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ABSTRACT

In this paper, we investigate prenucleation and heterogeneous nucleation in the liquid
Pb/solid Alsystem as an example of systems with large lattice misfit, using molecular
dynamics simulation. Solid Pb and Al have a large positive lattice misfit (f) of 18.2%
along the densely packed [110] direction. This study reveals that prenucleation occurs at
600 K (an undercooling of 15 K), anda2-dimensional (2D) ordered structure formsat the
interface with acoincidence site lattice (CSL) between the 1% Pb and 1%Al layers. The
CSL accommodates the major part of the £, and only a small residual lattice misfit (f;) of
1.9% remains.The formation of the CSL transforms original substrate into a considerably
potent nucleant, wherethe 1% Pb layer becomesthe new surface layer of the substrate. At
an undercooling of about 22 K,nucleation proceedsby merging 2D ordered structure
through structural templating:the 2" Pb layer is epitaxial to theCSL Pb layer, the 3™ Pb
layer largely accommodates thef;,and the 4 Pb layer is a nearly perfect crystalline plane.
Further analysis indicates that the interface with the CSL has a lower interfacial energy
than with a cube-to-cube orientation relationship. For the first time, we established that
the CSL was aneffective mechanism to accommodate the fforsystems with large positive
misfit. Heterogeneous nucleationis governed not by a single mechanism(misfit
dislocations in Turnbull’s model),instead by variousmechanismsdepending onf.This study
sheds new light on the atomistic mechanism of heterogeneous nucleation.

Keywords: Heterogeneous nucleation, Molecular Dynamics simulation; Lattice misfit;
Coincidence site lattice; Interface; Interfacial energy

I. INTRODUCTION

Nucleation (usually heterogeneous nucleation) plays a vital role in the solidification
process,' and is relevant to many significant industrial practices (such as: drug
production’ and castings') and natural events (such as ice formation®). The classical
nucleation theory (CNT) is widely used to describe the nucleation process, qualitatively
in general, i.e. the new phase forms by fluctuations of the configuration, composition,
energy and so on in disordered liquid based on statistical mechanics.! However, there is a
large discrepancy between the predictions of the CNT and experimental results. For
instance, the predicted nucleation rate in Hg droplets with the CNT is 5 and 35orders of
magnitudelower for the homogeneous and heterogeneous nucleation, respectively,than

1



those obtained from experiments.* The large discrepancy between the prediction with
CNT, and experimental and simulation results has been argued intensely over past
decades.’’Recently, some findings®'®indicate that pronounced atomic ordering may be
induced in the liquid at the liquid/substrate interface by the substrateseven above the
liquidus(this phenomenon is referred to as prenucleation'?). Real-time observations with
high resolution transmission electron microscopy reveal that liquid Al exhibits layering
and in-plane atomic ordering within a few atomic layers at the interface withan a-Al>O3
substrate, and the Al atoms in the interfacial layer take the hcp sequence of the substrate,
not the fcc sequence as in bulk solid Al.'"!' These findings seem tobe inconsistent with
the assumptionfor the CNT heterogeneous nucleation that the liquid is disordered at the
interface. The pronounced atomic ordering at the interface might also be responsible for
the large discrepancy between the predictions of the CNT and experimental results for
heterogeneous nucleation. Therefore, it is desirable to investigate the atomic
arrangements of the liquid at the interface and its effect on heterogeneous nucleation.

Manyefforts have been made to understand the nucleation process, with increasing
interests in recent years, and some important progresshas been achieved.'"A
non-classical nucleation theory'®?’has been proposed in the research chemistry
community that amorphous phase may form initially in the solution or liquid, followed by
the formation of nuclei inside the amorphous phase, i.e., so-called 2-step nucleation.The
epitaxial nucleation model’’suggests that the new phase forms by continuing the lattice of
the substrateduring the nucleation,where creation of misfit dislocation at the interface
accommodates the lattice misfit, £, and that structural templating might be a practical and
general mechanism for heterogeneous nucleation. Atomistic simulations have been
proved to be a very powerful tool forstudiesof nucleation, and can be used to reveal the
microscopical details of the nucleation process® and to obtain the nucleation rate with
somereliable approaches, such as forward flux sampling®'*>. With the use of classical
molecular dynamics (MD) simulation with potentials of the embedded atom method
(EAM), it has been reported'“that 2-3 “prefreezing” layers of crystalline Pb form at the
liquid Pb/solid Cu (111) interface at 625 K.Similarly, in a previous study wefound that a
2-dimensional (2D) ordered structure forms at the liquid/substrate interface through a
structural templating mechanism,which is highly dependent on the f.'°Using ab initio MD
simulations,'? fcc-like ordering is observed within 3 atomic layers at the liquid
Al/TiBainterface at a small undercooling of 2 K, and its growth is frustrated by the /'
between a-Al and TiB,.On the other hand, it is anextremely challenging task for the
in-situ observationsof the nucleation process to be made due to its very small length and
temporal scales.’The measured nucleation undercooling, 4T,,in Al and Al-Cu
liquidsusing synchrotronsshowsinteresting behaviors:>>*°the4 Thincreasesgraduallywith
increasing finitially, rises sharplyat around f = 13%, and then starts to decrease when the
magnitude of fis larger than 13% (e.g. AT, =39.6 K for f=12.9% and 19 K for f=25%).
Thisappears to be agreed principally with the conclusion from the phase field crystal
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modeling of Téthet al.,”'which suggeststhe potency of the substrate is not monotonic
function off.All these studies indicate that prenucleation at the liquid/substrate interface
may have substantial effects on the process of heterogeneous nucleation.

According to the epitaxial nucleation model,*’the atomistic mechanism of heterogeneous
nucleation may vary with f: the structural templating mechanism is achieved through
creation of misfit dislocationswhile themagnitude offis less than a critical misfit, fc,
(theoretical upper limit, 12.5%), andwill change beyond f. It predicts that the4 T,
increases gradually with increasing the |f[for|f[<f., and becomes very large asf approaches
f..”2Our MD simulation®’reveals that the misfit dislocation is an effective mechanism
among many(e.g. vacancy’*) to accommodate ffor systems with a small fof up to10% (|f|<
12.5% denoted as small misfit, hereafter).A 3-layer nucleation proceeds for small
negative fapartial edge dislocation network in the 1% layer of the 2D ordered structure
largely accommodates the £, and a screw dislocation network in the 2™ layer eliminates
the distortion and a nearly perfect crystalline plane in the 3™ layer is then created.**As a
consequence, the potency of the substrate degrades with increasing f, due to the increase
in the density of the misfit dislocations at the interface. UsingMonte Carlo (MC)
simulationsof crystal nucleation on a flat crystalline surface in the Lennard-Jones model,
Sear et al.*found that the surface lattice strongly influences the nucleation rate, and the
nucleation rate generally decreases with increasingf for |f[< 10%and becomes scattered
with further increase inf. They reported that nucleation was epitaxial for smallf, and the
loss of the epitaxy for large /' was responsible for how the nucleation rate varied with >t
appears that the prediction using the epitaxial model’*is in accordance with the results of
both Sear’s and our simulations, and also consistent with experimental observations>~°.
On the other hand, Turnbull’smodel,*’as a dislocation model for the semi-coherent
interface between the nucleus and substrate, suggests that the potency of the substrate is
inversely proportional to /. This model seems to be applicable only for systems with small
£, but inconsistent with large f. For a system with |f[larger than 12.5% (denoted as large
misfit, hereafter), however, it is still not clear how the lattice misfit is accommodated at
the interface during nucleation so far.

In this study, we intend to clarify the prenucleation and the atomistic mechanism of
heterogeneous nucleation forsystems with large lattice misfit. Solid Pb and Al have a
large positive lattice misfit of 18.2% along the densely packed [110] direction of their fcc
structure, and is thentakenas an example of a system with large lattice misfit. There exists
a repulsive interaction between liquid Pb and Al with a positive heat of mixing of 10
kJ/mol,* and liquid Pb and solid Al are immiscible.With classical MD simulation, Yang et
al.’reported that there were no prefreezing layers in liquid Pb at the interface with (111)
Al substrate above the melting point of Pb,in contrast to the liquid Pb/(111) Cu
interface.'’In experiments, Moore et al.**observed Pb droplets embedded in an Al matrix
solidified by heterogeneous nucleation at an undercooling of about 22 K. Thesolidified
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Pb particles had {111} and {100} facets, exhibitinga cube-to-cube orientation relationship
(OR) with the Al matrix, and the nucleation occurson the {111} facets of the Al matrix.
Therefore, it is interesting to examine whether or notprenucleation occurredatthe liquid
Pb/(111)Al interfaceand how nucleation proceeds in systems with large 1.

The objective of this study is to investigate the prenucleation and heterogeneous
nucleation in the liquid Pb/solid Al, as an example of general cases with large positive
lattice misfit, using classical MD simulations.

I1. SIMULATION APPROACH

We use EAM potentials for Al-Pb interatomic interactions in the MD
simulations,*’performed by the parallel MD program LAMMPS*’ The melting
temperatures calculated with the potentials are 922 K*'and 615 K**for Al and
Pb,respectively, compared withtheir experimental values of 933 K and 600.6 K,
respectively. The Al substrate has a (111) surface orientation, with the z-axis being normal
to the {111} plane. The dimensions of the Al substrate are 96[112]x60[110]x18[111]
atomic planes, and the initial dimensions of the Pb sample are 78[112]x49[110]x27[111]
atomic planes, with a totally of 34,479atoms in the simulation system.To minimize
artifacts in the simulations,we set up the simulation systems with either partially or fully
relaxed Al substrates. For the partially relaxed substrate, the atoms in the innermost layer
of the Al slab are held being fixed to avoid Brownian motion, and the others are allowed
to move freely. For the fully relaxed substrate, all atoms in the substrate are allowed to
move freely while the centre-of-mass of the Al slab is constrained. The periodic boundary
conditions are imposed in the x([112])- and y([110])-directions of the
system.Simulations have been carried out for the systems with either the
Nose-HooverNVT or NPT ensemble.Aregion ofvacuum with an extent of 60 A is inserted
with periodic boundary conditions in the z-direction for the NVT ensemble.

During the simulations, the equations of motion are integrated by the Verlet algorithm
with a time step of 0.001 ps. The initial systemis heated to a temperature of 700 K with a
temperature step of 50 K, each equilibratingfor 1 ns. The Pb has been confirmed to be
liquidat 700 K. The configuration equilibrated at 700 Kis then cooled to the desired
temperature with in steps of 5 K, and runs for Insat each temperature step. The total
energy and trajectory of the simulation system are monitored until nucleation occurs at a
temperature of 7, denoted as 7sk. The configuration that has been equilibrated at 7s5x+5 K
is then cooled to the desired temperature with in steps of 1 K until the nucleation event is
observed at the nucleation temperature,7,. We find that both the systems with fully or
partially relaxed substrates exhibit similar nucleation behaviour, and thereby our results
and discussion will focus on the systems with a fully relaxed substrate.



The atomic ordering including layering and in-plane atomic ordering at the interface
is characterized by the atomic density profile, p(z),’and thez-dependent in-plane order
parameter, S(z),"’respectively, where z is the distance away from the interface. p(z) is
expressed as:’

<Nz>
p(Z) - LxLyAZ’ (1)

where N; is the number of atoms between z-Az/2 and z+Az/2 at time ¢, Az is the width of the
bin, which is a 10thof the layer spacing in this study. The angled brackets indicate a
time-averaged quantity, and L, and L, are the x and y dimensions of the cell. The in-plane
order parameter, S(z), is defined as:*?

- exp(i -r-)2
() = 2t , @)

NZ
where the summation is over all atoms labelled j within a given bin of width, Az, of one
layer spacing and K is a reciprocal lattice vector and rjis the position vector of the /™ atom
in Cartesian space.The details for calculating p(z) and S(z) are referred toin Ref. 13.

