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1. Introduction

The traditional wisdom for grain refiners is by selecting the most potent solid particles (i.e. having the
least misfit between the substrate and the metal) [1,2]. A good example is the Mg-Zr grain refiner for
Mg and Mg-alloys. Zr is iso-structural to Mg with a small lattice misfit (-0.7 % at room temperature)
[3]. The melting temperature of Zr is 1855°C (2128 K), notably higher than that of Mg (649°C).
Interestingly, Zr is chemically repulsive to Mg with a heat of mixing +6 kJ/mol, and there forms no
Zr-Mg intermetallic compound [3,4]. Zr particles have been considered to be good for heterogeneous
nucleation of Mg through structural templating according to the epitaxial nucleation model [5].
Recently, it was also suggested that the most effective grain refinement can be achieved by the least
potent particles (ie. having largest misfit) if no other more potent particles of significance exist in the
melt [6]. The role of MgO in heterogeneous nucleation of Mg can be a good demonstration of this
theory [6].

Magnesia (MgO) forms readily in liquid Mg and Mg-alloys due to the high affinity between O
and Mg. It has a NaCl-type structure and is a typical ionic crystal. The stable surface of the ionic
crystals is MX{001} which contains equal numbers of M™ and X™. Therefore, MX{001} contains no
net charges (i.e., non-polar). The flat MgO{001} in liquid Mg provides a good case of the ‘hard wall
effect [7]. While, a cleavage of MX{111} produces two smooth surfaces with the M- or X-termination,
which contains net charges (polar). The polar surfaces are unstable under ambient condition, but can
be stabilized by defects, e.g. M or X domains [8-10]. However, the situation can be different for the
MX in a (liquid) metal environment. The free electrons of metals diminish the polar effect and
stabilize the surfaces, such as the case of MgO{111} in Mg. MgOf{111} has a 2D hexagonal lattice, the
similar to that of the dense Mg{0001} plane. However, the misfit between MgO{111} and Mg{0001} is
large (8.19 % at 650°C). The L-Mg/MgO({l11} system provides us with a good opportunity to
investigate the structural effect on atomic ordering of liquid Mg adjacent to a liquid/substrate
interface [6].

There have been both experimental and theoretical efforts to obtain insight into the nucleation of
Mg during solidification of Mg-alloy melts [11-16]. Experiments showed that a small amount of Zr
addition could dramatically reduce the grain size of Mg alloys [11]. High-resolution electron
microscopy (HRTEM) observations provided a simple orientation relation between the substrate
and metal, {0001}[11-20]Mg//{0001}[11-20] Zr [11]. HRTEM was also employed to study the as-cast
Mg alloys. Both octahedral (denoted as MgO{111}) and cubic MgO (denoted as MgO{001}) were
observed in Mg melts [12-14]. The observations produced orientation relations (OR) between the
MgO substrates and the 0-Mg [12-14]. Meanwhile, the orientation relations between Mg and
MgO{001} are rather complex [12-14]. First-principles approaches were used to investigate but
mainly the wetting and adhesion for different crystal orientations between solid Mg and MgO [15-
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17]. Xu et al. reported that the effects of interfacial energy and epitaxial strain on interfacial crystal
orientations [16]. First-principles study on Mg{0001}/MgO{111} interfaces suggested that the Mg-
terminated {111} surface is more stable than the corresponding O-terminated one [17]. To understand
structural effect on both prenucleation and nucleation at atomic level, Men and Fan performed
atomistic MD simulations on the atomic arrangements of a liquid metal adjacent a substrate of
different misfits in a systematic way. The simulations showed that structural effect is strong on the
atomic in-plane ordering but weak on the atomic layering for liquid metals adjacent to the substrates.
A substrate of a smaller misfit provides better structural templating for heterogeneous nucleation
[18-20], in agreement with the epitaxial nucleation model [5]. Recently we investigated the chemical
effect of substrates on the atomic arrangements in the liquid adjacent to the surface of a potent
substrate and found that a chemically affinitive substrate enhances prenucleation whereas a
chemically repulsive substrate weakens it [21]. Therefore, the L-Mg/Zr{0001} with a large repulsive
nature to the liquid is of special interest.

