies, revealing that there are interfa- 
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ial orientation relationships between α-Mg and MgO during 

olidification of [2 ̄1 ̄1 0] Mg (0001) Mg || [ 011 ] MgO 

(1 ̄1 1) MgO 

and 

 ̄1 2 ̄1 3] Mg (1 ̄1 01) Mg || [110] MgO 

( ̄1 ̄1 1) MgO 

. However, there still 
xist some ambiguous questions about the mechanism of ox- 
de inoculation process, which is difficult to be observed by 

xperiments. In recent years, theoretical calculation has at- 
racted more and more attention and is used to assist exper- 
mental research. The first-principles calculation method has 
een applied to study surface and interface properties between 

eterogeneous nuclei and substrates [16–20] . Several research 

roups have investigated the interface properties theoretically, 
uch as ZnO/Mg [21] , MgO/Mg [22] , and so on. 

Most of experiments and theoretical calculations have been 

arried out from the perspective of interface properties so 

ar. Besides, there are no stable refiners for α-Mg till now. 
his may be actually critical to the high activity of Mg melt 
nd the effect of solute atoms adsorption on the heteroge- 
eous nucleation particles. The influence of solute atoms on 

eterogeneous nucleation process was discussed by the in- 
erdependence theory in experiments frequently [23–26] . Fur- 
hermore, the adsorption of solute atoms on nuclei surface 
uring the initial nucleation stage is worthy to be thought 
rofoundly. Cantor and Kim [ 27 , 28 ] developed a model for 
tomic adsorption on heterogeneous nucleation. They pointed 

ut that the adsorption during the solidification process will 
ffect the efficiency of nuclei as well as the subsequent grain 

rowth process. Therefore, the common alloying and impu- 
ity elements may affect the structural stability and perfor- 
ance of nucleating catalyst, including Ca, Al, Zn, Mn, Fe, 

tc. Yao et al. [29] and Wei et al. [30] studied the influence 
f Mn and Fe adsorption on Al 4 C 3 (0001) surface through 

rst-principles calculations. Yang et al. used density func- 
ional theory (DFT) method to analyze the influence of Ca 
n Al 4 C 3 [31] , Al 2 MgC 2 [32] and MgAl 2 O 4 [33] . According 

o these simulations, adsorbed atoms will change the surface 
onfiguration of nuclei, which in turn affect their heteroge- 
eous nucleation performance. 

Following studies in the past years, it is clear that MgO 

an be the potent heterogeneous nucleation for α-Mg grain 

 14 , 15 , 22 , 34 ]. Besides, it is easy to form MgO during the
melting process. Al/Zn/Mn are the main additive elements 
n commercial Mg alloys, such as AZ and AM series alloys. 

hile Fe is the inevitable impurity element during the smelt- 
ng process [35] . It is believed that the existence of the solute 
lements has an indispensable influence on the grain refine- 
ent efficiency. Unfortunately, the adsorption details of the 

olute atoms on MgO surface are not well studied, leading to 

 blurry picture on the initial heterogeneous nucleation pro- 
ess. 

Here, we aim to investigate the influence of solute atoms 
including Al, Zn, Mn and Fe) on inoculation potency of MgO 

n Mg-based alloys by combining experiments and theoretical 
alculations. The adsorption and co-adsorption of Al, Zn, Mn, 
e and Mg on MgO surface are simulated. We demonstrate 

hat solute atoms adsorption will affect the nucleation and the 
ubsequent growth process, consequently affecting the grain 

efinement efficiency. The current work provides a theoretical 
2 
nsight to better understand the grain refinement mechanism 

f Mg-based alloys inoculated by oxide inclusions. 

. Experiments and theoretical calculations 

.1. Experimental procedures 

Pure Mg, Mg-3Al, and commercial AZ31 (Mg-2.9Al- 
.9Zn-0.3Mn) (wt.%, the same below) alloys were chosen as 
xperimental materials in this work. Here, pure Mg (99.95%) 
nd AZ31 were provided by Shanxi Regal Advanced Mate- 
ials Co., Ltd., China. High purity aluminum (99.99%) was 
rovided by ZhongNuo Advanced Material (Beijing) Tech- 
ology Co., Ltd., China. Mg-3Al was synthesized by using 

ure Mg and high purity Al. Two series of experiments were 
esigned, i.e., pure Mg, Mg-3Al and AZ31 alloys without or 
ith inoculation. For alloys with inoculation, the melt was 

reated by in-situ oxidation process, in which the mixed gas 
f O 2 and Ar was introduced to make the oxide inclusions 
n-situ formed. According to reference [36] , the gas flow rates 
f O 2 and Ar were set to be 10 and 100 ml/min, the rotor
owmeter was used to control the flow. 

Firstly, the raw materials with different compositions 
250 g in total) were placed into the MgO crucible and melted 

n a resistance furnace under a mixed protective atmosphere 
f 99.5 vol.% N 2 and 0.5 vol.% SF 6 . Then the melt was un- 
reated or inoculated for 10 min, and finally poured into a 
ylindrical low carbon steel mold ( ɸ 40 mm × 60 mm) pre- 
eated to 500 °C. Here, the casting temperature was main- 
ained at 760 °C. Afterwards, all the ingots were sectioned, 
round, polished, and etched by the picric acid solution (pi- 
ric acid 2.1 g, acetic acid 5 ml, ethanol 40 ml and water 
 ml). 

