
Citation: Men, H.; Fang, C.; Fan, Z.

Prenucleation at the

Liquid/Substrate Interface: An

Overview. Metals 2022, 12, 1704.

https://doi.org/10.3390/

met12101704

Academic Editor: Sergey V.

Zherebtsov

Received: 8 September 2022

Accepted: 8 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Review

Prenucleation at the Liquid/Substrate Interface: An Overview
Hua Men, Changming Fang and Zhongyun Fan *

Brunel Centre for Advanced Solidification Technology (BCAST), Brunel University London,
Uxbridge UB8 3PH, Middlesex, UK
* Correspondence: zhongyun.fan@brunel.ac.uk; Tel.: +44-1895-266406

Abstract: Prenucleation refers to the phenomenon of substrate-induced atomic ordering in the liquid
adjacent to the liquid/substrate interface at temperatures above the nucleation temperature. We
investigated the effects of the physical and chemical properties of the substrate on prenucleation,
using the classical molecular dynamics (MD) and ab initio MD simulations. We found that the physical
origin of prenucleation is structural templating, which is affected significantly by the lattice misfit
between the solid and the substrate, chemical interaction between the solid and the substrate, and the
substrate surface roughness at the atomic level. Prenucleation ultimately determines the nucleation
potency of a substrate and provides a precursor for heterogeneous nucleation at the nucleation
temperature. In this paper, we provide an overview of the recent advances in the understanding
of prenucleation made by the LiME Research Hub. After a brief review of the historical research
on atomic ordering at the liquid/substrate interface in the literature, we present an overview of the
recent advances in understanding prenucleation, covering the concept of prenucleation, the effect of
temperature, lattice misfit and substrate chemistry, and substrate surface roughness at the atomic
level. Our discussions will be focused on the effect of prenucleation on heterogeneous nucleation and
its consequences on grain refinement.
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1. Introduction

The nucleation of crystals in liquids is one of the most ubiquitous phenomena in
both natural and industrial processes [1,2]. Understanding nucleation is therefore of
importance to both science and technology, such as ice nucleation for climate control [3,4],
the solidification and casting of metallic materials [5], the manipulation of nucleation of
molecular crystals in the context of drug design and production [6], and protein crystal
formation in living beings [7].

Our current understanding of nucleation is far from complete, and nucleation research
has been dominated by the classical nucleation theory (CNT) for more than a century [1,2].
In the heterogeneous CNT, a spherical cap of the solid phase with a critical size forms
on a substrate through fluctuations of atomic configuration, chemical composition, and
temperature in the undercooled liquid [1]. The liquid adjacent to the substrate is assumed
to be completely disordered prior to heterogeneous nucleation. However, theoretically,
there is a massive gap of 1010 m−3s−1 in the homogeneous ice nucleation rate between
computer simulations and experimental measurements, which has triggered an intense
debate between theoreticians and experimentalists in the past decade [4]. In practice, the
CNT provides little guidance on nucleation control in important industrial processes. For
example, although the TiB2-based grain refiner has been used in the metallurgical industry
for over 80 years [8], it was mainly developed by trial-and-error, with little help from
the CNT.

Recent theoretical and experimental findings suggest that the atoms in the liquid
at the liquid/substrate interface become layered within a few atomic layers away from
the interface (atomic layering), and the atoms within the individual layers may have a
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significantly ordered structure (in-plane atomic ordering) even at temperatures above the
liquidus [9]. It has been speculated that such atomic ordering may have significant influence
on the subsequent heterogeneous nucleation process [10]. On the other hand, the epitaxial
nucleation model [11] proposes a structural templating mechanism for heterogeneous
nucleation. The substrate lattice provides a template for the formation of the new phase,
and the dislocations at the interface accommodate the lattice misfit between the new phase
and the substrate. Such substrate-induced atomic ordering can be attributed to structural
templating. Both experimental observations [12,13] and atomistic simulations [14–17] have
provided direct evidence to support the structural templating mechanism.

Atoms in the liquid at the interface may have a structure different from either the
bulk liquid (short-range order) or crystalline solid (long-range order), with an atomic
ordering being in between the bulk liquid and the bulk solid. Recently, we developed the
concept of prenucleation to better describe the substrate-induced atomic ordering in the
liquid at the interface, which persists until the occurrence of heterogeneous nucleation at
a certain undercooling [18]. The terminology of the prenucleation is firstly used by the
chemistry research community to describe the stable atomic clusters (usually denser liquid)
formed in a solution, inside which homogeneous nucleation occurs [19]. We extend the
concept of prenucleation to a wider and more general case of heterogeneous nucleation,
since homogeneous nucleation is rare in reality. It is reported that the degree of atomic
ordering in the liquid at the interface is closely related to the nature of the substrate,
such as crystal structure and surface orientation [14]. To date, there is still a dearth of
systematic investigation into the effects of the physical and chemical properties of the
substrate on both prenucleation and the subsequent heterogeneous nucleation. For example,
the most relevant physical property to heterogeneous nucleation is the lattice misfit (f )
between the new solid phase and the substrate. The crystallographic model of Turnbull
and Vonnegut [20] suggests that the potency of the substrate is inversely proportional to
misfit. On the other hand, the epitaxial model indicates that nucleation potency degrades
with increasing misfit up to a limit of 12.5% [11]. Experimental observations [21,22] showed
that nucleation undercooling, ∆Tn, increases initially with increasing misfit, and reaches a
peak around f = 13%, and then decreases with a further increase in misfit. The magnitude
of ∆Tn is a good indicator of the potency of the substrate for a given liquid. It seems
that the potency of the substrate is not a monotonic function of misfit [23], and cannot
be interpreted adequately in terms of the mechanism of the heterogeneous nucleation
described by Turnbull’s model.

The atomic structure of the liquid/substrate interface can be changed substantially
by prenucleation, which in turn will produce a significant impact on the subsequent
heterogeneous nucleation process. Fan and co-workers have intensively investigated
the effects of the physical and chemical properties of the substrate, such as lattice misfit,
substrate chemistry, and surface roughness, on prenucleation in the past decade [18,24–27].

In this paper, we provide an overview of the recent advances in the understanding
of prenucleation made by the LiME Research Hub. After a brief review of the historical
research on atomic ordering at the liquid/substrate interface in Section 2, we present an
overview of the recent advances in prenucleation made by the Hub in Section 3, covering the
concept of prenucleation, the effect of temperature, lattice misfit and substrate chemistry,
and substrate surface roughness. Our discussions in Section 4 focus on the effect of
prenucleation on heterogeneous nucleation and its consequences on grain refinement.

2. Historical Development
2.1. The “Hard Wall” Effect

The atomic layering in the liquid at the liquid/substrate interface was attributed to
the “hard wall” effect. Henderson et al. [28] obtained the density profile of a hard-sphere
fluid in contact with a structureless hard wall by solving the Ornstein–Zernike equation
in the Percus–Yevick approximation. It was demonstrated that the liquid near the wall
was layered with a density that decays with the distance, z, from the wall. Abraham
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and Singh [29,30] confirmed this conclusion by treating the structureless wall as a soft
repulsive/attractive structureless wall, using analytical methods and Monte Carlo (MC)
simulations. This phenomenon, that the liquid has an oscillatory density profile at the
interface with a solid wall, was referred to as the “hard wall” effect [31,32].

2.2. Atomistic Simulations

Atomistic simulations offer direct access to microscopic details of the liquid/solid
interface, and here, research interest has been focused on the liquid/substrate interface. Rull
and Toxvaerd [33] studied the atomic ordering of a Lennard–Jones (LJ) liquid adjacent to
static fcc (100), fcc (111), and bcc (100) surfaces using MD simulations. It was observed that
the density oscillations (layering) decay exponentially with the distance from the interface,
approximately according to exp(−z/ξ∆z2), where ∆z is the mean interlayer spacing and ξ
is the correlation length for the interface region. The degree of in-plane atomic ordering
was mainly determined by the repulsive part of the interaction. Kyrlidis and Brown [34]
performed MC simulations for the (111), (110), and (100) interfaces. They revealed that
the number of the layering was 4–5, 5–6, and 4 for the (100), (111), and (110) interfaces,
respectively, and the interfacial layer spacing was larger for the (100) interface than that for
the (111) interface.