In this paper, we investigate the atomic arrangements of liquid Mg adjacent to three typical
substrates through a comparative approach: i) liquid Mg on the potent, but chemically repulsive
Zr{0001} substrate; ii) liquid Mg on the polar MgO{l111} substrate; and iii) liquid Mg on a non-polar
MgO{001} substrate using a parameter-free ab initio MD technique. Our simulations show a general
trend of prenucleation phenomena of Mg liquid on the three typical substrates. The geometries of the
substrate surfaces have been analysed. The obtained information is not only helpful to understand
solidification of Mg, but also to get some insight into heterogeneous nucleation processes in general.

2. Ab initio approach

A hexagonal supercell with a = Say, (ay, = (v'2/2)d,, and a, (= 4.213 A [22]) is the lattice parameter of
MgO) was built for the L-Mg/MgO{111} systems. The substrate is composed of four O layers and
three Mg layers (O-terminated) or five Mg layers (Mg-terminated). The length of the c-axis is set to
be in accordance to the density of liquid Mg [23]. In this way the hexagonal supercell has a,. = 14.895
Aand ¢, - 64.624 A, which contains 525 atoms (425 Mg and 100 O) for the [-Mg/MgO{l11} systems.
A tetragonal supercell (a = 4a, = 16.852 A and ¢ = 35.052 A) was built for the L-Mg/MgO{001} system.
This supercell contains 320 Mg as liquid, and 96 MgO as the substrate. For the L-Mg/Zr{0001}
system we built a hexagonal supercell with a = 5d,=16.289 A and ¢ = 58141 A, where a, (= 3.2578 A) is
slightly larger than the room temperature value (3.232 A) [3], considering the temperature effect
[23,24]. This cell contains 100 Zr and 450 Mg atoms.

We employed the first-principles code VASP (Vienna Ab initio Simulation Package) [25,26]
which uses the ab initio density functional theory (DFT) within the projector-augmented wave
(PAW) framework [27,28]. The exchange and correlation terms were described using the generalized
gradient approximation (GGA-PBE) [29]. The cut-off energies for the wave functions and for the
augmentation functions were 550.0 eV and 700.0 eV, respectively. The electronic wave functions
were sampled on dense grids, e.g. a 24x24x24 k-mesh (365 k-points) in the irreducible Brillouin zone
(BZ) for the conventional cell of MgO, using the Monkhorst and Pack method [30]. For ab initio MD
of the large cells, we employed a cut-of energy of 240 eV and I'-point in the BZs.

The liquid Mg part of the samples was generated by equilibrating for about 10 ps at 3000 K. Then
the liquid slowly annealed to the designed temperature in order to eliminate defects created at high
temperature. The obtained liquid Mg was inserted onto the substrates. Then the obtained samples
were heated at the designed temperature for about 10 ps. It is well-known that for systems
containing liquids, a meaningful statistical analysis cannot be drawn from a single model, and
conclusions based on limited configuration-sampling might be misleading [21, 31]. In the present
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study we used several different inputs and employed the time-averaged method and took sampling
with over several ps (2000 to 3000 steps). Tests for different inputs confirmed the availability of this
approach. All substrate and liquid atoms were fully relaxed during the simulations.

3. Results

First we address the L-Mg/MgO({111} interfaces from different inputs, that is liquid Mg on an O-
terminated and on an Mg-terminated MgO({111} substrate (Figure 1). During the MD simulations, we
observed that on the O-terminated MgOf111} substrate the liquid Mg atoms adjacent to the substrate
were moving quickly and approaching to terminating O (Figure 1b). Then an Mg layer was formed as
the new terminating layer of the substrate. This movement is companied by the movement of other
Mg atoms, gradually forming layers of Mg on the substrate. This process happens in a rather short
time (0.1 to 0.3 ps). Careful analysis showed that there are holes at the newly formed Mg layer with a
smaller number of Mg atoms as compared with that of the corresponding O atoms. For L-
Mg/MgOf111}-system during the MD simulations some terminating Mg atoms/ions were gradually
moving away and joining the liquid (Figure la). As a result, the terminating Mg layer contains holes,
as well. Analysis showed that after certain period (1 ps) there is no notable difference for the
simulated systems from the two inputs. The newly formed Mg layer terminates the MgOfl11}
substrate and behaves as templating for the adjacent liquid Mg atoms.
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Figure 1: The formation of 2D structure at the MgO{111} substrate in liquid Mg with (a) the input being Mg-
terminated substrate, L-Mg/MgO{111}; and (b) the input being O-terminated substrate, L-Mg/MgO{111}o. The
orange spheres represent Mg and dark blue for O.
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Now we discuss the atomic arrangements of liquid Mg adjacent to the three types of substrates
simulated at 1000K. Figure 2 shows snapshots for the liquid Mg on the MgO{001} (Fig. 2b) and the
MgO{111} (Fig. 2¢) substrates, as well as on the Zr{0001} (Fig. 2a) for the purpose of comparison.

