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Melting of Pb clusters without free surfaces
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Melting behaviors of Pb clusters without free surfaces have been studied using molecular dynamics and the
Sutton-Chen(SC) potential. Two Pb clusters (Bpwith N=201 and 249are selected and each of them has
been embedded in the core of arf®F cubo-octahedron, but with different orientation relationship with Al
coatings. For the P! cluster, where a parallel cube-cube relationship exists with the Al lattice, semicoherent
interfaces can be formed and the core can be superheated up to 750 K, in comparing to the equilibrium melting
point of 615-10K for bulk Pb predicted using the SC potential. On further elevating the temperature, a
simultaneous melting of both the Pb core and the outer Al coating will occur. For fé dilister without a
parallel orientation relationship with Al, no effective semicoherent interface can be formed, and the core
premelts at about 500 K without breaking the crystalline structure of Al shells. The melting point of the Pb
inclusions can be predicted using thermodynamic relations. For different Pb-Al interfaces, two melting mecha-
nisms exist: one is the homogeneous melting which leads to a melting point elevation and the other is the
heterogeneous melting which can induce a melting point depre$S6663-182609)09625-3

[. INTRODUCTION Studies performed on Pb aggregates in SiO demonstrated
that instead of superheating, tiig, was reduced relative to
In recent years there has been an increased interest the bulk!! While the superheating of lead crystallites on a
investigating the melting behaviors of nanometer-sized meearbon surface will depend on both size and sHap@ur
tallic clusters: A comprehensive understanding of the melt-recent results for the “as-quenched” and “as-milled”
ing phenomenon is crucial because it is directly related to theamples of Pb particles embedded in Al matrix also indicate
stability, structure and size of the clusters. It is well knownthat in order to achieve superheating, coherent or semicoher-
that the melting pointT,,) of a small cluster with free sur- ent interface must be forméd.In fact, a form of a crystal-
face, i.e., an isolated cluster in vacuum, is lower than that ofine solid in epitaxy relationship with the matrix solid is
the infinite bulk solid® This can be understood according to inevitably observed in almost all the circumstances of the
phenomenological models by emphasizing the enhanced sustuperheated cluste?s?** which can lead significant super-
face effects due to the small size. When the particle size iseating of the interior clusters by effectively eliminating the
decreased, its surface to volume ratio increases,Tande-  possible heterogeneous nucleation sites. However, due to a
creases as a consequence of the improved free energy at thead range of size distribution and the transient nature of
cluster surfacé? the melting process, difficulties arise when studying the pos-
On the other hand, in the absence of free surface, mangible melting mechanisms experimentally, which has hin-
pieces of evidence suggest that encapsulating crystallitegered further explorations of the structural transitions, the
within higher-melting-point host matrices can achieve superenergetic characteristics of clusters and the kinetics of the
heating or, melting point elevation. Silver clusters with goldvarious melting processes. This makes computer simulation
coating can be superheated up to 25 K above silver's meltingnethods, and in particular, molecular dynamid4D), an
point? Inclusions of Pb in an Al matrix with sizes ranging excellent tool for investigating the melting phenomenon.
from 1 nm to 20 nm melt in the temperature range from 603 Although the number of MD studies of melting property
K to about 673 K5~8 And Ar bubbles injected into Al lattice and structural stability for free clusters and surfaces appear
remains to be crystalline up to a temperature of 730 K, i.e.to be enormou$°~?simulations for the superheated metal-
almost two times higher tham,, of the bulk solid® It was  lic clusters have been rarely reported. What merits men-
shown that the superheating could not be explained alone byoned is a MD study of the superheating behavior of coated
the pressure increase from the volume expansion ohennard-Jones clustet®lt demonstrated that the degree of
melting® Instead, under these circumstances, the role of theuperheating would depend upon both the thickness of the
solid-solid interfaces is emphasized and melting can be hineoatings and the differing strength of the interaction between
dered by the depressed mean square amplitude of vibratidhe core and the outer material. The melting transition was
of atoms at the interfacé$. predicted to be first-order-like and the cluster melts from the
It was also reported that, in analogy with the melting surface inwards. The core cluster will not melt until the dis-
point depression of free clusters, the changeT jnof the  ordering of the coating atoms destroys the epitaxy interface.
superheated clusters is size dependent and proportional to thlewever, no further simulations were carried out for theo-
inverse size of the embedded clustéfsjnderlying that the retical understandings of the intrinsic differences of melting
smaller the cluster, the higher tAg,. But the size effect is mechanisms for clusters with and without constraints.
no longer the single factor to account for the superheating. In regard to the melting origin, it still remains a much
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debated subjecf;*! due to the fact that different structures 0062 T
may have different melting mechanisms and several mecha- L P (N=147. 249, 603, 928,1415)
nisms may even operate simultaneou8lyHowever, it is 0.064 F
more convenient for us to recognize that melting can be ini- [
tiated by two distinct mechanism$33-3¢First, for systems