Using the MD simulation with adapted n-body potentials, Geyermans et al. [35]
reported that a solid Cu wall induced significant layering in the interfacial liquid Al, largely
independent of the surface orientation of the substrates. Employing a semi-empirical
potential of an embedded-atom method (EAM), Hashibon et al. [14,15] confirmed an
exponential decay of the atomic density profile in the liquid Al at the interface, and found
that there was far greater in-plane ordering in the liquid in contact with a bcc (100) substrate
than that with a bcc (110) substrate. Furthermore, Palafox-Hernandez et al. [16] observed 2
to 3 “prefreezing” interfacial layers in liquid Pb in contact with solid Cu (111) planes, but
no such prenucleation was found with solid Cu (100) planes.

Using ab initio MD simulations, Wang et al. [17] observed an fcc-like ordering in the
liquid Al in contact with Ti-terminated TiB2, but not with B-terminated TiB2. It revealed
that the growth of the α-Al was frustrated by the lattice misfit between the solid Al and
TiB2 substrate at a relatively small undercooling.

All of these studies suggest that the atomic ordering at the interface is distinct from
that of bulk liquid, and is highly dependent on the structure and chemistry of the substrate
for a given liquid.

2.3. Experimental Observations

Surface-induced atomic layering in liquid Ga and Hg has been observed using X-ray
reflectivity [36–38], indicating that the layering solely results from the “hard wall” effect.

It is not a trivial task to access the atomic structure at the liquid/substrate interface with
the experimental observations, since the interface is buried inside the condensed phases.
Experimental observations confirmed that substrates could induce atomic ordering in the
liquid at the interface [29,39–42]. Using the X-ray diffuse scattering method, Grey et al. [43]
revealed that liquid Pb on (111) Ge substrates exhibited a ring of diffuse scattering with a
radial spatial frequency, significantly different from that in bulk liquid Pb. With specular
X-ray reflectivity, Huisman et al. [39,44] and Huisman and van der Veen [45] observed
pronounced layering of the liquid Ga in contact with a (111) diamond surface, which
decayed exponentially with increasing distance from the interface. The atoms in the liquid
Ga near the substrate surface may assume a solid-like structure similar to that of α-Ga.
Reedijk et al. [46] found that the liquid Sn exhibited layering and in-plane atomic ordering
at the interface with (111) Ge substrate, where Sn atoms changed gradually from solid-like
to more liquid-like with increasing temperature. In another study [47], the authors reported
that KDP (KH2PO4) crystal induced ordering in the first four interfacial layers of H2O
molecules, where the first two layers exhibited ice-like behaviour and the next two layers
showed only minor lateral and perpendicular ordering.
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Through HRTEM (high-resolution transmission electron microscopy) observation,
Oh et al. [12,13] provided direct evidence for the atomic layering and in-plane ordering in
liquid Al in contact with an α-Al2O3 substrate. It revealed that the Al atoms at the interface
had a high degree of structural correlation to the crystal structure of the α-Al2O3 substrate.
On the other hand, using in situ X-ray scattering, Schülli et al. [48] found that the Au atoms
in AuSi eutectic droplets had a pentagonal atomic arrangement in contact with a Si (111)
substrate. They proposed that this pentagonal atomic arrangement in the liquid at the
interface caused a lateral-ordering stabilisation process, which was the main barrier for
heterogeneous nucleation.

All of these studies confirmed that the atoms in the liquid became layered within a
few atomic layers away from the surface or interface, due to the “hard wall” effect [49,50],
and it was consistent with the theoretical calculations [29,51–54]. There also may exist
pronounced in-plane atomic ordering at the interface, which is highly relevant to the lattice
structure of the substrate.

3. Recent Advances

Under the LiME Hub (www.lime.ac.uk, accessed on 5 September 2022) research
programme, we have systematically investigated atomic ordering in the liquid adjacent to
a liquid/substrate interface. For this purpose, a generic simulation system was created to
make the simulation results more generally applicable [18,24,25]. This simulation system
consists of a generic liquid and a generic fcc substrate with a <111> surface orientation,
where the z axis is normal to the {111} plane of the substrate. We chose Al as the generic
liquid since it represents many metals in terms of liquid atomic structures. The generic
fcc substrate was built by pinning Al atoms with a specified lattice parameter to pre-set
the lattice misfit [25]. There are two major advantages to this generic system. Firstly, it
allows us to simulate nucleation systems with substrates of high melting temperatures
(Tl), which are similar to the nucleant particles used in industrial practices (e.g., TiB2 with
Tl = 3498 K). Secondly, this makes it possible for simulating the effect of lattice misfit alone
without interference from the chemical interaction between the liquid and substrate and/or
the substrate surface roughness at atomic level [26,27]. For simplicity, we have used the
generic terms “the liquid” and “the substrate”. In this section, we introduce the concept
of prenucleation and examine the effects on prenucleation of temperature, lattice misfit,
substrate surface roughness, and chemical interaction between the liquid and the substrate.

3.1. Concept of Prenucleation

Prenucleation refers to the phenomenon of atomic ordering in the liquid adjacent to
the liquid/substrate interface at temperatures above the nucleation temperature. It can
be described in three distinctive ways depending on the purpose of the study. From the
viewpoint of atomic arrangement at the interface, prenucleation can be quantified by atomic
layering and in-plane atomic ordering; for considering structural formation, prenucleation
is better described as the formation of a two-dimensional (2D) ordered structure at the
interface; and for atomistic understanding of interfacial energy, prenucleation can be
considered as the formation of a diffuse liquid/substrate interface. In this section, the
concept of prenucleation is introduced and analysed in these three ways.

3.1.1. Layering and In-Plane Atomic Ordering

Figure 1a gives an example of snapshots of the generic liquid/substrate system with
−2% misfit at T = 900 K, showing a layered structure in the liquid at the interface. The
corresponding atomic density profile shows that there are six atomic layers with decreasing
peak density away from the interface (Figure 1b), while only the first three atomic layers
contain some degree of in-plane atomic ordering (Figure 1c). Consequently, the first layer
(L1) exhibits a nearly ordered structure (Figure 1d), the second layer (L2) shows a mixed
structure of ordered and disordered regions (Figure 1e), and the third layer (L3) is largely
disordered (Figure 1f).

www.lime.ac.uk
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Atomic layering can be quantified by the atomic density profile, ρ(z), for the ordering
normal to the interface [14]:

ρ(z) =
〈Nz〉

LxLy∆z
, (1)

where Nz is the number of atoms between z − ∆z/2 and z + ∆z/2 at time t, and ∆z is the
width of the bin. The angled brackets indicate a time-averaged quantity, and Lx and Ly are
the x and y dimensions of the bin, respectively. As an example, Figure 1b shows the ρ(z)
as a function of distance from the interface for the same simulation system equilibrated
at 900 K. The atomic layering persists within six atomic layers at the interface. The peak
density decreases sharply from 0.31 atom/Å3 for L1 to 0.05 atom/Å3 beyond the sixth layer,
which is the average atomic number density of the bulk liquid.

The in-plane atomic ordering can be characterised by the in-plane order parameter,
S(z), for the ordering parallel to the interface [55]:

S(z) =

∣∣∣∑j∈∆z exp
(
iK·rj

)∣∣∣2
N2

z
, (2)

where the summation is over all atoms labelled j within a given bin of width, ∆z, of one
layer spacing and K is a reciprocal lattice vector, and rj is the position vector of the jth atom
in the Cartesian space. The in-plane atomic ordering decreases sharply from L1 to L3 and
diminishes beyond L3 for the same system (Figure 1c). This indicates that in-plane atomic
ordering decays faster than the atomic layering away from the interface, implying that
atomic layering and in-plane ordering are governed by different atomistic mechanisms;
as will be discussed later, this includes the “hard wall” effect for the atomic layering and
structural templating for the in-plane atomic ordering.

