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Abstract: Our current understanding of heterogeneous nucleation has been dominated by the clas-
sical nucleation theory (CNT) with little progress of significance being made in past 100 years. In
recent years under the financial support from EPSRC for the LiME Research Hub, we have made
substantial progress on understanding heterogeneous nucleation at atomic level using a combination
of molecular dynamics simulations and advanced high-resolution electron microscopy. We found
that heterogeneous nucleation proceeds through a three-layer nucleation mechanism to produce a 2D
nucleus. The atomistic mechanisms responsible for accommodating lattice misfit are dependent on
misfit (f ): (1) for systems with small negative misfit (−12.5% < f < 0), misfit is accommodated by dis-
location mechanism; (2) for systems with small positive misfit (0 < f < 12.5%), misfit is accommodated
by vacancy mechanism; and (3) for systems with large misfit (|f | > 12.5%), misfit is accommodated
in two steps: formation of coincidence site lattice during prenucleation to accommodate the major
misfit (f csL) and the residual misfit (f r) is accommodated during heterogeneous nucleation by the
dislocation mechanism if the residual misfit is less than 0 or by the vacancy mechanism if the residual
misfit is larger than 0. Further analysis suggests that heterogeneous nucleation is spontaneous thus
barrierless and deterministic rather than stochastic.

Keywords: heterogeneous nucleation; molecular dynamics simulation; lattice misfit; solidification

1. Introduction

Understanding nucleation is of vital importance to both science and technology, such
as ice nucleation for climate change [1,2], the solidification and casting of advanced metallic
materials [3], the manipulation of nucleation of molecular crystals in the context of drug
design and production [4] and protein crystal formation in living beings [5]. However, our
current understanding of nucleation is far from complete [6–10]. Theoretically, nucleation
research has been dominated by the classical nucleation theory (CNT) for more than
a century with little significant progress [11,12]. Currently, there is a massive gap of
1010 m−3s−1 in the homogeneous nucleation rate of ice between CNT-based computer
simulations and experimental measurements that has triggered an intense debate between
theoreticians and experimentalists [2]. Practically, the CNT provides little guidance to
nucleation control in important industrial processes. For example, although TiB2-based
grain refiners have been used in metallurgical industry for over 80 years [13], they were
mainly developed by trial-and-error with little help from the CNT.

In the homogeneous CNT, a nanoscale nucleus is formed through structural fluctuation
and a solid/liquid interface is created as a by-product [14–18]. In the homogeneous
CNT, continuum thermodynamics was applied to determine the critical nucleus size and
the energy barrier for its formation and statistical mechanics was utilised to formulate
the nucleation rate that describes the nucleation kinetics [19–21]. Core to the CNT is
its capillarity assumption (thermodynamics) and its fluctuation mechanism for nucleus
creation (kinetics). Such assumptions encompass most of the strengths and weaknesses of
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the theory [2]. Although there have been challenges to the capillary approximation, the
homogeneous CNT is conceptually simple, mathematically rigorous and widely applicable
to describe qualitatively many phase transformations and has dominated our thinking for
more than a century.

The heterogeneous CNT is an outcome of direct application of the homogeneous CNT
to the case of heterogeneous nucleation, where a substrate facilitates the nucleation process
by reducing the energy barrier [22,23]. The potency (P) of a substrate is characterized by:
P = 1/F(θ), and F(θ) = (2 + cosθ)(1 − cosθ)2/4, where θ is the contact angle defined by the
Young’s equation [14]. The smaller the contact angle θ is, the more potent (higher P) the
substrate is. However, it is not a trivial task to determine θ, and so far, there have been very
few data available for θ in the literature [24,25]. In addition, there have been challenges
to the validity of heterogeneous CNT. Cantor [26] realised that when θ < 10◦, spherical
cap formation becomes unphysical, and the heterogeneous CNT breaks down. Cantor and
co-workers [27,28] also found that the experimentally measured nucleation undercooling
data do not fit CNT description when θ > 40◦. Therefore, they suggested that heterogeneous
nucleation is better described as an adsorption process at the liquid/substrate interface
rather than a spherical cap formation process [29,30]. More recently, based on their atomistic
simulation results, Fan and Men [12] have concluded that heterogeneous CNT is invalid
since its prerequisite for the Young’s equation is not satisfied in all practical cases for
heterogeneous nucleation.

Nucleation potency of a substrate is closely related to the lattice misfit between the
substrate and the new solid phase, f [31,32]. Practically, lattice misfit has been used as
a parameter to search for grain refiners, and there has been computer software, such as
edge-to-edge matching approach [33,34], to identify low misfit substrates. Theoretically,
based on the CNT, Turnbull and Vonnegut [31] proposed a simple crystallographic model,
which suggests that there exists a linear relationship between nucleation undercooling,
∆Tn, and misfit. However, Gránásy et al. [35] pointed out that the barrier of heterogeneous
nucleation was not a monotonical function of the misfit, based on their modelling work
with phase field crystal model. In addition, by realising the importance of structural
templating, Fan [34] proposed an epitaxy nucleation model, which predicts that when
0 < |f | <12.5%, nucleation undercooling increases with increasing |f |. Interestingly,
the recent experimental observations [36,37] showed that ∆Tn increased initially with
increasing the misfit, and reached a peak around f = 13%, and then decreased with further
increase in the misfit. More recently, Fan and co-workers [11,38,39] developed a three-layer
nucleation mechanism, which predict that when 0 < |f | <12.5%, nucleation undercooling
increases linearly with increasing |f |, where f can be either actual misfit when |f | <12.5%
or residual misfit (f r) after the misfit accommodated by the coincidence site lattice (f CSL)
when |f | >12.5%.

Atomistic simulation has been widely employed to understand the microscopic de-
tails of heterogeneous nucleation [40–47], due to the difficulties involved in experimental
observations of the nucleation process [48]. With Monte Carlo simulations of the crystal
nucleation on a flat crystalline surface using the Lennard-Jones potential, Sear et al. [47]
found that the substrate surface lattice strongly influenced the nucleation rate, which de-
creases with increasing the misfit when the misfit is less than 10% and becomes scattered
with further increase in the misfit. They found that nucleation was epitaxial when the
misfit was small, and epitaxy might be absence for systems with large misfit [47]. Classical
MD simulations for ice formation on kaolinite conducted by Sosso et al. [43] showed that
the nucleus had a strong two-dimensional character, and that the critical nucleus was sub-
stantially smaller than that found for homogeneous nucleation. In addition, with ab initio
MD simulations of the Al(l)/TiB2(s) interface, Wang et al. [40] revealed that the growth of
the first three layers of α-Al at the interface was frustrated by the lattice misfit (f = −4.2%)
between solid Al and TiB2 at a small undercooling of 2 K. Furthermore, Fujinaga et al. [46]
reported that a thin solid Al layer, which initially appeared in the liquid Al on surfaces
of a cubic Ti particle, could grow to a spherical cap of fcc Al under an undercooling of
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60 K, which was regarded as athermal heterogeneous nucleation by the authors. It seems
that there has been an increasing interest in understanding of the atomistic mechanisms
of heterogeneous nucleation process using atomistic simulations, and so far, the exact
atomistic mechanisms of heterogeneous nucleation are still desirable.

In the recent years, using classical MD simulations, we investigated systematically the
effect of lattice misfit on the atomistic mechanisms of the heterogeneous nucleation [11,38,39].
We found that heterogeneous nucleation completes within three atomic layers to gener-
ate a 2D nucleus (a crystal plane of the solid), with the specific atomistic mechanisms for
accommodating lattice misfit being dependent on the sign and amplitude of the lattice
misfit [11,38,39]. In this paper we provide a concise overview on the atomistic mechanisms
of heterogeneous nucleation as a function of lattice misfit. After a brief review of atomistic
nucleation research in the literature, we present the methodology used for the MD sim-
ulations and data analysis in Section 2, and the concept of prenucleation and precursor
for heterogeneous nucleation in Section 3. This is followed by a detailed description of
the atomistic mechanisms of heterogeneous nucleation as a function of lattice misfit in
Section 4. An in-depth discussion of the nature of heterogeneous nucleation is offered in
Section 5 before a summary in Section 6.

2. MD Simulation of Heterogeneous Nucleation

A generic system was created to simulate heterogeneous nucleation process to make
the simulation results generally applicable. This nucleation system consists of a generic
liquid and a generic fcc substrate with its z axis being normal to the {111} surface. We
chose aluminium as the generic liquid since it is representative of many metals in terms of
liquid metal structures. The generic fcc substrate lattice is built using pinned aluminium
atoms with a specified lattice parameter to pre-set the lattice misfit [49]. This generic
system has two major advantages: (1) it allows the simulation of nucleation systems with
substrates of high melting temperatures (Tl) that are similar to the nucleant particles used
in industrial practice (e.g., TiB2 with Tl = 3498 K) and (2) this makes it possible to simulate
the effect of lattice misfit alone without the interference from chemical interaction between
the liquid and the substrate and/or the substrate surface roughness at atomic level [50,51].
For simplicity, we have used the generic terms “the liquid” and “the substrate”.