Grain morphologies were observed by optical camera. 
hen the microstructure of the samples and the heterogeneous 
uclei were characterized via scanning electron microscope 
SEM, Quanta 200) equipped with energy-dispersive X-ray 

pectroscopy (EDS). The chemical concentrations of samples 
ere determined via the inductively coupled plasma spectrom- 

try (ICP, Agilent 5100). According to ASTM E112-88, aver- 
ge grain size was evaluated by the linear intercept method. 
or pure Mg, the grain size was evaluated by rings taken 

long different diameters of samples. The columnar crystal 
idth was used to characterize the grain size. For Mg-3Al 

nd AZ31, the area for measurement was the inner region of 
he samples with a diameter of ɸ 30 mm. Grain refining ratio 

 δ) was obtained by Eq. (1) : 

= 

Average grain size before inoculation − Average grain size after inoculation 

Average grain size before inoculation 
×100% 

(1) 

.2. Computational details 

Based on density functional theory (DFT), all the first- 
rinciples calculations were conducted by the Vienna ab ini- 
io simulation package (VASP) [37] . The exchange-correlation 



L. Mo, H. Liao, X. Zhou et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; May 4, 2022;1:54 ] 

Fig. 1. MgO (1 ̄1 1) surfaces saturated by the pseudo-hydrogen: (a) Mg-terminated and (b) O-terminated MgO polar surfaces; (c) Structure of the pseudo- 
molecule (MgH 4 and OH 4 ). 
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unctional was described by the generalized gradient approx- 
mation and Perdew-Burke-Ernzerhof (GGA-PBE) [38] . The 
nteraction between the ions and the electrons was described 

y the standard frozen-core potentials, which were character- 
zed by 3 s valence state for Mg atom, 2 s , 2 p for O atom, 3 s ,
 p for Al atom and 3 d , 4 s for Zn/Mn/Fe atoms, respectively.
pin polarization was considered when the magnetic atoms 
f Fe or Mn were involved. The kinetic energy of the plane 
ave was set to 520 eV based on convergence tests. Brillouin 

one was sampled with 9 × 9 × 6 and 9 × 9 × 1 Monkhorst- 
ack k-point meshes for the bulk and slab calculations. All 

he atomic positions were fully optimized until the force was 
onverged to 0.03 eV/ ̊A for each atom, and the total energy 

hange criterion was chosen to 1 × 10 

−5 eV/atom. 
MgO exhibits the NaCl type simple cubic structure, with 

he space group of Fm ̄3 m (No. 225). The relaxed lattice 
arameters are a = b = c = 4.247 Å, which is consis- 
ent with experimental data (for a = b = c = 4.217 Å). 
ccording to the previous studies, {100} and {111} MgO 

acets were observed in Mg alloys. The {111} facet is rel- 
tively stable in thermodynamics and kinetics, and its re- 
earch is still inadequate. According to the TEM results, the 
1 ̄1 1) surface in {111} was selected for the current research 

 15 , 22 , 39 ]. A MgO (1 ̄1 1) − (2 × 2) multilayer slab model
ith periodic boundaries was adopted for surface simulation. 
gO (1 ̄1 1) surface consists of Mg and O layers alternatively 

ligned along the z axis. Mg-terminated and O-terminated 

gO (1 ̄1 1) polar surfaces were taken into consideration, as 
3 
llustrated in Fig. 1 (a,b). The residual internal electric field 

n the MgO slabs caused by the excessive atomic charac- 
eristic was weaken through the adsorption of charged sub- 
tances, like pseudo-hydrogens [17] . 1/2 and 3/2 artificial hy- 
rogen atoms were added to the surface layer atoms for both 

-termination and Mg-termination, respectively (as shown in 

ig. 1 ). The vacuum thickness was set to 15 Å. It is known 

hat the polarized ideal surfaces are likely unstable and often 

ndergo a surface reconstruction [40] . Here, the reconstruc- 
ion is not considered as the polarized surfaces appear as part 
f the interface in the final models. 

. Results and discussion 

.1. Grain refinement of Mg alloys 

Fig. 2 shows the macro grain morphologies of pure Mg, 
g-3Al and AZ31 alloys without or with inoculation. Fig. 3 

s the corresponding average grain size and grain refining ra- 
io. Pure Mg possesses coarse columnar structure, as shown 

n Fig. 2 (a). Noting that only the average width of colum- 
ar structure was counted to analyze the effect of oxide in- 
culation, similar method has been applied in the literature 
26] . The Mg-3Al and AZ31 alloys exhibit an equiaxed crys- 
al morphology, with the average grain sizes of 1140 μm and 

612 μm, respectively. All of the alloys show an effective 
efinement after inoculation, as shown in Fig. 2 and Fig. 3 . 
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Fig. 2. Grain morphologies of as-cast pure Mg, Mg-3Al and AZ31 alloys without and with inoculation by in-situ oxidation process. 