with extrinsic defects such as free surfaces, grain boundaries
and voids, the process can be referred as heterogeneous melt-
ing since these defects act as the heterogeneous nucleation
sites. And second, by contrast, for systems without extrinsic
defects, or there is no effective heterogeneous nucleation site
for the liquid phase, melting is an intrinsic process initiated
by a spontaneous homogeneous nucleation mechanism. A
homogeneous melting can lead to a higher melting point be- -0.072
yond that of the bulk solid and this has been studied in de-
tails for a surface-free bulk Al cryst&las well as confined
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In this paper, the melting behaviors of Pb clusters with Al 0 100 200 300 400 500 600 700
coatings have been studied using molecular dynamics and T(K)

the Sutton-CheiSC) many-body interatomic potentiaiéin
Sec. Il, we determine th&,s for the bulk solid, some low
index surfaces gnd free clusters of Pb. I.n Sec. I, we present - S e 1 curves of P P P PR and PBUS
results for melting of two Pb clusters with Al coatings. The hick lines (from top o bott CthE-T f PRPL
discussions are given in Sec. IV and the conclusions aré ";6 mesz( rom top cl ottony repzssen | curves o '
; %, PW?® and PB% For PB%, a transition from a cubo-
drawn in Sec. V. octahedral cluster to a icosahedral cluster has been detdctésl.
the equilibrium melting point for bulk Pb solid. Also shown is the
Il. MELTING POINTS OF BULK SOLID, LOW-INDEX procedure in determining the melting point of a cluster such as in
SURFACES AND FREE CLUSTERS OF Pb the case of PH™

FIG. 1. Variations of potential enerd§) with temperature for
rWelting of free Pb clusters. Thin lindfrom top to bottom repre-

The Tys of the bulk Pb crystal, some low-index surfaces Qur results indicated that th&10) surface melted below 600
and clusters with free surfaces have been determined using the (100) surface at slightly above 610 K and tk&l11)
molecular dynamics. The accuracy of the SC potential can bgurface at 640 K. The premelting, incomplete melting, and
tested and some essential properties can be known for furthggerheating phenomena for the three surfaces, respectively,
studies of the coated clusters. are in agreement with experimental observations and other