The initial dimensions were 48
[
112

]
× 30

[
110

]
× 15[111] for the liquid and 48

[
112

]
×

30
[
110

]
× 6[111] for the substrate, with the total number of atoms in the system being

5040. Periodic boundary conditions were imposed in the x(
[
112

]
)- and y(

[
110

]
)-directions.

A vacuum region was inserted with periodic boundary conditions in the z-direction, and
the extent of the vacuum region was 60 Å. The initial configuration of the fcc materials has
a lattice parameter a = 4.126 Å, which corresponds to the value for aluminium obtained
at its calculated melting point. The substrate was assigned a varied lattice misfit with
the solid aluminium, which can be either negative or positive, as will be presented in the
following section.

The EAM (embedded atom method) potential for aluminium, developed by Zope
and Mishin [52], was used in this work. The predicted melting temperature for pure
Al is 870 ± 4 K with this potential [52]. During the simulation, the Al atoms above the
substrate were allowed to move freely under the effect of the interatomic potential. The
substrate atoms were excluded from the equations of motion, but the forces they exert
on the adjacent atoms were included. All the MD simulations were performed using the
DL_POLY_4.08 MD package [53]. The equations of motion were integrated by means of the
Verlet algorithm with a time step of 0.001 ps and the Berendsen NVT ensemble was used for
the temperature control. The liquid was prepared by heating the system to a temperature
of 1400 K with steps of 50 K, each lasting 100,000 MD steps.

The nucleation temperature, Tn, for each specified nucleation system was determined
using the variable step search method. The equilibrated configuration of the liquid at 1400
K was cooled to a desired temperature with a step of 50 K and at each temperature step the
system was allowed to run for 1,000,000 MD time steps to equilibrate. The initial nucleation
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temperature, T1, was determined by monitoring variation in total energy and trajectory
of the system during the equilibration. This means that exact nucleation occurred in the
temperature interval between T1 and T1 + 50 K. A more accurate nucleation temperature, T2,
was determined by a finer search in this reduced temperature interval with a temperature
step of 5 K. Finally, the nucleation temperature, Tn, was determined by an even finer
search between T2 and T2 + 5 K with a temperature step of 1 K. This approach allows the
nucleation temperature to be determined within an error of ±1 K.

The atomic ordering in the liquid adjacent to the liquid/substrate interface was quan-
tified using the atomic density profile for ordering along the z direction and in-plane order
parameter for ordering in the x-y plane. Atomic density profile, ρ(z), is defined as [54]:

ρ(z) =
〈Nz〉

LxLy∆z
(1)

where Nz is the number of atoms between z − ∆z/2 and z + ∆z/2 at time t, ∆z is the
width of the bin, a 10th of the layer spacing in this study. The angled brackets indicate a
time-averaged quantity, and Lx and Ly are the x and y dimensions of the cell.

The in-plane order parameter, S(z), is defined as [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. We chose such that exp(iK·rj) = 1 for any rj in a perfect fcc
lattice with a (111) surface orientation. When all the atoms are at their perfect fcc (111) sites,
the S(z) will be 1 and the order parameter reduces the further they are away from their
ideal positions.

The atomic arrangement in the liquid adjacent to the interface during the simulation is
characterized by the time-averaged atomic positions [56] and local bond-order analysis [57].
The time-averaged atomic positions in the individual layers of the liquid within 10 ps
were taken from the trajectory of the simulation. With this approach, the solid atoms can
be distinguished from the liquid atoms, where the solid atoms usually vibrate at their
equilibrium positions and the liquid atoms can move more than one atomic spacing [56].
The local bond-order analysis is another approach widely used in atomistic simulations to
distinguish the solid atoms from the liquid atoms in the bulk liquid [58]. To perform the
local bond-order analysis, the local bond-order parameters, ql(i), was calculated as [57]:

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 the nearest neighbouring atoms of the atom i. Two neighbouring atoms i
and j can be recognized 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, 0.1 in this study. To distinguish
the solid atoms from the liquid atoms, a threshold on the number of connections that an
atom has with its neighbours is set to 6.

3. Prenucleation and Precursor for Heterogeneous Nucleation

Atoms in the liquid may exhibit pronounced atomic ordering at the liquid/substrate
interface even above the liquidus [49,59–65]. In our previous work [49,66], we have de-
fined prenucleation as substrate-induced atomic ordering in the liquid adjacent to a liq-
uid(L)/substrate(N) interface (the L/N interface) at temperatures above the nucleation
temperature (Tn). Our MD investigations have confirmed that prenucleation is promoted
by decreasing the temperature [49], reducing the lattice misfit between the solid and the sub-
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strate [49], attractive chemical interaction between the liquid and the substrate atoms [50]
and an atomically smooth substrate surface [51]. For a given nucleation system (fixed liquid
and substrate), prenucleation produces the highest level of atomic ordering at the L/N
interface at the nucleation temperature but right before the onset of nucleation (t = 0 ps). We
define such an atomic arrangement at the L/N interface as a precursor for heterogeneous
nucleation. Thus, precursor represents the finishing point of prenucleation and the starting
point of heterogeneous nucleation. In this section, we use two specific cases to demonstrate
the importance of precursor to heterogeneous nucleation.

Figure 1 presents the precursor of a generic nucleation system with −8% misfit at the
onset of heterogeneous nucleation (Tn = 760 K and t = 0 ps). A snapshot of the system
(front view, Figure 1a) reveals that there is significant atomic layering in the liquid adjacent
to the L/N interface. As quantified by the atomic density profile (ρ(z)) in Figure 1b and
the in-plane atomic order parameter (S(z)) in Figure 1c, there are six atomic layers at the
interface, at least three of which contain some degree of in-plane atomic ordering. The
detailed atomic arrangement in the first four atomic layers is presented in Figure 1d–g by
the time averaged atomic positions. There are substantially ordered regions in the first
layer (L1) and the second layer (L2), and such ordered regions become less significant in
the third layer (L3) and almost non-existence in the fourth layer (L4).

Figure 1. Precursor of heterogeneous nucleation [11]. Precursor represents the atomic arrangement
at the L/N interface at the end of prenucleation or at the onset of nucleation. (a) A snapshot, and
(b) atomic density profile, ρ(z), and (c) in-plane order parameter, S(z), as a function of the distance,
z, from the substrate surface (z = 0 Å) for the simulation system with −8% misfit at t = 0 ps and
Tn = 760 K. There are 6 notable atomic layers in the liquid, but only the first three layers contain some
degree of in-plane ordering. (d–g) show the time-averaged atomic positions in the first (L1), second
(L2), third (L3) and forth (L4) layers at the L/N interface. It exhibits substantially ordered structure in
the L1 and L2, and less ordered in the L3, and disordered in the L4.



Metals 2022, 12, 1547 6 of 38

Precursor is a 2D ordered structure at the L/N interface, as shown in Figure 2 by the
arrangement of solid atoms at the interface. Through local bond-order analysis, we can
distinguish solid atoms from the liquid atoms. By removing the liquid atoms from the
simulation system, Figure 2a shows that 2D ordered structure in the system with −8%
misfit at the onset of heterogeneous nucleation (Tn = 760 K and t = 0 ps), with a vertical
section of the system being shown in Figure 2d. In addition, Figure 2 suggests that a solid
atom can only be supported by the solid atoms in its immediate underneath layer, and this
is called structural templating, as will be further discussed later.

Figure 2. 2D ordered structure at the onset of heterogeneous nucleation. (a) A 3D view and (b) a top
view of the arrangement of solid atoms on the substrate at the onset of heterogeneous nucleation
(t = 0 ps and Tn = 760 K) in the system with −8% misfit showing a 2D ordered structure as a
consequence of structural templating; (c) a top view and (d) a front view (A-A slab section) of (b)
showing the arrangement of solid atoms in the diffuse L/N interface. The liquid atoms have been
removed from the snapshot of the simulation system with the local bond-order analysis.