3.1.2. Two-Dimensional Ordered Structure

The 2D ordered structure at the liquid/substrate interface is a direct outcome of
prenucleation. There exists the solid-like structure at the interface, although it is not the
new (bulk) phase. The 2D ordered structure can be identified by employing the local
bond-order analysis [56], which is an approach widely used in atomistic simulations to
distinguish solid atoms from liquid atoms [57–59]. To perform the local bond-order analysis,
the local bond-order parameter, ql(i), is calculated by [56]:

ql(i) =
(

4π

2l + 1 ∑l
m=−l |qlm(i)|

2
) 1

2
(3)

where the (2l + 1) dimensional complex vector qlm(i) is the sum of spherical harmonics,
Ylm(rij), over all of the nearest neighbouring atoms of the atom i. Two neighbouring atoms,
i and j, can be recognised to be connected if the correlation function, q6(i)·q6(j), of the vector
q6 of neighbouring atoms i and j exceeds a certain threshold. An atom is identified as being
in the solid state if the number of connections of this atom with its neighbours is larger
than a threshold. A 2D ordered structure is shown in Figure 2a for the system with −2%
misfit equilibrated at 900 K after the liquid-like atoms are removed from the snapshot. The
2D ordered structure extends up to L3, but may not cover the entire substrate surface.

3.1.3. Diffuse Liquid/Substrate Interface

One of the important consequences is that the liquid/substrate interface is not sharp,
but diffuse within a few atomic layers (Figure 2b). The atoms in the liquid at the interface
have a layered structure within a few atomic layers, and the in-plane atomic ordering
may exist in the first few atomic layers. Such diffuse interfaces may have profound
effects on many scientifically and technologically important processes occurring at the
liquid/substrate interface, such as heterogeneous nucleation, catalysis, wetting, chemical
segregation, crystal growth, lubrication, and liquid-phase epitaxy.
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Spring Nature) 

Figure 1. Prenucleation manifested by atomic layering and in-plane atomic ordering at the liq-
uid/substrate interface [18]. A generic liquid/substrate system with−2% misfit has been equilibrated
at 900 K for 1 ns. (a) A snapshot showing the time-averaged atomic positions in the system; (b) the
quantified atomic density profile, ρ(z), and (c) in-plane order parameter, S(z), as a function of distance
(z) away from the interface for the system showing that atomic layering in the liquid persists within
six atomic layers at the interface, with significant in-plane atomic ordering within the first two atomic
layers. The time-averaged atomic positions in (d) the first layer (L1), (e) the second layer (L2), and
(f) the third layer (L3) suggest that L1 and L2 exhibit a mixed structure of ordered and disordered
regions, and L3 has a largely disordered structure. The blue and green spheres represent atoms in
the substrate and liquid, respectively. (Reprinted with permission from Ref. [18]. Copyright 2022,
Spring Nature).
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Figure 2. Two-dimensional (2D) ordered structure and diffuse liquid/substrate interface. (a) A
snapshot of the simulation system with −2% misfit equilibrated at 900 K showing the 2D ordered
structure formed on the surface of the substrate; and (b) front view of a slab, taken from the position
marked in (a), showing the ordered atoms in a diffuse interface between the liquid and the substrate.
The results were obtained by local bond-order analysis. The light spheres represent the solid-like
atoms in the interfacial layers (ochre, green, and white online for L1, L2, and L3, respectively), and
the dark (grey online) spheres represent the substrate atoms.

3.2. Effect of Temperature

We investigated the evolution of the atomic ordering in the liquid at the liquid/substrate
interface as a function of temperature. Atomic layering is only slightly enhanced with
decreasing temperature from 1400 K to 900 K for the generic liquid/substrate system with
−2% misfit, in terms of the number of atomic layers and the corresponding peak density for
the layered structure at the interface (Figure 3a). The layering persists within four atomic
layers at 1400 K, and increases to six atomic layers at 900 K. In contrast, the in-plane atomic
ordering diminishes at high temperatures, with an S(z) of 0.07 for L1 at 1400 K, which is close
to 0.05 of the bulk liquid (Figure 3b). The in-plane atomic ordering is enhanced significantly
with decreasing temperature, and the S(z) of L1 increases dramatically to 0.61 at 900 K.
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This suggests that, in general, prenucleation is a continuous transition from the liquid-like
structure (only with short-range order) to the solid-like structure (with long-range order in
2D) while the temperature is lowered. This trend will continue for the temperatures below
the liquidus until the occurrence of heterogeneous nucleation under a certain undercooling.
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Figure 3. Temperature effect on prenucleation [18]. (a) Peak density, ρP(z), of the density profile and
(b) in-plane atomic order parameter, S(z), as functions of temperature, T, and atomic layers away
from the interface for the system with −2% misfit. The scattered data and solid lines represent the
calculated values of ρP(z) or S(z) and the fitted lines, respectively. Both the atomic layering and
in-plane atomic ordering decrease with increasing T. However, at T = 1400 K, the in-plane atomic
ordering almost vanishes, while the atomic layering persists within approximately four atomic layers.
(Reprinted with permission from Ref. [18]. Copyright 2022, Spring Nature.)

3.3. Effect of Lattice Misfit

Lattice misfit ( f ) is defined as f = (dS − dN)/dS, where dS and dN are the atomic spacing
of the solid and the substrate, respectively [11]. The epitaxial nucleation model [11] suggests
that the potency of a substrate for heterogeneous nucleation decreases with increasing
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lattice misfit when |f | < 12.5%. Thus, prenucleation would have a significant effect
on the nucleation potency of the substrate. Further, the epitaxial nucleation model [11]
predicts that the theoretical limit of the lattice misfit that the dislocations mechanism can
accommodate is 12.5%. Here, we divide nucleation systems into two categories: systems
with small misfit (|f | < 12.5%) and systems with large misfit (|f | > 12.5%). In this section,
we present the atomic configurations at the liquid/substrate interface in the systems with
different misfits.

3.3.1. Prenucleation on Substrates with Small Negative Misfit (−12.5% < f < 0)

To examine the effect of the small lattice misfit (|f | < 12.5%), the classical MD simula-
tions were conducted with the DL_POLY_4.08 MD package for the generic liquid/substrate
systems [18,24], which has a misfit less than 12.5%, either negative or positive, with the
solid α-Al. The EAM potential for Al, developed by Zope and Mishin to model interatomic
interactions [60], was used.

Atomic layering is independent of misfit, and in-plane atomic ordering is significantly
enhanced by reducing the value of misfit for small negative misfit. We investigated the
atomic ordering in the liquid Al at the interface with pinned substrates for the lattice misfits
in a range of 0% to −10%. The atomic layering persists within six layers from the interface
for the systems with varied misfit equilibrated at 1000 K. The ρp and interlayer spacing, da,
exhibit negligible variation with misfit (Figure 4a,c), suggesting that the layering is largely
independent of misfit. On the other hand, the in-plane atomic ordering (S(z)) is strongly
dependent on misfit. The liquid atoms at the interface exhibit pronounced in-plane atomic
ordering within the first three atomic layers when misfit is small, but the in-plane ordering
becomes weak when misfit is large (Figure 4b).

A 2D ordered structure exists at the interface for all of the systems with small negative
misfit, as evidenced by the atomic arrangements in L1 superimposed on the surface layer
of the substrate (L0) with varied misfit equilibrated at 900 K (Figure 5). For 0% misfit, L1
consists of solid-like atoms, which are epitaxial to the substrate lattice (Figure 5a). With
increasing misfit, L1 changes into a mixed structure of ordered and disordered regions,
which consist of the solid-like and liquid-like atoms (Figure 5b–d). The atoms in the
ordered regions in L1 are epitaxial to the lattice of the substrate. This suggests that the
formation of the 2D ordered structure in the liquid at the interface is achieved through
structural templating.