We employ the time-averaged atomic positions approach and local bond-order analysis to
investigate the atomic arrangements in the Pb at the interface. To perform the local
bond-order analysis, the local bond-order parameters, g:(i), are calculated as:*
1

0.() = (575 ZhilamOI?)’, 3)
where the (2/+1) dimensional complex vector ¢im(7) is the sum of spherical harmonics,
Yim(7ij), over all the nearest neighbouring atoms of the atom i. The two neighbouring
atoms i and jare recognised to be connected if the correlation function, ge(7)-¢s(y),
exceeds a threshold of 0.5. A threshold on the number of the connections is set to 6to
distinguish solid atoms from liquid atoms.

The interfacial free energy,y, of the Pb/Al system can be computed using one of the
widely used approaches:***°

y = {Epb/al-Ep" - EA Y /Ain-0pp - 01 4)
where Epp/a is the Helmholtz free energy of the Pb/Al system, and Epy, "X, Eo*"*are the
free energy of the bulk Pb and Al, respectively, and Aix is the area of the
interface.opv,oa1are the surface energy of Pb and Al slabs, respectively:

Om= { O Embulk} 12 Aint (5)
where En " is the free energy of the slab m with vacuum, and m is Pb or Al. To calculate
the En"*andE,™"' the slabs with vacuum and the bulk Pb and Al are constructed with the
same configurations as the Pb/Al system.The simulation systems of Pb and Al areheated
from 0.01 K to 900 K with a temperature step of 50 K, equilibrated for 1 ns at each
temperature step. We confirmed that the Pb was liquid for either the bulk or the slab with
vacuum at 900 K.The liquid Pb is then cooled from 900 K to 600 K with a temperature
step of 50 K, equilibrating for 1 ns at each temperature step.

ITI. RESULTS AND DISCUSSION



A. Atomic ordering at the liquid/substrate interface

Fig. 1a shows the front view of the snapshot of the liquid Pb/solid Al (Pb(/)/Al(s))system
with a fully relaxed substrate (the same configuration is used for discussionhereafter
unless we stated otherwise) equilibrated at 625 Kusing the NVT ensemble. The liquid Pb
exhibits a layered structure within a few atomic layers at the interface. The top views of
the time-averaged atomic positions of the 1% AI(L1Al) and the 1% Pb (L1Pb)to 3™ Pb
(L3Pb) interfacial layersare displayed inFig. 1b-e.The L1Al has a well-ordered structure,
which is identical to the (111) plane of the bulk Al. The atoms in the L1Pbto L3Pb are
largely disordered, withonly a little ordered structure present in the L1Pb.

Fig. 2aexhibits the density profile, p(z), of the system as a function of distance, z, away
from the interface. The dashed line represents the interface between the liquid Pb and
solid Al. The first 3 atomic layers of the Alat the interface have a slightly low peak
density,compared withthose of the bulk substrate. The layering of the liquid Pb persists
within 6 atomic layers at the interface, with an exponentially decreasing peak density
away from the interface. The in-plane order parameter, S(z), of the liquid Pb at the
interface as a function of z from the interface is shown in Fig. 2b. The L1Pb to L3Pb have
a very low S(z) of about 0.03, just slightly larger than the bulk Pb liquid. This further
indicative of alargely disordered structure in the liquid Pb at the interface.

We performed a local-bond order analysis to identify the solid and liquid atoms in the
simulation system.It is surprising that the L1Pb has a relatively high solid fraction,xso1,0f
0.62 at T=625 K, as shown in Fig. 3, although it exhibits a largely disordered structure
(Figs. 1c&2b).On the other hand, the xso10f the L2Pb and L3Pbis very low, at 0.1 and 0.01,
respectively,suggesting that most of the atoms in the L2Pb and L3Pb are in the liquid
state.
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FIG. 1. (a) The front view of the snapshotof the simulation system, and (b-e) top views

of the time-averaged atomic positions of the 1°* Al layer (L1Al), and 1 (L1Pb), 2" (L2Pb)
and 3" (L3Pb)Pb layers at the interface in the liquid Pb/solid Al (Pb(/)/Al(s)) system with
a fully relaxed substrate equilibrated at 625 K using the NVT ensemble. A layered
structure in the liquid Pb at the interface is exhibited, with only a little order present in

the L1Pb.
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FIG. 2. (a) Density profile, p(z), and (b) in-plane order parameter, S(z), as a function of
the distance, z, away from the interface for the Pb(/)/Al(s) system equilibrated at 625
Kusing the NVT ensemble. The vertical dashed line represents the interface of liquid Pb
and solid Al. Layering of the Pb(/) persists within 6 atomic layers at the interface, where
the liquid Pb has avery weak in-plane atomic ordering.

We conclude thatno 2D ordered structure exists in the liquid Pb at the interface at 7= 625
K. This agrees well with the observation of Yang et al.*’**’that no prefreezing layers are
found in Pb/Al interfaces of any orientation above the liquidus. Thismight be attributed to
the repulsive interaction and large lattice misfit between Pb and Al.However, we found
that there was a substantial solid fraction in the L1Pb even above the 7} of the Pb. It has
been reported that liquid Pb atoms can be captured at the interface by the lattice of Si
substrate,where thesePb atoms may be stabilized at the equilibrium atomic positions
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provided by the lattice of a surface layer of the Si substrate.**Consequently, these atoms
lose the characteristicsof the liquid atoms (i.e., moving around)and vibrate at the
equilibrium atomic positions like solid atoms. This could be the reason that the solid Pb
atoms accounts for a high proportion of the L1Pbin the Pb(/)/Al(s), which can belocated
at the individual equilibrium atomic positions provided by the L1Albut have little
ordered structure due to its large atomic size.
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FIG. 3.Variation in the solid fraction, xso1, of the individual layers in the liquid Pb at the
interface as a function of 7 for the Pb(/)/Al(s) system under annealingusing the NVT
ensemble. The xso10f the L1Pbto L3Pbremains almost unchanged from 7'= 625 K to 605
K, and increases significantly at 600 K.

B. Prenucleation

On annealing from7 = 625 K to 605 Kwith a temperature step of 5 K,the total energy, Ex,
of the Pb(/)/Al(s)system remains constantduring the equilibration at each7, and decreases
linearly as a function of 7. As an example,Fig. 4ashows E: as a function of time, ¢, during
the equilibration at7 = 605K, wherethe horizontal solid line is used to indicate
thevariationof the £ during the simulation.Fig. 5adisplays the time-averaged atomic
positions of the L1Pb/L1AIl, L2Pb and L3Pbat 7= 605K.The atomic ordering in the L1Pb
at 7= 605 K enhances marginally, compared to 7'=625 K (Fig. 1c), and the L2Pb and
L3Pb still have a disordered structure. Thus,no 2D ordered structure forms at the interface
in the Pb(/)/Al(s)system until7decreases to605K during the cooling.
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FIG. 4. Total energy, E\, as a function of time, ¢, for the Pb(/)/Al(s) system at (a) 7= 605
K, (b) 600 K, (¢) 595 K, (d) 590 K and (e) 585 Kduring the annealing with a temperature
step of 5 K. The horizontal solid lines are used to indicate the variation in the E; with ¢.
The E: decreases slightly with # during the simulation for 600 K, and drops markedly by
the end of the simulation at 7= 590 K.
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A marked change is visible during the simulation at 7= 600 K. The Eiof the Pb(/)/Al(s)
system starts to decrease slightly fromz = 200 ps, and levels off from 800 ps (Fig. 4b).Fig.
5b exhibits the time-averaged atomic positions of the L1Pb/L1AI, L2Pb and L3Pb at ¢t =
1000 ps during the simulation for7 = 600 K. Compared with those at7 = 605 K, the
atomic orderingof the L1PbtoL3Pb increases substantially at 7= 605 K. The L1Pb and
L2Pb have a largely ordered structure, and the L3Pb is a mixed structure with ordered
and disordered regions, indicating that a 2D ordered structure forms at the interface. It is
interesting to note that hexagonal patternsappear in the L1Pb/L1Al. In the centre of the
hexagonal patterns, one Pb atom in the L1Pb sits on top of anunderneath Al atom in the
L1Al, surrounded by sixPb atoms in the L1Pb and six Al atoms in the L1Al. The 6 Pb
atoms in the L1PDb are located at the equilibrium atomic positions provided by the Al
atoms in the L1Al. The hexagonal patterns mark the formation of a coincidence site
lattice (CSL) between the L1Al and the L1Pb (L1Pb denoted as CSL-Pb layer hereafter),
and we will describe it in more detail later. The Eiremainsconstant during the simulation
for7= 595K (Fig. 4c), where the atomic ordering in the liquid Pb at the interface
enhances slightlydue to the increase in undercooling of 5 K(Fig. 5¢). It suggests that there
is no significant change in the 2D ordered structure at the interfaceat 595 K.

The Etalso remains constant during the simulation for7 = 590 K (Fig. 4d), but drops
dramatically from the beginning of the simulation for7 = 585 K (Fig. 4e). It implies
thatheterogeneous nucleation starts at the end of the simulation at 590 K during the
annealing with a temperature step of 5 K.At 585K, the first three atomic Pb layers at the
interface have been transformed into a completely ordered structure (Fig. 5d). This
suggests the nucleation temperature, 7y, for the Pb(/)/Al(s) system will be between 595 K
and 590 K.

The variation in the solid fraction, xso1, of the CSL-Pb(L1Pb)toL4Pbas a function of Tfor
annealing from 7' = 625 K to 595 Kwas plotted inFig. 3. The xsoi0fthe individual layers at
the interface remains nearly constant from7 = 625 K to 605 K, at about 0.6, 0.1 and
0.01for the CSL-Pb, L2Pb and L3Pb, respectively, andincreases dramatically to 0.88, 0.5
and 0.13, respectively,at 600 K. The remarkable increase in the xsoiat 7= 600 K
corresponds to the formation of the hexagonal patterns in the CSL-Pb and the 2D ordered
structure at the interface (Fig. 5b). With further undercooling to 595 K, the xso10f the
individual layers at the interface increases slightly, and therefore the 2D ordered structure
doesnot trigger nucleationinstantly during the cooling.
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To examine the formation of thehexagonal patterns in the CSL-Pb,the time-averaged

atomic positions of the CSL-Pb/L1Al during the simulation for 600Kare displayed in Fig.

6.At t =10 ps, the CSL-Pb has a roughly disordered structure (Fig. 6a). The hexagonal

patternsstart to appearat ¢t = 200ps(Fig. 6b), and then spread substantially from 300 psto

700 ps(Fig. 6¢-¢), and cover nearly the entire CSL-Pb layer at 900 ps(Fig. 6f).
CSL-Pb(e)/L1Al(@)
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FIG. 6. Time-averaged atomic positions of the CSL-Pb(L1Pb)/L1Alin the Pb(/)/Al(s)
system,using the NVT ensemble at (a) = 10 ps, (b) 200 ps, (c) 300 ps, (d) 400 ps, (e)
700 ps and (f) 900 ps during the simulation for 600 K. The CSL-Pb has a roughly
disordered structure at # = 10 ps. The hexagonal patterns start to form at 200 ps, and
spread significantly from300 psto 700 ps and cover nearly the entire CSL-Pb layer at 900

ps.