Fig. 3. Average grain size and corresponding grain refining ratio of pure Mg, Mg-3Al and AZ31 alloys without and with inoculation by in-situ oxidation 
process. 
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he relative grain refining ratios are about 45.0%, 83.2% and 

4.1%, respectively. 
Fig. 4 illustrates the microstructures of pure Mg, Mg-3Al 

nd AZ31 alloys before and after inoculation, as well as the 
DS results. Pure Mg exhibits a single-phase of α-Mg ma- 

rix, as shown in Fig. 4 (a). For the Mg-3Al alloy, there are 
wo phases that detected to be α-Mg matrix and Mg 17 Al 12 

 Fig. 4 (d)). Three phases are found in the commercial AZ31 

lloys, which are α-Mg, Mg 17 Al 12 , and Al 8 Mn 5 , as shown 
4 
n Fig. 4 (g). Besides, there are some Zn-rich Mg-Al parti- 
les, which could be the Mg-Al-Zn ternary phase according 

o reference [41] or may be due to Zn atoms adsorption on 

g 17 Al 12 surface. It is clear that MgO particles are in-situ 

ormed after inoculation (see Fig. 4 ). Besides, some Al-rich 

gO particles were produced in Al-containing Mg alloys af- 
er inoculation (see Fig. 4 (e,f,h,i)). The existence of Al solute 
lements may lead to the formation of MgAl 2 O 4 according to 

eference [36] , but is not considered here for its relatively low 



L. Mo, H. Liao, X. Zhou et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; May 4, 2022;1:54 ] 

Fig. 4. Typical SEM micrographs and EDS results of as-cast pure Mg, Mg-3Al and AZ31 alloys before and after inoculation. 
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Table 1 
Chemical compositions (wt.%) of pure Mg, Mg-3Al and AZ31 alloys before 
and after inoculation. 

Alloys 
Chemical compositions 

Al Fe Zn Mn Mg 

Pure Mg / 0.0008 / 0.0048 Bal. 
Inoculated pure Mg / 0.0012 / 0.0050 Bal. 
Mg-3Al 3.0296 0.0016 0.0018 0.0050 Bal. 
Inoculated Mg-3Al 3.1088 0.0010 0.0016 0.0047 Bal. 
AZ31 2.9859 0.0014 0.8638 0.3228 Bal. 
Inoculated AZ31 3.1131 0.0012 0.8938 0.3247 Bal. 

a
o
m
a
t
Q
h
l  

c
c
b

mount. In addition, Al 2 O 3 may be formed during the melting 

rocess. However, it is unstable in the Mg melt and finally 

onverted into MgO or MgAl 2 O 4 , similarly to other oxidation 

roducts such as MnO 2 and Fe 2 O 3 . In addition, the competi- 
ion relationship of MgO, Al 2 O 3 , MgAl 2 O 4 is analyzed from 

he perspective of chemical potential, as shown in Fig. 5 . The 
esults showed that in the case of Mg-rich and Al-poor (the 
urrent experimental condition), MgO is the host phase, with 

he chemical potential of Al increases, MgAl 2 O 4 and Al 2 O 3 

orm gradually. Due to the strong oxygen affinity of Mg, in 

he case of introducing oxygen into the Mg melt, MgO is 
asier to form than other oxide inclusions from kinetic point. 
oreover, most of the oxide products observed in this exper- 

ment are MgO particles. Therefore, MgO is the primary ox- 
de in pure Mg and Mg-based alloys with inoculation, which 

s confirmed to be potent heterogeneous nucleation substrate 
ere. 

According to the GRF theory [ 42 , 43 ], nucleation of pure 
g cannot occur by constitutional undercooling. The initial 

hermal undercooling generated by the mould provides the 
ondition for the formation of grains, which further grow into 

olumnar grains. Then the grain morphology is changed from 

olumnar to equiaxed with alloying elements addition. In the 
ase of being inoculated, MgO particles are in-situ formed 
5 
nd become the heterogeneous nucleation sites for α-Mg. All 
f the pure Mg, Mg-3Al and AZ31 show an effective refine- 
ent. It is obvious that the grain refining ratios of these alloys 

re different, and the ratio of Mg-3Al is significantly greater 
han AZ31 alloy. Generally, the grain growth restriction factor 
 is greater with the solute elements increasing. Alloys with 

igher Q value always exhibit better refinement. Q is calcu- 
ated by the formula of Q = mc 0 ( k -1), here c 0 is the alloy’s
omposition, m ( k- 1) can be known from reference [44] . The 
hemical compositions of pure Mg, Mg-3Al and AZ31 alloys 
efore and after inoculation can be seen in Table 1 . The Q 
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Fig. 5. Chemical potential domain calculation of Mg-Al-O system. The allowed region for �μMg , �μAl , and �μO at ( �μMg , �μAl ) plane. All the heat of 
formations for the compounds are from DFT calculated results. 
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alue of inoculated AZ31 is 0.183, which is larger than in- 
culated Mg-3Al of 0.135. However, the refinement ratio of 
Z31 alloy is lower than Mg-3Al alloy. This is contradictory 