3.3.2. Prenucleation on Substrates with Small Positive Misfit (0% < f < 12.5%)

Small positive lattice misfits produce effects on prenucleation very similar to those
of small negative lattice misfits. The atomic layering is independent of the magnitude of
the lattice misfit, and the in-plane atomic ordering deteriorates with increasing misfit [24].
However, a detailed examination of the atomic ordering at the liquid/substrate interface
has revealed the difference in the two systems. In the systems with small positive misfit,
L1 has a large constant in-plane atomic order parameter (S(z) = 0.8) for all of the systems,
and it does not change with increasing misfit (Figure 6). S(z) decreases sharply from L2
onwards with increasing misfit. Thus, the in-plane atomic ordering persists within about
three atomic layers for f = 0 − 2%, but reduces to two atomic layers for f > 2%.

L1 is epitaxial to the surface layer of the substrate for all of the systems with small
positive lattice misfits, as demonstrated by the time-averaged atomic positions of L1/L0, L2,
and L3 for the system with 4% misfit at 1000 K (Figure 7). This is distinct from the systems
with small negative lattice misfit. Here, L1 always has an ordered atomic arrangement,
epitaxial to the L0 (Figure 7a). L2 has a mixed structure with ordered and disordered
regions (Figure 7b), and L3 is almost disordered (Figure 7c). This suggests that there is a 2D
ordered structure at the liquid/substrate interface for systems with small positive lattice
misfit as well.
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Figure 4. Prenucleation in systems with small negative misfits demonstrated by atomic layering
and in-plane ordering [18]. (a) Peak density, ρp(z), (b) in-plane atomic order parameter, S(z), and
(c) interlayer spacing, da, in the liquid at the interface are plotted as a function of atomic layers
away from the interface for the systems with varied small negative misfit and equilibrated at 1000 K.
Atomic layering and interlayer spacing are largely independent of misfit, while the in-plane ordering
is strongly enhanced by reducing misfit. (Reprinted with permission from Ref. [18]. Copyright 2022,
Spring Nature.)
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L1 templated by the substrate [18]. Time-averaged atomic positions in L1 relative to the surface layer 
(L0) of the substrate, averaged over a period of 10 ps, are displayed for the systems with (a) f = 0%, 
(b) −2%, (c) −4%, and (d) −8% equilibrated at 900 K. The blue and green spheres represent the atoms 
in the surface layer of the substrate and the first layer of the liquid (L1), respectively. For f = 0%, L1 
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Figure 5. Prenucleation in systems with negative lattice misfits demonstrated by atomic ordering in
L1 templated by the substrate [18]. Time-averaged atomic positions in L1 relative to the surface layer
(L0) of the substrate, averaged over a period of 10 ps, are displayed for the systems with (a) f = 0%,
(b) −2%, (c) −4%, and (d) −8% equilibrated at 900 K. The blue and green spheres represent the atoms
in the surface layer of the substrate and the first layer of the liquid (L1), respectively. For f = 0%, L1
exhibits an almost fully ordered structure, which consists of the solid-like atoms. With increasing
misfit, L1 becomes a mixed structure of ordered and disordered regions, with an increasing number
of liquid-like atoms. The atoms in the ordered regions continue the lattice of the substrate. (Reprinted
with permission from Ref. [18]. Copyright 2022, Spring Nature.)
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Figure 6. Prenucleation in systems with a small positive lattice misfit [24]. In-plane order parameter,
S(z), as functions of lattice misfit and atomic layers away from the interface for the systems with
small positive misfit, equilibrated at 1000 K. Generally, the in-plane atomic ordering degrades with
increasing misfit. It is interesting to note that the S(z) of L1 is nearly the same (about 0.8) for all of the
systems with varied misfit.

3.3.3. Prenucleation on Substrates with Large Misfit (|f | > 12.5%)

For systems with a large lattice misfit, the liquid Pb/solid Cu (denoted as Pb(l)/Cu(s))
was used as an example [27], where the solid Pb and Cu have a large positive misfit of
27.3% along the close packed <110> directions on the close packed {111} planes. The EAM
potentials for the Cu–Pb interatomic interactions, developed by Hoyt et al. [61], were
implemented with the LAMMPS in the MD simulation [62].

We found that the atoms in the liquid at the interface exhibit pronounced atomic
ordering even though the system has a large lattice misfit. On one hand, this confirms
that, as a general trend, atomic layering at the interface is independent of lattice misfit.
On the other hand, the pronounced in-plane atomic ordering at the interface with large
lattice misfit does not follow the trend for small lattice misfit, either negative or positive.
The time-averaged atomic positions of the first Cu(s) layer (L1Cu) and the first to the
third Pb(l) layers (i.e., the CSL (coincidence site lattice)-Pb, L1Pb, L2Pb) in the Pb(l)/Cu(s)
system equilibrated at 625 K are displayed in Figure 8a–d. The completely ordered Cu
surface layer (L1Cu) (Figure 8a) templated two highly ordered layers in liquid Pb adjacent
to the Pb(l)/Cu(s) interface, the CSL-Pb layer (Figure 8b) and L1Pb (Figure 8c). There
are six transitional Pb(l) layers at the interface (Figure 8e), where the density profile is
typical for the systems with an atomically flat substrate surface with either positive [24] or
negative [18] lattice misfits. Only the first two liquid Pb layers adjacent to the interface have
relatively high S(z) values (around 0.4), and further away from the interface, the S(z) value
approaches zero (Figure 8f). This is indicative of the existence of a 2D ordered structure at
the interface, consistent with the simulation results of Palafox-Hernandez et al. [16] who
observed the 2–3 “prefreezing” layers of crystalline Pb at the liquid Pb/solid (111) Cu
interface at 625 K.
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Figure 7. Prenucleation in systems with small positive misfits [24]. The time-averaged atomic
positions for (a) L1 on top of the surface layer of the substrate (L0), (b) L2, and (c) L3 in the liquid
adjacent to the liquid/substrate interface with 4% misfit equilibrated at T = 1000 K. L1 has an ordered
structure and is epitaxial to the L0, L2 has a mixed structure, and L3 is largely disordered.
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(b) the CSL (coincidence site lattice) Pb layer; (c) first liquid Pb layer (L1Pb); and (d) the second 
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Figure 8. Prenucleation in systems with large positive misfit demonstrated by the Pb(l)/Cu(s)
system [27]. Time-averaged atomic positions show the atomic arrangement of (a) the first Cu layer
(L1Cu), (b) the CSL (coincidence site lattice) Pb layer; (c) first liquid Pb layer (L1Pb); and (d) the
second liquid Pb layer (L2Pb) in the Pb(l)/Cu(s) system equilibrated at 625 K (above the melting
temperature of Pb, 618 K). (e,f) show the ρ(z) and S(z) as a function of distance from the interface.
There exists pronounced atomic ordering, including layering and in-plane atomic ordering, in the
liquid Pb induced by the Cu substrate.

The quantified stress profile, σs(z), as a function of distance from the interface for the
Pb(l)/Cu(s) system equilibrated at 625 K is shown in Figure 9. It reveals the following facts:
(1) the stress levels in the bulk liquid Pb and bulk solid Cu are close to zero, indicating that
the Pb(l)/Cu(s) system at 625 K is in equilibrium; (2) the stress in the CSL-Pb layer is also
close to zero; (3) the “w”-shaped stress profile suggests that the atoms in L1Pb, L1Cu, and
L2Cu are in compression; and (4) the “w”-shaped stress profile is in good agreement with
the result of Palafox-Hernandez et al. [16].
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Figure 9. Stress state at the Pb(l)/Cu(s) interface [27]. Local stress distribution, σs(z), as a function of
distance away from the Pb(l)/Cu(s) interface, equilibrated at 625 K.