Another important aspect of prenucleation is that in some cases prenucleation may
produce a new substrate to replace the original one for heterogeneous nucleation. This is
demonstrated here by the prenucleation process in the Cu(s)/Pb(l) system (Figure 3). The
details of the simulation on the Cu(s)/Pb(l) system can be found in Reference [39]. Our MD
simulations found that {111} Cu substrate nucleates solid Pb according to the following
orientation relationship (OR):

{111}<110>Pb//{111}<110>Cu. (OR1)

According to this OR, the calculated lattice misfit between the solid Pb and the Cu
substrate is 27.3%, being obviously a system with large misfit (|f | > 12.5%).
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Figure 3. A new substrate is produced by prenucleation in the Pb(l)/Cu(s) system equilibrated at
625 K (Tl = 618 K) [39]. (a) Time averaged atomic positions showing a completely ordered Pb layer,
which will act as the new substrate for heterogeneous nucleation; (b) time averaged atomic positions
in the ordered Pb layer superimposed on that of the top layer of the Cu surface (L1Cu) showing that
the ordered Pb layer (a) is a coincidence site lattice (CSL) relative to L1Cu; (c) snapshot of CSL/L1Cu
showing the matching pattern in the CSL unit cell; and (d) schematic illustration of the CSL unit cell
showing the matching rule, 3dPb = 4dCu, where d is the atomic spacing along the <011> directions.

At a temperature above the melting point of Pb (Tl = 618 K), a completely ordered
Pb layer formed on the {111} Cu substrate (Figure 3a). A detailed analysis of atomic
arrangement reveals that the solid Pb layer has a CSL (coincidence site lattice) relationship
with the Cu substrate (Figure 3b), as further demonstrated by the unit cell of CSL in
Figure 3c, d. Since structural templating is a critical atomistic mechanism for heterogeneous
nucleation, here we use atomic matching rule (AMR) to describe the CSL, instead of the
conventional Σ notations for grain boundaries:

3dPb<110> = 4dCu<110>, (AMR1)

where dPb<110> is the atomic spacing along <110>Pb direction, and dCu<110> is the atomic
spacing along <110>Cu direction. More generally, the atomic matching rule can be ex-
pressed as:

mdS = ndN, (AMR2)

where dS and dN are the atomic spacings of the solid and the substrate according to the
specified OR, respectively. Thus, we can express the lattice misfit as:

f =
dS − dN

dS
× 100% (4)
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fcsl =
n−m

n
× 100% (5)

fr = f − fcsl (6)

where f CSL is lattice misfit accommodated by the CSL, and f r is the residual lattice misfit
remaining after the CSL. In the case of the Cu(s)/Pb(l) system, we have the CSL accommo-
dated misfit of 25% and the residual misfit of 2.3%.

Therefore, the formation of CSL during the prenucleation has converted the original
system with a large positive misfit (27.3%) into a new system with a small positive misfit
(2.3%). The original {111}Cu substrate is now replaced by CSL Pb as the new substrate.

Here we offer a practical case to demonstrate the formation of a new substrate through
prenucleation. Figure 4a shows a HAADF image of the Al3Ti 2DC (two-dimensional
compound) formed at the Al/TiB2 interface formed during the production process of Al-
5Ti-1B grain refiner [67]. The (112) Al3Ti 2DC becomes the new terminating layer of (0001)
TiB2, which changes the original substrate with −4.22% misfit into an extremely potent
TiB2/Al3Ti 2DC substrate (the new substrate with 0.09% misfit). It is this new TiB2/Al3Ti
2DC substrate that settles the decades-long debate on what makes the Al-5Ti-1B grain
refiner effective for grain refinement of Al-alloys [67].

Figure 4. Formation of the (112) Al3Ti 2DC as new substrate in the Al/TiB2 system [67] (Copyright
2017 The Minerals, Metals & Materials Society. Used with permission). (a) HAADF image showing the
existence of (112) Al3Ti 2DC (2-dimensional compound) on top of the TiB2 surface; (b) Ti-terminated
(0 0 0 1) plane of TiB2 surface, (c) (112) Al3Ti 2DC; (d) (111) plane of Al; and (e) 3D construction
of the Al3Ti 2DC layer on TiB2 surface. It indicates that Al3Ti 2DC forms at the interface of the
liquid Al/TiB2, and changes the (0001) TiB2 (−4.22% misfit) into an extremely potent TiB2/Al3Ti 2DC
substrate (0.09% misfit).
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4. Atomistic Mechanisms of Heterogeneous Nucleation

Heterogeneous nucleation is strongly dependent on the lattice misfit, with the specific
mechanisms for accommodating lattice misfit being a function of the sign (negative or
positive) and amplitude (large or small) [11,38,39]. In this section, we first offer a new
definition of heterogeneous nucleation to separate heterogeneous nucleation from grain
initiation. We then present the detailed atomistic mechanisms of heterogeneous nucleation
in systems with small negative misfit (−12.5% < f < 0), small positive misfit (0 < f < 12.5%)
and large misfit (|f | > 12.5%). In addition, local atomic ordering exists in amorphous
solid [68], and this locally ordered structures can be used to test the limit of structural
templating. The MD simulation results is also presented at the end of this section.

4.1. Definition of Heterogeneous Nucleation

The classical nucleation theory describes heterogeneous nucleation as a stochastic
process that generates a hemisphere of a critical radius on a given substrate so that the
hemisphere can grow isothermally without an energy barrier. Our recent work on atomistic
mechanisms of heterogeneous nucleation suggests that this hemisphere formation process
is deterministic rather than stochastic and better to be described as grain initiation [12].
Based on this we have redefined heterogeneous nucleation at atomic level as the process
that creates a 2D nucleus (effectively a crystal plane of the solid) that has the potential to
template further growth.

Now we put the new definition of heterogeneous nucleation into context of early
stages of solidification. As schematically illustrated in Figure 5, early stages of solidification
consist of the following steps [12]:

• Prenucleation: to generate a precursor for heterogeneous nucleation.
• Three-layer heterogeneous nucleation: to generate a 2D nucleus, which is a crystal

plane of the solid.
• Constrained cap formation: spherical cap formation by lowering the temperature to

overcome the energy barrier due to curvature constrain. The outcome of constrained
cap formation is a hemisphere of the solid.

• Grain initiation: a grain is initiated if the spherical cap can grow beyond the hemisphere.
• Free growth: beyond the hemisphere the solid can grow isothermally without any

energy barrier.

Figure 5. Schematic illustration of the early stages of solidification processes on a single substrate.
Heterogeneous nucleation through the 3-layer nucleation mechanism delivers a 2D nucleus. However,
further growth is constrained by the curvature of the L/N interface and can only occur by increasing
the undercooling. Grain initiation is completed by growing the solid beyond the hemisphere where
free growth is possible isothermally.
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4.2. Heterogeneous Nucleation on a Substrate with Small Negative Misfit

Using MD simulations, we systematically investigated the atomistic mechanisms of
heterogeneous nucleation in systems with varying negative lattice misfit. We found that
when −12.5% < f < 0, heterogeneous nucleation completes within three atomic layers
through a dislocation mechanism to produce a 2D nucleus (a crystal plane of the solid).
This dislocation mechanism is illustrated in Figure 6 using the system with −8% misfit.
As shown in Figure 1, at the onset of heterogeneous nucleation (t = 0 ps), prenucleation
has provided a precursor with significant amount of atomic ordering in the liquid adja-
cent to the L/N interface. Building on such atomic ordering, heterogeneous nucleation
occurs spontaneously to increase the atomic ordering. At the end of the nucleation process
(t = 50 ps, Tn = 760 K), the system has nine atomic layers (Figure 6a,b) and each layer con-
tains significant levels of in-plane atomic ordering (Figure 6c). Detailed analysis of atomic
arrangement in the individual layers has confirmed the existence of an edge dislocation
network as marked by the solid brown lines in Figure 6d, a screw dislocation network in L2
as marked by the solid blue lines in Figure 6e and a perfect crystal plane of {111} Al, which
is the 2D nucleus as an outcome of heterogeneous nucleation. The 2D nucleus not only has
the same hexagonal atomic arrangement but also has the same atomic spacing as {111} Al.

Figure 6. Heterogeneous nucleation produces a 2D nucleus (L3) which is a crystal plane of the
new phase [11]. The atomic arrangement at the end of heterogeneous nucleation (t = 50 ps) in the
simulation system with −8% misfit at Tn = 760 K. (a) A snapshot, and (b) the quantified atomic
density profile, ρ(z), and (c) in-plane atomic order parameter, S(z), as a function of the distance, z,
from the substrate surface (z = 0 Å). Time-averaged atomic positions in (d) L1 on top of L0 (substrate
surface) showing the partial edge dislocation network; (e) L2 on top of L1 showing the partial screw
dislocation network; and (f) L3 showing the 2D nucleus which is a plane of the new phase ({111} of
Al). b1, b2, b3 and the arrows represent the Burges vectors of the Shockley partial dislocations in L1
and L2. B and C in (d) and (e) represent the stacking sequence of fcc{111}.
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Figure 7 shows the ordered structure formed at the end of heterogeneous nucleation
(t = 50 ps and Tn = 760 K) in the system with −8% misfit. A 3D view (Figure 7a) and a top
view (Figure 7b) show a 2D ordered structure as a consequence of structural templating;
and a top view (Figure 7c) and a front view (Figure 7d) of the A-A slab marked in Figure 7b
show the arrangement of solid atoms in the S/N interface (L1–L3) and the diffuse L/S
interface (L4–L9). Figure 7 clearly illustrated the basic principle of structural templating that
a solid atom can only “sit” at the local low energy positions provided by the solid atoms.