The hexagonal pattern inthe CSL-Pb/L1Al results from the formation of a coincidence
13



site lattice at the interface. One enlarged regionof the snapshot of the CSL-Pb/L1Al at the
end of the simulation for7 = 600K is shown inFig. 7a. There exists a specific OR between
the two planes and two independent atomic matching rules (AMRs):

(111)(110)Pb // (111)(211)Al (OR 1)
3de<110> = 2dAl<211> (AMRI)
(111)(211)Pb // (111){110)Al (OR 2)
1de<211> = 2dA1<110>, (AMR2)

where dpjky 18 the atomic spacing along (ijk) direction in the CSL-Pb orL1Al, and m

is Pb or Al.According to the symmetry, the specific OR between the CSL-Pb/L1Al can be
determined to be a ©3 CSL.*YA unit cellof the CSL in the CSL-Pb/L1Al (highlighted by
the parallelogram in Fig. 7a) is displayed in Fig. 7b. It is worthwhile to note that the
densely packed [110] Pb in the CSL-Pb matches with the less densely packed[211]Al
in the L1Al with anfof 50%, and the less densely packed [211] Pb in the CSL-Pb
matches with the densely packed[110] Al in the L1Al with anf of -50%, as shown
schematically in Fig. 7c.The CSL-Pb twistsby an angle of 30° relative to the L1Al,
suggesting that theX3 CSL can be obtained simply by rotating the CSL-Pb by 30° around
thez-axis relative to the L1Al.In the unit cell, the four Pb atoms in the vertex of the
parallelogram sit on top of the underlyingAl atoms in the L1Al, which are metastable.The
2 Pb atoms inside the parallelogram are located at the equilibrium positions provided by
three underneath Al atoms in the L1Al. Of the total three Pb atoms in the unit cell, two
are located at equilibrium atomic positions, and one is at a metastable position.Thus, a
considerably good matching between the CSL-Pb and L1Al is achieved by the formation
of the CSL.

The atomic spacing, da, of the individual layers at the interface is calculated by averaging
the distances between all the nearest neighbor atoms in the corresponding layers at the
end of the simulation for7 = 600 K. The L1Al has a d, of about 2.9 A, almost identical to
the bulk substrate and the theoretical value (2.89 A) of solid Al at 7= 600 K.On the other
hand, the CSL-Pb has a d, of about 3.47 A, slightly smaller than the theoretical value
(3.53 A) of solid Pb at 7= 600 K. This suggests that the atoms in the CSL-Pb is under
compression, attributed to the compressive stress that the Pb atoms at the interface are
subject to due to the large positive lattice misfitbetween the Pb and substrate. '?

It is essential for heterogeneous nucleation to accommodate the lattice misfit between the
new phase and substrate at the interface. Otherwise, the strain energy in the new phase
will accumulate due to the lattice misfit, and make growth of the new phase impossible.”
We obtained the residual lattice misfit, f;, at the interface after the formation of the CSL
by calculating the relative ratio of the average d.of the CSL-Pb in the CSL and the bulk
solid Pb.The detail of the calculation is referred to Refs.13,22. The calculated fiis about
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1.9%. Compared withf'= 18.2% between the bulk solid Al and Pb along their densely
packed [110] direction in the (111) plane, this suggests that the major part of the fof the
simulation system has been accommodated by the CSL formedduring the prenucleation.

CSL-Pb(e)/L1Al(s)

—Al[110]

(b)

(L
<_1:
AI[110]//Pb[211]

AllL10] Oa (Opp

FIG. 7. (a) An enlarged region inside the snapshot of the CSL-Pb/L1Al, and (b) a unit
cell of the coincidence site lattice (CSL) and (c) its schematics at = 1000 ps during the
simulation for7 = 600 Kfor the Pb/Al system using the NVT ensemble. The unit cell of
the CSL is highlighted by the parallelogram in (a). In the unit cell, the densely packed
[110] Pb in the CSL-Pb matches with the less densely packed [211]Al in the L1Al, and
the less densely packed [211] Pb in the CSL-Pb matches with the densely packed[110]
Al in the L1AI A good matching exists between the CSL-Pb and L1Al, indicative of no
loss of epitaxy at the interface.

We can conclude that prenucleation occurs in the Pb(/)/Al(s)at 7= 600 K(an
undercooling of about 15 K), anda 2D ordered structure forms at the
interface.Phenomenologically, prenucleation in this studyis analogous to the 1%'stage of
so-called 2-step nucleation,'®*’which suggeststhat stable prenucleation clusters form in
liquids or solutions to serve as the precursor of subsequent nucleation.However, we rather
refer to the formation of the 2D ordered structure with the CSL in the Pb(/)/Al(s) system
as the prenucleation since itcannot trigger the formation of the new phase spontaneously
and 1s thus distinct from the stage of heterogeneous nucleation. Prenucleation is driven by
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the reduction of the interfacial energy at the liquid/substrate interface,and
thermodynamically in an equilibrium state. This is the reason that the prenucleation can
occur even above 71.'***°!Prenucleation appears to be a general phenomenon occurring at
liquid/substrate interfaces,'”'***>! andthe atoms in the liquid at the interface mayno
longer be disordered when heterogeneous nucleation takes place.

This study reveals that the CSL is a very effective mechanism to accommodate f for
nucleation systems with large positive lattice misfit, and can dramatically promote the
potency of the substrate. In the Pb(/)/Al(s) system, the major part of fof the system is
accommodated by the CSLduring prenucleation, and only a small residual lattice misfit
of 1.9% is left to be accommodated in the subsequent nucleation. Consequently, the
original Al(s)is transformed into a newsubstrate, equivalent to a nucleant having anf of
1.9%, which is considerably potent.The same mechanism has also been found in the
Pb()/Cu(s) system,’'which has a positive f'of about 25.3% between bulk solid Pb and Cu
along the densely packed [110] direction. The concept of CSL has been widely used to
characterize grain boundaries*’and the interfacial structure of heterophases in solid
precipitation®’. Our study suggests that the CSL mechanism is also applicable to
heterogeneous nucleationat the liquid/substrate interface for the systems with large lattice
misfit, where the best matching between the nuclei and the substrate can be achieved
byvaried £ numbersof the CSL.

C. Heterogeneous nucleation

During annealingof the Pb(/)/Al(s)system using the NVT ensemblewith a temperature
step of 1 K (equivalent to a cooling rate of 10° K/s), we further determined that the T}, is
593 K.Fig. 8aexhibits the E; as a function of the rescaleds during the simulation at 7, =
593 K. The Ewremians unchanged before # = 0 ps(denoted as #), and then decreases
continuously. This indicates that nucleationstarts at #.

Fig. 8b shows the variation in xso0f the CSL-PbtoLL8Pb as a function of the rescaled?
during the simulation for7, = 593 K. Before #o, the xso10f the individual Pb layers at the
interface remainsnearly unchanged. This is about 0.95, 0.7, 0.4 and 0.2for the CSL-Pbto
L4PDb, respectively, and close or equal to 0.0 beyond the L4Pb. This suggests that the 2D
order structure enhances slightly within four atomic layers at the interfacebefore the
occurrence of nucleation with increasing the undercooling as the temperature decrease
from 7= 600 K to 593 K. As soon as nucleation starts at ¢, the xso10f the individual Pb
layers at the interface continues to increase. The xso10f the CSL-Pb increases slightly from
0.95 to 0.98, implying that there is little change in the CSL-Pb during nucleation. It is
followed by adramatic increase in the xsoifor further atomic layers, which reaches about
0.9 for the L2PbtoL4Pb within about 0.5 ns after #.
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FIG. 8. (a) The E; of the system and (b) xso10f the individual Pb layers as a function of the
rescaleds during the simulation for 7=T, = 593 K for the Pb/Al system using the NVT
ensemble. Nucleation starts at # = 0 ps (denoted as fo). After #o, the xso10f the CSL-Pb
increases slightly, and those of further layers at the interface increase dramatically in turn.

To examine the microscopic details of the nucleation, the time-averaged atomic positions
of the CSL-Pb/L1Al to L4Pb/L3Pb during the simulation for 7=T;, = 593 K are displayed
inFig. 9. The hexagonal patternsin the CSL-Pbremain nearly unchanged during the
simulation, indicating that the CSL remains intact during nucleation. Beforez (¢ = 0 ps),
the L2PDb has alargely ordered structure except in some small regions, and the L3Pb and
L4Pb have a mixed structure with ordered and disordered regions (Fig. 9a&b). This
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suggests that the 2D ordered structure persists in the CSL-Pb to L4Pb until nucleation

starts. The ordered structures in the L2Pb to L4Pb begin to merge after #(Fig. 9¢c). At ¢
450 ps, the L2Pb to L4Pb have transformed into completely crystalline planes, where
theL2Pb and L4Pbare coherent with the CSL-Pb and L3Pb, respectively(Fig. 9d).
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The nucleation undercooling, AT, is calculatedas AT, = T - Tn, where T is the melting
point (615 K) of Pb based on the potential used in this study.>” The AT, for the Pb(/)/Cu(s)
with fully- and partially-relaxed substratesis 22 K and 27 K, respectively, using the NVT
ensemble. Fig. 10 displays AT, as a function of the magnitude of fobtained from this and
our previous®***!studies. AT, increases with increasingf while the magnitude of fis less
than 12.5%,but is very low when the magnitude of f'is larger than 12.5%. It is interesting
to note that the AT, of the Pb(/)/Al(s) system is between those for the systems with |f'| = 1%
and 2%.This is in accordance with the small residual lattice misfit of 1.9% in the
Pb(/)/Al(s)system after prenucleation, which has to be accommodated in the nucleation.
This further indicates that the Al(s) has been transformed into a potent nucleant, with the
formation of the CSL at the interface during prenucleation. Therefore, our simulation
results aregenerally consistent with experimental measurements”*°, and agree with the
prediction of the epitaxial model*’.

200
¢ O Negative f
+ Positive f
150 - - u]
=
—_ DDD
X
<1004 o e
~
< Qo
O
50 { g
Pb/Al Pb/Cu
8 $
O
O £ T T T T T T T
0 7 14 21 28
1fl (%)

FIG. 10. Nucleation undercooling, AT}, as a function of the magnitude of f/ obtained from
this study and our previous studies****°!. The AT, for small lattice misfit is obtained by
the simulations onliquid Al/pinned Al substrates, but the lattice parameter of the pinned
Al substratewas changed to achieve varied fwith either a negative or a positive sign
(denoted as Negative f/Positive frespectively)*>*. AT, initially increases with increasing
ffor small fand becomes very low for large f, generally consistent with experimental
observations?>=°.

During solidification, the liquid/solid Pb interface remains rough at an atomic level, as
shown in Fig. 11.The solidification of the entire system is not yetcompleted by the end of
the simulationfor 7 =7, = 593 K, where only about nineatomic layers at the interface
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have become solid (Fig. 11h). It should be pointed out that the critical size of the nucleus
is expected to be very largedue to its small AT, (about 24.1 nm for Pb at an undercooling
of 22 K), compared with the size of the cross section (8.6 nm % 8.0 nm) of the simulation
system in this study. Thus, only a fraction of the spherical cap of the nuclei is liable to be
observed during solidification, resulting in the finite size effect. The finite size effect is
much worse for simulations of systems with very potent substrate since it is highly likely
that the critical size of the nucleus is far beyond the size of the simulation system. This is
true for most of the MD simulations on heterogeneous nucleation. For instance,
Palafox-Hernandezet al.”’reported a layer-by-layer growth without the appearance of a
spherical cap during the nucleation of Pb in the Pb(/)/Cu(s)system at an undercooling of
0.5 K. Wang et al.'” observed one-dimensional growth during nucleation of Al on an
Al3Ti surface with an undercooling of 9 K. Therefore, our interest in this study focuses on
the atomistic mechanism of heterogeneous nucleation at the interface, which is
fundamentally important to understand the nature of nucleation.
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FIG. 11.Front views of snapshots of the Pb/Al system using the NVT ensemble at a
rescaled time (a) £ =-150 ps, (b) -50 ps, (c) 50 ps, (d) 250 ps, (e) 350 ps, (f) 450 ps, (g)
650 ps and (h) 850 ps during the simulation for 7=7, = 593 K. The liquid/solid Pb
interface remains rough at an atomic level during solidification, and about nine atomic
layers become solid by the end of the simulation.