First, the equilibrium melting pointT,) of Pb solid was  MD simulations resultd®-2°“°Further, the melting is initi-
estimated by applying the method formerly described by Erated at the free surface and then propagates inwards, and the
colessiet al* For a system where the solid and liquid phaserole of free surfaces as providing heterogeneous nucleation
are simultaneously present and in contact, Taecan be sites can be well recognized. For Al, similar results can be
determined by achieving the coexistence conditions, i.e., lackbtained for the SC potential and the melting of the simu-
of motion of the solid-liquid(SL) interface. With samples of |ated low-index surfaces occurs below 970 K.
different orientations of a Pb crystf.g., along(111) and Third, melting of Pb clusters with free surface has been
(110 directiond, the calculatedly value was found to be simulated. A number of Pb clusters, i.e.?Pp P86 ppt28°
615+ 10K, which is in reasonable agreement with the ex-pr?4% and PB°*3in the tronco-octahedral geometry, ®b
perimental valud§P=600.7 K. It should be noted that for a P®. P23 and PB*'® in the cubo-octahedral geometry,
MD box containing only the crystalline arrays of atomsand PB*® and PB% which are “spherical” clusters, have
bounded with periodic boundary conditions, the meltingbeen chosen for the melting studies. All these clusters are
point is found to be as high as 72% K. This happens be- bounded with(100) and(111) planes except for the “spheri-
cause no heterogeneous nucleation site, such as free surfagg” clusters where other facets such(@40 exhibit. Melt-
or SL interface, can present. This melting point, also knowning behaviors of clusters will depend on both size and shape.
as the intrinsic mechanical melting poifit,, can be related Figure 1 shows the temperature dependence of the average
to a homogeneous melting mechanism and used for an umpotential energy per atom for our simulated clusters. The
derstanding of the melting behavior of embedded clusters. melting transition is clearly identifiable by a large upward

Second, surface melting has been examined separately fiymp in energy with a finite slop. This occurs because melt-
simulating some low-index surfaces of Pb thin films. In do-ing first occurs at the vertices and edges, and after the outer
ing this, we have constructed several thin-film crystals withshells of the clusters became into a liquid layer, melting of
only x-y periodic boundary conditions. This creates doublethe whole clusters started from the liquid layer to core region
free surfaces perpendicular to thexis. If the slab is thick very quickly. For clarity, the melting point for a cluster is
enough, the interactions between the two free surfaces can ldefined as the intersection of the extrapolalEed curves
neglected and each free surface can represent a flat free sfmem both the low temperature end and the high temperature
face of a bulk solid. The melting process of three low-indexend around the melting transitigsee Fig. 1 for P#%). The
surfaces, i.e.(110), (100), and(111), were simulated using characteristics of the melting of clusters can be summarized
the constant-volume and constant-temperature MD progranas following.
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For cubo-octahedral clusters such ag“Bbtransforma- 800
tions to icosahedronlike clusters before melting will occur. : T)
This suggests that, in the Sutton-Chen scheme, a small icose ;o 77777777
hedral cluster can be more stable than a fcc cubo-octahedre | ’
cluster of the same size. The reason for this should be attrib-: i T,
uted to that the SC potentials are simple power law potentials 890 [ =< ppuwss
as well as they are fitted using parameters for bulk solids.& OO P
Our MD studies show that the transition from a bulk-like + so0 | Pbm}?\of’bm -
structure to a structure with fivefold symmetry only occurs P2 L
when clusters containing less than 1000 atoms for metals pbeoafl'wa O‘\\
such as Pb and Al a0 r potr + el }
For spherical-like clusters, the situation is even more i 5 PD20 Tl
complex. Since these clusters show not ddi§0) and(111), 300 L
but also(110) or other relatively unstable facets, they ap- 0.00 0.05 010 015 020 025 0-30