o the GRF theory. 
The difference of solute elements in these samples is the 

ost obvious change observed. Considering the solute ele- 
ents are easily segregated in front of the S/L interface, thus 

t will adsorb on the nucleus surface and influence the ad- 
orption of Mg during the initial stage of solidification. Be- 
ides, at the beginning of the solidification, the content of 
olidified Al 8 Mn 5 is far less than α-Mg at the same temper- 
ture [45] . Therefore, the effect of Al 8 Mn 5 on the adsorption 

erformance is not consider here. Mg 17 Al 12 is also excluded 

or the low precipitating temperature. Limited by the exper- 
mental and analytical methods, it is difficult to analyze the 
nfluence mechanism of solute atoms on the adsorption and 

rowth process on nuclei. Therefore, the adsorption model is 
onstructed by first-principles calculation to explore whether 
he solute elements Al, Zn, Mn and Fe affect the surface 
tructure and heterogeneous nucleation of MgO. 

.2. Adsorption simulation 

.2.1. Surface properties 
It is important to make sure that both Mg-terminated and 

-terminated MgO (1 ̄1 1) surface slabs are thick enough to 

tabilize the surface characteristics. Therefore, the change of 
nterlayer spacings and corresponding surface energies of dif- 
erent layers were performed to determine the minimum thick- 
6 
ess of the slab models. Surface energies of different models 
aturated by pseudo-H were calculated as follows [46–49] : 

MgO (1 ̄1 1) = 

1 

A 

(E 

slab 
MgO (1 ̄1 1) 

− nμbulk 
MgO 

− n H i ˆ μH i ) (2) 

This is derived from the following formulas: 

= 

1 

A 

(E 

slab 
MgO + H 

− n O 

μO 

− n Mg μMg − n H i μH i − Aσ
pass 
bot ) 

(3) 

MgO 

= μMg + μO 

(4) 

bulk 
i + �H f ( MgO ) ≤ μi ≤ μbulk 

i (5) 

ˆ H i = 

1 

4 

[
E tot ( pseudo − molecule ) − μi 

]
(6) 

ˆ H i = μH i + 

A 

n H i 
σ

pass 
bot , (7) 

here E 

slab 
MgO + H 

represents the total energy of the surface 
onfiguration passivated by pseudo-H, n i is the number of Mg 

r O atoms of the slabs, σ pass 
bot is the surface energy of bottom 

urface passivated by pseudo-H, A is the surface area of MgO 

1 ̄1 1) slab. μi , μMgO 

, and ˆ μH i denote the chemical potential of 
g or O atoms, MgO bulk, and pseudo-H atoms, respectively. 
 tot (pseudo-molecule) is the total energy of pseudo-molecule 
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Fig. 6. The changes of interlayer spacing of MgO polar surfaces saturated with pseudo-H: (a) O-terminated and (b) Mg-terminated MgO (1 ̄1 1) surface. 

Table 2 
The surface energies of Mg-terminated and O-terminated MgO (1 ̄1 1) surface slabs. 

σ (J/m 

2 ) (Mg-terminated MgO (1 ̄1 1) surface) 

�μMg (eV) 4-layers 6-layers 8-layers 10-layers 12-layers ∗

0 7.32 7.56 7.68 7.77 7.83 
−5.48 10.13 10.37 10.49 10.58 10.65 
�μMg (eV) 14-layers 16-layers 18-layers 20-layers 
0 7.85 7.92 7.94 7.96 
−5.48 10.66 10.72 10.73 10.77 

σ (J/m 

2 ) (O-terminated MgO (1 ̄1 1) surface) 

�μMg (eV) 4-layers 6-layers 8-layers 10-layers 12-layers ∗

0 9.46 10.49 11.14 11.48 11.68 
−5.48 6.65 7.68 8.32 8.67 8.87 
�μMg (eV) 14-layers 16-layers 18-layers 20-layers 
0 11.84 11.92 12.01 12.06 
−5.48 9.03 9.11 9.20 9.25 

The symbol “∗” indicates that layer meets the convergence criterion and was adopted for the latter calculations. 
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a
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M
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OH 4 or MgH 4 ), as shown in Fig. 1 (c). �H f (MgO) is the for-
ation enthalpy of MgO bulk at 0 K, defined by the formula 
H f ( MgO ) = μbulk 

MgO 

− μbulk 
Mg − 1 

2 μ
gas 
O 2 

. The corresponding 

esult is −5.48 eV 

The calculated changes of interlayer spacings are shown 

n Fig. 6 and the surface energies of optimized MgO (1 ̄1 1) 

urface slabs with different thickness are listed in Table 2 . 
t shows that as the layer thickness increases, the change 
f the interlayer spacing for both Mg-terminated and O- 
erminated surfaces decreases gradually. Meanwhile, corre- 
ponding surface energies of these different slabs are well 
onverged (as listed in Table 2 ). The differences of surface en- 
rgies between the 10th-layer and 12th-layer are 0.01 eV/ ̊A 