From Figure 2 we can observe the following phenomena: i) on the potent substrate Zr{0001}, the
Mg atoms exhibit clear layering (three distinct Mg layers, Figure 2a). This is similar to that of the L-
Al/S-Cd system [21]. This is understandable because both L-Mg/Zr{0001} and L-Al/Cd{0001} systems
have a chemical repulsive nature; the heat of mixing for the Mg/Zr system is +6 kJ/mol and that for
the Al/Cd system is +3.0 kJ/mol [3]), the difference in chemical repulsion results in a larger interlayer
Mg-Zr spacing than the Al-Cd spacing; and larger interlay spacing weakens atomic layering [21].
Meanwhile, the larger interlay spacing for Mg{000} layers (dyigo00y-2-61 A) as compared with that of
ALY (dagpuy=2.34 A) indicates larger separation of the liquid layers. This compensates the reduction
of layering due to the stronger repulsive nature of the L-Mg/r{0001} interface system. Figure 2 also
shows that in the first layers adjacent to substrate these Mg atoms have little tendency to change
their atomic positions with their neighbours, suggesting a reduced atomic mobility; ii) For the L-
Mg/MgO({l11} system of a large misfit, the substrate is terminated by a Mg layer which contains
defects. Some of the terminating Mg atoms are also out of the plane, causing certain degree of
roughness (Figure 2¢). There is but only one or two well identifiable layer(s) for liquid Mg near the
substrate. These Mg atoms in the layer(s) show position changes with each other and are mainly of
liquid nature; iii) There is a distinct separation between the liquid Mg atoms and the MgO{001}.
However, the liquid Mg atoms adjacent to the substrate show no clear layering phenomenon (Figure

2b).
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Figure 2: Snapshots for the liquid Mg atoms on: (a) Zr{0001}, (b) MgO{001} and (c) MgO{l111} substrates
simulated at 1000 K. The black spheres represent O, orange Mg and green for Zr.

The density profile of liquid perpendicular to a substrate surface, p(z) provides a quantitative
description of the atomic layering phenomenon [18-21]. We analysed the density profiles for the time
averaged atomic configurations of the simulated systems for over 3 ps. The density profiles p(z) and
related peak heights were plotted in Figure 3.

Resultant density profiles confirmed our first impressions about the layering phenomenon in
Figure 2. For the L-Mg/Zr{0001} system, though the peak-height of the outmost layer of Zr substrate

44



is rather low (0.44 A?), there are 6 liquid Mg peaks (Figure 3a). The first three Mg layers are sharp
and have peak heights close to that of the solid Zr. The peak heights of the liquid Mg layers decrease
with increasing distance away from the in the interface. For the L-Mg/MgO({111} system, there are
only 3 Mg layers can be recognized. The peak heights are notably lowered than those of the L-
Mg/Zr{0001} system though the peaks of the substrates have high values. For the L-Mg/MgO{001}
system, the MgO{001} substrate doesn’t promote the atomic layering of the liquid Mg. There are only
two recognizable Mg peaks with low peak heights (Figure 3a). The interlayer spacing between the
first Mg peak and second Mg peak in the L-Mg/MgO{001} system is the same as that of the L-
Mg/MgOfl111} system. A close look at the first liquid Mg peak of the L-Mg/MgO{001} system reveals
that this Mg peak is asymmetrical as compared with that of the L-Mg/MgO{111} system. The 1** Mg
peak in Figure 3a (top) extends notably more to the liquid side.

The atomic ordering of the Mg atoms in the layers adjacent to the substrates (in-plane ordering)
is a good indicator for structural templating [18-21]. Here we analyse the overall behaviour of the Mg
atoms in the first layers adjacent to the substrates. Figures 4 and 5 show the time-averaged atomic
configurations of the outmost layer of substrates and the liquid Mg atomic layers adjacent to the
interface; and corresponding in-plane ordering parameter, S(z).
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Figure 3: Atomic density profile, p(z) (left) and the peak heights of the liquid Mg (right) at 1000 K. The vetical
dotted line (a) and filled line (b) are used to indicate the last peak of the substrates.