Prenucleation creates a coincidence site lattice (CSL) on the Cu substrate surface, and
the CSL-Pb layer has become the new surface layer on top of the original Cu substrate
(Figure 10a). The time-averaged atomic positions in the superimposed CSL-Pb/L1Cu
layers exhibit a regular hexagonal pattern, which is too fine to be an edge dislocation
network as observed in the systems with small negative misfit [18]. The relationship
between CSL-Pb and L1Cu can be best described by a CSL: {111}<110>Pb // {111}<110>Cu
and 3dPb<110> = 4dCu<110> matching of atomic spacings along the <110> directions on both
{111}Pb and {111}Cu, where d is the atomic spacing along the <011> direction (Figure 10b,c).
This is equivalent to the low-energy Σ7 CSL in the grain boundary [63].

The CSL formed during prenucleation accommodates a major part of the lattice misfit
(Figure 10d) and transforms the original Cu substrate into a much more potent substrate
(i.e., the CSL). Generally, if the amount of misfit accommodated by CSL is f CSL, the residual
misfit (f r) can be expressed by the following equation:

f r = f − f CSL. (4)

The calculated misfit accommodated by the CSL (f CSL) is 25%, which accounts for a
major part of the initial lattice misfit (27.3%) between solid Pb and Cu. Thus, the residual
lattice misfit, f r, is 2.3%. This indicates that the nucleation potency of the substrate with
large lattice misfit can change fundamentally due to prenucleation.

For the subsequent heterogeneous nucleation, the CSL formed during prenucleation
will be the new substrate, and the residual lattice misfit (f r) becomes the only misfit relevant
to the heterogeneous nucleation process.
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of L1Cu in the Pb(l)/Cu(s) system equilibrated at 625 K. (b) Snapshot of CSL-Pb/L1Cu showing 
atomic arrangement in the CSL unit cell; (c) the schematic illustration of CSL unit cell shows the 
matching rule, 3 dPb<110> = 4 dCu<110>, where d is the atomic spacing along the <011> direction; and (d) 
the accommodated misfit, fa, as a function of distance from the interface. The CSL accommodates a 
major part (25%) of the lattice misfit in the Pb(l)/Cu(s) systems, and only a small residual lattice 
misfit of 2.3% needs to be accommodated during the subsequent heterogeneous nucleation. 
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at the interface with 2D amorphous substrate (Figure 11a,b), and no layering for the 3D 
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attributed to the “hard wall” effect, and will disappear as soon as the “hard wall” is miss-
ing. 

Figure 10. Formation of coincidence site lattice (CSL) during prenucleation in the Pb(l)/Cu(s)
system [27]. (a) Time-averaged atomic positions (top view) of the CSL layer (CSL-Pb) superimposed
on that of L1Cu in the Pb(l)/Cu(s) system equilibrated at 625 K. (b) Snapshot of CSL-Pb/L1Cu
showing atomic arrangement in the CSL unit cell; (c) the schematic illustration of CSL unit cell shows
the matching rule, 3 dPb<110> = 4 dCu<110>, where d is the atomic spacing along the <011> direction; and
(d) the accommodated misfit, f a, as a function of distance from the interface. The CSL accommodates
a major part (25%) of the lattice misfit in the Pb(l)/Cu(s) systems, and only a small residual lattice
misfit of 2.3% needs to be accommodated during the subsequent heterogeneous nucleation.

3.3.4. Prenucleation on Amorphous Substrates

Geysermans et al. [35] reported that the liquid Al exhibited a layered structure within
six atomic layers adjacent to the amorphous Cu substrate with smooth surface, and did not
display any layering to the bulk Cu amorphous substrate (3D amorphous substrates). We
investigated the atomic ordering in the liquid Al adjacent to an amorphous Al substrate
with either rough or smooth surfaces [64]. The amorphous substrates with smooth or rough
surfaces are referred to as 2D or 3D amorphous substrates, respectively. Our study reveals
that there exists a layered structure within four atomic layers in the liquid at the interface
with 2D amorphous substrate (Figure 11a,b), and no layering for the 3D amorphous
substrate (Figure 11c,d). This is consistent with the findings of Geysermans et al. [35] and
the previous study in our group [25]. It further confirms that the layering is attributed to
the “hard wall” effect, and will disappear as soon as the “hard wall” is missing.
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amorphous substrate). The system was equilibrated at T = 900 K. The atomic density profile, ρ(z), is 
plotted as a function of the distance from the interface for the system with (b) 2D amorphous sub-
strate and (d) 3D amorphous substrate. The liquid exhibits layering within the first four atomic lay-
ers in the liquid at the interface with 2D amorphous substrate, and no layering in the system with 
3D amorphous substrate. 

An amorphous substrate with a smooth surface can induce prenucleation, as re-
vealed by the time-averaged atomic positions of the surface layer of the substrate (A1), 
L1/A1, L2, and L3 in the simulation system with 2D amorphous substrate at t = 100 ps 
during the simulation at T = 579 K (Figure 12). We found that the nucleation temperature 
of liquid Al on a 2D amorphous substrate is 579 K. There are ordered regions in L1 and 
L2 (Figure 12b,c), indicative of the existence of a 2D ordered structure in the liquid at the 
interface prior to nucleation. Further analysis suggests that local short-range order exists 
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in the liquid. This suggests that prenucleation exists in the liquid at the interface even with 
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is responsible for the prenucleation in such cases.  

Figure 11. Atomic ordering at liquid/amorphous substrate interface [64]. Front view of a partial
snapshot of the liquid Al/amorphous substrate system with (a) atomically smooth amorphous
substrate surface (2D amorphous substrate) and (c) atomically rough amorphous substrate surface
(3D amorphous substrate). The system was equilibrated at T = 900 K. The atomic density profile,
ρ(z), is plotted as a function of the distance from the interface for the system with (b) 2D amorphous
substrate and (d) 3D amorphous substrate. The liquid exhibits layering within the first four atomic
layers in the liquid at the interface with 2D amorphous substrate, and no layering in the system with
3D amorphous substrate.

An amorphous substrate with a smooth surface can induce prenucleation, as revealed
by the time-averaged atomic positions of the surface layer of the substrate (A1), L1/A1,
L2, and L3 in the simulation system with 2D amorphous substrate at t = 100 ps during the
simulation at T = 579 K (Figure 12). We found that the nucleation temperature of liquid Al
on a 2D amorphous substrate is 579 K. There are ordered regions in L1 and L2 (Figure 12b,c),
indicative of the existence of a 2D ordered structure in the liquid at the interface prior to
nucleation. Further analysis suggests that local short-range order exists in the amorphous
substrate with a smooth surface, which induces local ordered structure in the liquid. This
suggests that prenucleation exists in the liquid at the interface even with an amorphous
substrate with a smooth surface, and the structural templating mechanism is responsible
for the prenucleation in such cases.
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Figure 12. Local ordered structure in the liquid at the liquid/amorphous substrate with a smooth
surface [64]. Time-averaged atomic positions of (a) A1, (b) L1/A1, (c) L2, and (d) L3 for the simulation
system with 2D amorphous substrate at t = 100 ps during the simulation at T = 579 K. The local
short-range order in the amorphous substrate can template solid clusters in the liquid at the interface
with the smooth surface of the amorphous substrate.

