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Abstract: Our current understanding of heterogeneous nucleation has been largely confined to the
classical nucleation theory (CNT) that was postulated over 100 years ago based on a thermodynamic
approach. Further advances in heterogeneous nucleation research requires detailed knowledge of
atomistic activities at the liquid/substrate interface. In this work, using a classical molecular dynam-
ics (MD) simulation, we investigated the atomistic mechanisms of heterogeneous nucleation in sys-
tems with a large lattice misfit (IfI > 12.5%) demonstrated by the liquid Pb and solid Cu system
(denoted as the Pb()/Cu(s) system) with a misfit of 27.3%. We found that heterogeneous nucleation
in systems with a large misfit takes place in two distinctive steps: (1) Prenucleation creates a coinci-
dence site lattice (CSL) on the substrate surface to accommodate the majority (fe1) of the initial misfit
() and (2) Heterogeneous nucleation accommodates the residual misfit fr (fr = misfit — fe1) at the
nucleation temperature to create a plane of the new solid phase (a two-dimensional (2D) nucleus)
through either a three-layer dislocation mechanism if fr <0 or a three-layer vacancy mechanism if fr
>0, such as in the case of the Pb(I)/Cu(s) system.

Keywords: nucleation; atomistic simulation; solid/liquid interface; coincidence site lattice (CSL);
lattice misfit

1. Introduction

Based on the classical nucleation theory (CNT), Turnbull and Vonnegut [1] proposed
a crystallographic model for a semi-coherent interface between the nucleus and the sub-
strate, which suggests that nucleant potency (P) is inversely proportional to lattice misfit
(). They argued that this relationship might operate for many nucleation processes and
suggested that there is a linear relationship between nucleation undercooling, AT, and
misfit. However, Téth et al. [2] pointed out that the barrier of heterogeneous nucleation
was not a monotonical function of misfit, based on their modelling work with phase field
crystal model. Interestingly, the recent experimental observations [3,4] showed that AT~
increased initially with increasing misfit, and reached a peak around misfit = 13%, and
then decreased with further increase in misfit. It seems that the CNT not only breaks down
for very potent particles [5], which usually have a very small lattice misfit with the new
phase, but also does not work for the systems with a large misfit.

Atomistic simulation has been widely employed to understand the microscopic de-
tails of heterogeneous nucleation [6-13], due to the difficulties involved in experimental
observations of the nucleation process [14]. With Monte Carlo simulations of crystal nu-
cleation on a flat crystalline surface using the Lennard-Jones potential, Mithen et al. [13]
found that the substrate surface lattice strongly influenced the nucleation rate, and the
nucleation rate generally decreases with increasing misfit for misfit <10% and became
scattered with further increase in misfit. They found that nucleation was epitaxial when
misfit was small, and the epitaxy might be absent for systems with a large misfit [13].
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Classical MD simulations for ice formation on kaolinite conducted by Sosso et al. [9]
showed that the nucleus had a strong two-dimensional character, and that the critical nu-
cleus was substantially smaller than that found for homogeneous nucleation. In addition,
with ab initio MD simulations for the liquid Al/TiB2 interface, Wang et al. [6] revealed that
the growth of a-Al of three atomic layers in thickness 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. [12] reported that a thin solid Al layer, which initially ap-
peared in the liquid Al on surfaces of a cubic Ti particle, could grow to a spherical cap of
fcc Al under an undercooling of 60 K, which was regarded as athermal heterogeneous
nucleation by the authors. It seems that there has been an increasing interest in under-
standing of the atomistic mechanisms of heterogeneous nucleation process using atomis-
tic simulations, and that the CNT has been commonly used as a framework to understand
the simulation results [15-18] although discrepancies between the simulation results and
the theoretical predictions by the CNT have been found in ice nucleation (as reviewed in
[19]) and in other liquids [20-22]. So far, the exact atomistic mechanisms during the nu-
cleation are still desirable.

The recent research works [6,14,23-33] have confirmed the existence of atomic order-
ing in the liquid adjacent to a crystalline substrate, which has been referred to as prenu-
cleation that has a significant implication on the subsequent heterogeneous nucleation
process. Based on these findings, the epitaxial model [34] proposed that structural tem-
plating might be the atomistic mechanism for heterogeneous nucleation, i.e., new phase
continues the lattice of the substrate with creation of misfit dislocation at the interface to
accommodate the lattice misfit. It predicts that the nucleation undercooling (ATn) with
increasing misfit in systems with the misfit of less than 12.5%, which is the theoretical
upper limit for dislocation mechanism without overlapping of dislocation cores [34]. This
implies that microscopic details of the structural templating may change with increasing
the lattice misfit beyond 12.5%.

Lattice misfit (f) is defined as f= (ds — dn)/ds, where ds and dx are the atomic spacing of
the solid and the substrate, respectively [27]. Using MD simulations, Fan and Hua [35,36]
systematically investigated the effect of lattice misfit on the atomistic mechanism of het-
erogeneous nucleation while the magnitude of misfit was less than 12.5%. They demon-
strated that the heterogeneous nucleation completed deterministically within three atomic
layers through structural templating to form a two-dimensional (2D) nucleus from which
the new phase could grow, and this mechanism was referred to as three-layer nucleation
[35,36]. For systems with a small negative misfit (-12.5% < misfit < 0), an edge dislocation
network forms in the first layer to accommodate lattice misfit, a screw dislocation network
forms in the second layer to reduce the lattice distortion caused by the edge dislocation
network, and a perfect crystalline plane of the solid is created in the third layer as the 2D
nucleus to template further growth [35]. They found that the potency of the substrate as
measured by 1/ATn increased with the decrease in misfit, and this was in accordance with
the prediction of the epitaxial model [34]. They also investigated the atomistic nucleation
mechanism for systems with a small positive misfit (f < 12.5%) and found that the three-
layer nucleation mechanism also worked for systems with a small positive misfit but with
a different mechanism for accommodating the misfit [36]: the first layer is epitaxial to the
substrate surface, the second layer contains vacancies to accommodate lattice misfit, and
the third layer is the 2D nucleus that templates further growth. However, the atomistic
mechanism of heterogeneous nucleation for systems with a large misfit (f > 12.5%) is yet
to be investigated.