Figure 7. Ordered structure at the end of heterogeneous nucleation. (a) A 3D view and (b) a top view
of the arrangement of solid atoms on the substrate at the end of heterogeneous nucleation (t = 50 ps
and Tn = 760 K) in the system with −8% misfit showing a 2D ordered structure as a consequence
of structural templating; (c) a top view and (d) a front view (A-A slab section) of (b) showing the
arrangement of solid atoms in the S/N interface (L1–L3) and the diffuse L/S interface (L4–L9).

Negative misfit means that the solid has smaller atomic spacing than that of the
substrate. As shown in Figure 8a, the difference in atomic spacing (da) between the substrate
surface (denoted as L0) and the 2D nucleus (L3) is bridged through two intermediate layers,
L1 and L2. In addition, Figure 8a revealed that the atomic spacing in the transitional
layers (L1 and L2) decreases with increasing time until it becomes a constant at the end
of nucleation. However, the most important finding is that the lattice misfit is largely
accommodated in L1 through the formation of an edge dislocation network (Figure 8b) and
that the formation of the screw dislocation network in L2 has led to a twist (α) of L2 relative
to the substrate orientation (Figure 8c).

MD simulations of systems with different misfit suggest that lattice misfit is the most
important structural parameter that affects heterogeneous nucleation. As shown in Figure 9,
the accommodated misfit (f a) in L1, the total twist angle (α) and the nucleation undercooling
(∆Tn) are all monolithic increasing function of the amplitude of misfit (|f |).
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Figure 8. Mechanisms of heterogeneous nucleation demonstrated by a system with −8% misfit.
(a) Average in-plane atomic spacing (da) in the individual layer as a function of time showing the
structural transition from the substrate to the new solid within the first 3 atomic layers; (b) lattice
misfit accommodated in each atomic layer showing that the misfit between the substrate and the
solid is mainly accommodated by the 1st layer (L1); and (c) the twist angle of each layer relative to
the previous layer showing that L2 twists an angle (α = 5◦) relative to L1.
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Figure 9. Effect of lattice misfit [11]. (a) lattice misfit accommodated by L1 (f a), (b) the total twist
angle (α) of the solid relative the substrate; and (c) the nucleation undercooling (∆Tn) as a function of
the initial lattice misfit (f ).
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It is straightforward to work out the following relationship between the twist angle (α)
and the lattice misfit (f ) in consideration that there are three sets of edge dislocations in L1:

α = 3arctan
(

b
2Sd

)
= 3arctan

(
f
2

)
(7)

where b is the amplitude of the Burger’s vector, and Sd is the edge dislocation spacing.
Since there is no relative twist in other layers rather than L2, the twist angle α represents

the overall twist of the solid relative to the substrate, and this twist has become the signature
of heterogeneous nucleation in systems with negative misfit. This has been tested in the
well-known system Al/TiB2 system, where exists a misfit of −4.2% between the solid Al
and the TiB2 substrate with a (0001) surface termination. As shown by the HRTEM (high
resolution transmission electron microscope) image of the Al/TiB2 interface in Figure 10,
relative to the (0001) TiB2 surface, the first Al layer has no twist and the rest of solid Al has
twisted 4.7◦.

Figure 10. Experimental validation of lattice twist in systems with negative misfit [67] (Copyright 2017
The Minerals, Metals & Materials Society. Used with permission). High resolution TEM micrograph
showing that on the (0001) TiB2 substrate there exists an epitaxial first layer (L1(Al)) and a twist
of the solid Al relative to the TiB2 substrate. {111} Al has a is misfit of −4.2% with the (0001) TiB2

substrate. The tilting experiment during TEM examination has confirmed a 4.7◦ twist of Al relative to
the TiB2 substrate.

To sum up, heterogeneous nucleation in systems with small negative misfit (−12.5% <
f < 0) completes within three atomic layers: L1 accommodates misfit through a network of
edge dislocations; L2 twists an angle α through a network of screw dislocations to release
the strain energy in L1; and L3 is the 2D nucleus.

4.3. Heterogeneous Nucleation on a Substrate with Small Positive Misfit

According to the definition of lattice misfit (Equation (4)), positive misfit means the
atomic spacing of the solid is larger than that of the substrate. To maintain coherency across
the S/N interface, the stresses experienced by atoms at the interface in the systems with
positive misfit will be very different from that in the systems with negative misfit. Our
MD simulations have confirmed that when 0 < f < 12.5% heterogeneous nucleation also
completes within three atomic layers but through a vacancy mechanism. Here we use the
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nucleation process in the system with 8% as an example to illustrate the three-layer vacancy
nucleation mechanism. Figure 11 shows snapshots of atomic arrangement in the first three
layers at the end of heterogeneous nucleation in the system with 8% misfit (Tn = 739 K and
t = 50 ps). The atomic arrangement in L1 (Figure 11a) has an epitaxy relationship with
the substrate (L0) as shown by the superposition of L1 on top of L0 (Figure 11b). Detailed
analysis revealed that L2 (Figure 11c) contains about 16% vacancies relative to L1. L3
(Figure 11d) is a {111} Al plane that has been treated as the 2D nucleus, which is an outcome
of heterogeneous nucleation.

Figure 11. Heterogeneous nucleation mechanism in systems with positive misfit [38]. For the system
with 8% misfit, nucleation occurred at Tn = 739 K and finished at t = 50 ps. (a) A snapshot of L1 and
(b) a snapshot of L1 on top of L0 (the substrate) showing epitaxy relationship between L1 and L0;
(c) a snapshot of L2 showing the existence of vacancies in L2; and (d) a snapshot of L3 showing the
2D nucleus which is a plane of the solid.

Figure 12a presents the quantified average in-plane atomic spacing (da) as a function
of positions of atomic layers with the top surface layer of the substrate being designated as
L0. The close match of atomic spacing between L1 and L0 confirms the epitaxy relationship
between them. The structural transition between the substrate (L0) and the solid (L3) is
delivered through L2, which has an intermediate atomic spacing (see Figure 12a). Within the
experimental error, all the misfit (8%) between the solid and the substrate is accommodated
by L2 (Figure 12b) through the formation of 16% vacancies in L2 (Figure 12c).
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Figure 12. Evolution of atomic ordering during heterogeneous nucleation in the systems with positive
misfit [38]. The simulation system has 8% lattice misfit and is equilibrated at Tn = 739 K for t = 1
ns. (a) Average atomic spacing (da) in the ordered regions of each atomic layer as a function of time
showing the structural transition from the substrate to the solid is complete within 3 atomic layers
(L1, L2 and L3); (b) accommodated misfit in each atomic layer (f a) showing the lattice misfit is mainly
accommodated by L2; and (c) vacancies in each atomic layer (f v) showing the misfit is accommodated
in L2 by formation of vacancies in L2.
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Our analysis has shown that there is a simple relationship between the vacancy fraction
(f v) in L2 and the lattice misfit (f ) between the solid and the substrate:

fv = 1− (1− f )2. (8)

Figure 13 shows that both the measured vacancy fraction (f v) and the nucleation under-
cooling (∆Tn) are all monolithic increasing function of lattice misfit, suggesting again that
lattice misfit is the most important parameter affecting heterogeneous nucleation.

Figure 13. Effect of lattice misfit [38]. (a) The quantified vacancy concentration in L2 (f v) and
(b) nucleation undercooling (∆Tn) as a function of the initial lattice misfit (f ).

Different from the previous case with small negative misfit, after heterogeneous
nucleation in systems with small positive misfit the solid has the same orientation with the
substrate. This has also been confirmed by our experimental observation that there is no
twist between hcp Mg and the fcc MgO substrates (Figure 14) [69,70].



Metals 2022, 12, 1547 18 of 38

Figure 14. Experimental validation of lattice twist in systems with positive misfit [70]. Experimental
evidence for no lattice twist after heterogeneous nucleation in systems with positive misfit. High
resolution TEM images showing nucleation of α-Mg on {111} terminated MgO (a) and {001} terminated
MgO (b) suggesting that there is no twist between the solid and the substrate. In both cases the lattice
misfit is 7.9%.