pears to be less stable than other clusters we simulated. A N-1/3
the temperature is increased, these clusters will readjust their
shape in order to find the minimum-energy configuration. FIG. 2. Melting points vsN' for PB" clusters. For tronco-
And this has led more significant fluctuations in tBeT octahedral clusters, a linear relation has been fitted according to Eq.
curves before complete melting of these clusters. (2). The experimentally measured melting poifi) for bulk Pb
The tronco-octahedral cluster appears to be most stabl@nd the intrinsic melting pointT() of a MD simulated surface-free
The relation between the size and the melting temperaturBb crystal(a 500-atom system with periodic boundary conditions
T(R) can be predicted using a simple thermodynamicré also shown for comparisons.
the.ory°' based solely on equating the Gibbs free energies Ofyterfacial stresses due to the lattice mismatch induced by
solid and I|qu.|d clusters,_ in assuming that the clusters argjtferent thermal expansions for the two metifis.
spherical particles of radiug, i.e., One significant difference between the two model clusters
o is that the two Pb cores is in different orientational relation-
To—Twm(R) _ 2 [ Ps 1 ships with the outer Al coatings, as shown schematically in
To  pLR| 7SV ) "WV @ Fig. 3. For clusterA, the core PH? cluster is in a parallel
) o ) cube-cube relationship with the Al coating, i.e,
where T, is the equilibrium melting temperature of bulk [001],[001],, and[111]oJ[111],. For clusterB, the core
solid, p is the densityL is the latent heat on melting, andy  p24 clyster has been rotated around f&60] direction for
and y,y are the solid-vapor and liquid-vapor interfacial en- ghout 50° before embedding it into Al, hence, no cube-cube
ergies, respectively. Furthermore, such a relation can be cofe|ationship of cluste’ exists in clusteB except for two
verted into small (100 facets. The two clusters is used to represent two
B —13 typical structures observed experimentally, i.e., clustas
Tin(N)=To() AN, 2 for sample prepared by melt-sgdf or ion-implantatiofi
whereN is the number of the atoms involved in the particle While clusterB is for the ball milled samplé? It should be
and A is a constant. The best fit of the MD datig. 2  hoted that the size of our sample might be too small and
yields Ty(=) =612.0K andA=—1.01X 1F K. The To() hence too dlfflcu]t to be ob§erved experlmentally. Howeyer,
value is very close to that predicted for the bulk solid, dem-they are convenient in saving computer time and sufficient
onstrated again that the SC potential is quite adequate {gnOUgh to reveal the underlying basic physics of the melting
reproducing the bulk melting properties of Pb. Figg's of  Of tlzge confined particles. Furthermore, free clusterdRind
other clusters, it is shown in Fig. 2 that there is a strond;b2 show almost equal average potential energy per atom
dependence on both size and sh&pe. efore me_Itmg, makeg it rather easy _to evaluat.e the_strquth
of constraints due to different orientational relationships with
the Al coating. The total number of the atoms in cluster
andB are 3655 and 3579, respectively, indicating that there

Melting processes of Pb clusters without free surfaceghould be more point defectsacanciesin the initial input
were simulated. Two small free clusters with different sizeStructure of clusteB. _ _
and shape, i.e., BB(A) and PB*YB), were chosen and The main part of our MD simulation has been performed
each of them has been embedded into the core of a mudHMilarly to the cases as presented in Sec. Il. The time step is
larger tronco-octahedral A% cluster. In embedding a Pb Set to beAt=5.0x10" *°s and the velocities of the particles
cluster in Al, the nearest neighbor distance between Pb an@f€ rescaled using the Verlet velocity algorithm. Before heat-
Al atoms is set to bep, o=3.33 A. This value was obtained iNg we relaxed the system by running a 50000 MD time
by evaluating the first peak position of the partial pair distri-Steps at low temperatures, allowing unfavorable configura-
bution functions for the unlike pairs calculated for the MD tions in the interfaces to be relaxed, and then the temperature
simulated AkPhs, liquid. It is always found to be larger than Was elevated at a heating rate of'3Ks.
the mean values of the nearest neighbor distances for the like
pairs, i.e., Pb-Pb and Al-Al, because of the existence of a
strong phase separation tendency in the system. In doing this, The response of the mean average potential engpto
we can obtain fully relaxed interfaces by eliminating extratemperaturdT) for the Pb core and Al coating are shown in

Ill. MELTING OF THE COATED Pb CLUSTERS

A. Superheating
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Al

Cluster A Cluster B

FIG. 3. A schematic illustration of the constructions of the two embedded Pb clusters with Al cdatirgsrA andB) investigated in
MD simulations.