The Pb(l)/Cu(s) system has a large positive misfit (27.3%) and is immiscible at the
melting temperature of Pb thus there exists a ‘clean” interface between liquid Pb and (111)
Cu substrate [8,23]. In addition, the potentials for the Pb(l)/Cu(s) system have been devel-
oped by Hoyt et al. [37] and tested widely for their reliability in simulating the Pb/Cu
system [8,23,38,39]. Therefore, it provides a unique model system to investigate the atom-
istic nucleation mechanisms in systems with a large misfit. Using the classical MD
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simulations, Palafox-Hernandez et al. [23] observed the 2-3 “prefreezing” layers of crys-
talline Pb at the liquid Pb/solid (111) Cu interface at 625 K and such atomic ordering in
the liquid at temperatures above the liquidus was generally referred to as prenucleation
[27]. Palafox-Hernandez et al. [8] later showed that at a AT~ of 26 K the nucleation and
growth of Pb on the Cu substrate occurred primarily layer-wise, without formation of the
hemispherical cap. It seems that the AT of the Pb(l)/Cu(s) system is considerably small,
compared to 130 K for the systems with misfit = +8% under similar simulation conditions
reported in the literature [35,36]. It is in qualitative agreement with experimental results
that the system with a larger misfit may exhibit a lower AT while misfit is larger than
13% [3]. In fact, the experiment for the nucleation of Pb droplet in Cu matrix revealed that
the (111) Cu was very potent for nucleating solid Pb, with a measured ATn being 0.5 K and
measured 6 being 4° [40], where the CNT broke down [40]. However, it is still not clear
how such a large lattice misfit is accommodated at the Pb(l)/Cu(s) interface during nucle-
ation, and what is the atomistic mechanism for heterogeneous nucleation in the systems
with a large lattice misfit.

In this study, we investigated both prenucleation and heterogeneous nucleation pro-
cesses in the systems with a large lattice misfit, using the classical MD simulation. For this
purpose, the Pb/Cu system was taken as an example. The objective of this study is to cap-
ture the fundamental information about evolution of the atomic arrangements at the stage
of prenucleation and the atomistic mechanism of heterogeneous nucleation for the sys-
tems with a large lattice misfit.

2. Simulation Approach

We used the embedded-atom method (EAM) potentials for the Cu-Pb interatomic
interactions, developed by Hoyt et al. [37]. The melting temperatures calculated with the
potentials are 1279 K for Cu [37] and 618 K for Pb [23,41], compared to the experimental
values of 1357.8 K for Cu and 600.6 K for Pb [42]. The parallel MD program LAMMPS [43]
(12 Dec 2018 version, Sandia National Laboratories, Sandia, NM, USA) was used for the
MD simulations. The simulation system consists of the liquid Pb (Pb(l), hereafter) and the
solid Cu (Cu(s), hereafter) with a <111> surface orientation, with the z axis being normal
to the {111} Cu, which has been confirmed experimentally to be the nucleating surface
[40]. The dimensions of the Cu(s) are 96[112] x 60[110] x 18[111], and the initial dimen-
sions of the Pb sample are 69[112] x42[110] x 27[111], with a total atom number of 30321.
The apparent lattice misfit between the solid Pb and Cu is misfit =27.3% at 618 K, and the
details of the calculation of misfit can be found in Ref. [27]. The Cu(s) is either partially or
fully relaxed. For the former, the atoms in the innermost layer of the Cu are fixed to avoid
Brownian motion in the Cu(s) and the others can move freely [23]. For the latter, all atoms
in the Cu(s) can move freely while the “fix recentre” command in the LAMMPS is imple-
mented to constrain the centre-of-mass of Cu(s). Periodic boundary conditions are im-
posed in the x([112])- and y([110])-directions of all the systems, and a vacuum region is
inserted with periodic boundary conditions in the z([111])- direction, with the extent of 60
A.

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 initial systems were heated to a temperature of 700 K with a step of 50 K, each
lasting 100,000 MD steps. The system equilibrated at 700 K was taken as the initial config-
uration and cooled to the desired temperature firstly with a temperature step of 5 K. At
each temperature step, the system could run for 1,000,000 MD steps to equilibrate, and the
variation in the total energy and the trajectory of the system were monitored until the
nucleation was observed, at which the temperature of T was denoted as Tsk. The system
equilibrated at Tsx + 5 K was taken as a new initial configuration and cooled to the desired
temperature with a step of 1 K until the nucleation event was observed, and this temper-
ature was referred to as the nucleation temperature, Tn. We found that both the systems
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with partially and fully relaxed substrates exhibited essentially the same behaviour dur-
ing the nucleation.

The atomic ordering at the interface is characterized by atomic density profile, p(z)
[28], and z-dependent in-plane order parameter, S(z) [44], where z is the distance away
from the interface. The details for calculating p(z) and S(z) can be found in Ref. [27].

Stress profile, os (z), measures the difference between the longitudinal and transverse
diagonal components of the pressure (stress) tensor, and can be expressed as [23]:

05(2) = P2z = 1/2 [Pax(z) + Pyy(2)] 1)

where Pj is the component of the pressure tensor. To obtain os(z), the local stress tensor
associated with individual atomic positions and the Voronoi tessellation of the atoms were
calculated, using the procedure implemented in LAMMPS [45].