Magnesia (MgO) in Mg-alloys has an fcc crystal structure but two distinctive mor-
phologies, octahedral with {111} surface termination (designated as MgO{111}) and cubic
with {100} surface termination (designated as MgO{100}) [70]. It has been confirmed that
both MgO{111} and MgO{100} have a lattice misfit of 7.9% with hcp Mg and that both can
nucleate Mg (Figure 14) [70]. It is clearly shown by the HRTEM images in Figure 14 that
there is no twist between the solid Mg and the MgO substrate in both cases.

To sum up, heterogeneous nucleation in systems with small positive misfit also com-
pletes within three atomic layers: L1 has an epitaxy relationship with the substrate; L2
accommodates all the misfit by formation of a population of vacancies; and L3 is a perfect
plane of the solid that is regarded as the 2D nucleus.

4.4. Heterogeneous Nucleation on a Substrate with Large Misfit

As has discussed in Section 3, systems with large misfit (|f | > 12.5%) are converted
into systems with small misfit through the formation of a coincidence site lattice (CSL)
on top of the original substrate surface that acts as the new substrate for the converted
new systems [39]. Using the Cu(s)/Pb(l) system as an example, we have demonstrated in
Figure 3 that the CSL formed during prenucleation acts as a new substrate for heterogeneous
nucleation and accommodates 25% of the original misfit leaving a residual misfit of 2.3%.

Figure 15a shows the time averaged atomic positions in the CSL layer (L0) at the end
of nucleation (t = 190 ps at Tn = 594 K). The first layer of Pb (L1) has an epitaxial relationship
with the CSL layer (Figure 15a) as demonstrated by the superposition of the L1 on top of
the CSL layer (Figure 15b). As shown by the snapshot of L2 in Figure 15c, the residual
misfit of 2.3% is accommodated by the 4.5% vacancies in L2 (Figure 16a). L3 (Figure 15d) is
a perfect {111} plane of the fcc Pb and becomes the 2D nucleus for the subsequent growth.
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Figure 15. Nucleation mechanism in systems with large misfit [39]. The simulation system:
Pb(l)/Cu(s); Tn = 594 K; 27% misfit; t2 = 190 ps. (a) Time-averaged atomic positions in the co-
incidence site lattice (CSL, the new substrate) showing CSL as a mechanism to accommodate the
major lattice misfit (f CSL = 25%); (b) time-averaged atomic positions in L1/CSL showing the epitaxial
relationship between L1 and the CSL; (c) a snapshot of L2 showing the existence of vacancies as a
mechanism to accommodate the residual lattice misfit (f r = 2.3%); and (d) time-averaged atomic
positions of L3 showing a plane of {111} Pb as a 2D nucleus that demarcates the end of nucleation
and the start of crystal growth.

Figure 16b is a plot of the quantified average in-plane atomic spacing against the
position of the individual layers. The close match of atomic spacing between L1 and the
CSL layer provides further support to the epitaxy relationship between L1 and the CSL
layer. After L2, the atomic spacing of the rest of the layers reached a constant value that is
the atomic spacing of solid Pb.
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Figure 16. Atomic arrangement in solidified systems with large misfit [39]. The simulation system:
Pb(l)/Cu(s); Tn = 594 K; and t = 1 ns. (a) Vacancy concentration, f v, and (b) average in-plane atomic
spacing, da, of the individual atomic layers at the Pb/Cu interface as a function of atomic layers.

In summary, heterogeneous nucleation in systems with large misfit occurs in two
distinctive steps: (1) formation of CSL (the new substrate) during prenucleation converts the
system from large misfit into small misfit; and (2) heterogeneous nucleation through either
the dislocation mechanism (if the residual misfit is less than 0) or a vacancy mechanism (if
the residual misfit is larger than 0).

4.5. Heterogeneous Nucleation on Amorphous Substrate

To test the applicability limit of the above nucleation mechanism we have investigated
heterogeneous nucleation of Al on amorphous substrates [68]. We first generated a 2D
amorphous substrate by “compressing” a single layer of Al liquid into a flat plane by
keeping the (x, y) coordinates unchanged while setting z = 0 Å for all the atoms in the
layer. This 2D amorphous layer is then used as a substrate with pinned atoms to form a
simulation system with liquid Al. Our MD simulations revealed that nucleation in this
system occurs heterogeneously at Tn = 579 K. Figure 17a shows the atomic arrangement
in the 2D amorphous substrate (A1) with a local area marked by the blue square being
enlarged in Figure 17b. The red circle (rN = 1 nm) in Figure 17a,b marks the region where
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heterogeneous nucleation took place. It is believed that this local area in the red circle
represents an ordered local atomic cluster. The time averaged atomic positions in L1–L4
are shown in Figure 17c–f, respectively. The purple circle marks the position of 2D nucleus,
with approximately rn = 0.91 nm. It is interesting to note that a flat surface with ordered
atomic arrangement as small as rN = 1 nm can still act as sites for heterogeneous nucleation.

Figure 17. Heterogeneous nucleation on 2D amorphous substrate. Time averaged atomic positions
(a) the 2D amorphous substrate (A1), and (c–f) the first 4 atomic layers (L1–L4) at t = 10 ps showing
the heterogeneous formation of a solid particle on the 2D amorphous substrate at an undercooling of
∆Tn = 311 K. The 2D amorphous substrate was created by quenching the liquid Al from 900 K. A 2D
nucleus of rn = 0.91 nm (marked with purple circles) was formed on a patch (the red circle) in the
substrate surface A1. The substrate patch is magnified to show the atomic arrangement in the patch
in (b).
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However, in the cases of 3D amorphous substrates with an atomically rough surface,
we found that nucleation occurred homogeneously at Tn = 457 K in the liquid, with the
3D amorphous substrate being irrelevant. Figure 18 presents the time averaged atomic
positions in the relevant atomic layers (Li, with L0 being the 3d amorphous substrate)
as a function of simulation time (t). At this temperature, a 3D nucleus (rn = 0.65 nm)
was generated approximately in L23 of the simulation system at t = 300 ps, as marked in
Figure 18 by the purple circles. The 3D nucleus then grows with increasing time as marked
by the blue circles.

Figure 18. Nucleation becomes homogeneous when the amorphous substrate surface is rough.
Time-averaged atomic positions in the relevant atomic layers (L0 denotes the substrate) showing the
evolution of a solid cluster formed homogeneously in the bulk liquid far away from the L/N interface
at an undercooling of ∆Tn = 433 K. The amorphous substrate with rough surface was created by
quenching the liquid from 900 K (denoted as 3D amorphous). A nucleus of r* = 0.65 nm (marked
with purple circles) was formed around L25 at t = 300 ps and then grows with time (marked with
blue circles). The red squares mark the area where nucleation occurs.

In summary, a 2D amorphous substrate with ordered regions as small as rN = 1 nm can
act as sites for heterogeneous nucleation while an atomically rough 3D amorphous surface
has no templating power for heterogeneous nucleation, where homogeneous nucleation
occurs in the liquid, being independent of the 3D amorphous substrate.
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5. General Discussion
5.1. Atomistic Mechanisms of Heterogeneous Nucleation

In Section 4, we have presented atomistic mechanisms for heterogeneous nucleation in
systems with varying misfit. We found that building on the atomic ordering in the precursor
provided by the prenucleation process heterogeneous nucleation completes within the first
three atomic layers, with the first and second layers accommodating the lattice misfit and
the third layer being the 2D nucleus, which marks the end of heterogeneous nucleation and
the onset of crystal growth [11,38,39]. For simplicity, we refer this atomistic mechanism as
the three-layer nucleation mechanism, as schematically illustrated in Figure 19.

1 
 

 

L3
L2
L1

Growth

2D
nucleus

Nucleation

Solid
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Figure 19. Schematic illustration of the 3-layer nucleation mechanism. At the nucleation temperature,
heterogeneous nucleation starts with a precursor created by the prenucleation, proceeds layer-by-
layer through a structural templating mechanism, and completes within 3 atomic layers (marked
as L1, L2 and L3) to provide a 2D nucleus (a crystal plane of the solid) which can template further
growth of the solid.

