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Abstract: Liquid layering, which is a general phenomenon adjacent to the solid substrates, is less
understood for its role in heterogeneous nucleation. In this work, the structural features and dynamics
of the liquid Al layers induced by the (0001) sapphire and the (0001) TiB2 substrates, respectively,
are quantitatively compared based on the ab initio molecular dynamics simulations. An almost
fully ordered liquid Al layer is observed adjacent to the TiB2 substrate above the Al melting point,
while the liquid layers near the sapphire substrate are weakly ordered with virtually no in-plane
translational symmetry. Further liquid layering is facilitated by the ordered liquid layer near the
TiB2 substrate, while impeded by the low in-plane ordering of the liquid layers near the sapphire
substrate, resulting in different nucleation behaviors for the two systems. The difference in the liquid
layering is caused, in part, by the lower adsorption strength at the sapphire–liquid Al interface
than that at the TiB2–liquid Al interface. Additionally, the compressive stress imposed on the liquid
layers seriously hinders the sapphire-induced liquid layering. We conclude from this work that the
interfacial adsorption strength and mismatch alter the heterogeneous nucleation by influencing the
features of the substrate-induced liquid layering.

Keywords: solid-liquid interface; grain refinement; heterogeneous nucleation; liquid metals; ab initio
molecular dynamics

1. Introduction

The ordered structures in liquid metals play a critical role in influencing wetting and nucleation
behaviors [1,2]. These ordered structures may manifest as clusters with unique symmetry (such as
the well-assumed icosahedral structure [3]) or quasi-layers [4–9]. The former mainly occur in the
systems absence of inoculation [3] and the latter have frequently been observed near the atomically
smooth surfaces [10–13]. In this work, we focus on the substrate-induced liquid layers, which have
been extensively studied in the field of lubrication, epitaxial growth, superhydrophobic materials [6],
energy-storage materials [8,14], etc. Apart from the aforementioned applications, the liquid layers have
also been interpreted as pre-nucleation structures [15,16], which can enhance or weaken the nucleation
process [7,17] and dictate their structural features. A further understanding of the substrate-induced
liquid layers, in particular the in-plane atomic arrangement, can provide new insights into the
heterogeneous nucleation mechanisms [17], and is also beneficial to many industrial applications,
such as the design of nucleating agents [18].

Heterogeneous nucleation is a central issue in analyzing grain refinement mechanisms. After the
well-accepted classical nucleation theory (CNT) was challenged by the fact that the contact angle
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θ (between nucleus and substrate) becomes unrealistic when it is less than 20◦ [19,20], a new
adsorption-based heterogeneous model was proposed by Greer et al. [21]. This model was established
based on the heterogeneous nucleation behaviors of liquid Al on the (0001) surface of TiB2 substrates,
and underlined the precursor role of the substrate-induced liquid layers in triggering the heterogeneous
nucleation. The liquid layers at the (0001) TiB2–liquid Al interface could be Al3Ti [22], which eliminates
the lattice mismatch f at interface and thus improves the wettability and nucleant potency. The high
nucleant potency of the TiB2 substrate with respect to liquid Al makes it an ideal industrial grain
refiner for Al alloys [18,23]. On the contrary, the wettability of liquid Al with regard to the sapphire
(α-Al2O3) substrate is much poorer, with nucleation undercooling reaching as high as 175K [17].
However, it is interesting to find that substrates with poor nucleant potency can also induce liquid
layers at the solid/liquid (S/L) interface, such as the liquid Al layers that emerged at the (0001)
sapphire surface [10]. These findings demonstrate that the appearance of liquid layers could be a
general phenomenon when liquid metals are in contact with atomically smooth surfaces, and that
the structural characteristics of the liquid layers are the factors that determine the wettability and
nucleant potency of the substrates. Obviously, the free growth model mentioned above is not suited
to the systems with poor nucleant substrates [24,25]. Thus, the heterogeneous nucleation of systems
with potent and poor nucleant substrates may show different features, which are presumably related
to the structure of the substrate-induced liquid layers. Accordingly, it is imperative and desirable to
compare the liquid layers induced by potent and poor nucleant substrates, respectively, and to unveil
the influence of the liquid layers on heterogeneous nucleation.