The time-averaged atomic positions and the local bond-order analysis are employed
to investigate the atomic arrangement in the Pb at the interface. To perform the local bond-
order analysis, the local bond-order parameters, qi(), is calculated: [46]

a) = G Z im0/ @

m=-1

where the (2] + 1) dimensional complex vector gu(i) is the sum of spherical harmonics,
Yim(rij), over all the nearest neighbouring atoms of the atom i. Two neighbouring atoms i
and j can be recognised to be connected if the correlation function, gs(i) - gs(j), exceeds a
threshold of 0.5. An atom is identified as solid if the number of the connections that this
atom has with its neighbours reaches a threshold of 6.

3. Results
3.1. Prenucleation

Figure 1a is a snapshot of the Pb(l)/Cu(s) system equilibrated at 625 K. The liquid Pb
atoms adjacent to the Pb(I)/Cu(s) interface become layered despite the existence of a large
lattice misfit (27.3%). The quantified density profile, p(z), as a function of distance, z, is
plotted in Figure 1b, where z = 0 marks the Gibbs dividing interface. It is noted in Figure
1b that the atomic density profile has a smooth transition from the bulk liquid Pb to the
solid Cu across the Pb(l)/Cu(s) interface. There are three transitional Cu(s) layers and six
transitional Pb(/) layers at the interface. This density profile is typical of the systems with
an atomically flat substrate surface and with either a positive [36] or negative [35] lattice
misfit, supporting the previous conclusion that atomic layering at the liquid/substrate in-
terface is independent of lattice misfit as long as the substrate surface is flat.

Time-averaged atomic positions were used to investigate the atomic arrangements at
the Pb(l)/Cu(s) interface. Figure 2 shows the time-averaged atomic positions of the first
Cu(s) layer (denoted as L1Cu) and the CSL Pb layer (CSL) and the first (L1Pb), second
(L2Pb), and third (L3Pb) layers of Pb(l) in the Pb(/)/Cu(s) system equilibrated at 625 K,
where the CSL represents coincidence site lattice (CSL, we will discuss it in detail later).
Firstly, we observed neither Cu atoms in liquid Pb layers nor Pb atoms in solid Cu layers
at the Pb(l)/Cu(s) interface at 625 K although a few Cu solute atoms in the liquid Pb at the
interface were found during the simulation at 700 K. This confirms the MD simulation
results obtained by Palafox-Hernandez et al., [23], being consistent with the fact that Cu-
Pb is an immiscible system. Secondly, we noticed that the completely ordered Cu surface
layer (L1Cu) in Figure 2a templated two completely ordered layers in liquid Pb adjacent
to the Pb(l)/Cu(s) interface, CSL (Figure 2b) and L1Pb (Figure 2c). Finally, further away
from the interface atomic ordering decreases quickly to that of the liquid Pb (Figure 2d,e).

The layered structures at the Pb(l)/Cu(s) interface equilibrated at 625 K are subjected
to further quantitative analysis and the results are presented in Figure 3. The quantified
peak density, pp, is shown in Figure 3a. There are three Cu layers adjacent to the interface
that have a decreased peak density compared with that of the bulk Cu, while there are six
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liquid Pb layers showing an exponential decay of peak density away from the interface
(Figures 1b and 3a).
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Figure 1. Prenucleation phenomenon in the Pb(l)/Cu(s) system equilibrated at 625 K. (a) Snapshot
(front view) of the system and (b) atomic density profile, p(z), as a function of distance, z, from the
interface. The dashed line at z = 0 in (b) marks the Pb(l)/Cu(s) interface. Liquid Pb adjacent to the
liquid/substrate interface shows 6 distinctive atomic layers.
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Figure 2. Time-averaged atomic positions showing the atomic arrangement in the Pb(l)/Cu(s) sys-
tem equilibrated at 625 K (above the melting temperature of Pb (618 K)). (a) First Cu layer (L1Cu);
(b) the CSL Pb layer (CSL, coincidence site lattice); (c) the 1st (L1Pb), (d) 2nd (L2Pb) and (e) 3rd
(L3PDb) layers of Pb at the interface. These results suggest that there exists a 2D ordered structure in

the liquid Pb induced by the Cu substrate.
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Figure 3. Characteristics of the 2D ordered structures in liquid Pb adjacent to the Pb(l)/Cu(s) inter-
face equilibrated at 625 K; (a) peak density, pp(z); (b) in-plane order parameter, S(z); (c) average in-
plane atomic spacing, da; and (d) local stress distribution, os(z), are plotted as a function of the dis-

tance, z, from the interface.



Metals 2022, 12, 1583

7 of 18

The in-plane order parameter, 5(z), for the Pb(l)/Cu(s) system equilibrated at 625 K is
displayed in Figure 3b as a function of distance from the interface. While the 5(z) values
for the solid Cu are consistently high (around 0.8), only the CSL and L1 layers for the
liquid Pb have relatively high 5(z) values (around 0.4) and 5(z) value is approaching zero
further away from the interface. Figures 2 and 3b suggest that there exists a 2D ordered
structure within 2-3 atomic layers at the interface. Compared with the systems with a
small lattice misfit (If1 <12.5%), it is noted that pronounced atomic ordering exists in the
Pb(l)/Cu(s) system with a large misfit (f=27.3%). This is referred to as prenucleation [27].

The atomic spacing, da, in the individual layer is obtained by averaging the distances
between all the nearest neighbouring atoms in this layer and is plotted as a function of z
for the Pb(l)/Cu(s) systems equilibrated at 625 K in Figure 3c. It is interesting to note that
the atomic spacings for the CSL and L1 layers are slightly smaller than that of the bulk
liquid Pb but almost identical to the bulk solid Pb (da=3.53 A). The time-averaged atomic
positions (Figure 2b,c), the quantified S(z) (Figure 3b), and the average atomic spacing da
(Figure 3c) suggest that the CSL and L1 layers are completely ordered.