In this study, we have established that structural templating wasa general mechanismfor
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heterogeneous nucleation. Heterogeneous nucleation proceeds by merging 2D ordered
structure at the interface, which is formed during prenucleation. It is generally believed
that the potency of a substrate degrades with increasing f, as predicted by Turnbull’s
model*” based on the dislocation mechanism.However, Turnbull’s model works only for
systems with small f'and it doesnot hold true for large f, according to experimental
observations”~***3?and simulations®"**"-*33%31 "Our study suggests that the misfit
dislocation is one effective mechanism to accommodate the fduring nucleationfor systems
with small £, for which the potency of the substrate degrades with increasing f:**** For the
systems with large f,;the CSL is a very effective mechanism to accommodate themajor
part of thefduring prenucleation,whereit provides a good match between the 2D ordered
structure and the substrate, and a small residual lattice misfit will be accommodated
during nucleation. Therefore, there is no loss of epitaxy during nucleation for large f, in
contradiction to Ref. 23. In fact, the abnormality of AT, as a function of f for large f'is
attributed to the formation of the CSL during prenucleation,instead of loss of the epitaxy
at the interface. As a consequence, the substrate can be transformed into a
considerablypotentnucleant for nucleation, and the structural templating mechanism still
works for systems with large f.This is consistent with the prediction of the epitaxial
model?’, and validated by experimental observations®>***?, Therefore, the
heterogeneous nucleation process is governed not by a single mechanism(e.g. Turnbull’s
model), but by variousmechanisms with changing the lattice misfit,’****'based on the
structural templating. Thereby, itappears that heterogeneous nucleation can be well
described by the epitaxial model.”

D.Interfacial energy

It is interesting to find that a cube-to-cube OR exists at the solid Pb/solid Al interface
during heatingof the Pb(s)/Al(s) system,whereas the CSL forms at the liquid Pb/solid Al
interface in the prenucleation during cooling the same system.Fig.12exhibits the
time-averaged atomic positions of the L1Pb(CSL-Pb)/L1Al equilibrated at 7= 300 K,
with NVT ensemble, during heating and cooling. The solid lines in Fig. 12a indicate of a
cube-to-cube OR between the bulk solid Pb and Al during heating. The cube-to-cube OR
is destroyed when the Pb is completely moltenat 7= 650 Kduring heatingand the system
then is fully equilibrated at 700 K. There is little in-plane atomic ordering even in the
L1Pb at =625 K during cooling from 7= 700 K (Fig.1c&2b).The CSL forms in the
LI1Pb/L1Al at T = 600 Kduring annealing (Figs.4,5,6&7), and remains almost unchanged
during subsequent nucleation (Fig.12b). The same phenomenon of the transition from the
cube-to-cube OR to the CSL has also been observed during heating and cooling of the
system using the NPT ensemble in this study. This suggests that the CSL interface is
favoured at the interface during the nucleation process since the cube-to-cube ORduring
heating is replaced by the CSL OR during cooling.

We calculated the free energy of the solid Pb/solid Al interface with both the
21



cube-to-cube OR and the CSL as a function of 7TusingEq.4, and plotted in Fig.13. The

total interfacial energy, y, of the solid Pb/solid Al interface with CSLincludesthe
contributions from the CSL and the residual misfit (f: = 1.9%) in the solid Pb at the
interface, denoted as ycsi+ fi(1.9%). y increases with increasing 7for both the ORs, and the
yfor the cube-to-cube OR (Ycube-to-cube) 18 larger than ycsi+ si1.9%). For example,ycube-to-cube 1S
0.246 J/m?at T =300 K, compared with 0.183 J/m?forycsL+ fi(1.9%). We further calculated

the contribution, yx(1.9%), from the strain energy of the residual lattice misfit with fr = 1.9%
in the solid Pb using the approach of Ref. 22. y for the interface with the CSL only, ycsL,

is 0.153 J/m? at T= 300 K after y1.9%) is deducted. Thus, ycsLis less than the yeube-to-cube at
room temperature.
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FIG. 12. Time-averaged atomic positions of the L1Pb/L1Al for the Pb/Al system using
the NVT ensemble equilibrated at 7= 300 K during (a) heating and (b) cooling. The solid
lines in (a) indicate a cube-to-cube OR between the bulk Pb and Al during heating.
During cooling, the CSL forms at the interface (represented by the hexagonal patterns in

(b)) in the prenucleationand remains unchanged after nucleation.

ycsL can also be calculated for the liquid Pb/solid Al interfaceequilibratedat 7= 600 K
during the cooling,where the CSLformsin the prenucleation. yfor the CSL at 7= 600 K
includes the contributions from the CSL (ycsr) and the liquid/solid Pb interface (ypn-°).
The ycsican be obtained from the following equation:

yesL = AEC + pap! -ppo=S + AEpy- S (6)
where AE?! = E? - E/!', E\! and E¢ are the total energy of the Pb(/)/Al(s) system before
and after the formation of the CSL, respectively, during the simulationfor7 = 600 K.
yawpb'is the liquid Pb / Al interfacial energy Al before the formation of the CSL. AEpy"5is
the free energy change due to transformation of some liquid atoms to solid atoms at the
interface during the formation of the CSL. The calculated ycsr is 0.31 J/m? at T= 600 K,
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which is less than 0.423 J/m*forycube-to-cube, Suggesting that ycst is smaller than Yeube-to-cube
at temperatures close to 7. Therefore, the CSL is energetically favoured for the solid
Pb/(111)Al interfacein the nucleation process, compared with the cube-to-cube OR.
Furthermore, it is noted that the CSL initiallyforms at the liquid Pb/solid Al interface in
the prenucleation during annealing, and a small residual lattice misfit (f; = 1.9%) is
accommodated during subsequent heterogeneous nucleation. As a consequence, the large
positive lattice misfit between solid Pb and solid Al is accommodated by a two-step
mechanism: CSL in the prenucleation and a small residual lattice misfit in the nucleation,
and might occurmore easily than the cube-to-cube OR with a single interface.

0.6
Cube-to-cube OR @ CSL + fr(1.9%)
ACSL at 300 K ACSL at 600 K
0.4 -
£ ° A
2 °
> °
0.2 - o °
o ©
o °° : A
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0 200 400 600
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FIG. 13.Calculated interfacial energy, y, of the (111)Pb/(111)Al interface with a
cube-to-cube OR or the CSL + f1(1.9%) as a function of 7 for the Pb/Al system using the
NVT ensemble. The f(1.9%) represents the contribution from the strain energy of the
residual lattice misfit off; = 1.9% in the solid Pb to the total y of the interface with the
CSL. The y for the interfaces with CSL-only at 7= 300 K and 600 K has also been
included. The interface with CSL-only has a lower ythan with a cube-to-cube OR.

It has been reported that a cube-to-cube OR exists at the interface for confined Pb
particles embedded in an Al matrix, based ontransmission electron microscopy (TEM)
observation and electron probe microanalysis.’® The confined Pb particles usually
exhibited the morphologies with {111} and {100} facets or curved surfaces,’®>***’with
the OR at the interface: (111)(110)Pb // (111){110)Al.*The misfit between the Pb and
Al is accommodated by a 60° ao/2 (110) misfit dislocation at about every fifth Al
plane,’"%> where ay is the lattice parameter of the solid Pb. Based on the analysis of
nucleation kinetics, Moore et al.**obtained a contact angle of about 21°, and from it a
simple calculation gave yeube-to-cube = 0.368 J/m?at T'= 578 K, which agrees well with our
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simulation result. The MC simulation has also revealed that a cube-to-cube OR exists at
the (111) Pb/Al interface, with y = 0.62 J/m? at 7= 300 K,**which is about twice as large
as those determined by us and Moore et al..It is noticed that the cube-to-cube OR
observed in the MC simulations is consistent with our resultduring heating. In both the
cases, however, the interfaces with the cube-to-cube OR is not necessarily in the
thermodynamically stable state, due to the lack of complete relaxation in either of the
simulation systems. In another word, the interface with the cube-to-cube OR may be only
in a local minimum of the free energy surface for both the simulation systems, but not a
global minimum.

On the other hand, Rosner et al. observed an OR of [110]Pb//[211]Al at the
(110)Pb/(111)Al interface in the very thin edge of nanometre-sized Pb inclusions and Al
matrixafter resolidification of the Pb, using in-situ HRTEM.®* The misfit is
accommodated by aao/2 (110) misfit dislocationat about every fourth Al plane.The
authors argued that the[110]Pb//[211]Al OR at the (110)Pb/(111)Al interface was
non-equilibrium since it is energetically unfavoured, compared with the ‘classical’
cube-to-cube OR.%It may be attributed to the geometric confinement that the Pb
inclusion is subject toat the very thin edge of the sample, where it could be restricted only
in 2-dimension by the Al matrix. It is noted that the [110]Pb//[211] Al matchingdirection
at the (110)Pb/(111)Al interface is the same as at the (111)Pb/(111)Al interface in our
study, which is better described as the X3CSL. To our best knowledge, the CSL interface
has the lowest interfacial energy among all the known ORs of the solid Pb/(111)Al
interface.

Our MD simulations reveal that a CSL exists at both the top and the bottom interfaces of
the completely solidified Pb/Al system during annealingusing the NPT ensemble, as
shown in Fig.14. The bulk Pb twists at an angle of 30° relative to the top and bottom bulk
Al (Fig.14b&c). However, such a cryptographic arrangement is forbidden for confined Pb
particles embedded in an Al matrix, due to the existence of the (100) facets, although the
interface withthe CSL is energetically favoured at the (111) facets. Therefore, the
existence of a cube-to-cube OR at the interface of the confined Pb/Al matrix does not
result from the thermodynamics equilibrium, but instead from the restriction of the
geometric confinement. How the confined Pb droplets solidified through heterogeneous
nucleation with a cube-to-cube OR on the {111} facets of the Al matrix on
undercoolingremains an open question.
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FIG.14.(a) Side view of the snapshot, and top views of the time-averaged atomic
positions of (b) top and (c) bottom interfacesfor the fully solidified Pb/Al system
equilibrated at 7= 550 K using the NPT ensemble during annealing. The solid arrowsin
(b) and (c) represent the [110] direction of both Pb and Al. The bulk Pb twists an angle
of 30° relative to the top and bottom bulk Al, as indicated by the angle between the two
solid arrows. A CSL exists at the CSL-Pb/L1Al of the top and bottom interfaces.