As two typical nucleant substrates of liquid Al, sapphire (poor nucleant substrate) and TiB2

(potent nucleant substrate) substrates have received much attention [22,26–29]. Liquid layering at the
(0001) sapphire-liquid Al interface was first directly observed in experiments by Oh et al. [10] in 2005.
Their results suggest that the (0001) sapphire-induced liquid layering occurs above the Al melting
point and extends about three layers into the bulk liquid Al. Recently, using aberration-corrected
high-resolution transmission electron microscopy (HRTEM), Gandman et al. [9] found that, apart from
the (0001) surface of sapphire, liquid Al layering also occurred adjacent to (1210), (1012), and (1014)
sapphire surfaces, with a decreasing degree of order according to the above order. As for the TiB2

substrate, to our knowledge, no experimental work has been reported to observe the TiB2–Al S/L
interface directly. Instead, the solid/solid (S/S) interface of TiB2 and Al has been extensively studied
using HRTEM by Fan et al. [22] They observed a monolayer of adsorbed atoms near the (0001) TiB2

substrate, which can be regarded as a sign of TiB2-induced liquid layering.
Because of the difficulty in characterizing the S/L interfaces at the atomic scale, simulations

become necessary and imperative to gain further insight into the S/L interfacial structures. Molecular
dynamics (MD) [30,31], phase-field-crystal (PFC) [32,33], ab initio molecular dynamics (AIMD) [12–14,
34–37], etc., are the popular methods used to simulate the atomic arrangement at the S/L interfaces.
Compared with the other methods, AIMD obtains the interatomic potential directly from the electronic
interaction, without introducing any empirical parameters. Thus, this method is appropriate to deal
with the problems related to the interfaces, where the interatomic forces are more complicated than
those with the bulk materials. The AIMD method has been extensively applied to characterize the
structures of liquid metals [34–37], and recently has been successfully used to probe the liquid layers
adjacent to the solid substrates. Wang et al. [12] used the AIMD method to characterize the features of
liquid Al layering induced by the (0001) TiB2 surface. In their simulation, approximately three liquid Al
layers with considerable in-plane ordering formed within 3 ps. Further AIMD study by Zhang et al. [13]
suggests these liquid layers to be a rhombohedral-centered hexagonal structure aligning with the TiB2

substrate. For the sapphire–liquid Al interface, Kang et al. performed AIMD simulations to characterize
the stratified structures of the liquid Al near the (0001) sapphire surface. Their results reproduced the
liquid Al layers reported in Oh’s experiments, and demonstrated the formation mechanism of the
transitionary interfacial structures from the perspective of thermodynamics. Although liquid layering
is observed near both the (0001) sapphire and (0001) TiB2 substrates, to our knowledge, no work
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compares the structural or kinetic features between the liquid layers induced by these two substrates.
However, such comparisons, as demonstrated above, are of great significance in further understanding
the relationship between the substrate-induced liquid layers and heterogeneous nucleation.

In this work, AIMD simulations are performed to study the substrate-induced liquid layers at
the S/L interfaces of (0001) sapphire–Al and (0001) TiB2–Al. The structural features and dynamical
properties of the liquid layers in these two systems are compared quantitatively. From the simulation
results, it can be concluded that the competition between the adsorption strength and the interfacial
lattice mismatch determines the final features of the substrate-induced liquid layers, which then
significantly influence the heterogeneous nucleation behavior.

2. Materials and Methods

All of the calculations in this work were performed using the Vienna ab initio simulation package
(VASP) [38,39]. The interaction of the valence electrons with the ionic cores was treated using the
projected-augmented waves (PAW) [40,41]. The exchange-correlation energy was described by the
Perdew–Burke–Ernzerhof functional within the generalized gradient approximation (GGA-PBE) [42].
The plane wave energy cutoff was set to 400 eV and 320 eV for the sapphire–Al and TiB2–Al systems,
respectively. The ground state charge density was obtained using the Gaussian smearing method, and
the smearing width was set at 0.01 eV for all of the simulation systems.

The initial S/L interfacial models for the simulations were prepared using the method proposed
by Wang et al. [12]. In the first step, the solid substrates were fully relaxed, until the residual forces fell
below 0.01 eV/Å; meanwhile, liquid Al was prepared by melting the solid Al (15× 15× 15 supercell)
in Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [43] using the embedded
atom model (EAM) potential [44]. In the second step, a region matching the substrate was selected
in the bulk liquid Al obtained from the last step, and then the selected liquid Al was re-equilibrated
by continuing the molecular dynamics for 1 ps to eliminate the influence of the imposed periodic
boundary condition when the surrounding atoms were removed. Finally, the re-equilibrated liquid
Al was combined with the substrate. For the (0001) sapphire–liquid Al system, an Al-terminated
3× 3 sapphire substrate in 15 atomic layers (225 atoms) was combined with a liquid region with
192 Al atoms. A vacuum slab with a thickness of 15 Å was inserted above the liquid Al region to
eliminate the influence of volume change caused by the liquid layering. For the (0001) TiB2–liquid Al
system, the Ti-terminated TiB2 was used as this termination has been shown to be more stable than the
B-termination [28,29]. A 4× 4 TiB2 in seven atomic layers (176 atoms) was combined with a liquid Al
region and a 15 Å-thick vacuum slab. Both of the two interfaces built above were oriented normally to
the z-axis.