The quantified stress profile, 0s(z), is presented in Figure 3d as a function of distance
from the interface for the system equilibrated at 625 K. Figure 3d reveals the following
facts: (1) The stress levels in the bulk liquid Pb and bulk solid Cu are close to zero, indi-
cating that the Pb(l)/Cu(s) system at 625 K is in equilibrium; (2) The “w” shaped stress
profile suggests that the atoms in CSL layer is stress free, L1Pb, L1Cu and L2Cu are in
compression; (3) The “w” shaped stress profile is in good agreement with the result of
Palafox-Hernandez et al. [23].

To sum up, at temperatures close to but above the liquidus of Pb (618 K), there exists
prenucleation in the systems with a large lattice misfit: the substrate induces a 2D ordered
structure within 2-3 atomic layers at the interface.

3.2. Coincidence Site Lattice (CSL)

We have investigated the detailed atomic arrangements in CSL Pb layer relative to
that in the substrate surface (L1Cu). Figure 4a shows the time-averaged atomic positions
of CSL Pb layer superimposed on that of L1Cu layer in the Pb(I)/Cu(s) system equilibrated
at 625 K. The atoms in Figure 4a exhibit a regular hexagonal pattern, which is too fine to
be an edge dislocation network as observed in the systems with a small negative misfit
[35]. Further analysis reveals that the relationship between CSL Pb and L1Cu can be best
described by a coincidence site lattice (CSL), as demonstrated by the snapshot in Figure
4b and illustrated by the unit cells in Figure 4c. This CSL can be described by the orienta-
tion relationship between CSL Pb and L1Cu: (111)<110>Pb // (111)<110>Cu, and 3dpb<110- =
4dcu<110- matching of atomic spacings along the <110> directions of both Pb and Cu. This is
equivalent to the low energy X7 CSL existing in the grain boundary [47]. According to this
atomic matching rule, the lattice misfit accommodated by the CSL is calculated to be 25%
(denoted as fes1), which accounts for a major part of the initial lattice misfit (27.3%) between
CSL Pb and L1Cu layers.
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Figure 4. Formation of coincidence site lattice (CSL) during prenucleation in the Pb(I)/Cu(s) system
equilibrated at 625 K; (a) time-averaged atomic positions (top view) of CSL Pb layer superimposed
on that of L1Cu; (b) snapshot of CSL/L1Cu showing the atomic arrangement in the CSL unit cell; (c)
schematic illustration of CSL unit cell showing the matching rule, 3dro = 4dcy, where d is the atomic
spacing along the <011> direction.

The lattice misfit between the consecutive layers, f,, at the interface is calculated using
the following equation:

d; —d;
£ = [d—z] x 100% 3)

where d2 and d1 are atomic spacing of a given atomic layer and that of its underneath layer,
respectively. Figure 5 shows the fa as a function of z for the Pb(l)/Cu(s) system equilibrated
at 625 K. The calculated fa between the CSL Pb and L1Cu is 24%, which is close to the
theoretical value of 25% lattice misfit that the 7 CSL can accommodate. In addition, Fig-
ure 5 suggests that L1Pb accommodates 0% lattice misfit.
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Figure 5. The accommodated misfit, f,, of the individual layer as a function of distance (z)
from the interface during prenucleation in the Pb(I)/Cu(s) system equilibrated at 625 K.

3.3. Heterogeneous Nucleation

The nucleation temperature, Tn, was determined to be 594 K for the Pb(l)/Cu(s) sys-
tem by monitoring the total energy of the simulation system using the approaches de-
scribed in Section 2. The nucleation undercooling, AT», is expressed as: ATn = Tm — Tn,
where Tm is 618 K for the Pb [37]. Thus, ATx is 24 K, being in good agreement with the
value of 26 K obtained by Palafox-Hernandez et al. [8].

The 2D ordered structure in the liquid Pb adjacent to the liquid/substrate interface at
the onset of nucleation (¢ = 0 ps) represents the maximum atomic ordering in the liquid Pb
achievable by prenucleation and is referred to as the precursor of heterogeneous nuclea-
tion. Figure 6 shows the atomic arrangement in the precursor. The time-averaged atomic
positions of the CSL-L3Pb at t = 0 ps during the simulation at Tn = 594 K are presented in
Figure 6a—-d. Both CSL Pb (Figure 6a) and L1Pb (Figure 6b) have an ordered structure,
while L2Pb (Figure 6c) and L3Pb (Figure 6d) contain some ordered regions in a liquid
matrix. Compared with the 2D ordered structure at 625 K (Figure 2), the precursor con-
tains more ordered atoms. The layering of Pb at the interface increases slightly from six
layers at 625 K (Figure 1b) to seven at Tn (Figure 6e). In addition, both the peak density,
pr(z) (Figure 6f), and the in-plane order parameter, S(z) (Figure 6g), have increased slightly
compared with those at 625 K. This is consistent with our previous observation [27] that
the atomic ordering of the liquid at the interface increases with decreasing the tempera-
ture.