IV. SUMMARY

In this study we investigated prenucleation and heterogeneous nucleation in liquid Pb on
a solid Al substrate as an example of systems with large positive lattice misfit, using MD
simulations. This study reveals a layered structureexists within six atomic layers in the
liquid Pb at the interface, with little in-plane atomic ordering, above its melting point of
615 K. At 600 K,a 2D ordered structure forms at the interface, with acoincidence site
lattice (CSL) between the 1% Pb and 1% Al interfacial layers.The CSL accommodates the
major part of the lattice misfit of the simulation system, and only a small residual lattice
misfit of 1.9% remains in the Pb layer of the CSL. The original Al substrate is
transformed into a considerably potent nucleant, with the Pb layer of the CSL
becomingthe new surface layer of the substrate.Nucleation takes place through merging
2D ordered structure at a relatively small undercooling of about 22 K. Itproceedsby a
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three-layer nucleation:the 2™ Pb layer is epitaxial to the new surface layer of the substrate;
the small residual lattice misfit is largely accommodated by the 3™ Pb layer; and the 4"

Pb layer is a nearly perfect crystalline plane. By analyzing the interfacial energyof the
Pb/Al interface, it was demonstrated that the interface with the CSL has the lowest
interfacial energy among those with (111)Al, and the cube-to-cube OR at confined Pb/Al
matrix interface is attributed to the restriction of the geometric confinement. For the first
time, we establish thatthe CSL is avery effective mechanism to accommodate the lattice
misfit during heterogeneous nucleation for systemswith large positive lattice misfit.
Heterogeneous nucleation is governed not by a single mechanism (e.g. misfit dislocations
in Turnbull’s model), but by variousmechanisms with changing lattice misfit.
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	ABSTRACT
	In this paper, we investigate prenucleation and heterogeneous nucleation in the liquid Pb/solid Alsystem as an example of systems with large lattice misfit, using molecular dynamics simulation. Solid Pb and Al have a large positive lattice misfit (f) of 18.2% along the densely packed [110] direction. This study reveals that prenucleation occurs at 600 K (an undercooling of 15 K), anda2-dimensional (2D) ordered structure formsat the interface with acoincidence site lattice (CSL) between the 1st Pb and 1stAl layers. The CSL accommodates the major part of the f, and only a small residual lattice misfit (fr) of 1.9% remains.The formation of the CSL transforms original substrate into a considerably potent nucleant, wherethe 1st Pb layer becomesthe new surface layer of the substrate. At an undercooling of about 22 K,nucleation proceedsby merging 2D ordered structure through structural templating:the 2nd Pb layer is epitaxial to theCSL Pb layer, the 3rd Pb layer largely accommodates thefr,and the 4th Pb layer is a nearly perfect crystalline plane. Further analysis indicates that the interface with the CSL has a lower interfacial energy than with a cube-to-cube orientation relationship. For the first time, we established that the CSL was aneffective mechanism to accommodate the fforsystems with large positive misfit. Heterogeneous nucleationis governed not by a single mechanism(misfit dislocations in Turnbull’s model),instead by variousmechanismsdepending onf.This study sheds new light on the atomistic mechanism of heterogeneous nucleation.
	Keywords: Heterogeneous nucleation; Molecular Dynamics simulation; Lattice misfit; Coincidence site lattice; Interface; Interfacial energy
	I. INTRODUCTION
	Nucleation (usually heterogeneous nucleation) plays a vital role in the solidification process,1 and is relevant to many significant industrial practices (such as: drug production2 and castings1) and natural events (such as ice formation3). The classical nucleation theory (CNT) is widely used to describe the nucleation process, qualitatively in general, i.e. the new phase forms by fluctuations of the configuration, composition, energy and so on in disordered liquid based on statistical mechanics.1 However, there is a large discrepancy between the predictions of the CNT and experimental results. For instance, the predicted nucleation rate in Hg droplets with the CNT is 5 and 35orders of magnitudelower for the homogeneous and heterogeneous nucleation, respectively,than those obtained from experiments.4 The large discrepancy between the prediction with CNT, and experimental and simulation results has been argued intensely over past decades.3,5Recently, some findings6-16indicate that pronounced atomic ordering may be induced in the liquid at the liquid/substrate interface by the substrateseven above the liquidus(this phenomenon is referred to as prenucleation13). Real-time observations with high resolution transmission electron microscopy reveal that liquid Al exhibits layering and in-plane atomic ordering within a few atomic layers at the interface withan α-Al2O3 substrate, and the Al atoms in the interfacial layer take the hcp sequence of the substrate, not the fcc sequence as in bulk solid Al.10,11These findings seem tobe inconsistent with the assumptionfor the CNT heterogeneous nucleation that the liquid is disordered at the interface. The pronounced atomic ordering at the interface might also be responsible for the large discrepancy between the predictions of the CNT and experimental results for heterogeneous nucleation. Therefore, it is desirable to investigate the atomic arrangements of the liquid at the interface and its effect on heterogeneous nucleation.
	Manyefforts have been made to understand the nucleation process, with increasing interests in recent years, and some important progresshas been achieved.17-30A non-classical nucleation theory18,20has been proposed in the research chemistry community that amorphous phase may form initially in the solution or liquid, followed by the formation of nuclei inside the amorphous phase, i.e., so-called 2-step nucleation.The epitaxial nucleation model22suggests that the new phase forms by continuing the lattice of the substrateduring the nucleation,where creation of misfit dislocation at the interface accommodates the lattice misfit, f, and that structural templating might be a practical and general mechanism for heterogeneous nucleation. Atomistic simulations have been proved to be a very powerful tool forstudiesof nucleation, and can be used to reveal the microscopical details of the nucleation process3 and to obtain the nucleation rate with somereliable approaches, such as forward flux sampling31,32. With the use of classical molecular dynamics (MD) simulation with potentials of the embedded atom method (EAM), it has been reported12that 2-3 “prefreezing” layers of crystalline Pb form at the liquid Pb/solid Cu (111) interface at 625 K.Similarly, in a previous study wefound that a 2-dimensional (2D) ordered structure forms at the liquid/substrate interface through a structural templating mechanism,which is highly dependent on the f.13Using ab initio MD simulations,19 fcc-like ordering is observed within 3 atomic layers at the liquid Al/TiB2interface at a small undercooling of 2 K, and its growth is frustrated by the f between α-Al and TiB2.On the other hand, it is anextremely challenging task for the in-situ observationsof the nucleation process to be made due to its very small length and temporal scales.3The measured nucleation undercooling, ΔTn,in Al and Al-Cu liquidsusing synchrotronsshowsinteresting behaviors:25,26theΔTnincreasesgraduallywith increasing finitially, rises sharplyat around f = 13%, and then starts to decrease when the magnitude of f is larger than 13% (e.g. ΔTn = 39.6 K for f = 12.9% and 19 K for f = 25%). Thisappears to be agreed principally with the conclusion from the phase field crystal modeling of Tóthet al.,21which suggeststhe potency of the substrate is not monotonic function off.All these studies indicate that prenucleation at the liquid/substrate interface may have substantial effects on the process of heterogeneous nucleation. 
	According to the epitaxial nucleation model,22the atomistic mechanism of heterogeneous nucleation may vary with f: the structural templating mechanism is achieved through creation of misfit dislocationswhile themagnitude off is less than a critical misfit, fc, (theoretical upper limit, 12.5%), andwill change beyond fc. It predicts that theΔTn increases gradually with increasing the |f|for|f|<fc, and becomes very large asf approaches fc.22Our MD simulation33reveals that the misfit dislocation is an effective mechanism among many(e.g. vacancy34) to accommodate ffor systems with a small fof up to10% (|f|< 12.5% denoted as small misfit, hereafter).A 3-layer nucleation proceeds for small negative f:apartial edge dislocation network in the 1st layer of the 2D ordered structure largely accommodates the f, and a screw dislocation network in the 2nd layer eliminates the distortion and a nearly perfect crystalline plane in the 3rd layer is then created.33As a consequence, the potency of the substrate degrades with increasing f, due to the increase in the density of the misfit dislocations at the interface. UsingMonte Carlo (MC) simulationsof crystal nucleation on a flat crystalline surface in the Lennard-Jones model, Sear et al.23found that the surface lattice strongly influences the nucleation rate, and the nucleation rate generally decreases with increasingf for |f|< 10%and becomes scattered with further increase inf. They reported that nucleation was epitaxial for smallf, and the loss of the epitaxy for large f was responsible for how the nucleation rate varied with f.23It appears that the prediction using the epitaxial model22is in accordance with the results of both Sear’s and our simulations, and also consistent with experimental observations25,26. On the other hand,Turnbull’smodel,35as a dislocation model for the semi-coherent interface between the nucleus and substrate, suggests that the potency of the substrate is inversely proportional to f.This model seems to be applicable only for systems with small f, but inconsistent with large f. For a system with |f|larger than 12.5% (denoted as large misfit, hereafter), however, it is still not clear how the lattice misfit is accommodated at the interface during nucleation so far.
	In this study, we intend to clarify the prenucleation and the atomistic mechanism of heterogeneous nucleation forsystems with large lattice misfit. Solid Pb and Al have a large positive lattice misfit of 18.2% along the densely packed [110] direction of their fcc structure, and is thentakenas an example of a system with large lattice misfit. There exists a repulsive interaction between liquid Pb and Al with a positive heat of mixing of 10 kJ/mol,36and liquid Pb and solid Al are immiscible.With classical MD simulation, Yang et al.37reported that there were no prefreezing layers in liquid Pb at the interface with (111) Al substrate above the melting point of Pb,in contrast to the liquid Pb/(111) Cu interface.12In experiments, Moore et al.38observed Pb droplets embedded in an Al matrix solidified by heterogeneous nucleation at an undercooling of about 22 K. Thesolidified Pb particles had{111} and {100} facets, exhibitinga cube-to-cube orientation relationship (OR) with the Al matrix, and the nucleation occurson the {111} facets of the Al matrix. Therefore, it is interesting to examine whether or notprenucleation occurredatthe liquid Pb/(111)Al interfaceand how nucleation proceeds in systems with large f. 
	The objective of this study is to investigate the prenucleation and heterogeneous nucleation in the liquid Pb/solid Al, as an example of general cases with large positive lattice misfit, using classical MD simulations. 
	II. SIMULATION APPROACH
	We use EAM potentials for Al-Pb interatomic interactions in the MD simulations,39performed by the parallel MD program LAMMPS40.The melting temperatures calculated with the potentials are 922 K41and 615 K39for Al and Pb,respectively, compared withtheir experimental values of 933 K and 600.6 K, respectively.The Al substrate has a (111( surface orientation, with the z-axis being normal to the {111} plane. The dimensions of the Al substrate are 96112(60110(18[111] atomic planes, and the initial dimensions of the Pb sample are 78112(49110(27[111] atomic planes, with a totally of 34,479atoms in the simulation system.To minimize artifacts in the simulations,we set up the simulation systems with either partially or fully relaxed Al substrates. For the partially relaxed substrate, the atoms in the innermost layer of the Al slab are held being fixed to avoid Brownian motion, and the others are allowed to move freely. For the fully relaxed substrate, all atoms in the substrate are allowed to move freely while the centre-of-mass of the Al slab is constrained. The periodic boundary conditions are imposed in the x(112)- and y(110)-directions of the system.Simulations have been carried out for the systems with either the Nose-HooverNVT or NPT ensemble.Aregion ofvacuum with an extent of 60 Å is inserted with periodic boundary conditions in the z-direction for the NVT ensemble.