The canonical (NVT) ensemble was employed to evolve the S/L interfaces built above. The time
step was set at 1.0 fs for both of the two systems. The Nosé thermostat method was used to keep
the system temperature around 950 K, which is just above the Al melting point from the previous
AIMD calculations [45,46]. The Brillouin zone was sampled with only the Γ point, which is accurate
enough for the systems used in our simulation. The evolution of the S/L interfaces continued for 6 ps
(6000 ionic steps), during which the following parameters were calculated to quantify the structural
features and the dynamics of the substrate-induced liquid layering.

• Atomic density profile along the z direction ρ(z), as follows:

ρ(z) =
< nz >

Axy∆z
(1)

where nz is the number of atoms in a bin between z− ∆z/2 and z + ∆z/2; < · > denotes the
ensemble average, which was calculated by the time average in our simulations; Axy∆z is the
volume of a bin with Axy being its cross-sectional area and ∆z being the width. This parameter is
used to analyze the out-of-plane features of the substrate-induced liquid layers.
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• Orientational order parameter qn [47], as follows:

qn(z) =

< ∑
i,j,k

cos[nθxy(i, j, k)] >

Nz
(2)

where i, j, and k are three atoms in a bin between z− ∆z/2 and z + ∆z/2; atom j and k are the
nearest neighbors of atom i; θxy(i,j,k) denotes the xy-plane-projected angle between ij and ik; Nz is
the average number of cos [·] added in one time step; n is an integer; and we used n = 6 in this work
as q6 has been shown to clearly distinguish a close-packed layer from a disordered region [48].

• Two-dimensional (2D) structure factor s(
→
q ) [49,50], as follows:

s(
→
q ) =

1
N

<
N

∑
i

N

∑
j

e−i
→
q ·(→r i−

→
r j) >=

1
N

<

∣∣∣∣∣ N

∑
i

cos(
→
q ·→r i)

∣∣∣∣∣
2

+

∣∣∣∣∣ N

∑
i

sin(
→
q ·→r j)

∣∣∣∣∣
2

> (3)

→
q is the scattering vector, which is a vector in the reciprocal space; N is the number of atoms in
a bin from z− ∆z/2 to z + ∆z/2; and

→
ri denotes the position of atom i. In this work, s

(→
q
)

was
calculated within the substrate-induced liquid layers to show the in-plane structural features.

• Diffusion coefficient D(z), as follows:

D(z) =
1

2M
MSD =

1
2M

d
dt

<
∣∣∣→r i(t + t0)−

→
r i(t0)

∣∣∣2 > (4)

In this formula, M is the degree of freedom;
→
ri (t) denotes the position of atom i at the moment t.

When calculating the mean square displacement (MSD) in our work, in addition to averaging over
the atoms in a bin, 1000 different start times t0 separated by 1 fs were also averaged. For one bin,
the in-plane and out-of-plane diffusion coefficients, Dxy and Dz, were calculated, respectively.

3. Results

3.1. Structural Features and Dynamical Properties of the Liquid Al Layers Induced by Sapphire and TiB2

In this section, the structural (including the out-of-plane and in-plane) features and the dynamical
properties of the liquid Al layers induced by the (0001) sapphire substrate and the (0001) TiB2 substrate,
respectively, are compared.

3.1.1. Out-Of-Plane Ordering

The initial and evolved (at 6 ps) interfacial structures of the (0001) sapphire–liquid Al and (0001)
TiB2–liquid Al systems are exhibited in Figure 1. The liquid Al layers can be observed in the vicinity of
the solid substrates in both of the two evolved interfacial structures. The liquid Al layering induced
by the two substrates is more clearly depicted in Figure 2 by the atomic density profiles along the
z-direction, where z = 0 is set to be the average position of the first liquid layers (LL1-sapphire and
LL1-TiB2, in Figure 1) in both of the two systems. From Figure 2, it can be clearly found that the
(0001) sapphire–liquid Al interface is characterized by a double-peak sapphire surface (boxed in
blue) with two liquid Al layers adjacent to it. And interestingly, such features are consistent with the
results from our surface X-ray diffraction experiments [51]. The coincidence between the simulation
and experimental results confirms the capability of the AIMD method in faithfully reproducing the
substrate-induced liquid layering and validates the simulation models used in this work.
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Figure 1. Initial (the left column) and evolved (the right column) solid/liquid (S/L) interfacial structure
of (a) (0001) sapphire–liquid Al and (b) (0001) TiB2–liquid Al systems. (Al: gray spheres; O: red spheres;
Ti: green spheres; B: blue spheres).