We firstly analysed qualitatively the evolution of atomic ordering in the interfacial
Pb layers during the nucleation process using time-averaged atomic positions. The onset
of nucleation is marked by an increase in atomic ordering in the liquid adjacent to the
interface during isothermal holding at the nucleation temperature. The evolution of
atomic ordering is clearly revealed by the time-averaged atomic positions in the first four
Pb layers (CSL-L3Pb) at the interface at different times during the nucleation process at Tn
=594 K. In the precursor (¢t = 0 ps, Figure 6a-d), CSL Pb and L1Pb are largely ordered
structure while L2Pb and L3Pb are considerably disordered. Atomic ordering in L2Pb and
L3Pb increases with time, and L3Pb is transformed into a complete crystalline plane at ¢ =
190 ps. L3Pb has a hexagonal atomic arrangement and atomic spacing (da = 3.53 A) match-
ing that of the {111}Pb plane (da =3.53 A) of the bulk Pb at Tn =594 K. Here we define L3Pb
as the 2D nucleus, which marks the end of nucleation and onset of crystal growth. Thus,
in the case of the Pb(l)/Cu(s) system, t < 0 ps is prenucleation with the precursor as an
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(a)

(b)

(c)

(d)

outcome; 0 ps < t < 190 ps is the nucleation process and the nucleus is a 2D plane of the
solid phase; and t > 190 ps is crystal growth.
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Figure 6. Nucleation precursor represents the maximum atomic ordering in the liquid adjacent to
the interface prior to the onset of nucleation. Time-averaged atomic positions of (a) CSL, (b) L1Pb,
(c) L2Pb and (d) L3Pb. (e) Density profile, p(z); (f) peak density, pp(z); and (g) in-plane atomic or-
dering, S(z), are plotted as a function of distance z from the interface for the Pb(I)/Cu(s) system at ¢
=0 ps during the simulation at Tn =594 K.

We then analysed quantitatively the atomic ordering during nucleation by quantify-
ing the evolution of peak density, pp(z), and the fraction of solid atoms, fs, at Tn =594 K as
functions of time (t) and distance from the interface represented by atomic layers, and the
results were presented in Figure 7. Before the onset of nucleation (f < 0 ps), the atomic
ordering in the system has the following characteristics: (1) the peak density profile is
independent of time as shown by the overlapping peak density profiles at t =-150 ps and
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t =0 ps in Figure 7a; (2) the fraction of solid atoms, f;, has a constant value (independent
of time) for a specific Pb layer (Figure 7b); and (3) fs is 1 for CSL Pb and close to 1 for L1Pb
suggesting the CSL Pb and L1Pb become completely ordered at prenucleation stage (Fig-
ure 7b). All these suggests that the atomic ordering at the nucleation temperature is con-
stant before the onset of nucleation although it is dynamic with time. During nucleation
(0 ps <t<190 ps), the peak density profile rises (Figure 7a) and the fraction of solid atoms
increases (Figure 7b) with increasing time until pp(z) reaches the peak density for solid Pb
and f reach 1 for L3Pb. Crystal growth (t > 190 ps) is characterised by advancing the
Pb(s)/Pb(l) interface with a flat “z” shaped peak density profile into the liquid away from
the substrate (Figure 7a) and repeating the flat “s” shaped fs curves to create further solid
layers (Figure 7b). The general observation from Figure 7 is that the increase in atomic
ordering is considerably slower during nucleation than that during subsequent crystal
growth.

0.3

(a)

® -150ps 4 Ops 0 140ps < 240ps

440ps x 540ps x 740ps

P, (A3)

Solid fraction per layer, f;

0 = T = T - T T T T T T T T T
-150 0 150 300 450 600 750

t (ps)

Figure 7. Evolution of atomic ordering during heterogeneous nucleation in the Pb(I)/Cu(s) system
at Tn = 594 K; (a) Peak density, pp(z), and (b) solid fraction, fs(z), of the individual Pb layers at the
interface are plotted as functions of ¢ and the atomic layer away from the interface.

The results in Figure 7 suggest that both heterogeneous nucleation and crystal
growth in the Pb(l)/Cu(s) system proceed layer-by-layer through a structural templating
mechanism, in which ordered atoms in a given atomic layer provide low energy positions
for the ordered atoms in the next neighbouring layer. This means that along the z direc-
tion, a solid atom always “sits” on top of solid atoms in its underneath layer.

The detailed atomic arrangement of Pb at the end of nucleation (¢ = 190 ps) is further
analysed. Figure 8a shows the time-averaged atomic positions of CSL Pb layer superim-
posed on top of that of L1Cu. Analysing the regular patterns in Figure 8a reveals the exact
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same coincidence site lattice (CSL) as shown in Figure 4. This suggests that the ordered
CSL layer forms at the prenucleation stage and should be treated as part of the substrate
as long as the heterogeneous nucleation is concerned. Figure 8b shows the time-averaged
atomic positions of L1Pb superimposed on top of that of CSL Pb layer. It is interesting to
note that (1) All the Pb atoms in L1Pb (in red) sit above the centre of the upward triangles
formed by Pb atoms in CSL Pb layer (in light blue) (Figure 8b); (2) L1Pb contains no va-
cancies (fv = 0 % in Figure 9a); and (3) L1Pb has almost the same average atomic spacing
(da=3.45 A) as that of CSL Pb layer (Figure 9b). All these suggest that L1Pb is in an epi-
taxial relationship with CSL Pb layer. Figure 8c displays a snapshot of L2Pb at t = 190 ps.
Different from the epitaxial L1Pb, L2Pb contains 4.3% vacancies (Figure 9a) and has a

slightly higher atomic spacing (d« = 3.53 A, Figure 9b).

