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Largely due to its role in nucleation and crystal-growth, the free energy of the crystal-melt
interfacial free energy is an object of considerable interest across a number of scientific disciplines,
especially in the materials-, colloid-, and atmospheric sciences. Over 50 years ago, Turnbull
observed that the interfacial free energiesaled by the mean interfacial area per partidea

variety of metallic elements exhibit a linear correlation with the enthalpy of fusion. This correlation
provides an important empirical “rule-of-thumb” for estimating interfacial free energies, but lacks

a compelling physical explanation. In this work we show that the interfacial free energies for
close-packed metals are linearly correlated with the melting temperature and are therefore primarily
entropic in origin. We also show that the slope of this linear relationship can be determined with
quantitative accuracy using a hard-sphere model, and that the correlation with the enthalpy of fusion
reported by Turnbull follows as a consequence of the fact that the entropy of fusion for close-packed
metals is relatively constant. @001 American Institute of Physic§DOI: 10.1063/1.1391481

The crystal-melt interfacial free energy, defined as the where the Turnbull coefficien€G+, was found to be approxi-
reversible work required to form a unit area of interface be-mately 0.45 for metal¢especially close-packed metabnd
tween a crystal and its coexisting fluid, plays a central role ir0.32 for many nonmetals.
determining the kinetics of crystal nucleation and grofvth. There have been attempts to explain this empirical result
Unfortunately, direct experimental determinations of thisthrough the analysis of simple models for the structure of the
quantity are difficult and exist for only a handful of materi- interface®=’ but the results are quite sensitive to the nature of
als. For most materials, knowledge of the interfacial freethe assumed model. Inherent in these early models are two
energy is obtained indirectly from measurements of crystabasic assumptionsl) the solid—liquid free energy is prima-
nucleation rates from undercooled fluids from whighis  rily entropic in origin and(2) the surface free energy is due
determined within the approximations of classical nucleatiorto the increase in entropy associated with the enhanced struc-
theory. ture of the liquid at the interfacéi.e., the crystal is un-

In a seminal 1950 papéTurnbull reported values of the changed up to the interfaceThe first assumption is reason-
crystal-melt interfacial free energy, for a variety of mate- able given the dominant role that packing considerations
rials, mostly metallic elements, which were obtained indi-play in determining the structure and thermodynamics of
rectly from nucleation rate experiments. For systems irsimple liquid§ and implies that a hard-sphere model should
which directly determined values exist with which to com- be adequate to describe the interfacial system. However, the
pare the values so obtained typically are accurate withimssumptior(2) is at variance with molecular-dynamics simu-
about 10—20%(For example, the interfacial free energy for lations of crystal-melt interfaces of simple systérifsthat
bismuth was determinédising grain boundary angles to be show significant structural relaxatiofevidenced by an in-
61.3<10°3Jm 2, as compared to the value of 54.4 crease in the mean-squared displacement from the lattice
x 1033 m 2 obtained from nucleation rate datén order to  site occurs in the crystal as the interface is approached.
compare the results for various systems, Turnbull defined &herefore, any theory of the crystal-melt interfacial free en-
“gram-atomic” (or molap interfacial free energy as the free ergy must include a realistic description of both the solid and
energy of an interfacdone atom thick containing Ava- fluid in the interfacial region.
gadro’s numberN,, of atoms(or molecules Recently, we have determined via molecular-dynamics
computer simulation, the structdfeand solid—liquid interfa-
cial free energlt for a system of hard-spheres. For this sys-
tem, which freezes into a face-centered-culicz) crystal
. structure,y was determined to be slightly anisotropic with an
The data fory was found to exhibit a strong correlation with orientationally averaged value of
the latent heat of fusion. Empirically, Turnbull found

y=vp" Na. (1)

Yhs=0.61kT,/0?, (3)

y=CtA¢,H, (2)  wherekis Boltzmann’s constant,,, is the melting tempera-

0021-9606/2001/115(7)/2887/2/$18.00 2887 © 2001 American Institute of Physics


https://core.ac.uk/display/213409585?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