To quantitatively compare the out-of-plane ordering of the substrate-induced liquid layers in
different systems, two parameters, layer deviation δ and layer density peaks ρmax, are used (as shown
in Table 1). The layer deviation δ quantifies the standard deviation of the atomic z coordinates within a
liquid layer; a smaller δ means a higher degree of out-of-plane ordering. The layer density peaks ρmax

are the atomic density peaks of the liquid layers, as shown in Figure 2, and a large ρmax is expected for a
liquid layer with a high degree of out-of-plane ordering. From Table 1, we can find that layer deviation
δ of the (0001) TiB2-induced liquid layers (LL1-TiB2 and LL2-TiB2) presents smaller values than those
of the corresponding (0001) sapphire-induced liquid layers (LL1-sapphire, LL2-sapphire). While,
for the layer density peaks ρmax, the above trend is the opposite. These comparisons demonstrate that
the TiB2 substrate can render more ordered liquid layers in terms of out-of-plane ordering than the
sapphire substrate. Moreover, the δ and ρmax of the LL1-sapphire, the most ordered liquid layer near
the sapphire substrate, are close to those of the LL3-TiB2, which is the least ordered liquid layer near the
TiB2 substrate. This quantitative comparison illustrates again that the degree of out-of-plane ordering
of the (0001) TiB2-induced liquid Al layers is much higher than that of the (0001) sapphire-induced
liquid layers.
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Figure 2. Atomic density profiles (averaged from 3–6 ps) along the z-direction of the (0001)
sapphire–liquid Al and the (0001) TiB2–liquid Al interfaces. The first liquid layers (LL1) of these
two systems are aligned to z = 0.

Table 1. Main results showing the out-of-plane and in-plane structural features of the substrate-induced
liquid layers.

Interfacial Systems
Out-of-Plane Structural Features In-Plane Structural Features

d 1 (Å) ffi (Å) æmax (Å−3) In-Plane CN q6

Sapphire–liquid Al LL1 2.19 0.47 0.14 4.45 0.25
LL2 2.30 0.62 0.08 3.94 0.14

TiB2–liquid Al
LL1 2.22 0.15 0.34 5.56 0.68
LL2 2.33 0.31 0.18 4.74 0.42
LL3 2.40 0.49 0.09 3.77 0.31

1 For the first liquid layers (LL1), d is the distance from S0 to LL1; for the second liquid layers (LL2), d is the distance
from LL1 to LL2; for the third liquid layers (LL3), d is the distance from LL2 to LL3. CN—coordination number.

As another important parameter to describe the out-of-plane structural features, the interlayer
distances d between the consecutive liquid layers are also calculated, as shown in Table 1.
The time-averaged positions of the liquid layers in the simulations are used when d is calculated.
Different from δ and ρmax, the interlayer distances d show similar values and trends for both the
(0001) sapphire–liquid Al and the (0001) TiB2–liquid Al systems. The interlayer distances d of the
LL1-sapphire and the LL1-TiB2 to the substrates (2.19 Å and 2.22 Å, respectively) are close, which are
slightly smaller than that of the (111) Al planes (2.33 Å). In spite of the increase in d with increasing
distance to the substrates, their values are still close to the interlayer distance of the Al (111) planes.
This finding indicates that the liquid layers induced by both the (0001) sapphire substrate and the
(0001) TiB2 substrate may have the tendency of becoming the close-packed Al (111) layers. However,
only the analysis of the out-of-plane ordering is inadequate to draw the conclusion about the stacking
mode of the liquid layers. A detailed study of the in-plane structure is also required.
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3.1.2. In-Plane Atomic Arrangement