2 

 �σ 10-12 = 0.2 J/m 

2 both for Mg-rich and O-rich condition) 
or O-termination and 0.004 eV/ Å 

2 ( �σ 10-12 = 0.06 J/m 

2 for 
g-rich and �σ 10-12 = 0.07 J/m 

2 for O-rich situation) for Mg- 
ermination, respectively. Besides, the relaxation of atomic po- 
itions is also converged according to the change of interlayer 
pacing in Fig. 6 . Therefore, 12 atomic layers Mg-termination 

nd O-termination were selected for the subsequent investi- 
ation. 
l

7 
Furthermore, surface energy versus chemical potential 
μMg was calculated to discuss the stability of O-terminated 

nd Mg-terminated MgO surfaces, as shown in Fig. 7 . It is 
lear that O-termination is energetically favored than Mg- 
ermination under O-rich condition, while Mg-terminated sur- 
ace is more stable under Mg-rich condition. Surface energies 
f these configurations have an intersection at �μMg = 

3.74 eV, indicating that both O-terminated and Mg- 
erminated surfaces may exist and should be considered. Con- 
idering that the actual smelting and cooling process is in the 
g melt environment, the subsequent calculations and ana- 

yzes mainly focus on the Mg-termination. 

.2.2. Stability for solute atoms adsorption on MgO (1 ̄1 1) 

urface 
Adsorption of Al, Zn, Mn, Fe and Mg on MgO were dis- 

ussed to describe the influence of these atoms on initial nu- 
leation process of α-Mg. The 12-layers O(Mg)-terminated 

gO (1 ̄1 1) surfaces were adopted according to previous cal- 
ulation. Four high symmetry adsorption sites i.e., H1 (Hol- 
ow site 1), H2 (Hollow site 2), T (Top site) and B (Bridge 
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Fig. 7. Surface energies versus �μMg for O-terminated and Mg-terminated MgO (1 ̄1 1) surfaces. 
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ite), were taken into consideration. Adsorption sites of H1, 
2 and T are shown in Fig. 8 , while configuration of B is
ot shown for its instability of adsorbing Mg or solute atoms. 
or Mg adsorption, coverages of 0.25–1 ML were considered, 
nly 0.25 ML and 0.5 ML for other solute atoms because 
he concentration of these atoms is generally low in the Mg 

elt. Adsorption energies of Mg or solute atoms adsorption 

n MgO (1 ̄1 1) surfaces can be given by: 

 ad = 

[
( E MgO(1 ̄1 1) + n i E i ) − E i/ MgO(1 ̄1 1) 

]
/ n i (8) 

ere E MgO(1 ̄1 1) is the energy of MgO (1 ̄1 1) clean surface, 
 i is the number of Mg or solute atoms, respectively. E i is 
he energy of the isolated adatom, and E i/ MgO(1 ̄1 1) is the total 

nergy of MgO (1 ̄1 1) surface with adatoms. The calculated 

ndividual adsorption energies of Al, Zn, Mn, Fe are listed 

n Table 3 , while the adsorption energies of Mg on different 
onditions are shown in Fig. 9 . 

As listed in Table 3 , the adsorption energies at site H2 

re higher than other sites under 0.25 ML and 0.5 ML cov- 
rages for Al, Zn, Mn and Fe on O-termination. The initial 
dsorption of these atoms on T site will be relaxed to H2 

pontaneously, and their x and y coordinates were fixed here 
o calculate the energies for comparison. With the coverage 
ncreasing from 0.25 ML to 0.5 ML, the difference in ad- 
orption energy among H1, H2 and T sites decreases. For 
g-terminated surface, the adsorption energies at site H1 are 
ostly higher than other sites under 0.25 ML, while sites 
1 and H2 are almost the same as the coverage increases to 

.5 ML. Similar phenomena can also be found for Mg adsorp- 
ion on O-terminated and Mg-terminated MgO surfaces. With 

he coverage increasing, the adsorption energy for Mg de- 
reases on O-termination while it increases on Mg-termination 

as shown in Fig. 8 Fig. 9 ). 
8 
Comparing the energies of Al, Zn, Mn, Fe adsorption on 

gO surface, the adsorption energies follow the sequence 
f E ad (Al) > E ad (Fe) > E ad (Mn) > E ad (Mg) > E ad (Zn)
oth for O-terminated and Mg-terminated surfaces. It is clear 
hat the adsorption energy of Al is greater than Mg cases of 
.25–1 ML and other elements on both O-termination and 

g-termination at the same adsorption sites and coverages. 
his indicates that Al is more easily to adsorb on MgO (1 ̄1 1) 

urfaces, the same as Mn and Fe. As for Zn adsorption, the 
dsorption energy is less than Mg and other solute atoms. 
ccording to Eq. (8) , the larger positive value of adsorption 

nergy means the more stable structure. The adsorption ener- 
ies of Zn are positive under different conditions, indicating 

hat Zn is likely to have a tendency to adsorb on the MgO. 
To study the effect of solute atoms on the initial nucle- 

tion process of α-Mg, co-adsorption of Mg and Al/Mn/Fe 
n H1 and H2 sites of Mg-terminated MgO surfaces were 
onsidered. The adsorption energy at the condition of Mg-X 