Let us first discuss the evolution of atomic ordering during heterogeneous nucleation.
Using local bond-order analysis [57] in MD simulation, we can distinguish between solid
atoms from liquid atoms. Figure 20 is a plot of fraction of solid atoms (f s) in the nine
atomic layers during heterogeneous nucleation as a function of normalised time (t/t2, t2
is the nucleation finishing time) for the systems with −6% and −8% misfit. The data for
systems with −2% and −4% misfit have been excluded in Figure 20 due to the large scatter
of data in such systems in which the simulation cell size is smaller than or close to the
dislocation spacing. Figure 20 suggests that within experimental error the two systems have
the same f s at the onset of heterogeneous nucleation (t = 0 ps), follow the same pathway of
solidification (increasing solid fraction) and finish with the same level of atomic ordering
at the end of nucleation (t = t2), although the systems with different misfit may have very
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different Tn and t2. By fitting the data in Figure 20, we can easily obtain the following
expression for the fraction of solid atoms, f s:

fs = fs1 + ∆ fs

(
t
t2

)2
(9)

∆ fs = fs2 − fs1 (10)

where f s1 and f s2 are the fractions of solid atoms at the start (t = t1 = 0 ps) and finish
(t = t2) points of heterogeneous nucleation, respectively. For the specific systems in our
study, we have the fraction of solid atoms f s1 = 0.16 at t1 and f s2 = 0.63 at t2 (Figure 20).
This is interesting and worth of further investigation. Figure 21 presents the fraction of
solid atoms, f s, in each atomic layer at the start (Figure 21a) and the finish (Figure 21b) of
heterogeneous nucleation in systems with different misfit. Figure 21 confirms that systems
with varying misfit have the same atomic arrangement at both the onset of nucleation
(Figure 21a) and the end of nucleation (Figure 21b). Therefore, it can be concluded that
at nucleation temperature (Tn) heterogeneous nucleation in systems with different lattice
misfit starts from the same precursor (same atomic ordering at the L/N interface), follows
the same solidification path (the way to increase the fraction of solid atoms) and finishes
with the same level of atomic ordering at the end of the nucleation process, although such
systems may have very different nucleation undercooling (∆Tn) and nucleation time (t2).

Figure 20. Evolution of atomic ordering during heterogeneous nucleation. Fraction of solid atoms (f s)
in the 9 layers of atoms above the substrate is plotted as a function nucleation time (t) normalised by
the nucleation finish time (t2) for the systems with −6% and −8% misfit. For a good approximation,
the data can be fitted as the fraction of solid atoms f s = 0.16 + 0.47t2.

This interesting nucleation pathway is understandable in view of the three-layer
nucleation mechanism. Firstly, systems with different misfit would have different atomic
ordering at the L/N interface, with the fraction of solid atoms increasing with decreasing
the misfit. However, the larger the misfit, the larger the ∆Tn, and consequently the more
increase in atomic ordering. Therefore, it is possible that the difference in atomic ordering
caused by the misfit is levelled off by that introduced by ∆Tn. Consequently, systems with
different misfit have the same precursor at the nucleation temperature. In addition, from
the MD simulation results presented in Section 4, it appears that a certain level of atomic
ordering at the L/N interface is required to trigger the onset of nucleation. This may imply
that heterogeneous nucleation in systems with different misfit may start from the same
precursor. Secondly, as will be discussed later heterogeneous nucleation ends by creating
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two interfaces, the S/N and L/S interfaces. At the nucleation temperature, atomic ordering
decreases in the S/N interface and increases in the L/S interface with increasing the misfit.
The opposite effects of the misfit on atomic ordering in the two interfaces may cancel each
other leading to a constant level of atomic ordering at the end of heterogeneous nucleation
in systems with different misfit. Finally, as will be discussed in more detail in the following
section, heterogeneous nucleation proceeds layer-by-layer through structural templating.
This means that although the kinetics of atomic ordering is different for systems with
different misfit it is the structural templating that makes the atomic ordering follow the
same pathway (Figure 20).

Figure 21. Comparing solid fractions at onset and end of the nucleation. Fraction of solid atoms
(f s) in the individual layers for the systems with −6% and −8% misfit is plotted (a) at the onset of
heterogeneous nucleation (t1); and (b) at the end of nucleation (t2). As a good approximation, it can
be assumed that all the systems with varying misfit at their perspective nucleation temperature (Tn)
have the same level of atomic ordering at both the start and the end of heterogeneous nucleation.
The dashed line in (b) represents the general trend of fraction of solid atoms corrected for the
underestimate due to the limitation of local bond-order analysis [12,66].

Now let us discuss the effect of lattice misfit (f ) on nucleation undercooling (∆Tn).
Figure 22 is a plot of ∆Tn against the real value of misfit. it is not surprising to see that
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∆Tn is a complex function of the misfit. For systems with |f | < 12.5%, ∆Tn increases with
increasing |f |. While for systems with large misfit (|f | > 12.5%), ∆Tn is closely related to
the residual lattice misfit (f r). It is also noted that ∆Tn decreases slightly with increasing
number of atoms in the simulation cell. This means that the smaller the system is, the higher
the melting point and hence the larger ∆Tn. However, such effect of system size on ∆Tn is
insignificant compared with that of misfit, and this is mainly caused by the implementation
of periodical conditions during the MD simulations.

Figure 22. Nucleation undercooling v.s. lattice misfit. Nucleation undercooling (∆Tn) obtained by
MD simulations [11,38,39] as a function of lattice misfit (f ) shows that ∆Tn is a complex function of
lattice misfit.

Figure 23 is a plot of nucleation undercooling for all the systems we have simulated
as a function of the absolute value of misfit when |f | < 12.5% or residual misfit (f r) when
|f | > 12.5%. It is interesting to note that heterogeneous nucleation undercooling is a unique
function of lattice misfit and increases linearly with increasing |f | regardless the sign of
the misfit although systems with positive and negative misfit have different nucleation
mechanisms in terms of the ways they accommodate lattice misfit. To a good approximation
(R2 = 0.978), ∆Tn can be expressed as a simple function of misfit |f |:

∆Tn = a| f |, (11)

where α is a constant and α =17.82 K in the case of aluminium. Equation (11) is in good
agreement with the simple crystallographic theory of heterogeneous nucleation postulated
by Turnbull and Vonnegut [31] and the epitaxial nucleation model by Fan [32]. Both models
predict that the undercooling for heterogeneous nucleation is linearly proportional to the
lattice misfit. In addition, the linear relationship between ∆Tn and misfit, f, is also validated
by the experimental data (Table 1 and Figure 24) extracted from the early work of Cantor
and co-workers [25,28,31,71–74].
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Figure 23. Nucleation undercooling (from MD simulations) v.s. absolute value of lattice misfit.
Nucleation undercooling (∆Tn) obtained by MD simulations is plotted as a function of lattice misfit
(f ) or residual misfit (f r). It shows that ∆Tn is a unique linear function of lattice misfit |f |. The linear
fitting of the MD data suggests that ∆Tn = 17.82|f | with R2 = 0.978. The scatter of data is mainly
caused by the variation of size of the simulation systems since ∆Tn decreases slightly with increasing
the size of the simulation cells.

Table 1. Orientation relationship (OR), misfit (f ) or residual misfit (f r) and nucleation undercooling
(∆Tn) derived from experimental results on solidification of droplets embedded in matrix from the
literature [25,28,31,71–74]. The OR was examined by transmission electron microscopy and electron
probe microanalysis, the misfit was calculated according to the OR, and the ∆Tn was obtained by
differential scanning calorimeter.

Droplets Matrix OR f or f r (%) ∆Tn (K)

Al Al3Zr {001}<100>Al//{00l}<100>Al3Zr 0.07 0
Cd Al {0001}<11-20>Cd//{111}<110>A1 4.2 56

Sn Al {1 00}<010>Sn//{1 1 1}<-211>AI;
{1 00}<011>Sn//{1 00}<0 11>Al −9.96 104

Pb Al {111}<011>Pb//{111}<011>Al −1.6 22
Pb Zn (111)<1-10>Pb//(0001)<11-20>Zn −0.92 30
Pb Cu {100}<010>Pb//{100}<010>Cu 2.3 0.5
In Al {111}<110>In//{111}<110>Al 1.55 13

The atomistic mechanisms for accommodating lattice misfit during heterogeneous
nucleation is illustrated schematically in Figure 25 and is summarised below:

• For systems with small negative misfit (−12.5% < f < 0), misfit is accommodated by
dislocation mechanism; edge dislocation network in L1 and screw dislocation network
in L2.

• For systems with small positive misfit (0 < f < 12.5%), misfit is accommodated by
vacancy mechanism; L1 is epitaxy to the substrate and L2 contains vacancies to
accommodate all the misfit.

• For systems with large misfit (|f | > 12.5%), misfit is accommodated in two steps:
formation of CSL during prenucleation to accommodate the majority of lattice misfit
(f CSL), and the residual misfit f r (f r = f – f csl) is accommodated during heterogeneous
nucleation by dislocation mechanism if the residual misfit is less than 0, or by vacancy
mechanism if the residual misfit is larger than 0.
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Figure 24. Nucleation undercooling (from experiments) v.s. absolute value of lattice misfit. Nu-
cleation undercooling is derived from experimental results on solidification of droplets embedded
in matrix from the literature [25,28,31,71–74]. ∆Tn is plotted as a function of misfit (f ) or residual
misfit (f r). It shows that ∆Tn is a unique linear function of lattice misfit |f |. The linear fitting of the
experimental data suggests that ∆Tn = 10.6|f | with R2 = 0.86.