In-plane atomic distribution, which is a direct way to characterize the in-plane structure,
is calculated for the substrate-induced liquid layers and depicted in Figure 3. It is clearly shown
that the LL1-TiB2 is almost fully ordered, with atoms closely packed within the layer. Then, for the
LL2-TiB2, it also looks like a close-packed layer, but its in-plane ordering seems weakened compared
with the LL1-TiB2. The stacking sequence of the LL1-TiB2 and the LL2-TiB2 is similar to the stacking
mode of two consecutive Al (111) layers, which confirms our above speculation that the liquid Al
layers tend to form the Al (111) planes based on the analysis of the interlayer distances in Section 3.1.1.
For the LL3-TiB2, the in-plane atomic arrangement is almost disordered, so this layer cannot be
regarded as the continuation of the Al (111) planes. In the (0001) sapphire–liquid Al system, both the
in-plane structures of the LL1-sapphire and the LL2-sapphire are almost disordered. Thus, although
the interlayer distances of the (0001) sapphire-induced liquid Al layers are close to the Al (111)
planes, the in-plane structures of these layers are far from close-packed layers. On this ground,
it can be deduced that the in-plane ordering seems to be more difficult to develop compared with
the out-of-plane ordering. To have a further understanding of the in-plane atomic arrangement of
the liquid Al layers, the 2D structural factor is calculated by Fourier transformation of the atomic
arrangement from the real space into the reciprocal space, as shown in Figure 3. The 2D structural factor
distributions of the LL1-TiB2 and the LL2-TiB2 manifest as discrete spots with hexagonal symmetry
(Figure 3), indicating that the ordered real space atomic arrangement is also hexagonally symmetrical.
This finding is consistent with the analysis based on the in-plane atomic distribution. The 2D structural
factor distributions for the LL3-TiB2, the LL1-sapphire, and the LL2-sapphire are all ring-like instead
of spot-like, which means the in-plane atomic arrangement of these layers is not well ordered, which is
also in accords with the findings from the in-plane atomic distribution.
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The above analysis has shown that the in-plane structure of the (0001) TiB2-induced liquid layers
is much more ordered compared with the (0001) sapphire-induced liquid layers. However, such a
qualitative analysis may miss the important structural features particularly for the weakly ordered
in-plane structure, such as the LL1-sapphire. In the above analysis, such layers are regarded as
disordered layers because the partially ordered in-plane structure is difficult to be distinguished from
the fully disordered structure using the above method (in-plane atomic density and 2D structural
factor). Next, to have a quantitative analysis of the in-plane atomic arrangement, two parameters,
the orientational order parameter q6 and the in-plane coordination number (CN), are calculated
within bins (bin size ∆z = 2.3 Å) separating the liquid Al regions (z > 0) for the two S/L systems.
From Equation (2), we can find that q6 quantifies the degree of in-plane ordering using the bond
angles within each liquid layer. Thus, it can reflect the orientational symmetry [52] of the in-plane
structure. q6 = 1.0 indicates the layer to be 6-fold symmetrical, which is the feature of the Al (111)
planes; while q6 = 0.0 means a liquid-like disordered in-plane structure with infinite symmetry axes.
In Figure 4a, it is illustrated that q6 of the LL1-TiB2 and the LL2-TiB2 shows evidently larger values
than those of the bulk liquid. For the LL1-TiB2, q6 reaches as large as ~0.7, which suggests that the
in-plane symmetry of this layer is nearly 6-fold. For the (0001) sapphire–liquid Al system, although q6

of the LL1-sapphire seems larger than that of the bulk liquid, its value is still quite small (less than
0.3), which means the in-plane symmetry of the LL1-sapphire is much weaker than the LL1-TiB2.
To have a further look at the in-plane symmetry of the LL1-sapphire, the bond angle distribution of
this layer, together with LL2-sapphire and the bulk liquid Al, is depicted in Figure 4c. It is shown that
the values of the bond angles have the tendency of evolving into 60◦ or 120◦ during the formation of
substrate-induced liquid Al layers. As bond angles with values of 60◦ or 120◦ are the sign of in-plane
six-fold symmetry, the LL1-sapphire is deduced to be weakly 6-fold symmetrical. By comparing q6

and the bond angle distribution of (0001) sapphire–liquid Al and the (0001) TiB2–liquid Al systems,
it can be concluded that the liquid Al layers with in-plane 6-fold symmetry are induced for both of the
two systems, while the (0001) sapphire-induced 6-fold symmetry is much weaker than that induced by
the (0001) TiB2 substrate.

In addition to the orientational symmetry, the translational symmetry is also an important factor
influencing the liquid ordering and crystallization [7,52]. The in-plane coordination number (CN)
is used to quantify the translational symmetry as well as the in-plane ordering. The above analysis
has demonstrated that the substrate-induced liquid Al layers tend to become close-packed layers.
On this ground, the in-plane CN ratio ωr of a liquid layer to a close-packed layer (in-plane CN = 6) is
calculated. As shown in Figure 4b, more than 60% of the atoms are fully coordinated in the LL1-TiB2,
whose ωr is close to 1.0, indicating a nearly perfect in-plane translational symmetry. As ωr decreases,
more atoms in the close-packed structure are substituted by vacancies, resulting in the decrease of
the in-plane translational symmetry. The lower limit of ωr is defined by the bulk liquid Al whose
translational symmetry is negligible. For the LL1-sapphire, ωr is between the values of the bulk liquid
Al and the LL1-TiB2, which means that the translational symmetry of the LL1-sapphire is higher than
the bulk liquid Al, while being much lower than the LL1-TiB2. A detailed look at the in-plane CN
distribution (Figure 4e) shows that the appearance of more 5-fold and fully coordinated atoms in the
LL1-sapphire contributes to the translational symmetry improvement compared with the bulk liquid
Al. Furthermore, by comparing the in-plane CN distributions of the LL1-sapphire and the LL1-TiB2,
we can find that the in-plane ordering process of the LL1-sapphire encounters more resistance than
that of the LL1-TiB2, because only ~10% of the atoms evolve into the fully coordinated state in the
LL1-sapphire, compared with the ~60% in the LL1-TiB2.
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sapphire–liquid Al and the (0001) TiB2–liquid Al systems. (c–f) Bond angle distributions and in-plane
coordination number (CN) distributions of the substrate-induced liquid layers.