	During the simulations, the equations of motion are integrated by the Verlet algorithm with a time step of 0.001 ps. The initial systemis heated to a temperature of 700 K with a temperature step of 50 K, each equilibratingfor 1 ns. The Pb has been confirmed to be liquidat 700 K. The configuration equilibrated at 700 Kis then cooled to the desired temperature with in steps of 5 K, and runs for 1nsat each temperature step. The total energy and trajectory of the simulation system are monitored until nucleation occurs at a temperature of T, denoted as T5K. The configuration that has been equilibrated at T5K+5 K is then cooled to the desired temperature with in steps of 1 K until the nucleation event is observed at the nucleation temperature,Tn. We find that both the systems with fully or partially relaxed substrates exhibit similar nucleation behaviour, and thereby our results and discussion will focus on the systems with a fully relaxed substrate.
	The atomic ordering including layering and in-plane atomic ordering at the interface is characterized by the atomic density profile, ρ(z),7and thez-dependent in-plane order parameter, S(z),42respectively, where z is the distance away from the interface. ρ(z) is expressed as:7
	𝜌𝑧=𝑁𝑧𝐿𝑥𝐿𝑦𝛥𝑧,              (1)
	where Nz is the number of atoms between z-Δz/2 and z+Δz/2 at time t, Δz is the width of the bin, which is a 10thof 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:42
	𝑆𝑧=𝑗∈𝛥𝑧𝑒𝑥𝑝𝑖𝑲·𝒓𝑗2𝑁𝑧2,            (2)
	where the summation is over all atoms labelled j within a given bin of width, Δz, of one layer spacing and K is a reciprocal lattice vector and rjis the position vector of the jth atom in Cartesian space.The details for calculating ρ(z) and S(z) are referred toin Ref. 13. 
	We employ the time-averaged atomic positions approach and local bond-order analysis to investigate the atomic arrangements in the Pb at the interface. To perform the local bond-order analysis, the local bond-order parameters, ql(i), are calculated as:43
	 𝒒𝑙𝑖=4𝜋2𝑙+1𝑚=−𝑙𝑙𝒒𝑙𝑚𝑖212,          (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. The two neighbouring atoms i and jare recognised to be connected if the correlation function, q6(i)·q6(j), exceeds a threshold of 0.5. A threshold on the number of the connections is set to 6to distinguish solid atoms from liquid atoms.
	The interfacial free energy,γ, of the Pb/Al system can be computed using one of the widely used approaches:44-46
	 γ = {EPb/Al-EPbbulk-EAlbulk}/Aint-σPb - σAl         (4)
	where EPb/Al is the Helmholtz free energy of the Pb/Al system, and EPbbulk,EAlbulkare the free energy of the bulk Pb and Al, respectively, and Aint is the area of the interface.σPb,σAlare the surface energy of Pb and Al slabs, respectively:
	 σm= {Emvac - Embulk}/2Aint            (5)
	where Emvac is the free energy of the slab m with vacuum, and m is Pb or Al. To calculate the EmvacandEmbulk,the slabs with vacuum and the bulk Pb and Al are constructed with the same configurations as the Pb/Al system.The simulation systems of Pb and Al areheated from 0.01 K to 900 K with a temperature step of 50 K, equilibrated for 1 ns at each temperature step. We confirmed that the Pb was liquid for either the bulk or the slab with vacuum at 900 K.The liquid Pb is then cooled from 900 K to 600 K with a temperature step of 50 K, equilibrating for 1 ns at each temperature step.
	III. RESULTS AND DISCUSSION
	A. Atomic ordering at the liquid/substrate interface
	Fig. 1a shows the front view of the snapshot of the liquid Pb/solid Al (Pb(l)/Al(s))system with a fully relaxed substrate (the same configuration is used for discussionhereafter unless we stated otherwise) equilibrated at 625 Kusing the NVT ensemble. The liquid Pb exhibits a layered structure within a few atomic layers at the interface. The top views of the time-averaged atomic positions of the 1st Al(L1Al) and the 1st Pb (L1Pb)to 3rd Pb (L3Pb) interfacial layersare displayed inFig. 1b-e.The L1Al has a well-ordered structure, which is identical to the (111) plane of the bulk Al. The atoms in the L1Pbto L3Pb are largely disordered, withonly a little ordered structure present in the L1Pb. 
	Fig. 2aexhibits the density profile, ρ(z), of the system as a function of distance, z, away from the interface. The dashed line represents the interface between the liquid Pb and solid Al. The first 3 atomic layers of the Alat the interface have a slightly low peak density,compared withthose of the bulk substrate. The layering of the liquid Pb persists within 6 atomic layers at the interface, with an exponentially decreasing peak density away from the interface. The in-plane order parameter, S(z), of the liquid Pb at the interface as a function of z from the interface is shown in Fig. 2b. The L1Pb to L3Pb have a very low S(z) of about 0.03, just slightly larger than the bulk Pb liquid. This further indicative of alargely disordered structure in the liquid Pb at the interface.
	We performed a local-bond order analysis to identify the solid and liquid atoms in the simulation system.It is surprising that the L1Pb has a relatively high solid fraction,xsol,of 0.62 at T = 625 K, as shown in Fig. 3, although it exhibits a largely disordered structure (Figs. 1c&2b).On the other hand, the xsolof the L2Pb and L3Pbis very low, at 0.1 and 0.01, respectively,suggesting that most of the atoms in the L2Pb and L3Pb are in the liquid state.
	FIG. 1. (a) The front view of the snapshotof the simulation system, and (b-e) top views of the time-averaged atomic positions of the 1st Al layer (L1Al), and 1st (L1Pb), 2nd (L2Pb) and 3rd (L3Pb)Pb layers at the interface in the liquid Pb/solid Al (Pb(l)/Al(s)) system with a fully relaxed substrate equilibrated at 625 K using the NVT ensemble. A layered structure in the liquid Pb at the interface is exhibited, with only a little order present in the L1Pb.
	FIG. 2. (a) Density profile, ρ(z), and (b) in-plane order parameter, S(z), as a function of the distance, z, away from the interface for the Pb(l)/Al(s) system equilibrated at 625 Kusing the NVT ensemble. The vertical dashed line represents the interface of liquid Pb and solid Al. Layering of the Pb(l) persists within 6 atomic layers at the interface, where the liquid Pb has avery weak in-plane atomic ordering.
	We conclude thatno 2D ordered structure exists in the liquid Pb at the interface at T = 625 K. This agrees well with the observation of Yang et al.37,47that no prefreezing layers are found in Pb/Al interfaces of any orientation above the liquidus. Thismight be attributed to the repulsive interaction and large lattice misfit between Pb and Al.However, we found that there was a substantial solid fraction in the L1Pb even above the Tl of the Pb. It has been reported that liquid Pb atoms can be captured at the interface by the lattice of Si substrate,where thesePb atoms may be stabilized at the equilibrium atomic positions provided by the lattice of a surface layer of the Si substrate.48Consequently, these atoms lose the characteristicsof the liquid atoms (i.e., moving around)and vibrate at the equilibrium atomic positions like solid atoms. This could be the reason that the solid Pb atoms accounts for a high proportion of the L1Pbin the Pb(l)/Al(s), which can belocated at the individual equilibrium atomic positions provided by the L1Al,but have little ordered structure due to its large atomic size.
	FIG. 3.Variation in the solid fraction, xsol, of the individual layers in the liquid Pb at the interface as a function of T for the Pb(l)/Al(s) system under annealingusing the NVT ensemble. The xsolof the L1Pbto L3Pbremains almost unchanged from T = 625 K to 605 K, and increases significantly at 600 K.
	B. Prenucleation
	On annealing fromT = 625 K to 605 Kwith a temperature step of 5 K,the total energy, Et, of the Pb(l)/Al(s)system remains constantduring the equilibration at eachT, and decreases linearly as a function of T. As an example,Fig. 4ashows Et as a function of time, t, during the equilibration atT = 605K, wherethe horizontal solid line is used to indicate thevariationof the Et during the simulation.Fig. 5adisplays the time-averaged atomic positions of the L1Pb/L1Al, L2Pb and L3Pbat T = 605K.The atomic ordering in the L1Pb at T = 605 K enhances marginally, compared to T =625 K (Fig. 1c), and the L2Pb and L3Pb still have a disordered structure. Thus,no 2D ordered structure forms at the interface in the Pb(l)/Al(s)system untilTdecreases to605K during the cooling. 
	FIG. 4. Total energy, Et, as a function of time, t, for the Pb(l)/Al(s) system at (a) T = 605 K, (b) 600 K, (c) 595 K, (d) 590 K and (e) 585 Kduring the annealing with a temperature step of 5 K. The horizontal solid lines are used to indicate the variation in the Et with t. The Et decreases slightly with t during the simulation for 600 K, and drops markedly by the end of the simulation at T = 590 K.
	FIG. 5. Time-averaged atomic positions of the L1Pb/L1Al toL3Pb in the Pb(l)/Al(s) system,using the NVT ensemble at t = 1000 ps during the simulations for (a) T = 605 K, (b) 600 K, (c) 595 K and (d) 585 K, respectively. At 600 K, hexagonal patterns in the L1Pb/L1Al (the Al and Pb atoms are locatedon different atomic planes)and a 2-dimensional (2D) ordered structure at the interface form. At 585 K, the L1Pb toL3Pb become completely ordered. The hexagonal patterns in the L1Pb/L1Al mark the formation of the coincidence site lattice (CSL), and the L1Pb is denoted as the CSL-Pb layer hereafter.
	A marked change is visible during the simulation at T = 600 K. The Etof the Pb(l)/Al(s) system starts to decrease slightly fromt = 200 ps, and levels off from 800 ps (Fig. 4b).Fig. 5b exhibits the time-averaged atomic positions of the L1Pb/L1Al, L2Pb and L3Pb at t = 1000 ps during the simulation forT = 600 K. Compared with those atT = 605 K, the atomic orderingof the L1PbtoL3Pb increases substantially at T = 605 K. The L1Pb and L2Pb have a largely ordered structure, and the L3Pb is a mixed structure with ordered and disordered regions, indicating that a 2D ordered structure forms at the interface. It is interesting to note that hexagonal patternsappear in the L1Pb/L1Al. In the centre of the hexagonal patterns, one Pb atom in the L1Pb sits on top of anunderneath Al atom in the L1Al, surrounded by sixPb atoms in the L1Pb and six Al atoms in the L1Al. The 6 Pb atoms in the L1Pb are located at the equilibrium atomic positions provided by the Al atoms in the L1Al. The hexagonal patterns mark the formation of a coincidence site lattice (CSL) between the L1Al and the L1Pb (L1Pb denoted as CSL-Pb layer hereafter), and we will describe it in more detail later.The Etremainsconstant during the simulation forT = 595K (Fig. 4c), where the atomic ordering in the liquid Pb at the interface enhances slightlydue to the increase in undercooling of 5 K(Fig. 5c). It suggests that there is no significant change in the 2D ordered structure at the interfaceat 595 K. 
	The Etalso remains constant during the simulation forT = 590 K (Fig. 4d), but drops dramatically from the beginning of the simulation forT = 585 K (Fig. 4e). It implies thatheterogeneous nucleation starts at the end of the simulation at 590 K during the annealing with a temperature step of 5 K.At 585K,the first three atomic Pb layers at the interface have been transformed into a completely ordered structure (Fig. 5d). This suggests the nucleation temperature, Tn, for the Pb(l)/Al(s) system will be between 595 K and 590 K.
	The variation in the solid fraction, xsol, of the CSL-Pb(L1Pb)toL4Pbas a function of Tfor annealing from T = 625 K to 595 Kwas plotted inFig. 3. The xsolofthe individual layers at the interface remains nearly constant fromT = 625 K to 605 K, at about 0.6, 0.1 and 0.01for the CSL-Pb, L2Pb and L3Pb, respectively, andincreases dramatically to 0.88, 0.5 and 0.13, respectively,at 600 K. The remarkable increase in the xsolat T = 600 K corresponds to the formation of the hexagonal patterns in the CSL-Pb and the 2D ordered structure at the interface (Fig. 5b). With further undercooling to 595 K, the xsolof the individual layers at the interface increases slightly, and therefore the 2D ordered structure doesnot trigger nucleationinstantly during the cooling. 
	To examine the formation of thehexagonal patterns in the CSL-Pb,the time-averaged atomic positions of the CSL-Pb/L1Al during the simulation for 600Kare displayed in Fig. 6.At t = 10 ps, the CSL-Pb has a roughly disordered structure (Fig. 6a). The hexagonal patternsstart to appearat t = 200ps(Fig. 6b), and then spread substantially from 300 psto 700 ps(Fig. 6c-e), and cover nearly the entire CSL-Pb layer at 900 ps(Fig. 6f).