(a) CSL(e)/L1Cu(e) (b) L1Pb(e)/CSL(e)

« oge o g , esepee °. ° Co B0 8Ye%8YG% 0% y” g  Tg By Yy Pty Ya e ey 2
eoe Iiz*." FAAN AR AN AR {' AAN g AR IR RN H zt“m"v“g"ﬁ"’t‘%‘%«bv
% ¢ 0% FLo%C Folo @ froveh & oVots § e b Fu PRI 0 A4t 30906 8 A% 2 S92
9 © date § Betr C.OOP § KBS D KA © B R A 38 3 38 330 3 AL It
L TNt & ayeg & (ANFAXRER g wPalioduf gty g9 ¥e ¥ Uy ¥y Vb by byt Po By
eceveoes g‘- ) ORI ©olaPad cCalyl B itu®  F o 6eb 0ol Uy ¥e % Yy Sy
&I’ ;”'-:5“‘ ;";. J’d’ .551‘: 0te D ¥ ole% U s ¥ P‘; o % % 0%aly €y B B G ¢ ‘3‘@“*: jw@‘qﬁ"%’. fg B ®

A ) ® e wse Qs Wl ® & Wew
hy > ERR RSN N s LA ,,uvb;
2‘:‘:0:‘3 w“lg" B"Ybnt"‘v’u“‘a”y"?"e %a:'&:¢:
DR &‘m‘g“‘o%°,“.,.‘uﬂ.%%‘w @ “e%4
N L

PRI RIRRR R IR I IR
¢ :‘g"‘dztivg'n"n'u 6% 69 5% g% Ye ¥ Ya®
0 BP0 Oy Be ¥ 8,0, 8 6 0l 0,0, % ¥ MgV
Coue Pebe u ¥y B P00 0g tat o Pyttt
%oty w“’““’t‘-b'u‘é“«.‘o”‘a%‘e"f«»’o"a’a‘*«»‘v
5787 0% “uCulue ¥ aF, Py 0 By ¢ (0P P By YeP O ee

b @
P €L g ’G'b’&i‘# AR "ﬂ 2 vy g L] K’e
D) s ® e Q ses e ¢
.3.}-' "‘Q. .i' ;-“v.ﬁ ;-;..1 60?:.6 ] u;! $ UO""’? ;
€ Fode ¥ Foiv s 1“-:'0 © -%c@.e u:-?p qot.pu &wrd %
& OOD L BOP § % g'i S‘"! %g#&% PR RN >
A LA AN N R RARS R AR RN I
0 5 Foted Heled © 8ol & weRQ BN Bl G ¢
» L] .. 0 ° o .,
?9;"“' 2,050 8% -"’q!‘..'{ J’-‘v’ﬁ“’.&"i R 0% U6 (O VY ¥ BB B e 9 0, B GE P Y
t’.-’t,d‘.“v’%?r.'.cvm'&e-huuhkv&v-%‘i PO e-3- e o8- 30 38 -S40 4 A4 e ¢ 0
CERY GG wEe D C I S LR Bl s peted § o G ¢ U ¥ uele% Kl ® g @889 g¥p Sy g
O R o o Ay IR R X Y | 08P 0ePo e eSeu it b gr e st ety bo o Tedyeyete
At T R i
ot G Wol B & ot B G resch P v’:’t 0 a::'eo @ c-;nb @ o "“““’eg":““‘;”"“' 0 gl Ba8gSy 'u“w"vw”a‘g A
P A O X X XD XM XX v‘e&y"z o“g :v#‘s bR PutioPy 0y s 0,0t P ot % ¥ %"
N AN RN 2N AR SRR AT A i o A AN AU BTN S YA
650 0 walew Ghgen §ageis & uoye 0 wased covea Uy ot HTETE R ety Petyty Bt

(c) L2Pb(@) (d) L3Pb(e)

Euﬁhyyggu‘luu',ouo@o“vq“3"&%&0‘1}9*35&8‘#’!&0?&5?»4-
600 g%00 009 gVoo0oO0OEE © U O L Qe vy Y QO svweeae bt e
0 0900 goo0o0oeg o VUEUO OO Oy PEERPYYPYWELEY $gea o oo Py

©0G00 0000 GLUQGu 9O OOOSE 0o eV st RNtV SraREALYewET
© U0V GO COOgoo Y 0o 09 g0 PITLUPREBLYVC Y IP P Ea v
00 0eYvoevE Y VOLEGEUOOYg gouoo “ OV eYEBNY ¢4 e Ee PRl Y

0000y (® 000G OOLUE OOG OGO \'tcv-?ve&hwcwbm}a_ev»v‘«u&a
vuuououuwg‘,uuguuuuuuuu"*w*«vkuewsvay.csc..v:ej~
“"0““"““‘,“““"00““““““0 Y UE LSy YRR VY G S e E
CC OO oo goeovowowooeoe e

©ev oo vu @ o e ¢ ¢ ¢ %o :
. . LE R kB NS BE R TGO

e RLE YE B s PN eb e
L R A R N R A E A LR AR A Y

b ey B W I YR APy @R

e vgo © v e e
< © 0069 gooo ooe ¢ o P EABECYPOLEpracEErrYRRE

0O 0 o0V OOULYOLOEEOLEOOGOGCOLOE

Figure 8. Atomic arrangements in the Pb(I)/Cu(s) system at Tn = 594 K at the end of nucleation (t =
190 ps); (a) Time-averaged atomic positions of CSL Pb/L1Cu showing coincidence site lattice (CSL)
as a mechanism to accommodate the major lattice misfit; (b) time-averaged atomic positions of
L2Pb/CSL Pb showing the epitaxial relationship between L1Pb and CSL Pb; (c) a snapshot of L2Pb
showing the existence of vacancies (as quantified in Figure 9a) as a mechanism to accommodate the
residual lattice misfit; and (d) time-averaged atomic positions of L3Pb showing a perfect plane of
(111) Pb as a 2D nucleus that demarcates the end of nucleation and the start of crystal growth.