 X = Al, Mn, Fe) co-adsorption on the MgO (1 ̄1 1) surfaces 
an be calculated by: 

 ad = 

[ (
E X/ MgO ( 1 1 1 ) + n Mg E Mg 

)
− E ( X+ Mg ) / MgO ( 1 1 1 ) 

] 
/n Mg 

(9) 

 X/ MgO(1 ̄1 1) is the total energy of the slab that single solute 
tom adsorption, and E (X+ Mg ) / MgO (1 1 1) is the total energy of 
g and solute atom co-adsorption. The actual coverage of 
l or Mg depends on their chemical potentials in the exper- 

ment. Here the chemical potential of Mg is about zero with 

espect to bulk Mg as Mg melt exists in the sample, while the 
hemical potential of Al will be much smaller as the content 
f Al is relatively small. This is corresponding to a Mg-rich 

nd Al-poor condition in the experiment. Therefore, only the 
ow coverage of Al is considered in this work following the 
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Fig. 8. The diagrammatic drawing of adsorption sites and co-adsorption on the 12-layers of (a) O-terminated and (b) Mg-terminated MgO (1 ̄1 1) surfaces. 

Table 3 
The adsorption energies of Al, Zn, Mn and Fe atoms on O(Mg)-terminated MgO (1 ̄1 1) surfaces. (F) in the Table stands for fixing the x and y coordinate of 
adatoms for their instability. 

Termination 
Coverage 
(ML) 

Adsorption 
site 

Adsorption energy (eV) 

Al Zn Mn Fe 

O 0.25 H1 12.85 6.18 10.98 11.01 
H2 13.55 6.53 11.12 11.28 
T 7.48 (F) 3.57 (F) 6.92 (F) 6.63 (F) 

0.5 H1 9.39 4.88 7.72 7.85 
H2 9.66 5.17 7.64 8.20 
T 8.85 3.16 7.12 1.91 (F) 

Termination Coverage 
(ML) 

Adsorption 
site 

Adsorption energy (eV) 

Al Zn Mn Fe 

Mg 0.25 H1 7.06 0.64 2.26 2.65 
H2 7.07 0.59 2.13 2.71 
T 6.97 0.31 1.84 2.25 

0.5 H1 5.50 0.81 2.38 3.01 
H2 5.50 0.83 2.38 2.95 
T 5.50 0.63 2.09 2.58 

p
a
t
t
s

a

s
a
o

e
t
m

ractical condition, similarly to other solute atoms. Based on 

bove discussion and the computational cost of DFT calcula- 
ions, the coverage ratio of Mg and solute atoms were selected 

o be 3:1 in the model construction to simulate the impact of 
olute atoms on the adsorption of Mg. 

The calculated co-adsorption energies of Mg/Al, Mg/Mn 

nd Mg/Fe on Mg-termination are shown in Fig. 10 . There are 
9 
ome discrepancies on energies between different solute atoms 
nd Mg co-adsorption. The co-adsorption energies follow the 
rder of E co-ad (MgAl) > E co-ad (MgFe) > E co-ad (MgMn) > 

E ad (1 ML Mg) for Mg-termination. It is obvious that all the 
nergies of Mg/Al, Mg/Fe, Mg/Mn co-adsorption are greater 
han 1 ML Mg case on Mg-terminated MgO surfaces. This 
eans that Al, Fe, Mn atoms will adsorb on MgO surface 
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Fig. 9. The adsorption energies of Mg on (a) O-terminated and (b) Mg-terminated MgO (1 ̄1 1) surfaces. 

Fig. 10. The effects of Al, Fe and Mn on the adsorption energy of Mg on the Mg terminated MgO (1 ̄1 1) surface. 
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(

rior to Mg, then the existence of them promotes the ad- 
orption of Mg atoms on MgO. Therefore, more α-Mg grains 
re nucleating on oxide particles acting as nucleation cata- 
yst. This will lead to the fact that the grain refining ratio of 

g-3Al is greater than pure Mg, so as to AZ31 alloy. Unfor- 
unately, the effect of Zn on Mg adsorption is not clear from 

he theoretical point of view, which requires further investi- 
ation. 

.2.3. Electronic structure and bonding characteristics 
The structural evolution and performance of the nuclei af- 

er adsorption are closely associated with the bonding between 
10 
he adatoms and surface atoms. Therefore, to have some in- 
ight into the surface properties more intuitively from a mi- 
roscopic perspective, the charge density differences (CDD) 
or Mg and Al/Zn/Mn/Fe adsorption and co-adsorption at H1 

or Mg-termination MgO surface were calculated here. The 
DD �ρ can be calculated as: 

ρ = ρi/ MgO (1 ̄1 1) − ρi − ρMgO (1 ̄1 1) (10) 

here ρi/ MgO (1 ̄1 1) is the electron density of the total i/MgO 

1 ̄1 1) adsorption system, ρ i and ρMgO (1 ̄1 1) are the unperturbed 
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Fig. 11. Distribution of charge density differences (CDD) of Mg and Al/Zn/Mn/Fe adsorption and co-adsorption on Mg-terminated MgO (1 ̄1 1) system. Here, 
Mg 1–4 represent the adsorbed Mg atoms in the surface model. 