	FIG. 6. Time-averaged atomic positions of the CSL-Pb(L1Pb)/L1Alin the Pb(l)/Al(s) system,using the NVT ensemble at (a) t = 10 ps, (b) 200 ps, (c) 300 ps, (d) 400 ps, (e) 700 ps and (f) 900 ps during the simulation for 600 K. The CSL-Pb has a roughly disordered structure at t = 10 ps. The hexagonal patterns start to form at 200 ps, and spread significantly from300 psto 700 ps and cover nearly the entire CSL-Pb layer at 900 ps.
	The hexagonal pattern inthe CSL-Pb/L1Al results from the formation of a coincidence site lattice at the interface. One enlarged regionof the snapshot of the CSL-Pb/L1Al at the end of the simulation forT = 600K is shown inFig. 7a. There exists a specific OR between the two planes and two independent atomic matching rules (AMRs):
	111(110(Pb // (111)(211(Al    (OR 1)
	3𝑑Pb(110(=2𝑑Al(211(        (AMR1)
	111(211(Pb // (111)(110(Al    (OR 2)
	1𝑑Pb(211(=2𝑑Al(110(,        (AMR2)
	where 𝑑m(ijk( is the atomic spacing along (ijk( direction in the CSL-Pb orL1Al, and m is Pb or Al.According to the symmetry, the specific OR between the CSL-Pb/L1Al can be determined to be a Σ3 CSL.49,50A unit cellof the CSL in the CSL-Pb/L1Al (highlighted by the parallelogram in Fig. 7a) is displayed in Fig. 7b. It is worthwhile to note that the densely packed 110 Pb in the CSL-Pb matches with the less densely packed211Al in the L1Al with anfof 50%, and the less densely packed 211 Pb in the CSL-Pb matches with the densely packed110 Al in the L1Al with anf of -50%, as shown schematically in Fig. 7c.The CSL-Pb twistsby an angle of 30° relative to the L1Al, suggesting that theΣ3 CSL can be obtained simply by rotating the CSL-Pb by 30° around thez-axis relative to the L1Al.In the unit cell, the four Pb atoms in the vertex of the parallelogram sit on top of the underlyingAl atoms in the L1Al, which are metastable.The 2 Pb atoms inside the parallelogram are located at the equilibrium positions provided by three underneath Al atoms in the L1Al. Of the total three Pb atoms in the unit cell, two are located at equilibrium atomic positions, and one is at a metastable position.Thus, a considerably good matching between the CSL-Pb and L1Al is achieved by the formation of the CSL.
	The atomic spacing, da, of the individual layers at the interface is calculated by averaging the distances between all the nearest neighbor atoms in the corresponding layers at the end of the simulation forT = 600 K. The L1Al has a da of about 2.9 Å, almost identical to the bulk substrate and the theoretical value (2.89 Å) of solid Al at T = 600 K.On the other hand, the CSL-Pb has a da of about 3.47 Å, slightly smaller than the theoretical value (3.53 Å) of solid Pb at T = 600 K. This suggests that the atoms in the CSL-Pb is under compression, attributed to the compressive stress that the Pb atoms at the interface are subject to due to the large positive lattice misfitbetween the Pb and substrate.12
	It is essential for heterogeneous nucleation to accommodate the lattice misfit between the new phase and substrate at the interface. Otherwise, the strain energy in the new phase will accumulate due to the lattice misfit, and make growth of the new phase impossible.22 We obtained the residual lattice misfit, fr, at the interface after the formation of the CSL by calculating the relative ratio of the average daof the CSL-Pb in the CSL and the bulk solid Pb.The detail of the calculation is referred to Refs.13,22. The calculated fris about 1.9%. Compared withf = 18.2% between the bulk solid Al and Pb along their densely packed [110] direction in the (111) plane, this suggests that the major part of the fof the simulation system has been accommodated by the CSL formedduring the prenucleation. 
	FIG. 7. (a) An enlarged region inside the snapshot of the CSL-Pb/L1Al, and (b) a unit cell of the coincidence site lattice (CSL) and (c) its schematics at t = 1000 ps during the simulation forT = 600 Kfor the Pb/Al system using the NVT ensemble. The unit cell of the CSL is highlighted by the parallelogram in (a). In the unit cell, the densely packed [110] Pb in the CSL-Pb matches with the less densely packed [211]Al in the L1Al, and the less densely packed [211] Pb in the CSL-Pb matches with the densely packed[110] Al in the L1Al. A good matching exists between the CSL-Pb and L1Al, indicative of no loss of epitaxy at the interface.
	We can conclude that prenucleation occurs in the Pb(l)/Al(s)at T = 600 K(an undercooling of about 15 K), anda 2D ordered structure forms at the interface.Phenomenologically, prenucleation in this studyis analogous to the 1ststage of so-called 2-step nucleation,18,20which suggeststhat stable prenucleation clusters form in liquids or solutions to serve as the precursor of subsequent nucleation.However, we rather refer to the formation of the 2D ordered structure with the CSL in the Pb(l)/Al(s) system as the prenucleation since itcannot trigger the formation of the new phase spontaneously and is thus distinct from the stage of heterogeneous nucleation. Prenucleation is driven by the reduction of the interfacial energy at the liquid/substrate interface,and thermodynamically in an equilibrium state. This is the reason that the prenucleation can occur even above Tl.13,34,51Prenucleation appears to be a general phenomenon occurring at liquid/substrate interfaces,12,13,33,51 andthe atoms in the liquid at the interface mayno longer be disordered when heterogeneous nucleation takes place.
	This study reveals that the CSL is a very effective mechanism to accommodate f for nucleation systems with large positive lattice misfit, and can dramatically promote the potency of the substrate. In the Pb(l)/Al(s) system, the major part of fof the system is accommodated by the CSLduring prenucleation, and only a small residual lattice misfit of 1.9% is left to be accommodated in the subsequent nucleation. Consequently, the original Al(s)is transformed into a newsubstrate, equivalent to a nucleant having anf of 1.9%, which is considerably potent.The same mechanism has also been found in the Pb(l)/Cu(s) system,51which has a positive f of about 25.3% between bulk solid Pb and Cu along the densely packed [110] direction. The concept of CSL has been widely used to characterize grain boundaries49and the interfacial structure of heterophases in solid precipitation50. Our study suggests that the CSL mechanism is also applicable to heterogeneous nucleationat the liquid/substrate interface for the systems with large lattice misfit, where the best matching between the nuclei and the substrate can be achieved byvaried Σ numbersof the CSL. 
	C. Heterogeneous nucleation
	During annealingof the Pb(l)/Al(s)system using the NVT ensemblewith a temperature step of 1 K (equivalent to a cooling rate of 109 K/s), we further determined that the Tn is 593 K.Fig. 8aexhibits the Et as a function of the rescaledt during the simulation at Tn = 593 K. The Etremians unchanged before t = 0 ps(denoted as t0), and then decreases continuously. This indicates that nucleationstarts at t0.
	Fig. 8b shows the variation in xsolof the CSL-PbtoL8Pb as a function of the rescaledt during the simulation forTn = 593 K. Before t0, the xsolof the individual Pb layers at the interface remainsnearly unchanged. This is about 0.95, 0.7, 0.4 and 0.2for the CSL-Pbto L4Pb, respectively, and close or equal to 0.0 beyond the L4Pb. This suggests that the 2D order structure enhances slightly within four atomic layers at the interfacebefore the occurrence of nucleation with increasing the undercooling as the temperature decrease from T = 600 K to 593 K. As soon as nucleation starts at t0, the xsolof the individual Pb layers at the interface continues to increase. The xsolof the CSL-Pb increases slightly from 0.95 to 0.98, implying that there is little change in the CSL-Pb during nucleation. It is followed by adramatic increase in the xsolfor further atomic layers, which reaches about 0.9 for the L2PbtoL4Pb within about 0.5 ns after t0.
	FIG. 8. (a) The Et of the system and (b) xsolof the individual Pb layers as a function of the rescaledt during the simulation for T =Tn = 593 K for the Pb/Al system using the NVT ensemble. Nucleation starts at t = 0 ps (denoted as t0). After t0, the xsolof the CSL-Pb increases slightly, and those of further layers at the interface increase dramatically in turn. 
	To examine the microscopic details of the nucleation, the time-averaged atomic positions of the CSL-Pb/L1Al to L4Pb/L3Pb during the simulation for T =Tn = 593 K are displayed inFig. 9. The hexagonal patternsin the CSL-Pbremain nearly unchanged during the simulation, indicating that the CSL remains intact during nucleation. Beforet0 (t = 0 ps), the L2Pb has alargely ordered structure except in some small regions, and the L3Pb and L4Pb have a mixed structure with ordered and disordered regions (Fig. 9a&b). This suggests that the 2D ordered structure persists in the CSL-Pb to L4Pb until nucleation starts. The ordered structures in the L2Pb to L4Pb begin to merge after t0(Fig. 9c). At t = 450 ps, the L2Pb to L4Pb have transformed into completely crystalline planes, where theL2Pb and L4Pbare coherent with the CSL-Pb and L3Pb, respectively(Fig. 9d). 
	FIG. 9. Time-averaged atomic positions of the L1AltoL4Pb for the Pb/Al system using the NVT ensemble at a rescaledtime (a) t = -150 ps, (b) 0 ps, (c) 150 ps, (d) 450 ps during the simulation for T =Tn = 593 K. The hexagonal patterns in the CSL-Pb/L1Alremains almost unchanged, and the 2D ordered structure at the interface starts to merge after t0 (t = 0 ps).
	To investigate how the small residual lattice misfit is accommodated during nucleation, we calculated the accommodated lattice misfit, fa, of the consecutive Pb layersat the interface at the end of the simulationfor T = Tn = 593 K. The calculatedfa is about 0.3%, 1.3% and 0%for the L2Pb - L4Pb, respectively. It indicates that the residual lattice misfit is largely accommodated by the L3Pb.51The L4Pb is identical to the(111) plane of the solidified bulk Pb, i.e., the L4Pb is analmost perfect crystalline plane. 
	The nucleation undercooling, ΔTn, is calculatedas ΔTn = Tl - Tn, where Tl is the melting point (615 K) of Pb based on the potential used in this study.39 The ΔTn for the Pb(l)/Cu(s) with fully- and partially-relaxed substratesis 22 K and 27 K, respectively, using the NVT ensemble. Fig. 10 displays ΔTn as a function of the magnitude of fobtained from this and our previous33,34,51studies. ΔTn increases with increasingf while the magnitude of f is less than 12.5%,but is very low when the magnitude of f is larger than 12.5%. It is interesting to note that the ΔTn of the Pb(l)/Al(s) system is between those for the systems with |f | = 1% and 2%.This is in accordance with the small residual lattice misfit of 1.9% in the Pb(l)/Al(s)system after prenucleation, which has to be accommodated in the nucleation. This further indicates that the Al(s) has been transformed into a potent nucleant, with the formation of the CSL at the interface during prenucleation. Therefore, our simulation results aregenerally consistent with experimental measurements25,26, and agree with the prediction of the epitaxial model22.
	FIG. 10. Nucleation undercooling, ΔTn, as a function of the magnitude of f obtained from this study and our previous studies33,34,51. The ΔTn for small lattice misfit is obtained by the simulations onliquid Al/pinned Al substrates, but the lattice parameter of the pinned Al substratewas changed to achieve varied fwith either a negative or a positive sign (denoted as Negative f/Positive f,respectively)33,34. ΔTn initially increases with increasing f for small f and becomes very low for large f, generally consistent with experimental observations25,26.
	During solidification, the liquid/solid Pb interface remains rough at an atomic level, as shown in Fig. 11.The solidification of the entire system is not yetcompleted by the end of the simulationfor T =Tn = 593 K, where only about nineatomic layers at the interface have become solid (Fig. 11h). It should be pointed out that the critical size of the nucleus is expected to be very largedue to its small ΔTn (about 24.1 nm for Pb at an undercooling of 22 K), compared with the size of the cross section (8.6 nm × 8.0 nm) of the simulation system in this study. Thus, only a fraction of the spherical cap of the nuclei is liable to be observed during solidification, resulting in the finite size effect. The finite size effect is much worse for simulations of systems with very potent substrate since it is highly likely that the critical size of the nucleus is far beyond the size of the simulation system. This is true for most of the MD simulations on heterogeneous nucleation. For instance, Palafox-Hernandezet al.27reported a layer-by-layer growth without the appearance of a spherical cap during the nucleation of Pb in the Pb(l)/Cu(s)system at an undercooling of 0.5 K. Wang et al.19 observed one-dimensional growth during nucleation of Al on an Al3Ti surface with an undercooling of 9 K. Therefore, our interest in this study focuses on the atomistic mechanism of heterogeneous nucleation at the interface, which is fundamentally important to understand the nature of nucleation. 