Figs. 4a) and 4b), respectively. It is found that clustércan  with the initial input structure as shown in Fig. 3. And after
be superheated up to 140 K beyond the equilibrium meltinghe structural reconstruction, semicoherent interfaces can be
point T, of bulk solid. First, there is a small upward jump for formed. At the same time, a few dislocations have been gen-
Pb and a decrease for Al coating in the low temperatureerated from the grain boundaries due to the large lattice mis-
region (100-150K, denoted ad,). Then, following the fit effect, passing through the coating lattice of Al and ending
heating of the system to 700 K, the variations=ofith T for ~ at the cluster surfacésee also Fig. 6

both Pb and Al are in a linear manner and almost identical The observed reconstruction mode was not detected in
slopes. Finally, at about 730 K, a sudden upward changexperiments to the authors’ present knowledge, possibly due
occurs for both the core and the coating, indicating a domito the transient nature of the relaxation process for real ma-
nating structural transition has occurred for the whole systerials. In  comparing with the  experimental
tem. To identify the two structural transitions, we have re-observation§;®*14the formation of dislocations may be as-
corded configurations of the system at differentsociated with the appearance of the free surface of Al coat-
temperatures. Careful examinations indicate that the systeing. Also, the thickness of the Al coating in MD sample may
first undergoes a structural reconstruction at the Al-Pb graitbe much smaller than that of the matrix substance between
boundaries and this process has resulted not only a fulljwo nearby Pb inclusions in experimentally obtained Pb-Al
relaxed stable interface but also some degree of coherensgamples. Nevertheless, our result is informative because it
between the crystalline lattices of the confined Pb cluster andlucidates a possible way of the formation of semicoherent
the Al coating. From the section views of the clusfemat interfaces.

different temperatures, as illustrated in Figa)s we can see Whence a semicoherent condition in the interfacial region
that the interfaces have become more relaxed in comparinigas been reached, the thermal stability of confined Pb par-

-0.048 [- (a) Pb Core (b} Al coatinas -0.106
Pb20t (A) as coating of Ph20 (A)
-0.050 [ Pb24e (B) —— as coatina of Pb24¢ (B)
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FIG. 4. Melting curves of two Pb clusters with Al coatings obtained by MD simulations.
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820K facets are also observable due to thermal fluctuations; see
also Ref. 44. As the temperature is further elevated, there is
a tendency for Pb atoms to escape from the core of the clus-
ter as shown in Fig. ®) (clusterA at 820 K), similar to the
coated LJ(Lennard-Jonesclusters® This indicates that for

the embedded particles within a matrix such as Pb in Al,
since Ph-Al is an immiscible system, coalescence of the two
or more nearby particles can occur after one or several cycles
for the solid-liquid transition, as observed experimentally for
the Pb-Al sampleS.

(a)

(b)

B. Premelting

FIG. 5. C i i f the atomi dinat fr The behavior of clusteB is quite different fromA. There

od o trOSS-fG;fIth V'te‘?’s 0 ? ?Om'c c_oolr ina ;’; (f) ”WO is no detectable structural change at low temperatures, indi-
coaled custers at diterent temperatuepen circle 1s 70, W cates that lack of a cube-cube parallel relationship between
circle is Al, and arrows indicate some dislocations generated afteb . . .
MD relaxations: () clusterA: (b) clusterB. b core and the Al matr|?< makes it rat_her difficult to form an

’ effective semicoherent interface. This can be reflected by

b%xamining the cross section plot of the cluster at two differ-
tfant temperatures as show in Figbp After low temperature
relaxation of clusteB (the relaxation process also generates
gome dislocations in the outer Al shellsome point defects

ticle can be strengthened. Two different mechanisms can
proposed for the combined melting of the core and coating o
clusterA. First, melting is initiated at the free surface of the
entire cluster, as in the case of free clusters consisting of onl
one component. Whence the surface epitaxy relationshi

with the coating materials is destroyed, melting of the Cor%ounded by the Al coating, and the energy differe(@e02

can take place. Second, the melting of the Pb core leads 0.054 eV betw the t lust is | learl
the melting of the whole cluster, by destroying the epitaxy.a'u.' or ©. eybetween the o clUsters IS farge, clearly
Al-Pb interfaces from the inside. It seems that the first0icales thaBiis less stable thaA. Heterogeneous nucle-

mechanism can be ruled out because further simulation indfi‘t'qn sites can thus be formed "?‘t the Al-Pb interface or even
cates the melting point of the free-surface’®? cluster is inside the Pb core of clust®; which leads to the premelting

above 800 K. Though the Al coating of clustarcontains of the core at about 500 K, or 110 K below the equilibrium

defects due to the generation of dislocations, it is still thickme:'(?\,%e?grntggr:ﬁ;r”; tI(D)bt.he case of clustrthe melting of
enough to be in a solid state below 800 K. So the secon ’ ; . . .
mechanism, i.e., melting is induced by the instability of theg)b cluster does not induce a combined melting of Al coating.