3.1.3. Dynamical Properties of the Substrate-Induced Liquid Al Layers

The in-plane and out-of-plane diffusion coefficients are calculated to quantify the dynamical
properties of the substrate-induced layers. As shown in Figure 5, both the Dxy and Dz of the LL1-TiB2

are almost zero, which indicates that a nearly stable structure has formed with atoms in this layer
vibrating around their equilibrium positions. Different from LL1-TiB2, the LL1-sapphire presents
relatively larger Dxy and Dz, particularly the Dxy, whose value is at the same level as the bulk liquid’s.
This result illustrates that the diffusive-like atomic motion contributes a lot to the dynamics of the
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LL1-sapphire, which also means that the in-plane structure of this layer is not stable as the atoms
are not sitting at their equilibrium positions. Conclusions can be drawn from the above comparison,
that the atoms in the (0001) TiB2-induced liquid Al layers stay in a more stable state than those in the
(0001) sapphire-induced liquid Al layers. This conclusion is consistent with the results of the in-plane
CN (discussed in Section 3.1.2), as the large number of vacancies in the LL1-sapphire provide more
space for the atoms to move, thus resulting in the low stability of the in-plane structure. In addition,
the adsorption strength between the substrates—(0001) sapphire and (0001) TiB2—and the liquid
Al also plays an important role in determining the dynamics of the liquid Al layers, which will be
discussed in detail in Section 3.2.
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3.2. Factors Influencing Substrate-Induced Liquid Al Layering

The above analysis has demonstrated the structural and dynamical differences between the liquid
Al layers induced by two substrates, the (0001) sapphire substrate and the (0001) TiB2 substrate,
respectively. It is necessary to explore the factors that might contribute to these differences. The surface
roughness of the substrate is a vital factor that greatly influences the behaviors of the near-surface
layering or the self-assembly of atoms (or molecules) [8,53,54]. In this work, we focus on the atomically
smooth surfaces, and our results show that when liquid Al is in contact with the atomically smooth
surfaces of (0001) sapphire and (0001) TiB2, stratified liquid structures develop spontaneously. It is
necessary, in our future work, to examine whether the liquid layers can form near a rough surface
and to unveil the influence of surface roughness on the evolution of liquid structures near the surface.
For the atomically smooth surfaces used in our simulations, we analyze the factors that determine the
structural features of the substrate-induced liquid layers from the perspective of thermodynamics.
As demonstrated by Kaplan et al. [5], the driving force for liquid layering at the S/L interface is the
reduction of interfacial energy. Meanwhile, the result of liquid layering is to form several partially
ordered layers, which may not well be matched with the substrate, thus causing interfacial strain to
form. Accordingly, interfacial lattice mismatch f is the barrier impeding the formation of liquid layers.

Firstly, we analyze the driving forces of the liquid layering in the two systems. Because of the
difficulty in accurately calculating S/L interfacial energy using the AIMD method, another parameter,
adsorption energy W, is used to quantify the driving force. Adsorption energy W is calculated for an Al
atom adsorbing onto the (0001) sapphire and (0001) TiB2 substrates according to the following formula:

W =
1

nAl
(Es/Al − Es − EAl) (5)
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where Es/Al , Es and EAl are the total energy of the substrate-Al system, the substrate surface slab and
the isolated Al, respectively. nAl is the number of Al atoms adsorbed onto the substrate, and in this
work, only one Al adsorbate is used to avoid the influence of the interfacial strain energy. The calculated
adsorption energy is listed in Table 2, together with the vibrational frequencies of the modes involving
significant adsorbate in-plane or out-of-plane motion for the substrate-Al systems. An analysis of
the vibrational frequencies (no imaginary frequency) suggests that the Al adsorbates have reached
local minimums instead of the transition states or the higher-order saddle points for both the two
systems [55]. The results of the adsorption energy show a larger adsorption strength for the Al
adsorbate–(0001) TiB2 system than the Al adsorbate–(0001) sapphire system. A larger adsorption
strength means a stronger driving force for the liquid layering, which could be the intrinsic factor for
the (0001) TiB2 substrate to induce a more ordered liquid Al structure than the (0001) sapphire substrate.

Table 2. Adsorption energy and the vibrational frequencies of the single Al adsorbed (0001) sapphire
and (0001) TiB2 surfaces.