3.4. Effect of Chemistry

To examine the effect of the chemistry, ab initio MD simulations were performed for
the systems of liquid Al with pinned Ag, W, Al, or Cd substrates (denoted as L-Al/S-Ag,
L-Al/S-W, L-Al/S-Al, L-Al/S-Cd, respectively) [26], using the VASP within the projector-
augmented wave (PAW) framework [65,66] and the generalised gradient approximation,
formulated by Perdew, Burke, and Ernzerhof (PBE) [67]. The liquid Al atoms have an
attractive interaction with the Ag and W substrates, a neutral interaction with the Al
substrate, and a repulsive interaction with the Cs substrate. The heat of mixing, ∆Hmix, is
−4.0 kJ/mol, −2.0 kJ/mol, 0 and 3.0 kJ/mol, respectively, for the Al/Ag, Al/W, Al/Al,
and Al/Cd systems. We constructed the substrates of Ag, W, Al, or Cd with the same
configuration and lattice parameter as that of fcc Al. Thus, all such substrates have the
same crystal structure and the same lattice parameter as that of the solid Al (hence 0 lattice
misfit), but with different chemical characteristics. By doing so, we can investigate the effect
of substrate chemistry on prenucleation without the interference of substrate structures.

Prenucleation at the interface could become more complicated if the effect of the
chemistry is considered, where the atoms are subject to attractive or repulsive interactions,
respectively, from the substrate if there is a negative or positive heat of mixing between
the substrate and liquid atoms. We found that for a given liquid, an attractive chemical
interaction (negative heat of mixing) strengthens atomic ordering at the interface, and
a repulsive interaction (positive heat of mixing) weakens atomic ordering. The atoms
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in the liquid at the interface exhibit stronger atomic layering for the L-Al/S-Ag system
(Figure 13a), and weaker atomic layering for the L-Al/S-Cd system (Figure 13c), compared
to that for the L-Al/S-Al system (Figure 13b).
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Figure 13. Chemistry effect on prenucleation at the liquid/substrate interface [26]. Snapshots of
the simulation systems of the liquid Al and pinned substrate: (a) L-Al/S-Ag, (b) L-Al/S-Al, and
(c) L-Al/S-Cd systems. All systems were equilibrated at 1000 K. The violet and light gold spheres
represent the substrate and liquid atoms, respectively, and the solid orange lines mark the Gibbs
dividing interface between the substrate and the liquid.

Atomic ordering at the interface degrades monotonically with the transition from
attractive to repulsive interactions between the liquid and substrate atoms, while the struc-
ture effect is excluded (Figure 14). With the decrease of ∆Hmix from positive to negative, the
peak density (ρ(z)L1) and in-plane ordering (SL1(z)) in L1, and the number of atomic layers
(nL) at the interface increase linearly (Figure 14a–c), and interlayer spacing (dL1) between L1
and the substrate decreases linearly (Figure 14b). This suggests that an attractive chemical
interaction between the liquid and substrate atoms increases the bond strength between the
atoms in the first layer of the liquid and the surface layer of the substrate. Consequently,
the atoms in the first layer of the liquid are further confined to their equilibrium atomic
positions provided by the surface layer of the substrate. This strengthens structural tem-
plating, and hence increases the atomic ordering at the liquid/substrate interface. On the
other hand, the repulsive interaction decreases the bond strength between the atoms in
the first layer of the liquid and the surface layer of the substrate, and the atoms in the
first interfacial layer are pushed away from the equilibrium atomic positions provided
by the substrate. This weakens the structural templating, and hence impedes the atomic
ordering at the interface. It should be pointed out that the structural effect of the substrate
dominates the atomic ordering. The chemical effect is a secondary factor, and affects the
atomic ordering through either strengthening or weakening the structural templating [26].
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used in the simulations. 

3.5.1. Amorphous Substrate 
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roughness of an amorphous substrate, and even destroyed completely by the rough sur-
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Figure 14. Chemistry effect on atomic ordering at the liquid/substrate interface [26]. (a) Peak density
of L1, ρL1(z), (b) interlayer spacing of L1, dL1, (c) number of interfacial layers, nL, and (d) in-plane
atomic order parameter of L1, S(z)L1, are plotted as a function of the heat of mixing, ∆Hmix, between
the liquid Al and the substrate atoms for the systems of L-Al/S-Ag, L-Al/S-W, L-Al/S-Al, and L-Al/S-
Cd, equilibrated at 1000 K. The atomic ordering in the liquid at the interface degrades monotonically
with the transition from the attractive to repulsive interaction between the liquid and the substrate.

3.5. Effect of Substrate Roughness

To examine the effect of the surface roughness of the substrate at the atomic level,
classical MD simulations were conducted for the systems of liquid Al/fixed substrate [25],
where the substrate is either crystalline or amorphous with varied surface roughness at the
atomic level. The RGL potential, created by Rosato, Guillope, and Legrand [68], was used
in the simulations.

3.5.1. Amorphous Substrate

Geysermans et al. [35] found that the atomic layering is suppressed by the surface
roughness of an amorphous substrate, and even destroyed completely by the rough surface
of a bulk amorphous substrate. We investigated the atomic ordering in the liquid Al
adjacent to amorphous Al substrates with varied atomic-level surface roughness [25]. The
atomic level surface roughness, R, is defined as: R = Σ(∆hi)/nh × 100%, where ∆hi is the
displacement of the ith atom away from a smooth reference plane; h is the spacing of a
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smooth reference plane; n is the total number of atoms in the layer; and ∆hi < h to confine
surface roughness to an atomic scale. For a bulk amorphous substrate, no layered structure
was observed at the interface. The atomic layering in the liquid at the interface reduces
with an increase in the surface roughness of an amorphous substrate (Figure 15a). This is
consistent with the observation of Geysermans et al. [35].
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Figure 15. Effect of surface roughness of the amorphous substrate on atomic ordering [25]. (a) ρp(z)
and (b) S(z) of the liquid Al adjacent to the interface are plotted as functions of distance from the
interface and surface roughness, R, in the simulation system with a single layer of amorphous
substrate, equilibrated at 1000 K. L1 has a relatively low peak density, which accounts for the liquid
atoms occupying a fraction of the atomic positions in the surface layer of the substrate. The layering
of the liquid at the interface deteriorates with increasing R, and there is no visible in-plane atomic
ordering regardless of R. (Reprinted with permission from Ref. [25]. Copyright 2022, Elsevier.)

The liquid adjacent to a bulk amorphous substrate exhibits a disordered structure
(Figure 16a–d), indicating that these atoms have the same characteristics as the bulk liquid.
The amorphous substrate can almost completely eliminate the in-plane ordering in the
liquid regardless of its surface roughness (Figure 15b). The value of S(z) is close to or below
0.01 for all of the interfacial atomic layers, which is approximately the value of S(z) for
the bulk liquid. It can be concluded that the atomic layering in the liquid at the interface
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is impeded substantially by the increasing surface roughness of an amorphous substrate,
and the in-plane atomic ordering is eliminated by an amorphous substrate regardless of
surface roughness.
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Figure 16. Atomic ordering at the interface of liquid/bulk amorphous substrate [25]. The time-
averaged atomic positions of (a) L1, (b) L2, (c) L3, and (d) L4 in the liquid Al adjacent to the bulk
amorphous substrate equilibrated at 1000 K. The atoms in the liquid at the interface exhibit a com-
pletely disordered structure. (Reprinted with permission from Ref. [25]. Copyright 2022, Elsevier.)

3.5.2. Crystalline Substrate

We also investigated the atomic ordering in the liquid Al adjacent to a crystalline
substrate with varied atomic-level surface roughness. The rough crystalline substrate is
artificially constructed from an fcc Al substrate with a <111> surface orientation, where
the smooth reference plane is the {111} plane of the fcc Al with the roughness R = 0. The
liquid Al adjacent to a smooth crystalline substrate (R = 0 and 0% misfit) equilibrated at
1000 K exhibits a layered structure within five atomic layers at the interface. There is a
nearly ordered structure in L1, a mixed structure with ordered and disordered regions in
L2 and L3, and a disordered structure in L4. This is in a good agreement with our result in
Section 3.1.1.