2888 J. Chem. Phys., Vol. 115, No. 7, 15 August 2001 Brian B. Laird

1500 T I . I . I T T crystal forming metals is linear with a slope of 0.50, whereas
that for non-fcc forming materials exhibits significant scatter.
This value of the slope is about 20% below that predicted by
the direct hard-sphere results but less than 10% below that
based on the nucleation rate result, which is probably a more
© Ge 9Pt relevant comparison since Turnbull's data was also so ob-
tained. That the attractive forces contribute only about 10%
to the interfacial free energy is consistent with results from
simulation!! and density-functional theoty for the
Cu Lennard-Jones system, a prototypical fcc-forming model po-
- Au tential. It should be noted that Turnbull also repoftactor-
<> 500 . — relation of y with T, but, due to the scatter in the overall
033 : Al data, it was rejected as the basis for an empirical rule in favor
Gad © of the correlation with the enthalpy of fusion. However, he
op, did observe that the correlation with,, was sensitive to the
g “complexity” of the crystal structure. This is evident in the
0 T T data shown in Fig. 1, which shows a strong linear correlation
0 500 1000 1500 2000 2500 with T,,, for fcc-forming metals, whereas that for the non-
Melting Temperature (Kelvin) close—.packed materials is much weaker. The hard-sphere in-
teraction does not have the long-range forces necessary to
FIG. 1. Gram-atomic interfacial free ener¢scaled by the gas constant to mechanically stabilize a non-close packed crystal structure.
give units of Kelvin for a_variet_y of elemental systems. fcc-crystal-forming As g consequence, the interfacial thermodynamics of sys-
systems are shown as filled circles and values for non-close-packed crys%mS that freeze into open crystal lattices will not be well
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formers are shown as open diamonds. The dashed line is a line of slope 0. . : . .
representing the best linear fit passing through the origin to the data for th es?”bed_ by a purgly entropic mOd?| and a simple linear
fcc crystal formers. scaling with the melting temperature is not expected.

For fcc-(and probably hcp-forming materials, it is rela-
ture, ando is the hard-sphere diametdiThe scaling with t|veI)_/ stralghtfqrward now to understapd the empirical cor
. . relation of the interfacial free energy with the heat of fusion.
kT, is a consequence of the fact that the phase behavior i .
. i . or the close-packed systems studied by Turnbull, the en-
any hard-core system is purely entropithis value is con- ; . .
tropy of fusion,A¢,sS, is very nearly constant with an aver-

sistent with a value of 0.550.02k T,/ obtained from an
analysig? (using nucleation theonof the experimental crys- age value very close to that for the hard-sphere system,
JvhereAfUSS= 9.7 J(mole K). At the melting point, equilib-

tallization kinetics of silica spheres, a system well described. ; _
by a hard-sphere model. Note thgt is considerably lower rium requires thath py<H _TmAf”SS’ S0 the enthglpy of fu-
than that obtained for a fluid at a structureless hard walp " should scale nearly linearly with the melting tempera-
: X . ure for these systems. So X;,H scales approximately
which was recently calculatétiat the melting density to be . . ~ . .
linear with T, and vy, is proportional toT,, it then follows

1.99+0.18kT,,/o?, indicating that the entropy increase due N . o : . .
to the relaxation of the crystal structure near the interfacethat 7hs Will exhibit strong linear correlation withugH,

plays an important role in determining the interfacial thermo-and thus Turnbull's rule obtains.
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Yns/R=0.590.54T,,, 4) Cambridge, 1978

2J. M. Howe, Interfaces in MaterialgWiley, New York, 1997.

. . .3
whereR is the gas constant and the value in parentheses ig"> TEU'gﬁ’i‘él'("Sg; gpg'r;dpgyflzollalgigﬁggi” (1969
th_at obtame_d using the v_alue ofis determlned_from _nucle- 5A. Skapski, Acta Metall4, 583 (1956.
ation experlmenté? Equation(4) suggests that if the interfa- ¢k Spaepen, Acta Metalp3, 729 (1975.
cial free energy of fcc-forming materials is well described by ;F- Spaepen, Scr. Metall0, 257 (1976. _ o _
a hard-sphere model, then one should see a linear correlatio ';E’\'/e"r';[‘;g:ezgd é‘aﬁbwggeonfggeory of Simple LiquideCambridge
betweeny/R and the melting temperature with a slope in the s; 5 “Broughton and G. H. Gilmer, J. Chem. P4, 5759(1986.
range 0.5 to 0.6. 10R. L. Davidchack and B. B. Laird, J. Chem. Phy€8 9452(1998.

To test this hypothesis we plot in F|g:5][R as a func- ER L. Davidchack and B. B. Laird, Phys. Rev. Le86, 4751(2000.
: : : _“D. W. Marr and A. P. Gast, Langmuir0, 1348(1994.
t!on of r_neltlng tem?era'Fure for a variety of elemental mate 13W. G. Hoover and F. H. Ree, J. Chem. Ph¢8. 3600 (1968.
rials using Turnbull’'s original data. Although all of the data 14y Heni and H. Laven, Phys. Rev. B0, 7057(1999.

exhibits a correlation withT,,, the correlation for the fcc-  >w. A. Curtin, Phys. Rev. B9, 6775(1989.