Figure 25. Summary of nucleation mechanisms. Schematic illustration of mechanisms for accommo-
dating lattice misfit and nucleation undercooling (∆Tn) as a function of lattice misfit (f ). For systems
with small negative misfit (−12.5% < f < 0), nucleation takes place through a three-layer dislocation
mechanism; for systems with small positive misfit (0 < f < 12.5%), nucleation takes place through a
three-layer vacancy mechanism; for systems with large misfit (|f | > 12.5%), nucleation takes place
by two distinctive steps: (1) prenucleation creates CSL to accommodate the majority of the misfit
(f csl); and (2) heterogeneous nucleation at the nucleation temperature to create a 2D nucleus through
either a three-layer dislocation mechanism if the residual misfit is less than 0 or a three-layer vacancy
mechanism if the residual misfit is larger than 0.



Metals 2022, 12, 1547 29 of 38

5.2. Structural Templating

One of the major advances in our solidification research is the realisation that struc-
tural templating plays a critical role in solidification processes, such as prenucleation [49],
heterogeneous nucleation [11,38,39] and crystal growth [12]. In this section we discuss
further structural templating during heterogeneous nucleation.

Figure 26 presents the evolution of the ordered structures in the first three layers (L1,
L2 and L3) on the substrate (L0) during heterogeneous nucleation at Tn = 760 K in a system
with −8% misfit. In Figure 26, the solid atoms in the ith layer is superimposed on top
of these in the (i − 1)th layer, with L3 being the 2D nucleus produced at the end of the
nucleation process (t = t2 = 50 ps). Figure 26 provides a comprehensive demonstration of
the structural templating principle that solid atoms in the ith layer only “sit” on the solid
atoms in the (i − 1)th layer. However, it is noted in Figure 26 that there are “holes” (“liquid”
atoms) in L1 and L2 at the end of heterogeneous nucleation. This anomaly is due to the
failure of local bond-order analysis, and this will be discussed further here.

Figure 26. Structural templating as a mechanism for extending the ordered structure during nucle-
ation process [11]. The simulation system: −8% misfit, Tn = 760 K. Atomic arrangements of the solid
atoms at the interface as a function of time: (a) t = 0 ps, (b) 20 ps, (c) 40 ps and (d) 50 ps. Liquid atoms
have been removed from snapshots using the local bond-order analysis. Starting from the precursor,
nucleation proceeds layer-by-layer through structural templating.
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Figure 27 is a 2D illustration of structural templating. The locally ordered solid atoms
(filled circles in Figure 27a) have lower mobility compared with liquid atoms above them.
The potential energy of the potential solid atoms above the solid layer is schematically
illustrated in Figure 27b, with the energy maxima being marked by the red dots and energy
minima by green dots. Obviously, the energy minima will be the most likely positions for
the next layer of solid atoms, as marked by the dashed open circles in Figure 27c. Therefore,
structural templating can be defined as an atomistic process in which solid atoms provide
potential low energy position for the next layer of potential solid atoms.

Figure 27. A 2D illustration of structural templating as a mechanism for transforming liquid atoms
into solid atoms at the crystalline/liquid interface. (a) Front view of the equilibrium atomic positions
in a crystalline plane; (b) schematic illustration of the potential energy (G) of an atom in the next
atomic layer as a function of its position (x). The potential energy has maxima (red dots) right above
the solid atoms and minima (green dots) between the two solid atoms; and (c) schematic illustration
of the potential equilibrium atomic positions in the next layer (the dashed circles).

Figure 28a shows the time averaged atomic positions of atoms in L1 superimposed on
these in the substrate (L0) at the end of heterogeneous nucleation (Tn = 760 K, t2 = 50 ps) in
a system with −8% misfit and 80,000 atoms. Normal solid atoms in L1 vibrate around their
equilibrium positions and appear in Figure 27 as a blob of dots, which occupy either the “B”
positions or the “C” positions in L1, where “B” and “C” represents the atomic positions of
ABCA . . . stacking sequence in the fcc lattice. Such solid atoms are denoted as “B” atoms
and “C” atoms. However, the atoms located at the nodes of dislocation network in L1 can
hop between the “B” and “C” positions (denoted as “BC” atoms), with their trajectories
forming a circular pattern centred on top of a substrate atom underneath (Figure 28b). This
suggests that such “BC” atoms (solid atoms) have higher mobility and thus higher potential
energy than those of normal solid atoms. It is obviously that the local bond-order analysis
has failed to classify such node atom as solid in Figure 27. It is interesting to note that,
such “BC” atoms are perfectly capable of templating solid atoms in the next atomic layer
occupying the “A” positions, as demonstrated in Figure 28c,d by superimposing L2 on L1.
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Figure 28. Structural templating. Time averaged atomic positions of atoms in (a,b) the L1 super-
imposed on L0 and (c,d) the L2 superimposed on the L1 at the end of heterogeneous nucleation
(Tn = 760 K, t2 = 50 ps) in a system with −8% misfit and 80,000 atoms. Normal solid atoms occupy
either the “B” or “C” positions in L1, where “B” and “C” represents the atomic positions of ABCA . . .
stacking sequence in the fcc lattice. The brown lines in the (b) represent the dislocation lines. It is
noted that the atoms located at the nodes of dislocation network in L1 can hop between the “B” and
“C” positions (denoted as “BC” atoms), with their trajectories forming a circular pattern centred on
top of a substrate atom underneath. This suggests that the structural templating mechanism can take
effect even in the node regions.

Figures 27 and 28 reveal the following essential features of structural templating:

• Only solid atoms in the (i − 1)th layer can template solid atoms in the ith layer. This
means no solid atoms can “sit” on top of liquid atoms.

• In an ordered patch, the number of solid atoms in the ith layer is always less than
that in the (i − 1)th layer. This is the physical origin of curvature development during
crystal growth, as will be discussed elsewhere [12].

• In the case of fcc Al with an ABCA . . . stacking sequence, if the position of (i − 1)th
layer is assumed to “A”, the positions of the solid atoms in the ith layer can be: (1)
located at either “B” or “C” positions in a normal ordered region; (2) located between
“B” and “C” positions in the core of a dislocation; and (3) found in both “B” and “C”
positions at the nodes of a dislocation network, and the trajectories of such atoms form
a circular pattern centred on top of a solid atom in the (i − 1)th layer (see Figure 28).
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• Although atoms that hop between “B” and “C” positions have higher mobility than
those located at either “B” or “C” positions, they can template solid atoms in the
(i + 1)th layer in position “A”.

5.3. Nature of Heterogeneous Nucleation
5.3.1. Heterogeneous Nucleation Transforms a L/N Interface into a S/N Interface plus a
L/S Interface

As demonstrated in Figure 1, the starting point of heterogeneous nucleation is the
precursor produced by prenucleation. This precursor is effectively the diffuse L/N interface,
which has 6 atomic layers (Figure 1a,b) with the first three layers containing some degree
of in-plane atomic ordering (Figure 1c). Therefore, the precursor represents the highest
level of atomic ordering at the L/N interface and hence the lowest interfacial energy (γLN).
At the end of heterogeneous nucleation (Figure 6), there are nine atomic layers between
the bulk liquid and the substrate (Figure 6a,b), among which, the first three layers (L1, L2
and L3) form the S/N interface and the later six layers (L4–L9) constitute the L/S interface.
The L/S interface here is equivalent to a L/N interface with 0% misfit and is hence capable
of templating substantial in-plane atomic ordering (Figure 6c). Therefore, heterogeneous
nucleation can be regarded as a process that transforms a L/N interface (the precursor)
into two interfaces at the nucleation temperature; one is the S/N interface, and the other is
the L/S interface. This new concept of heterogeneous nucleation is helpful for analysing
the heterogeneous nucleation process at atomic level.