core cluster, appears to be the acceptable. That is, for th,agns(;e:;?ﬁ ;2? iggﬁig:ﬁloroAtlhztfcr:}Scllﬂsigjrsfébgﬁgwﬁrlolger
case, the melting point of the whole cluster is mainly con- ' 9-

trolled by the maximum degree of the superheating of the Pérlrgb)r. Thtlsbllndlia:es t‘?art :Ee ﬁ;I ﬁ?natm% (;e;)n b(? rel?:edwtr? ;51
clusters without free surfaces. ore stable stale after the meiting o core. The whote

After the whole cluster has transformed into a liquid state,CIUSter will melt not too far below 750 K because an Al

the shape of the clustértends to be spherical-likssome flat cluster with a melted core is much unstable than a perfect
cluster of same size. Some flat facets also appeared for the

liquid Pb cluster at high temperaturgSig. 5(b)].

vacanciep at the interfaces of Al and Pb can be redistrib-
ted. Hence, the core cluster appeared to be much less

IV. DISCUSSION

The change of the Gibbs free-enerd¥s for melting of
embedded spherical particles is givei®48

+47r% (Y~ Ysm)
)

AG—4 3(" T,—T)+AE
=37 T—O( o= T

wherer is the radius of the particld, is the latent heat of
fusion per unit volume, angl ,, andysy are liquid and solid
particle-matrix interfacial energies, respectiveME is the
strain energy per unit volume resulting from the difference
between the coefficients of thermal expansion and volume
change. For particles being well confined by the mataif,

FIG. 6. Snapshots of two coated clusters at different temperacan be calculated according to the relation suggested by
tures: (a) clusterA at 200 K, (b) clusterA at 800 K, (c) clusterB  Allen et al?’ Based ondG/dR=0, a relationship between
at 200 K, and(d) clusterB at 625 K. melting point and critical radiuR can be obtained as
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05 value, which is close to 0.046 Ji as used in a recent
R papefd). The fitted interfacial energy differenggy — ysy is

- 0.038 J/m?, smaller thanyg, for Pb. This occurs because
031 Superheating the observed Pb-Al interface is semicoherent. For In particles
02 - Q embedded inside the Al matrix, the measured value of

L Yim— Ysm is 0.0267 Jm? according to Zhang and Cantb,

0.1 very close to the solid-liquid interface energy of pure In
£ 00 L metal, i.e., 0.03 Jit, indicates that a better semicoherent
g L condition than Pb-Al may exist for In-Al. The superheating
0.1 F of our MD simulated P#* cluster is 140 K, or 0.2ZB,, very
02 r close to the curve fitted from experimental data.

1 If no semicoherent interface exists, such as in the ball-
03[ ) milled samples, they, \;—ysyq value will be negative, and
04 [ ,,'/ Melting point depression this can result in the melting point depression. Also in using

| A Eq. (4), we have fitted the melting points for the ball-milled
YR o o e Pb inclusions in Al matri$’ but assuming thaAE is zero.
0 20 40 60 80 100

This curve is plotted in Fig. 7 together with the curve fitted
R(&) for the measured melting points of free lead particleEhe
) ) _ ~ two curves show a large discrepancy for small particles less