Substrates W (eV/atom)

Vibrational Frequencies (cm−1) Involving
Significant Adsorbate Motion

In-Plane Out-Of-Plane

Sapphire −2.05 171.69; 204.20 219.28
TiB2 −3.36 113.98; 115.41 185.95

Additionally, the interfacial lattice mismatches f between the substrates and the solid Al are
calculated according to the following equation:

f =
ds − dAl

dAl
× 100% (6)

where ds and dAl are the interatomic distances along the close-packed directions of the substrates (dTiB2,
dsapphire1, and dsapphire2 in Figure 6a,b) and the solid Al. The well-accepted orientation relationships [28,56]
(OR) of sapphire (0001)

[
1010

]
‖ Al(111)

[
110

]
and TiB2(0001)

[
1120

]
‖ Al(111)

[
110

]
are applied for the

interfacial lattice mismatch analysis. According to Equation (6), a positive f can cause in-plane tensile
stress in the solid Al, rendering the shrinkage and densification of the Al atomic layers along the
out-of-plane direction. While a negative f indicates a compressive state for the solid Al, which may
cause the expansion or depletion of the Al atomic layers along the z-direction. A large negative
lattice mismatch of ~−10.74% and a relatively small positive lattice mismatch of ~5.43% are found
for the sapphire–Al and TiB2–Al S/S interfaces, respectively. Correspondingly, the relaxed interfacial
structures for these two systems are depicted in Figure 6c,d. The Al atomic layers at the sapphire–Al
interface is buckled, with about 1/3 of the atoms of the Al layer immediately next to the substrate
moving inward, as shown in Figure 6c. While perfectly flat Al atomic layers are observed at the
TiB2–Al interface. The different features of the Al atomic layers at these two interfaces are likely
attributed to the positive or negative value of the interfacial lattice mismatch f. For the sapphire–Al
interface, the buckled Al layers can eliminate the compressive stress caused by the negative lattice
mismatch, while for the TiB2–Al interface, the tensile stress will keep the Al layers flat. In terms of the
liquid layering, it can be deduced that the in-plane tensile stress in a liquid layer may make it more
ordered, while the in-plane compressive stress in a liquid layer may cause it to break down. Therefore,
liquid layering can be more difficult to develop when the liquid layers are under the compressive
stress than under the same level of tensile stress. In addition, f, discussed above, is based on the lattice
parameters at 0 K, obtained from the ab initio calculations. To analyze the influence of temperature
on f, the lattice parameters of sapphire, TiB2, and Al at different temperatures are calculated using
the constant temperature constant pressure (NPT) ensemble in the AIMD calculations, as listed in
Table 3. The temperature influence on f is shown in Figure 7, which illustrates that, as temperature
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increases, f becomes larger for the sapphire–Al interface, while it gets smaller for the TiB2–Al interface.
This result suggests that the thermal expansion effect causes more resistance for the liquid Al layering
near the (0001) sapphire substrate.Metals 2018, 8, x FOR PEER REVIEW  12 of 17 
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direction at the (0001) sapphire

surface, resulting in ~−10.75% and ~1.4% mismatches with the (111) Al (d<110> ≈ 2.86 Å). The large
negative sapphire–Al interfacial mismatch is the main resistance for the liquid Al layering. dTiB2 is
the interatomic distance along the <1120> direction at the (0001) TiB2 surface. The TiB2–Al interfacial
mismatch is ~5.43%. (c,d) The relaxed structures of the (0001) sapphire– (111) Al and the (0001)
TiB2–(111) Al S/S interfaces. (Al: gray spheres; O: red spheres; Ti: green spheres; B: blue spheres).

Table 3. Temperature influence on the lattice parameters of sapphire, TiB2, and Al, based on the ab initio
molecular dynamics (AIMD) calculations.

Temperature (K) Sapphire (Å) 1 TiB2 (Å) 2 Al (Å)

100 4.813 3.041 4.057
200 4.817 3.043 4.064
300 4.820 3.045 4.075
400 4.826 3.047 4.082
500 4.831 3.049 4.091

1 lattice parameter a of sapphire; 2 lattice parameter a of TiB2.
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According to the above discussion, for substrate-induced liquid layering, the adsorption strength
(or reduction of interfacial energy) at the S/L interface is the driving force, and the interfacial lattice
mismatch f between the substrate and the partially ordered liquid layers is the barrier. The final
characteristics of the liquid layers are determined by the competition between these two factors.
In addition, the negative interfacial lattice mismatch f, which causes compressive stress in the liquid
layers, will cause the liquid layers more difficulty in forming compared with a positive f with the
same value.