Figure 8d presents the time-averaged atomic positions of L3Pb at f =190 ps. Detailed
analysis confirmed that L3Pb contained only a small fraction of vacancies that was com-
parable with equilibrium vacancy concentration, but no other defects were found. In ad-
dition, L3Pb (Figure 8d) has a hexagonal atomic arrangement and an average atomic spac-
ing of da=3.53 A, which matches well those of (111) plane of the bulk solid Pb. Therefore,
L3Pb can be taken as a 2D nucleus, which marks the end of heterogeneous nucleation and

the onset of crystal growth.
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Figure 9. The (a) vacancy concentration, fv, and (b) average in-plane atomic spacing, da, of the indi-
vidual Pb layers at the interface as a function of the distance, z, from the interface for the Pb([)/Cu(s)
system at Tn =594 K and t = 1000 ps.

4. Discussion

In this study, we have investigated the atomistic mechanisms of heterogeneous nu-
cleation in systems with a large lattice misfit (f > 12.5%) through MD simulations using
the Pb(l)/Cu(s) system (27.3% misfit) as an example. We find that prenucleation at tem-
peratures above the liquidus of Pb produces a completely ordered solid layer, which has
a CSL relationship with the {111} Cu surface and accommodates 25% lattice misfit. The
CSL is best described by the following orientation relationship (OR) and atomic matching
rule (AMR):

(111)<110>Pb // (111)<110>Cu, (OR 1) 4)
3drbaiio> = 4dcu<io-  (AMR1) 5)

The CSL layer can be treated as a new surface layer and induces a 2D ordered struc-
ture in the liquid Pb, which acts as a precursor for heterogeneous nucleation at the nucle-
ation temperature. Building on the precursor, heterogeneous nucleation takes place
through a three-layer mechanism: The first Pb layer has an epitaxial relationship with the
CSL Pb layer; the second Pb layer contains vacancies to accommodate the residual lattice
misfit (2.3%); and the third Pb layer is a perfect {111} Pb plane, which acts as a 2D nucleus
to template further growth. This three-layer mechanism is the same as that for heteroge-
neous nucleation in the systems with a small positive misfit (0 <misfit <12.5%) [36]. There-
fore, the mechanisms for heterogeneous nucleation in the Pb(l)/Cu(s) system (27.3% mis-
fit) can be described by two distinctive steps. Step 1: formation of CSL Pb layer as a new
substrate surface at the stage of prenucleation to accommodate most of the lattice misfit
(25%), which transforms the system from one with a large misfit to another with a small
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residual lattice misfit (2.3%); step 2: a three-layer mechanism to generate a 2D nucleus. In
this section, we discuss the generality of this mechanism for heterogeneous nucleation for
systems with a large misfit.

Nucleation potency can be measured by the nucleation undercooling, ATn. Our MD
simulation suggests that the nucleation undercooling of the Pb(l)/Cu(s) system is 24 K.
This is in accordance with ATn =26 K in the study of the same system by Palafox-Hernan-
dez et al. [8], and in qualitative agreement with the experimentally measured ATx (0.5 K)
for the nucleation of the solid Pb in a liquid droplet contained in the solid Cu matrix by
Kim and Cantor [40], considering the large differences in solidification conditions be-
tween the experiment and the MD simulation. Now let us put the nucleation undercooling
of the Pb(I)/Cu(s) system into a wider context of nucleation undercooling as a function of
lattice misfit. Figure 10 shows a comparison of the nucleation undercooling of the
Pb(l)/Cu(s) system with that for the Pb(l)/Al(s) system [48] and for the generic liquid/sub-
strate systems with a small lattice misfit [35,36]. By ignoring the effect of chemical inter-
action, Figure 10 suggests that (1) nucleation undercooling increases with increasing the
absolute value of lattice misfit || for a small misfit regardless of its sign (positive or neg-
ative); (2) nucleation undercooling is not a monotonic function of lattice misfit, as has been
suggested previously by Fan [34], Granasy et al. [2] and confirmed by experimental ob-
servations [3,4]; (3) the nucleation undercooling for system with a large misfit is compa-
rable with that for systems with a small misfit if the residual misfit (f;) after CSL formation
is used for comparison. This may be attributed to the fact that CSL has a small contribution
to the interfacial energy [47], and CSL has little effect on the nucleation undercooling.

Now let us generalise the atomistic mechanisms for heterogeneous nucleation as a
function of lattice misfit. Figure 11 illustrates schematically the nucleation undercooling
and nucleation mechanisms for systems with different lattice misfit, where misfit denotes
the initial lattice misfit calculated from atomic spacings, fei is the lattice misfit accommo-
dated by CSL during prenucleation, f: is the residual lattice misfit after formation of CSL,
which needs to be accommodated during heterogeneous nucleation at the nucleation tem-
perature. It is obvious that the following relationship exists between these parameters:

f=fa+f (6)

Here we provide a summary of the heterogeneous nucleation mechanisms for systems
with various lattice misfit assuming that the substrate surface is atomically flat and that
there is no chemical interaction between the substrate and the liquid:

e  For the systems with misfit = 0%, the nucleation undercooling will be zero if there are
no considerations for chemical interaction between the liquid and the substrate and
the surface roughness of the substrate.

e  For the systems with a small negative misfit (-12.5% < misfit < 0), heterogeneous nu-
cleation takes place through a three-layer dislocation mechanism [35]: formation of
an edge dislocation network to accommodate lattice misfit in the first layer; for-
mation of a screw dislocation network to reduce lattice distortion in the second layer
resulting in a twist of the new crystal relative to the substrate; and creation of a plane
of the new solid (the third layer) as a 2D nucleus.

e  For the systems with a small positive misfit (12.5% > misfit > 0), heterogeneous nu-
cleation takes place through a three-layer vacancy mechanism [36]: formation of an
epitaxial layer to the substrate surface in the first layer; formation of vacancies to
accommodate lattice misfit in the second layer; and creation of a plane of the new
solid (the third layer) as a 2D nucleus.