FIG. 7. The degree of superheating or meltln_g point depressioghan 10 nm, suggesting that the surface energies of the
of Pb clusters. For MD simulated clusters, the circle, square, dowiygjeq-milled Pb inclusions is quite different from that of the
triangle, and up triangle represent, respectively, the Al coaté®f Pb free particles. Our simulated P8 cluster provides a direct
cluster, Al coated PH° cluster, PB" free cluster, and PI free verification for this point. As shown in Fig. 7, the Al coating
C_|USter' Tt'ze full line is predicted using EqS) with y.s may elevate the melting point of the cluster significantly,
=0.047Jm* for Pb, theéjashed line is fitted from experimental however, the Pb-Al interface is incoherent and shows a nega-
data for Pb inclusions of Gbaeket al. (Ref. ), the dot-dashed line .~ C . . :
is fitted from the experimental data for ball-milled Pb particle em-t've interfacial energy d|fferenc_e_, t_he me't”?g pom_t for the
bedded in Al matrix of ShengRef. 48, and the short-dashed line is cluster cannot exceed the equilibrium melting point of the

fitted from experimental data for free Pb clusters of Ben DavidPulk solid.

et al. (Ref. 49. _ The above analysis glso _suggests that the melting mecha-
nisms of the clusters with different surface/interface may be
T.(R-T, 1 2(yim— Yeu) two folds. On one hand, for embedded clusters with coherent
m . 0_ C AE+ "MTSM _ (4)  or semicoherent interface with the matrix, the melting of the
0

system can be viewed as a homogeneous process, where each
cluster acts as a single nucleate. The melting starts from the
Ofhside of the cluster rather than at its surface. Since interface
energy difference before and after melting is positive, the
To—T.(R) 2(yiv— vsy) embedded cluster can be superheated according t¢4Eq.
0" m™ _ SNV Yev , (5)  On the other hand, if the interface is incoherent, a negative
To LR interface energy difference may be resulted, and this will

whereys, and ys, represent the solid-vapor and solid-liquid lead a melting point depression. Such an interface acts as a

interfacial energies, respectively. Such a formula is similar tc?eterogen?ousTr;]ucleat;Qn S'tt)e has _the rofle of th_e slurfage;bof
Eq. (1). It can be used in interpreting the melting point de- rlee partlc_ehs.d_ﬁ € me:lng ehaviors ol our simu a.ti o
pressions for free clusters becaugs, is quite larger than ClUSters with different Al coatings are consistent with the

Yo, for most metals scenario of homogeneous or heterogeneous nucleation
SL .

If both the matrix and the embedded cluster consist of thénechanism. .We also noted that both melting PO‘”F glevation
same element, i.e., for a pure substance,(Egcan be con- and depression have the same thermodynamic origin, hence,
verted into T ' the superheating of clust@rdoes not mean that the cluster is

in a metastable superheating state.

For free clusters, the matrix can be viewed as the vap
phase, and E=0, the relation can be changed to

To(R-To 1

2)/
LS.
I0 L

R

(6)

V. CONCLUDING REMARKS

This relation is just the same one as predicted using the ho- Different melting behaviors have been studied for Pb
mogeneous nucleation theory for a metastable superheatirjusters without free surfaces in using molecular dynamics
of an infinite surface-free single crystal. and the Sutton-Chen many-body potentials. For these clus-
We use Eq.(4) in fitting the experimentally measured ters, the melting temperature can be either elevated or de-
melting point of the Pb inclusions in Al matrix which can pressed, which will depend on whether the heterogeneous
exhibit either melting point elevation or depressisee Fig. nucleation sites at the surfaces can be effectively eliminated
7). For the case of superheating, the fitted curve is found t@r not. If the core Pb cluster is in a cube-cube relationship
be close but under the one predicted using @Gy.with the  with the Al matrix, semicoherent interfaces can be formed
vs. being 0.048 Jm? (yg, for Pb varies from 0.03—0.07 combined with the generation of dislocations and the cluster
Jm 2 as reported in literature, here we have used a meanan be superheated, followed by simultaneous melting of the
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whole cluster on elevated temperatures. While without a TABLE I. Parameters for Sutton-Chen potentials used for Al-Pb
cube-cube relationship, no semicoherent interfaces can Hétted from room temperature properties

formed and the core cluster will premelt, and the crystalline
lattices of Al coating does not destroyed by the melting of a(d)  e(107%ev) c m n 5
the core. The melting points can be predicted based on theg,