Figure 4 provides a direct picture about the atomic arrangement in the liquid adjacent to the
substrates. The Mg atoms at the first three layers adjacent to the Zr{0001} substrate show localized
atomic movements, in other words, they are more solid like. The Mg atoms in the fourth layer and
beyond have higher atomic mobility suggesting they are more liquid like (Figure 4a). For the L-
Mg/MgOf111} system, the outmost O atoms exhibit a well ordered solid structure. The first Mg layer
also show solid-like behaviour and should be treated as the new terminating surface of the MgO{111}
substrate. Interestingly this new terminating Mg layer contains significant amount vacancies at some
lattice sites in addition to the fact that the terminating Mg atoms/ions also show roughness as some
Mg atoms being off the plane (Figure 2c¢). As a consequence, the Mg atoms in the second layer are
almost liquid like (Figure 4b). The Mg atoms in the first layer adjacent to the flat MgO{001} substrate
exhibit no ordering and are also liquid-like (Figure 4c).
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Figure 4: The time-averaged atomic configurations of the outmost layer of the substrate and the first few liquid
Mg layers on the substrates at 1000 K: a) for L-Mg/Zr{0001}; and b) L-Mg/MgO{111} and ¢) L-Mg/MgO{001}
systems.

The in-plane ordering coefficients for the integrated configurations of the L-Mg/Zr{0001} and L-
Mg/Mg{111} systems are shown in Figure 5. The analysis showed that in-plane ordering coefficients of
the atoms in the MgO(fl11} substrate are notably higher than those in the Zr substrates. This is
consistent with their melting points (T, = 1855 °C for Zr vs. T, = 2852 °C for MgO). However, S(z)
values of the Mg in the liquid adjacent to the substrate behave in a different way: S(z) = 0.42 for the
first Mg layer on the Zr{0001} substrate. It decreases with the distance away from the interface, and
approaching zero at the fifth layer, whereas S(z) is almost zero for the first Mg layer on MgO({111}
substrate. Analysis also showed that S(z)=0 for the first Mg layer on the flat MgO{001} substrate.
Analysis also showed the peak density of Mg atoms in the first liquid Mg layer is about 0.105 A,
which is close to that on the L-Mg on MgOf{l11} substrate.
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Figure 5: Left: In-plane order coefficients, S(z) for liquid Mg on the Zr{0001} substrate and on the MgO{111}
substrate. The dotted vertical blue line indicates the border between substrate and liquid Mg. Right: The
calculated charges at the atomic sites in the L-Mg/Zr{0001}, L-Mg/MgO{001} and L-Mg/MgO{111} systems.
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Charge transfer is helpful to understand the interfacial interaction [21]. Figure 5b shows the
charges at the atomic sites for the discussed systems using the Bader model [32] implanted in the
code [33]. There is a little charge transfer (0.02¢/Mg) from interfacial Mg to Zr, in consistence with
their electronegativity (1.31 for Mg and 1.33 for Zr in Pauling scale). All O in MgO substrates have the
same charge (-1.3¢) and Mg in the substrates are positively charges with a loss of 1.3e/Mg. This agrees
with the large electronegativity difference between Mg(1.31) and O (3.44). Figure 5b also shows that
the terminating Mg ions to MgO{111} substrate are less charged (about +0.6e/Mg on average) as
compared with those in the substrate. The Mg atoms at the first liquid layer (i.c., the 2° Mg layer in
Fig. 4b) on the MgO{111} substrate are electronically neutral. Interestingly, the Mg ions at the
outmost of the MgO{001} substrate are less charged as compared to those in the substrate. The liquid
Mg atoms adjacent to the substrate lose some electrons. This means that charge transfer occurs from
the liquid Mg to the substrate.

Here we try to analyze the geometry of the MgO{001} surface in liquid Mg in detail. To provide
more direct details about charges at the Mg metallic in liquid, Mg** and O* ions in the substrates, the
iso-surfaces of electron density distribution of the L-Mg/MgO{001} is shown in Figure 6a.

Figure 6a confirms the ionic model of the substrate: the electron densities around the O** ions
(the dark blue spheres) are very high. There are no notable electron clouds around the Mg ions in the
substrate, whereas the electron clouds are clearly seen in the liquid Mg part. The latter corresponds
to the free-electron behaviour of the alkaline metals. These results are consistent with the Bader
charge analysis (Figure 5b). These results indicate that the MgO{001} surface is dominated by the
large O” ions.