4. Discussion

For the sapphire and TiB2 substrates, the chemical bonds are mainly covalent; while for the liquid
Al, the metallic bonds dominate. Thus, sapphire–liquid Al and TiB2-liquid Al interfaces become the
transition regions of chemical bonds. Accordingly, it is inferred that the liquid layers may be connected
to the substrates through a mixture of metallic and covalent bonds, and this inference can be verified by
the ab initio calculations [56,57]. The existence of covalent bonds between at the S/L interfaces renders
a strong stability of the liquid layers. The covalently bonded liquid layers, which form spontaneously
when in contact with TiB2 and sapphire substrates, are analogous to the layered water [6] near solid
substrates and the self-assembled monolayers (SAMs) grown above the metal substrates [53,54]. Hence,
the theories in these systems can be borrowed to analyze the liquid metal layering near the nucleant
substrates (normally ceramics).

With interactions between the liquid atoms and substrates, more and more liquid atoms are
bound to the substrates until the equilibrium of the driving force (reduction of interfacial energy)
and the barrier (interfacial lattice mismatch) is reached. According to the research of Duan et al. [58],
the increase of liquid atomic density is the origin of liquid layering. Duan et al.’s study highlights the
influence of atomic density on the phase transformation in liquid, and is consistent with the landscape
inversion phase transformation (LIPT) proposed by Alert and co-workers [59], which underlines the
influence of particle density on the transformation of the in-plane structures of particles constrained on
a periodic substrate. In our case, because of the in-plane compressive stress (discussed in Section 3.2),
the atomic density of the liquid layers near the sapphire substrate is lower than that near the TiB2

substrate. This causes the nearly disordered in-plane structure of the sapphire-induced liquid layers.
If the compressive stress in these liquid layers can be reduced or increased (for example, by adding
specific solute atoms), or the interatomic forces at the interface can be changed, the substrate-induced
liquid layers then become tunable.
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Tuning the substrate-induced liquid layers would be helpful to the control of heterogeneous
nucleation, because the substrate-induced liquid layers generally appear above the metals’ melting
points, so the features of such liquid layers can significantly influence the heterogeneous nucleation.
According to the above analysis, around three liquid Al layers are induced by the (0001) TiB2 substrate,
with the first layer (LL1-TiB2) being almost entirely ordered. As the temperature decreases, the LL1-TiB2

becomes a template for more fully ordered liquid Al layers to develop. Such a process can be explained
by the epitaxial heterogeneous nucleation model proposed by Fan [60], which reduces to the free growth
model [21] when the interfacial mismatch is small enough. However, this nucleation mechanism may
not suit the (0001) sapphire–Al system. According to the above discussion, the LL1-sapphire is much
less ordered than the LL1-TiB2. Also, even the S/S sapphire–Al interface is in a buckled state. Thus,
the LL1-sapphire is hard to become fully ordered, even when the temperature drops below the Al
melting point. The low in-plane symmetry and stability of the LL1-sapphire impedes the further liquid
Al layering and thus changes the nucleation mechanisms.

5. Conclusions

In this work, liquid Al layering near the (0001) sapphire substrate and the (0001) TiB2 substrate
has been simulated using the AIMD method. Structural features and dynamics of the liquid layers
induced by these two substrates are compared, respectively. Additionally, the factors that influence the
substrate-induced liquid layering are summarized. The main conclusions are as follows:

1. For the (0001) TiB2–liquid Al interface, around three liquid Al layers are induced by the substrate.
The first liquid layer (nearest to the substrate) is close-packed with almost perfect six-fold
symmetry and translational symmetry. The second liquid layer also shows the close-packed
order, while the degree of in-plane ordering is much weaker compared with the first liquid layer.
The in-plane structure of the third liquid layer is almost disordered, which is similar to the bulk
liquid Al.

2. For the (0001) sapphire–liquid Al interface, approximately two liquid Al layers are induced near
the substrate. Both of the two liquid layers show low 6-fold symmetry and translational symmetry,
indicating a poor in-plane ordering. The first liquid layer induced by the (0001) sapphire exhibits
a similar degree of ordering to the third liquid layer near the (0001) TiB2, which demonstrates that,
compared with the (0001) TiB2, the (0001) sapphire shows a much poorer capability in triggering
liquid Al layers.

3. Two factors, the adsorption strength (or reduction of interfacial energy) and interfacial lattice
mismatch, determine the structural features of the substrate-induced liquid layers. The adsorption
strength is the intrinsic driving force for the liquid layering, while the interfacial lattice mismatch
between the substrate and the liquid layers is the barrier. The interfacial lattice mismatch may
cause compressive or tensile stress in the liquid layers, and the compressive stress makes the
liquid more difficult to become ordered than the tensile stress, by impeding the increase of the
liquid atomic density.

4. The substrate-induced liquid layers play a critical role in the heterogeneous nucleation, and the
differences in the structural features and the dynamical properties of the liquid Al layers,
induced by the above two substrates, change their heterogeneous nucleation behaviors.
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