11 
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Fig. 12. Bader charge analysis of selected atoms for Al/Mn/Fe and Mg ad- 
sorption and co-adsorption on Mg-terminated MgO (1 ̄1 1) surfaces (positive 
means get charge while negative is lost charge). Here, Mg 1–4 represent the 
adsorbed Mg atoms in the surface model. Mg 11–14 are Mg atoms on the 
top layer of MgO surface. 

T
c
c
i

3

M
h

lectron densities of isolated adatoms and MgO (1 ̄1 1) sur- 
aces, respectively. 

The calculated CDDs are shown in Fig. 11 . Here, the blue 
reas indicate charge accumulation while yellow and red areas 
epresent charge depletion. It is worth noting that the rear- 
angement of the charge is mainly distributed to the adatoms 
nd the top layer atoms on the surface. Taking Al adsorp- 
ion and Mg-Al co-adsorption as an example, the CDDs of 

g and Al adsorption/co-adsorption in Fig. 11 show that the 
harge mainly transfers from the adatoms to the middle re- 
ions, and there are charge accumulation between Mg-Mg 

nd Mg-Al atoms, implying that polar covalent bonds are 
ormed between metal-metal atoms. Similar phenomena can 

e found for other solute atoms (Zn, Mn, Fe) adsorption on 

g-terminated surface. 
Bader charge analysis was carried out to verify the charge 

ransfer between adatoms and the top layer atoms, as shown 

n Fig. 12 . The charges of Mg atoms on the top layers of
l/Mn/Fe adsorption models are more than those in clean sur- 

ace and Mg adsorption case, and the charge of the adsorbed 

etallic atoms are changed for single and co-adsorption case. 
or the case of Mg and Al co-adsorption, the charge of ad- 
orbed Al gains 2.47 e, which is more than single Al ad- 
orption of 1.21 e. Besides, adatoms seem to have stronger 
nteraction with the surface atoms compared with single ad- 
orption case. It indicates that solute atoms adsorption pref- 
rentially would influence the bonding on the surface, then 

trengthen the stability of surface structure and affect the re- 
nement efficiency of heterogeneous nuclei. The calculated 

esults of Bader charge are consistent with the CDDs. 
The density of states (DOS) and corresponding partial den- 

ity of states (PDOS) were carried out to further explore the 
urface bonding after adsorption. Fig. 13 (a) indicates that bulk 

gO is an insulator with a band gap of 3.32 eV (much 

maller than the experimental gap of 6.36 eV due to the 
ell-known underestimation of GGA calculations). The sur- 

ace become metallic as the band gap disappears, mainly due 
o the charge residual from the Mg atoms on the surface for 
he unstable polarized surface. After single Al adsorption, the 
haracteristic of metallic is degraded. The resonance of PDOS 

ith different adsorbates is observed at around −20 ∼−15 eV 

nd −8 ∼8 eV Besides, it can be seen that the s electron 

f Al atoms are slightly hybridized with s/ p electron of Mg 

round −5 eV for single alloying elements adsorption and 

o-adsorption, which shows the formation of covalent bonds 
etween the adatoms and Mg atoms. Besides, the value of the 
DOS at Fermi level for Mn, Fe and Mg adsorption and co- 
dsorption in the Mg-terminated system are larger than clean 

urface and single element adsorption, reflecting the stronger 
etallic feature after Mg and Mn/Fe co-adsorption on sur- 

ace. In consequence, the bonding characteristic between the 
dsorbed metallic atoms and the surface Mg-layer atoms on 

he Mg-termination is mainly covalent bonds. 
There are significant differences in PDOS results of differ- 

nt adsorption slabs, demonstrating that there are some dis- 
repancies about the interaction between various adatoms and 

g atoms, and bond strength will be different for these atoms. 
12 
his indicates that adsorption of solute atoms will signifi- 
antly influence the surface properties of the grain refiners, 
onsequently influencing their inoculation performance in the 
nitial nucleation process, in line with the experiment results. 

.3. Analysis of grain refinement mechanism 

MgO was observed for in-situ oxidation inoculated pure 
g, Mg-3Al and AZ31 alloys, and is considered to be the 

eterogeneous nucleation sites in the present work. Accord- 
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Fig. 13. (a) Density of states (DOS) of MgO bulk and corresponding projected density of states (PDOS) of Mg, O atoms; (b)-(f) Total density of states and 
PDOS for single Mg, Al, Zn, Mn, Fe adsorption and (g)-(h) 1 ML Mg, Mg/Al, Mg/Mn, Mg/Fe co-adsorption on Mg-terminated MgO surface, respectively. 
Here, dashed lines denote the Fermi level. 
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Fig. 14. (a–c) The schematic diagram of initial nucleation progress of pure Mg, Mg-3Al and AZ31 alloys inoculated by in-situ MgO; (d) Adsorption process 
of MgO surface in Mg-3Al alloy. The orange dashed lines in (a)-(c) denote the molten Mg. 
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ng to the interdependence theory, constitutional supercooling 

CS) induced by solute elements offers an extra undercool- 
ng for heterogeneous substrates and plays an important role 
n connecting the nucleation and grain growth [23] . Actually, 
rowth restriction factor Q is a calculation for development 
ate of the constitutional zone [43] . The addition of solute el- 
ments with a larger Q value not only increase the restricting 

ffect for growth, but also create a stronger CS for stimu- 
ating heterogeneous nucleation, thereby increasing the grain 

efinement efficiency. However, we confirmed that AZ31 has a 
ower refinement ratio, though the Q value is larger than Mg- 
Al alloy. From the perspective of the nucleation and growth 

rocess, the initial nucleation is affected by the adsorption of 
olute elements. 