Figure 6b shows a snapshot of the atomic arrangements at the surface layer of MgO{001}
substrate in liquid Mg. The ions are well ordered in this plane, in agreement with the integrated
configurations in Figure 4c. Meanwhile, a close look at snapshot of the atomic arrangements
including their heights perpendicular to the substrate reveals that the Mg and O ions in the surface
plane have a broad variety of heights to the liquid Al (Figure 6c). Analysis showed that the
differences in height of the ions can be as large as 0.5 A. Figure 6d displays the statistics of the atomic
heights of two close Mg (top) and two O (bottom) ions in the surface plane of the MgO{001}
substrate on time. This figure provides that at a given moment, each ion in the surface plane displaces
from its ideal position, or different heights of the surface ions at the MgO{001} surface. Therefore, the
MgO{001} surface atomically rough when it is in contact with liquid Mg melts at high temperature.
This can be understood that the surface ions have one less neighbours in the direction to the liquid as
compared to those of bulk ones. This enhances displacements of the surface ions from their ideal
positions at high temperature [4]. Furthermore, there is interaction between the 0>, Mg”" ions at the
substrate with the liquid free-electron Mg atoms in liquid. Such interaction will cause the ions at the
substrate surface displace more into the liquid. This atomic roughness of the MgO{001} substrate
surface will further deteriorate the atomic layering and in-plane ordering of the liquid adjacent to the
interface at the prenucleation stage, beyond the effect of large lattice mismatch.
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Figure 6: a) the iso-surfaces of electron density distribution; (b) atomic arrangements of the surface layer of the
MgO{001} substrate; ¢) a close view of the atomic positions of the surface, a snapshot of the MgO{001} surface
layer of the L-Mg/MgO{001} system; and d) variations of the ionic positions along the z-axis for two nearby
surface O”* and two Mg™ ions on the substrate with time for the L-Mg/MgO{001}. In Figure 5a, the yellow spheres
represent the iso-surfaces (p(r)=0.017 ¢/A%), the blue regions indicates higher electron density and the white for
lower, whereas the red regions for the core of O ions.

4. Summary

In the present study we addressed the effect of substrate on prenucleation in the liquid adjacent to
the liquid/substrate interface, including nucleation potency, chemical nature of the substrate, and
interfacial bonding.

a) Zr{0001} is a good example of potent substrates and provides a good structural templating for
prenucleation, in spite of its strong repulsive nature. The liquid atoms adjacent to the
liquid/substrate interface exhibit clear layering and in-plane ordering. Such pronounced atomic
ordering indicates smaller driving force for heterogeneous nucleation according to the epitaxial
nucleation model [5]. This agrees with the experimental observations that Zr is an effective grain
refiner [12-14]. This results also confirms that the chemical effect on prenucleation is secondary to the
structural/geometric factor [21].
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b) The misfit between Mg{0001} and MgOf1l1} is large (8.19 %). The simulations showed
formation of an Mg layer which terminates the substrate. This Mg layer contains both 2 dimensional
defects and roughness. As a consequence, the liquid Mg atoms adjacent to the L-Mg/MgOfl11}
interface only have a moderate layering and little in-plane ordering, suggesting that MgO{111} is not
effective for structural templating. Nucleation on the MgO{111} substrate requires large driving forces
(large undercooling).

¢) MgO{001} surface is non-polar, which indicates weak interaction between metal and the
substrate. The liquid Mg atoms adjacent to the substrate tend to form some layer but no in-plane
atomic ordering. Our analysis showed that MgO{001} surface is atomically rough. The combination of
a large lattice mismatch and atomic roughness weakens structural templating for prenucleation by
the MgO{001} substrates.

The overall order series (from good to bad) for the prenucleation phenomenon is: L-
Mg/Zr{0001}»>L-Mg/MgO{111p(L-Mg/MgO{001}. However, if the liquid contains no other more
potent substrates, MgO particles dispersed by intensive melt shearing can be utilised for more
effective grain refinement [6]. When the driving force is large enough, heterogeneous nucleation and
grain initiation occur simultaneously and triggers an immediate recalescence. In this way MgO, can
be an very effective grain refiner [6,13,14].
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