With the increasing surface roughness of a crystalline substrate, both atomic layering
and in-plane atomic ordering in the metallic liquid at the interface are significantly reduced
(Figure 17). The ρp of L1 decreases dramatically with increasing surface roughness, and the
decrease in ρp becomes less dramatic for the subsequent layers (Figure 17a). The layering
becomes negligible for large surface roughness. The in-plane ordering of the liquid at the
interface also deteriorates dramatically with increasing surface roughness (Figure 17b).
Significant in-plane ordering exists within the first two atomic layers for small surface
roughness, e.g., R < 30%. With the further increase in surface roughness, the in-plane
atomic ordering at the interface decreases substantially. At a large surface roughness, the
in-plane atomic ordering becomes negligible even for the first liquid layer.
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It was demonstrated that the atomic ordering at the interface can be demolished
partially or almost completely by impeding the “hard wall” effect and/or structural tem-
plating with a rough substrate [25]. For an atomically rough surface of the crystalline
substrate, both the “hard wall” effect for atomic layering and the structural templating
for in-plane atomic ordering are impeded. As expected, the atomic layering and in-plane
atomic ordering decrease with an increase of the surface roughness of a crystalline sub-
strate [25]. For the rough surface of an amorphous substrate, structural templating for
in-plane atomic ordering is impeded almost completely due to the disordered structure of
the substrate, and the “hard wall” effect for the atomic layering is gradually impeded with
increasing the surface roughness of the substrate. Thus, the rough surface of an amorphous
substrate almost completely eliminates in-plane atomic ordering in the liquid regardless of
surface roughness, and reduces/eliminates the atomic layering depending on the surface
roughness [25].
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Figure 17. Effect of surface roughness of crystalline substrate on prenucleation [25]. (a) ρp(z) and
(b) S(z) of L1, L2, L3, and L4 in liquid Al adjacent to a crystalline substrate as a function of surface
roughness, R, equilibrated at 1000 K. The dashed lines are the fitting line for each data set. Both the
layering and in-plane ordering adjacent to the interface deteriorate with increasing surface roughness,
R. (Reprinted with permission from Ref. [25]. Copyright 2022, Elsevier.)
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3.6. Prenucleation at Liquid/Oxide Interface

During the liquid handling and casting of Mg and Al alloys, oxide particles, includ-
ing magnesia (MgO), (α- and γ-) alumina (Al2O3), and spinel (MgAl2O4), are formed
inevitably in the alloy melts. Experimental observations revealed that the native MgO
particles in liquid Mg alloys are dominant with {111} facets [69], α-Al2O3 with {0001} facets,
and γ-Al2O3 with {111} facets in Al-melts [70], and MgAl2O4 with {111} facets in Al-Mg
alloys [70]. It is generally accepted that these native oxide particles have harmful effects on
the mechanical performance of the cast components [71]. However, they may be harnessed
to act as heterogeneous nucleation sites during solidification to deliver significant grain
refinement without the need for grain refiner addition [70,72,73].

We used parameter-free ab initio molecular dynamics (AIMD) approaches to in-
vestigate the prenucleation at the interfaces between liquid metals and oxides, includ-
ing systems of L-Mg/MgO{111} [74], L-Al/MgO{111} [75,76], L-Al/α-Al2O3{0001} [75],
L-Al/γ-Al2O3{111} [77], and L-Al/MgAl2O4{111} [78]. Chemically, these oxides are ionic
compounds due to the large differences in the electronegativity values of the metals (1.61
for Al, 1.31 for Mg in Pauling scale) and the oxygen (3.44). For example, in γ-Al2O3, all of
the oxygen ions have an average charge value of –1.3 e/O, whereas the Al are positively
charged (+2.0 e/Al). Our study reveals [77] that the charge transfer occurs from the atoms
of the first interfacial Al layer to the outmost O atoms. The atoms in the first interfacial
Al layer are positively charged and bonded to the outmost O layer of the substrate, and
thus become chemically an integral part of the substrates or new terminating layer of
the oxides in the melt. The γ-Al2O3 has a defective spinel-type structure [79]. Along its
[111} axis, it consists of an alternating oxygen layer and Al layer. There are two types
of Al layers: one is composed of three Al sublayers (denoted as γ-Al2O3{111}Al1) and
the other comprises a flat Al layer (denoted as γ-Al2O3{111}Al2). The newly formed Al
layer is smooth at the L-Al/γ-Al2O3{111}Al2 interface, while it is atomically rough at the L-
Al/γ-Al2O3{111}Al1 interface. The liquid Al atoms are well separated from the substrate at
the L-Al/γ-Al2O3{111}Al2 interface, whereas there is no clear border between the liquid Al
atoms and the substrate at the L-Al/γ-Al2O3{111}Al1 interface. It exhibits moderate atomic
ordering at the first Al layer, but little at the second Al layer at the L-Al/γ-Al2O3{111}Al2
interface. At the L-Al/γ- Al2O3{111}Al1 interface, on the other hand, even the first Al layer
displays hardly any atomic ordering. In addition, the L-M/oxide interfaces exhibit a range
of lattice misfits from moderate (0.4%) to high (7.9%), with a similar degree of layering [77].

It is worthwhile to note that the layering at the L-M/oxide interfaces is notably weaker
than that at the L-M/S-M interface [18,26]. For instance, the layering at the L-M/S-M
interface usually persists within about six atomic layers [18], and the L-Al/MgO{111}Mg
interface has four recognisable layers with the in-plane ordering coefficient of 0.18 in the
first layer [75].

3.7. Manipulation of Substrate Potency by Interfacial Segregation

In reality, there are always some solute or impurity atoms in the melts. They may
segregate to the liquid/substrate interface driven by the reduction of interfacial energy,
according to the Gibbs adsorption rule [80]. The epitaxial nucleation model [11] suggests
that a reduction of the interfacial energy by segregated solute elements at the interface can
be achieved by:

• Reaction with the solvent to form an intermetallic phase on the substrate;
• Reaction with the substrate to form a new compound on the substrate;
• Segregation at the interface to influence the lattice parameter of the solid phase;
• Dissolution into the substrate to change the lattice parameter of the substrate.

Therefore, the physical properties (i.e., lattice misfit, surface roughness) of the substrate
and the chemistry at the interface will be altered by the solute segregation. It, in turn,
affects the prenucleation at the interface and the potency of the substrate. For instance, a
solute element will enhance heterogeneous nucleation if it reduces the misfit, and impedes
heterogeneous nucleation if it increases the misfit. Thus, we can manipulate the potency of
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the substrate by selecting a nucleating substrate and segregation of some solute elements
in such a way that nucleation is either enhanced or impeded through prenucleation.

Our recent experimental works demonstrated that the potency of the substrate could
be effectively manipulated, either enhanced or impeded, by the chemical segregation of
selected alloying/impurity elements at the liquid/substrate interface. For instance, Al–Ti–B
is the most widely used grain refiner for many Al alloys. Our high-resolution electron
microscopy investigation confirmed the existence of a Ti-rich monolayer on the (0001) TiB2
surface due to the segregation of Ti, which is most likely to be a (112) Al3Ti two-dimensional
compound (2DC) [81,82]. The potency of TiB2 particles is significantly increased by the
formation of a monolayer of Al3Ti 2DC on their surface in concentrated Al–Ti solutions. On
the other hand, the effectiveness of such grain refiners is severely compromised when a few
hundred ppm of Zr are present in the Al melt, known as Zr poisoning in the literature [83].
The presence of Zr in Al melts leads to (i) the dissolution of the Al3Ti 2DC on the (0001) TiB2
surface due to the segregation of Zr; and (ii) the formation of an atomic monolayer of Ti2Zr
2DC on the (0001) TiB2 surface. This monolayer of Ti2Zr not only has a large lattice misfit
(−4.2%) with α-Al, but is also atomically rough, rendering the TiB2 particles impotent for
the heterogeneous nucleation of α-Al.