The schematic diagram of nucleation process for inocu- 
ated Mg-based alloys is shown in Fig. 14 . After being inoc- 
lated, MgO particles are formed in the melt. For the inocu- 
ated pure Mg, part of the particles can be the heterogeneous 
ites at the beginning of solidification. As for the Mg-3Al al- 
oy, the dissociative Al atom in the melt has a strong adsorp- 
ion capacity on MgO surface in the initial nucleation process. 
esides, it can be observed from Table 3 and Fig. 9 that the 
dsorption energy of Al is higher than Mg. For the com- 
ercial AZ31 alloy, the adsorption of Al and Mn will also 

ncrease the adsorption energy of Mg on MgO. These results 
uggest that Al is easier to adsorb on MgO surface than Mg. 
n the case of Al adsorption on Mg-terminated MgO (1 ̄1 1) 

urface, the energies of Mg adsorption increase from 1.65 eV 

o 2.10 eV and 1.65 eV to 2.14 eV for H1 and H2 sites,
espectively. The influence of increasing Al concentration on 

he calculation results of adsorption energy was considered 

o verified the accuracy. The co-adsorption energy was calcu- 
ated when the coverage of Al is 0.5 ML. The results showed 

hat with the coverage increases from 0.25 ML to 0.5 ML, 
14 
he co-adsorption energies on Mg-termination increase from 

.10 eV to 2.25 eV and 2.14 eV to 2.33 eV for H1 and H2
ites, respectively. It is still higher than 1 ML Mg adsorption 

ase. Since the experiment is in the Mg melt environment, 
he coverage of Al is not considered greater than 0.5 ML. 
hese results provide important evidence that Al promotes 

he adsorption of Mg on MgO surface, and Fe and Mn seem 

o have weakly favorable role on the adsorption of Mg. For 
n adsorption case, because the single adsorption energy is 

ower than Mg, it is difficult to determine the influence of Zn 

n the adsorption of Mg from the view of theoretical point. 
ccording to the experimental results, it is deduced that Zn 

ay be unfavorable to the adsorption of Mg on MgO surface, 
hich deserved further exploration. 
The above analysis implies that the grain refinement effi- 

iency of nucleating particles is related to the effect of solute 
toms on the adsorption of Mg to MgO particles surface, for 
l/Mn/Fe are positive. This means that Al adsorption on MgO 

ould significantly promote the nucleating of α-Mg and more 
articles available as nucleating sites, thus strengthen the abil- 
ty of MgO for acting as heterogeneous nucleation substrate 
o a great extent, as shown in Fig. 14 (d). The theoretical re- 
ults provide a powerful supporting for the experimental phe- 
omena that Al has a positive effect on the adsorption and 

ucleation of α-Mg grains on MgO particles, it is one of the 
easons that the refinement efficiency of Mg-3Al is higher 
han AZ31 alloy. 

. Conclusion 

Through a combination of experiments and first-principles 
alculations, the potent nucleant of pure Mg, Mg-3Al and 

Z31 alloys inoculated by in-situ oxidation process has been 

etermined. Adsorption energies, electronic structures and 
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onding of Mg and Al/Zn/Mn/Fe adsorption on MgO (1 ̄1 1) 

urface were studied. The conclusions are summarized as fol- 
owing: 

(1) MgO is proved to have a great grain refinement effect 
on pure Mg, Mg-3Al, and AZ31 alloys. The refining 

ratio of Mg-3Al is greater than AZ31 alloy, which is 
contradictory to the GRF theory. 

(2) Al is preferentially adsorbed on MgO surface than 

Mg and other solute atoms at Mg-termination 

and O-termination. Besides, the energies of Mg/X 

( X = Al/Mn/Fe) co-adsorption demonstrate that Al pro- 
motes the adsorption of Mg on MgO surface, Fe and 

Mn also have weakly favorable role on the adsorption 

of Mg. 
(3) The electronic structure and bonding characteristics of 

the adsorption structure show that polar covalent bonds 
are formed between adatoms and top layers atoms, 
which will influence the structure and performance of 
the nuclei. 

(4) The adsorption energy of Mg on MgO surface will 
change significantly after solute atoms adsorption. It 
concludes that solute atoms adsorb on MgO surface will 
affect the subsequent stacking and growth of α-Mg on 

MgO. Therefore, the addition of solute atoms will influ- 
ence the grain refining efficiency of primary Mg grains 
by oxide inoculation. 
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