e  For the systems with a large misfit (If1 > 12.5%), formation of CSL during prenucle-
ation accommodates most of the lattice misfit (fe) and converts the system from one
with a large misfit to another with a small misfit (If:| <12.5%); heterogeneous nucle-
ation takes place through a three-layer mechanism at the nucleation temperature: a
three-layer dislocation mechanism if the residual lattice misfit is less than 0; a three-
layer vacancy mechanism if the residual lattice misfit is larger than 0.
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The exact mechanism of heterogeneous nucleation for systems with a large misfit
depends on the sign of residual lattice misfit () rather than the sign of the initial misfit (f).
The sign of f: can be either positive or negative for systems with both a negative and pos-

itive misfit since |fsil can be larger than If1.
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Figure 10. Nucleation undercooling (ATn) obtained by MD simulations as a function of lattice misfit
(f) [49]. The data points for the Pb(I)/Cu(s) system (as labelled) are from this work, and those for the
Pb()/Al(s) system (as labelled) are from Ref. [48] and the rest of data points are from Refs. [35,36].
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Figure 11. Schematic illustration of mechanisms for accommodating lattice misfit and nucleation
undercooling (ATx) as a function of lattice misfit (f). For systems with a small negative misfit (0 >
misfit > -12.5%), nucleation takes place through a 3-layer dislocation mechanism; for systems with
a small positive misfit (0 < misfit < 12.5%), nucleation takes place through a 3-layer vacancy mecha-
nism; for systems with a large misfit (If > 12.5%), nucleation takes place by two distinctive steps:
(1) prenucleation creates CSL to accommodate the majority of the misfit (f1); and (2) heterogeneous
nucleation at the nucleation temperature to create a 2D nucleus through either a 3-layer dislocation
mechanism if the residual lattice misfit is less than 0 or a 3-layer vacancy mechanism if the residual
lattice misfit is larger than 0.
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It is important to point out that the nucleation mechanisms presented in Figure 11,
particularly those for systems with negative residual misfit ((f: < 0), are speculations (or
extrapolations) based on the current MD simulations, and further work is required to con-
firm the validity of such mechanisms.

A major insight from this study is that the coincidence site lattice (CSL) is an effective
mechanism to accommodate lattice misfit during prenucleation for the systems with a
large lattice misfit. Formation of CSL transforms a system with a large lattice misfit into
one with a small residual misfit, and hence extends the three-layer mechanisms for heter-
ogeneous nucleation into systems with a large misfit. As has been extensively studied in
the grain boundary [50], CSLs usually have relatively small interfacial energy, and are
described by the X notation, which is defined as the ratio of atom numbers in the unit cells
of two grains (or planes) [47]. However, for describing heterogeneous nucleation, where
structural templating becomes critically important [34], we suggest that CSL is described
by a specific orientation relationship (OR) between the two planes and two independent
atomic matching rules (AMRs):

(hkD)[uvw]sol // (Wk'T")[u"V'W']sub, (OR 2) 7)
mi dsoit = 11 dsub1, (AMR2) (8)
M2 dsol2 = 12 dsupbz, (AMR3) 9)

u “u_rn “_r

where “so” denotes the solid, “su” the substrate, “1” matching direction 1, “2” matching
direction 2, and m and n are integral numbers. From these matching directions lattice mis-
fit can be calculated from the relevant atomic spacings. It is obvious that in the case of the
Pb(I)/Cu(s) system, the two matching directions are equivalent directions (<110>), and the
two matching rules are the same.

In this study, heterogeneous nucleation is defined as the process of creating isother-
mally a 2D nucleus at Tn, which is a crystal plane of the new solid. As has been described
in our previous studies [35,36], this 2D nucleation process is spontaneous (barrierless) and
deterministic at the nucleation temperature. This is obviously different from the CNT,
which describes the heterogeneous nucleation as a cap formation process (i.e., the creation
of a 3D nucleus) through fluctuation of local atomic structures, compositions, and tem-
perature [51]. As suggested previously, the cap formation process in the CNT is better
described as grain initiation process, which is deterministically dependent on the sub-
strate size [52]. After creation of the 2D nucleus, solidification enters the growth stage.
Further crystal growth may need to overcome an energy barrier before free growth de-
pending on the substrate size [52,53].

5. Summary

In this paper, we investigated the atomistic mechanisms of both prenucleation and
heterogeneous nucleation in the systems with a large lattice misfit using molecular dy-
namics (MD) simulations. The liquid Pb/solid Cu (denoted as Pb(I)/Cu(s)) provides a
unique example for the systems with a large positive misfit since: (1) it has a lattice misfit
of 27.3% between the solid Pb and the Cu substrate; (2) it has well developed and tested
potentials; and (3) it is an immiscible system at the melting point of Pb avoiding the com-
plication with formation of solid solutions. We find that at the stage of prenucleation, a
coincidence site lattice (CSL) forms between the CSL layer of Pb and surface layer of Cu
substrate at the interface and accommodates the majority (fet = 25%) of the initial misfit (f)
in the system. The CSL transforms the original Cu substrate with a large misfit into one
with a small residual misfit (- = misfit - fe, and fr = 2.3% in this case). At an undercooling
of 24 K, heterogeneous nucleation proceeds layer-by-layer: The L1Pb layer is epitaxial to
the CSL Pb layer; the L2Pb Layer contains vacancies to accommodate the residual misfit;
and the L3Pb layer is a perfect plane of the solid Pb (the 2D nucleus) that templates further
growth of the solid Pb. This is the same three-layer vacancy mechanism we reported pre-
viously for the systems with a small positive misfit. Here we propose that for systems
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with a large misfit (Ifl > 12.5%), heterogeneous nucleation takes place in two distinctive
steps: (1) formation of CSL to accommodate most of the misfit (fes1) at the stage of prenu-
cleation 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.
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