4. Discussion
4.1. Prenucleation Describes the Phenomenon of Substrate-Induced Interfacial Atomic Ordering

Our studies revealed that the physical and chemical properties of the substrate have
significant effects on the atomic ordering in the liquid at the interface, and a 2D ordered
structure may be induced by the substrate through a structural templating mechanism.
We confirmed that atomic layering can extend up to six atomic layers at the interface at
temperatures close to the liquidus, and the in-plane atomic ordering may persist within
the first three atomic layers at the interface of a crystalline substrate with very small lattice
misfit, agreeing well with the literature [14–16,35]. We found that the atomic layering was
independent of lattice misfit, and was only slightly enhanced by reducing the tempera-
ture [18,24]. On the other hand, the degree of in-plane atomic ordering is significantly
enhanced by reducing the temperature and/or lattice misfit [18,24]. The 2D ordered struc-
ture in the liquid at the interface changes significantly with the physical and chemical
properties of the substrate. This concept of prenucleation contrasts with the hypernu-
cleation hypothesis [84,85], which suggested that a few atomic layers of quasi-solid Al
containing Ti could form on the (0001) TiB2 surface in the Al melts even above the melting
temperature. Such quasi-solid layers could become a precursor for the formation of the new
phase at a very small undercooling [86,87]. However, the existence of such a quasi-solid
at the interface may be thermodynamically unstable in dilute Al–Ti melts at temperatures
above Tl. In addition, the recent experimental observation with SuperSTEM [82] also does
not support this hypothesis, which revealed that only a single layer of 2D compound,
(112) Al3Ti, formed on the (0001) TiB2 surface through chemical adsorption. An adsorbed
monoatomic layer would be stable at the interface if the liquid/substrate interfacial energy
is reduced [88]. In this case, the free energy increase due to the formation of the 2DC at
the interface is compensated by the interfacial energy reduction. The formation of the 2D
ordered structures during prenucleation is driven by the reduction of the liquid/substrate
interfacial energy, and thus is thermodynamically favourable.

4.2. Prenucleation Provides a Precursor for Heterogeneous Nucleation

Our MD simulation results (Figure 3) confirmed that the atomic ordering in the liquid
at the liquid/substrate interface increases with decreasing temperature, and this trend
continues beyond the liquidus until the nucleation temperature is reached. This suggests
that at lower temperatures, the substrate has a higher capability to template atomic ordering
in the liquid due to the reduced atomic mobility and larger driving force. Prior to the onset
of heterogeneous nucleation at the nucleation temperature (Tn), prenucleation reaches its
maximum in terms of the fraction of solid atoms at the liquid/substrate interface [89],
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which provides a precursor for the heterogeneous nucleation process. This precursor
represents the maximum atomic ordering at the liquid/substrate interface and serves
as a starting point for heterogeneous nucleation at Tn. Our research on heterogeneous
nucleation processes [89] revealed that although heterogeneous nucleation in systems with
varying lattice misfits occurred at different nucleation temperatures, with Tn decreasing
linearly with increasing lattice misfit, it always started with the same precursor with the
same level of atomic ordering [89]. On one hand, at the same temperature, atomic ordering
at the liquid/substrate interface decreases with increasing lattice misfit; on the other hand,
for a given system, the nucleation temperature decreases with increasing lattice misfit. The
overall outcome of the interplay between temperature and lattice misfit is that systems with
different lattice misfits will start with the same precursor. This is a good demonstration of
the importance of prenucleation in heterogeneous nucleation.

4.3. Prenucleation Leads to the Lowest γLN at the Nucleation Temperature

We calculated the interfacial energy, γLN, of the liquid/substrate interface as a function
of the fraction of ordered atoms in the interface and found that γLN decreases with the
increasing fraction of ordered atoms in the interface [89,90]. By ignoring the chemical inter-
action between the substrate and the liquid, the interfacial energy of the liquid/substrate
interface, γLN, is closely related to the number of ordered atoms in the diffuse interface. At
a given temperature, γLN decreases with the increasing number of interfacial solid atoms.
For a given temperature, the number of ordered atoms in the L/N interface decreases and
γLN increases with increasing misfit. However, the increase in misfit leads to a decrease
in Tn, which in turn causes the increase in atomic ordering in the L/N interface at Tn.
The overall effect of increasing misfit is that systems with different misfit have the same
atomic ordering in the L/N interface and thus the same γLN at their respective nucleation
temperatures [89]. This suggests that heterogeneous nucleation in systems with different
misfits occurs at different temperatures, but with the same atomic ordering in the L/N
interface. In other words, heterogeneous nucleation always starts with the same precursor,
with the lowest interfacial energy (γLN) [89,90].

4.4. Prenucleation Originates Physically from Structural Templating

Atomic layering can be attributed to the “hard wall” effect of the substrate [49,50],
and is therefore independent of the crystal structure [14,16,17], surface orientation [15,35],
and lattice parameter [18,24,27] of the substrate. We found that in-plane atomic ordering
resulted from the structural templating. The surface lattice of the substrate provides low-
energy positions for atoms in the first layer of the liquid. The occupancy of such low-energy
atomic positions depends largely on the crystallographic matching between the substrate
and the solidified phase from the liquid, which is quantified by the lattice misfit. Our study
revealed that there exists an epitaxial interface for either small negative lattice misfit [18]
or small positive lattice misfit [24]. For systems with large lattice misfit, the interface
is also epitaxial due to the formation of the CSL during prenucleation [27]. Therefore,
if heterogeneous nucleation does occur, a specific orientation relationship always exists
between the solid and the substrate for a full range of lattice misfit. This suggests that
structural templating plays a critical role in prenucleation, and that it will continue to play
a critical role during both heterogeneous nucleation [91] and the subsequent crystal growth
processes [90].

5. Summary

The physical and chemical properties of the substrate have a significant effect on the
atomic ordering in the liquid at the liquid/substrate interface. We have developed the
concept of prenucleation to describe the substrate-induced atomic ordering in the liquid at
the liquid/substrate interface at temperatures above the nucleation temperature. Using
classical MD and ab initio DFT simulations, we systematically investigated the effects
of temperature, lattice misfit, substrate surface roughness, and the chemical interaction
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between the substrate and the liquid on prenucleation. The main findings are summarised
as follows:

• Prenucleation describes the phenomenon of substrate-induced atomic ordering in
the liquid at the liquid/substrate interface at temperature above the nucleation
temperature.

• Prenucleation can be described in three different ways depending on the purpose
of analysis: (1) atomic layering and in-plane atomic ordering for quantifying the
substrate induce atomic ordering; (2) two-dimensional order structure at the liq-
uid/substrate interface for describing the interfacial atomic arrangement; and (3) a
diffuse liquid/substrate interface for linking interfacial atomic ordering with interfa-
cial energies.

• Prenucleation is promoted by reducing the temperature, lattice misfit, or atomic-
level surface roughness and by having an attractive chemical interaction between the
substrate and liquid atoms.

• The physical origin of in-plane atomic ordering during prenucleation is structural tem-
plating by the substrate lattice, while that of atomic layering is the “hard wall” effect.

• While structural templating dictates prenucleation, the chemistry effect is a secondary
factor in determining the atomic ordering at the liquid/substrate interface. An attrac-
tive chemical interaction strengthens structural templating, and a repulsive interaction
weakens it.

• Atomic ordering at the liquid/substrate interface can be demolished by impeding the
“hard wall” effect and/or structural templating with an atomically rough substrate
surface. Increasing the surface roughness of a crystalline substrate reduces both atomic
layering and in-plane atomic ordering.

• The rough surface of an amorphous substrate can eliminate in-plane ordering in
the liquid at the liquid/substrate interface, resulting in such a substrate having no
structural templating power.

• The nucleation potency of a substrate can be manipulated by the segregation of
selected elements at the liquid/substrate interface in such a way that nucleation is
either enhanced or impeded through prenucleation.
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