Firstly, it is helpful for understanding the atomic arrangement at various interfaces
and their effect on interfacial energies. By ignoring the chemical interaction between the
substrate and the liquid, interfacial energies, γLN and γLS are closely related to the amount
of ordered atoms in the interface (diffused interface is a region). At a given temperature,
γLN and γLS decrease with increasing interfacial solid atoms. Similarly, the γSN is closely
related to the number of defects in the S/N interface. When the misfit is 0%, the L/N
and L/S interfaces become the same while the S/N interface disappears. This situation
simply represents the case for crystal growth and ∆Tn = 0 K. For a given temperature, the
amount of ordered atoms in the L/N interface decreases and γLN increases with increasing
the misfit, while the γLS remains constant. However, increase in the misfit leads to a
decrease in Tn, which in turn causes the increase in atomic ordering in the L/N interface.
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 perspective nucleation
temperatures (see Figures 20 and 21). This appears to suggest that heterogeneous nucleation
in systems with different misfit occurs at different temperature but with the same atomic
ordering in the L/N interface. In other words, heterogeneous nucleation always starts
with the same precursor. On the other hand, at the end of heterogeneous nucleation, the
number of defects in the S/N interface increases and γSN increases with increasing the
misfit while the amount of atomic ordering in the L/S interface increase and γLS decreases
with decreasing Tn as a consequence of increasing the misfit. However, according to the
recent MD assessment of temperature effect on γLS of Al by Sun et al. [75], for the range of
undercooling for heterogeneous nucleation in systems of concern, the change in γLS caused
by changes in Tn is within the experimental error. Therefore, with reasonable accuracy we
can assume that γLS is a constant for systems with varying misfit. Based on this analysis,
we can conclude that heterogeneous nucleation undercooling (∆Tn) is closely associated
with the number of structural defects in the first two atomic layers (i.e., the S/N interface),
which is a function of lattice misfit. The interfacial free energy of the S/N interface (γSN)
can be taken as the energy of all defects in the first three layers. For systems with negative
misfit, in consideration of strain energy caused by screw dislocation is 2/3 of that of edge
dislocation [76], we have the following equation for the S/N interfacial energy [32]:

γSN = 3βDb f (12)
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D =
µ

4π(1− ν)
(13)

where D is a materials constant, µ the shear modulus of the solid, ν the poison’s ratio of the
solid, b is the value of Burger’s vector and β is another materials constant and β = 1.24 in
the case of Al.

For systems with positive misfit, we assume that all the misfit strain will be released
by the formation of vacancies in L2 during heterogeneous nucleation, and then we have

γSN =
Ev fv

πr2
a

(14)

where Ev is the formation energy of a vacancy and fv is the vacancy fraction in L2. For the
system with 8% misfit, f v = 16%, Ev = 0.69 ± 0.03 eV for Al [77] and ra = 1.3 Å, we have
γSN = 21 meVÅ−2 = 0.336 JÅ−2. This is in the right range for a semi-coherent interface.

In addition, this new concept has been deployed to formulate heterogeneous nucle-
ation and we have derived the following equations for nucleation undercooling [12]:

∆Tn =
−∆γ

12∆ fs∆Svra
(15)

∆γ = γLS + γSN − γLN . (16)

Since γLS – γLN and ∆f s are independent of the misfit (f ), and γSN ∝ f, we have ∆Tn ∝
f. This is consistent with Equation (11) obtained from the MD simulation results (Figure 23).

5.3.2. Heterogeneous Nucleation Is Spontaneous thus Barrierless

During our MD simulations, we monitor the changes in total energy of the simulation
system. Figure 29 is a typical example of the total energy changes during the heterogeneous
nucleation in a system with −8% misfit at temperature Tn = 760 K. We use t1 to mark
the onset of heterogeneous nucleation where the total energy starts to decrease. The total
energy decreases at a slower pace during nucleation (t1 < t ≤ t2), continues to decrease
at an accelerated pace after nucleation (t2 < t ≤ t3), and becomes a constant after the
completion of solidification (t > t3). We found that in all the simulation cases the total
energy of the system always decreases during heterogeneous nucleation at the nucleation
temperature [12]. This suggests that heterogeneous nucleation occurs spontaneously (a
downhill process) without any energy barrier [12]:

∆Gn = (γSN + γLS − γLN)nL Aa < 0, (17)

where ∆Gn is the free energy change for heterogeneous nucleation, γLN, γLS and γSN are the
interfacial energies of the L/N, L/S and S/N interfaces, respectively; nL is the number of
atoms in one atomic layer; and Aa is the projected area of an atom. This is in great contrast
to the classical heterogeneous nucleation theory, in which heterogeneous nucleation has an
energy barrier.

From Equation (17) we have:

γSN + γLS < γLN . (18)

This suggests that the well-known Young’s equation below is not applicable to het-
erogenous nucleation:

γLN = γSN + γLS cos θ, (19)

where θ is the contact angle defined by the Young’s equation. It is important to note that
θ is only meaningfully defined when γLN ≤ γSN + γLS. In all the cases for heterogeneous
nucleation, the substrate is always wetted by the liquid, and certain degree of atomic
ordering exists in the L/N interface. γSN + γLS < γLN means that the nucleated solid phase
can always wet spontaneously the substrate, making the Young’s equation unphysical for
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the cases of heterogeneous nucleation. In addition, the CNT for heterogeneous nucleation
is based on the concept of Gibb’s dividing interfaces with zero thickness. However, we
now understand that all interfaces are regions of limited thickness. This makes the triple
point ill-defined to apply the Young’s equation.

Figure 29. Total energy change in the simulation system during the nucleation [11]. Evolution of
total energy (Et) of the system with −8% misfit is plotted as a function of t during the simulation at
Tn = 760 K. t1 marks the onset of nucleation, t2 the end of nucleation and t3 the end of solidification.
L and S denote the liquid and the solid phases, respectively.

5.3.3. Heterogeneous Nucleation Is Deterministic rather Than Stochastic

The classical nucleation theory (CNT) describes both homogeneous and heteroge-
neous nucleation as a stochastic process, where the nucleus (3D) with a critical size is
generated by fluctuation in local atomic arrangement and local temperature, and thus
time is required to allow for the appearance of the nucleus with a critical size and thus is
time dependent. However, in our new description of heterogeneous nucleation, building
on the precursor generated by prenucleation, formation of a 2D nucleus occurs through
structural templating without the need of neither structural nor temperature fluctuations.
Therefore, heterogeneous nucleation in the new nucleation theory is a deterministic process.
In addition, Figures 20 and 21 suggest that for a generic nucleation system of Al/substrate
of varying misfit heterogeneous nucleation starts with the same precursor, proceeds with
the same ordering pathway and ends up with the same nucleus although the nucleation
temperatures are different. This also implies that heterogeneous nucleation is deterministic.

6. Summary

In this overview, we provide a comprehensive understanding on the atomistic mecha-
nism of heterogeneous nucleation, based on our recent results of the MD simulations. We
found that, building on the atomic ordering in the precursor provided by the prenucleation
process, heterogeneous nucleation completes within the first three atomic layers, with the
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first and second layers accommodating the lattice misfit and the third layer being the 2D
nucleus, which marks the end of heterogeneous nucleation and the onset of crystal growth.

The starting point of heterogeneous nucleation is the precursor produced by prenucle-
ation. This precursor is effectively the diffuse L/N interface, which has six atomic layers
with the first three layers containing some degree of in-plane atomic ordering. The precur-
sor represents the highest level of atomic ordering at the L/N interface. One of the major
advances in our solidification research is the realisation that structural templating plays
a critical role in solidification processes, such as prenucleation, heterogeneous nucleation
and crystal growth. The essential features of structural templating are:

• Only solid atoms in the (i − 1)th layer can template solid atoms in the ith layer. This
means no solid atoms can “sit” on top of liquid atoms;

• In an ordered patch, the number of solid atoms in the ith layer is always less than
that in the (i − 1)th layer. This is the physical origin of curvature development during
crystal growth;

• In the case of fcc Al with an ABCA . . . stacking sequence, if the position of (i − 1)th
layer is assumed to “A”, the positions of the solid atoms in the ith layer can be: (1)
located at either “B” or “C” positions in a normal ordered region; (2) located between
“B” and “C” positions in the core of a dislocation; and (3) found in both “B” and “C”
positions at the nodes of a dislocation network, and the trajectories of such atoms form
a circular pattern centred on top of a solid atom in the (i − 1)th layer;

• Although atoms that hop between “B” and “C” positions have higher mobility than
those located at either “B” or “C” positions, they can template solid atoms in the
(i + 1)th layer in position “A”.

• The atomistic mechanisms for accommodating lattice misfit are described as:
• For systems with small negative misfit (−12.5% < f < 0), misfit is accommodated by

dislocation mechanism, i.e., edge dislocation network in L1 and screw dislocation
network in L2;

• For systems with small positive misfit (0 < f < 12.5%), misfit is accommodated by
vacancy mechanism, where L1 is epitaxy to the substrate and L2 contains vacancies to
accommodate all the misfit;

• For systems with large misfit (|f | > 12.5%), misfit is accommodated in two steps:
formation of CSL during prenucleation to accommodate the majority of the misfit
(f CSL), and the residual misfit f r (f r = f – f csl) is accommodated during heterogeneous
nucleation by dislocation mechanism if the residual misfit is less than 0 or by vacancy
mechanism if the residual misfit is larger than 0.

The nature of heterogeneous nucleation is to transform a L/N interface (the precursor)
into two interfaces at the nucleation temperature; one is the S/N interface, and the other is
the L/S interface. The process of the heterogeneous nucleation is spontaneous thus barrier-
less, deterministic rather than stochastic and athermal rather than thermally activated.
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