	FIG. 11.Front views of snapshots of the Pb/Al system using the NVT ensemble at a rescaled time (a) t = -150 ps, (b) -50 ps, (c) 50 ps, (d) 250 ps, (e) 350 ps, (f) 450 ps, (g) 650 ps and (h) 850 ps during the simulation for T =Tn = 593 K. The liquid/solid Pb interface remains rough at an atomic level during solidification, and about nine atomic layers become solid by the end of the simulation.
	In this study, we have established that structural templating wasa general mechanismfor heterogeneous nucleation. Heterogeneous nucleation proceeds by merging 2D ordered structure at the interface, which is formed during prenucleation. It is generally believed that the potency of a substrate degrades with increasing f, as predicted by Turnbull’s model35 based on the dislocation mechanism.However, Turnbull’s model works only for systems with small f and it doesnot hold true for large f, according to experimental observations25,26,38,52and simulations21,23,27,33,34,51. Our study suggests that the misfit dislocation is one effective mechanism to accommodate the fduring nucleationfor systems with small f, for which the potency of the substrate degrades with increasing f.33,34 For the systems with large f,the CSL is a very effective mechanism to accommodate themajor part of thefduring prenucleation,whereit provides a good match between the 2D ordered structure and the substrate, and a small residual lattice misfit will be accommodated during nucleation. Therefore, there is no loss of epitaxy during nucleation for large f, in contradiction to Ref. 23. In fact, the abnormality of ΔTn as a function of f for large f is attributed to the formation of the CSL during prenucleation,instead of loss of the epitaxy at the interface. As a consequence, the substrate can be transformed into a considerablypotentnucleant for nucleation, and the structural templating mechanism still works for systems with large f.This is consistent with the prediction of the epitaxial model22, and validated by experimental observations25,26,38,52. Therefore, the heterogeneous nucleation process is governed not by a single mechanism(e.g. Turnbull’s model), but by variousmechanisms with changing the lattice misfit,22,33,51based on the structural templating. Thereby, itappears that heterogeneous nucleation can be well described by the epitaxial model.22
	D.Interfacial energy
	It is interesting to find that a cube-to-cube OR exists at the solid Pb/solid Al interface during heatingof the Pb(s)/Al(s) system,whereas the CSL forms at the liquid Pb/solid Al interface in the prenucleation during cooling the same system.Fig.12exhibits the time-averaged atomic positions of the L1Pb(CSL-Pb)/L1Al equilibrated at T = 300 K, with NVT ensemble, during heating and cooling. The solid lines in Fig. 12a indicate of a cube-to-cube OR between the bulk solid Pb and Al during heating. The cube-to-cube OR is destroyed when the Pb is completely moltenat T = 650 Kduring heatingand the system then is fully equilibrated at 700 K. There is little in-plane atomic ordering even in the L1Pb at T = 625 K during cooling from T = 700 K (Fig.1c&2b).The CSL forms in the L1Pb/L1Al at T = 600 Kduring annealing (Figs.4,5,6&7), and remains almost unchanged during subsequent nucleation (Fig.12b). The same phenomenon of the transition from the cube-to-cube OR to the CSL has also been observed during heating and cooling of the system using the NPT ensemble in this study. This suggests that the CSL interface is favoured at the interface during the nucleation process since the cube-to-cube ORduring heating is replaced by the CSL OR during cooling. 
	We calculated the free energy of the solid Pb/solid Al interface with both the cube-to-cube OR and the CSL as a function of TusingEq.4, and plotted in Fig.13. The total interfacial energy, γ, of the solid Pb/solid Al interface with CSLincludesthe contributions from the CSL and the residual misfit (fr = 1.9%) in the solid Pb at the interface, denoted as γCSL+ fr(1.9%). γ increases with increasing Tfor both the ORs, and the γfor the cube-to-cube OR (γcube-to-cube) is larger than γCSL+ fr(1.9%). For example,γcube-to-cube is 0.246 J/m2at T = 300 K, compared with 0.183 J/m2forγCSL+ fr(1.9%). We further calculated the contribution, γfr(1.9%), from the strain energy of the residual lattice misfit with fr = 1.9% in the solid Pb using the approach of Ref. 22. γ for the interface with the CSL only, γCSL, is 0.153 J/m2 at T = 300 K after γfr(1.9%) is deducted. Thus, γCSLis less than the γcube-to-cube at room temperature. 
	FIG. 12. Time-averaged atomic positions of the L1Pb/L1Al for the Pb/Al system using the NVT ensemble equilibrated at T = 300 K during (a) heating and (b) cooling. The solid lines in (a) indicate a cube-to-cube OR between the bulk Pb and Al during heating. During cooling, the CSL forms at the interface (represented by the hexagonal patterns in (b)) in the prenucleationand remains unchanged after nucleation.
	γCSL can also be calculated for the liquid Pb/solid Al interfaceequilibratedat T = 600 K during the cooling,where the CSLformsin the prenucleation. γfor the CSL at T = 600 K includes the contributions from the CSL (γCSL) and the liquid/solid Pb interface (γPbLS). The γCSLcan be obtained from the following equation:
	 γCSL = ΔEt21 + γAlPb1 -γPbLS + ΔEPbL→S         (6)
	where ΔEt 21 = Et2 - Et1, Et1 and Et2 are the total energy of the Pb(l)/Al(s) system before and after the formation of the CSL, respectively, during the simulationforT = 600 K. γAlPb1is the liquid Pb / Al interfacial energy Al before the formation of the CSL. ΔEPbL→Sis the free energy change due to transformation of some liquid atoms to solid atoms at the interface during the formation of the CSL. The calculated γCSL is 0.31 J/m2 at T = 600 K, which is less than 0.423 J/m2forγcube-to-cube, suggesting that γCSL is smaller than γcube-to-cube at temperatures close to Tn. Therefore, the CSL is energetically favoured for the solid Pb/(111)Al interfacein the nucleation process, compared with the cube-to-cube OR. Furthermore, it is noted that the CSL initiallyforms at the liquid Pb/solid Al interface in the prenucleation during annealing, and a small residual lattice misfit (fr = 1.9%) is accommodated during subsequent heterogeneous nucleation. As a consequence, the large positive lattice misfit between solid Pb and solid Al is accommodated by a two-step mechanism: CSL in the prenucleation and a small residual lattice misfit in the nucleation, and might occurmore easily than the cube-to-cube OR with a single interface. 
	FIG. 13.Calculated interfacial energy, γ, of the (111)Pb/(111)Al interface with a cube-to-cube OR or the CSL + fr(1.9%) as a function of T for the Pb/Al system using the NVT ensemble. The fr(1.9%) represents the contribution from the strain energy of the residual lattice misfit offr = 1.9% in the solid Pb to the total γ of the interface with the CSL. The γ for the interfaces with CSL-only at T = 300 K and 600 K has also been included. The interface with CSL-only has a lower γthan with a cube-to-cube OR.
	It has been reported that a cube-to-cube OR exists at the interface for confined Pb particles embedded in an Al matrix, based ontransmission electron microscopy (TEM) observation and electron probe microanalysis.38 The confined Pb particles usually exhibited the morphologies with {111} and {100} facets or curved surfaces,38,53-60with the OR at the interface: 111(110(Pb // (111)(110(Al.38The misfit between the Pb and Al is accommodated by a 60° a0/2 (110( misfit dislocation at about every fifth Al plane,61,62 where a0 is the lattice parameter of the solid Pb. Based on the analysis of nucleation kinetics, Moore et al.38obtained a contact angle of about 21°, and from it a simple calculation gave γcube-to-cube = 0.368 J/m2at T = 578 K, which agrees well with our simulation result. The MC simulation has also revealed that a cube-to-cube OR exists at the (111) Pb/Al interface, with γ = 0.62 J/m2 at T = 300 K,63which is about twice as large as those determined by us and Moore et al..It is noticed that the cube-to-cube OR observed in the MC simulations is consistent with our resultduring heating. In both the cases, however, the interfaces with the cube-to-cube OR is not necessarily in the thermodynamically stable state, due to the lack of complete relaxation in either of the simulation systems. In another word, the interface with the cube-to-cube OR may be only in a local minimum of the free energy surface for both the simulation systems, but not a global minimum. 
	On the other hand, Rösner et al. observed an OR of [110]Pb//211Al at the (110)Pb/(111)Al interface in the very thin edge of nanometre-sized Pb inclusions and Al matrixafter resolidification of the Pb, using in-situ HRTEM.64 The misfit is accommodated by aa0/2 (110( misfit dislocationat about every fourth Al plane.The authors argued that the[110]Pb//211Al OR at the (110)Pb/(111)Al interface was non-equilibrium since it is energetically unfavoured, compared with the ‘classical’ cube-to-cube OR.64It may be attributed to the geometric confinement that the Pb inclusion is subject toat the very thin edge of the sample, where it could be restricted only in 2-dimension by the Al matrix. It is noted that the [110]Pb//211Al matchingdirection at the (110)Pb/(111)Al interface is the same as at the (111)Pb/(111)Al interface in our study, which is better described as the Σ3CSL. To our best knowledge, the CSL interface has the lowest interfacial energy among all the known ORs of the solid Pb/(111)Al interface. 
	Our MD simulations reveal that a CSL exists at both the top and the bottom interfaces of the completely solidified Pb/Al system during annealingusing the NPT ensemble, as shown in Fig.14. The bulk Pb twists at an angle of 30° relative to the top and bottom bulk Al (Fig.14b&c). However, such a cryptographic arrangement is forbidden for confined Pb particles embedded in an Al matrix, due to the existence of the (100) facets, although the interface withthe CSL is energetically favoured at the (111) facets. Therefore, the existence of a cube-to-cube OR at the interface of the confined Pb/Al matrix does not result from the thermodynamics equilibrium, but instead from the restriction of the geometric confinement. How the confined Pb droplets solidified through heterogeneous nucleation with a cube-to-cube OR on the {111} facets of the Al matrix on undercoolingremains an open question.
	FIG.14.(a) Side view of the snapshot, and top views of the time-averaged atomic positions of (b) top and (c) bottom interfacesfor the fully solidified Pb/Al system equilibrated at T = 550 K using the NPT ensemble during annealing. The solid arrowsin (b) and (c) represent the 110 direction of both Pb and Al. The bulk Pb twists an angle of 30° relative to the top and bottom bulk Al, as indicated by the angle between the two solid arrows. A CSL exists at the CSL-Pb/L1Al of the top and bottom interfaces.  
	IV. SUMMARY
	In this study we investigated prenucleation and heterogeneous nucleation in liquid Pb on a solid Al substrate as an example of systems with large positive lattice misfit, using MD simulations. This study reveals a layered structureexists within six atomic layers in the liquid Pb at the interface, with little in-plane atomic ordering, above its melting point of 615 K. At 600 K,a 2D ordered structure forms at the interface, with acoincidence site lattice (CSL) between the 1st Pb and 1st Al interfacial layers.The CSL accommodates the major part of the lattice misfit of the simulation system, and only a small residual lattice misfit of 1.9% remains in the Pb layer of the CSL. The original Al substrate is transformed into a considerably potent nucleant, with the Pb layer of the CSL becomingthe new surface layer of the substrate.Nucleation takes place through merging 2D ordered structure at a relatively small undercooling of about 22 K. Itproceedsby a three-layer nucleation:the 2nd Pb layer is epitaxial to the new surface layer of the substrate; the small residual lattice misfit is largely accommodated by the 3rd Pb layer; and the 4th Pb layer is a nearly perfect crystalline plane. By analyzing the interfacial energyof the Pb/Al interface, it was demonstrated that the interface with the CSL has the lowest interfacial energy among those with (111)Al, and the cube-to-cube OR at confined Pb/Al matrix interface is attributed to the restriction of the geometric confinement. For the first time, we establish thatthe CSL is avery effective mechanism to accommodate the lattice misfit during heterogeneous nucleation for systemswith large positive lattice misfit. Heterogeneous nucleation is governed not by a single mechanism (e.g. misfit dislocations in Turnbull’s model), but by variousmechanisms with changing lattice misfit.
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