. . . . . 4.95 5.5765 45.7811 7 10
modynamic relations where the interfacial energy dlfferenc%_AI 4.05 91435 522066 5 9
acts as a crucial role. A positive energy difference betweere,b_Al 448 7 1406 ' 6 10 05
liquid-matrix and solid-matrix interface will lead to a consid- ' ' '
erable superheating for the cluster. In contrary, a negative
one will lead to a melting point depression. Melting behav- AR\ mAB
iors of the simulated clusters are consistent with the homo- => a = $P8(r;) (A4)
geneous or inhomogeneous melting mechanism. Pi 7\ ) =i "

with only four parameters”8, a8, m”8, andn”® left to be

determined additionally. In the Sutton-Chen’s scheme, these
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APPENDIX A: INTERATOMIC POTENTIALS FOR Al-Pb d"B=(p"ApBB) 12 (A6)

BINARY SYSTEM which lead to

In the Sutton-Chen “glue” scheme, the total energy for
pure metals is expressed as a summation over atomic

positions®® mAB:E(mAA_i_ mE®)
2 L
1
Ewt=¢ 5129&1 V(rij)_CEi Pill2 ;
nABZE(nAA_’_nBB)’
a\" 2
V(r):(F ' AB_ ( ,AA,BBy1/2
a“t=(a""a"")"",
a\m AB_ _BA_ (_.AA_BB\1/2
pi=> | —| | (A1) € e (e™e®R) 7, (A7)
J#i rij
wherec is a positive dimensionless parametets a param- Thus, all parameters in Sutton-Chen’s formula for binary

eter with the dimensions of energyjs a parameter with the alloys can be obtained from the parameters for the gure
dimensions of lengthp; is the local atomic density around andB metals. However, the Al-Pb alloy is a typical immis-
atomi, andm andn are positive integer&:>! cible alloy system as shown in the equilibrium phase dia-
The generalization of Eq(Al) to describe binaryA-B  gram, the potential constructed according to &) may be
alloys is straightforward by assuming that the interactionsnadequate to be used for this alloy. Provided that(Bq) is
between like pairs are the same as in the pure metals. Tﬁﬁlrely empirical, we can readjust®® or n*8 or both of

energy contributions teth atom(A or B) from unlike atoms  them in order to obtain a good description of the phase sepa-

(B or A) can be given as rating or compound forming tendency by introducing a
1 simple modification scheme. For Al-Pb system, this can be
. . AB .
EAB_ — (ABSY \/AB([ )4 cAACAA( )12 realized by_maklng1 slight larger than the mean value of
! ¢ 2’1 (rij) + 87" pi) n” andn®, i.e.,
or 1
nAB=E(nAA+ nB8)+ s, (A8)

1
EFAZESBA; VBA(rinSBBCBB(pi)l/Z' (A2)  \yheresis set to be 0.5 in our calculations. Such a procedure
imposes the separation tendency between Al and Pb atoms
where by strengthening their repulsive interactions. The mixing en-
thalpy is predicted to be positive, i.AH=0.62%gT (atT
aB\ ™" =1200K and zero pressyrein good agreement with the
) (A3)  value given by Singh and Somntéri.e., 0.84KgT for the
liquid Al sPhy, 5 alloy. All parameters used for Al-Pb Sutton-

and Chen scheme have been listed in Table I.

VAB(r) =VBA(r) =
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Another point to be considered is the truncations of the<r<2.3a,, but to use a modified force in the range &3

potentials in MD simulations. Considering that the Sutton-

<r=<2.53, (ag, the lattice parameter at O)KHere, we used

Chen potential is long-ranged, our approach in truncation is similar procedure given by Broughton for a typical LJ po-

to retain the full Sutton-Chen force within the range of O

tential in investigation of the bulk solid and clustérs?
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