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Number of published reports on interfacial

properties

Expe. data

- Surface tension of pure metals:
- Surface energy of pure solid metals:

- Surface tension of liquid alloys:
- Surface energy of solid alloys:

- Surface tension of molten slag:

- Interfacial energy between metal and slag:

Estimation

- Solid-liquid interfacial energy of pure metals:

- Solid-liquid interfacial energy of alloys:
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Evaluation of Solid-liquid Interfacial Energy of Pure Metals
based on Enthalpy of Fusion (Turnbull et al., 1950)
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Aim of present study:

based on Thermodynamic Propert

ies

Evaluation of Solid-liquid Interfacial Energies of Alloys

AH

Not only the contribution from Lnthalpy we consider the contribution
from entropy change onto solid-liquid interfacial energy

TAS

/‘

Ex. Molecular dynamics calculation of solid-liquid interface:
Probability (%)

I\I

I\I

Liquid
q N
4 ‘-"'.I_-?-.'_ 444 .‘:“E‘ s‘ 4 ks » .; r ': : §
Solid 4ih G TS T e S «
~ L ]
Liquid <
(.

0 25 50 75

Distribution of atoms in
liquid phase is restricted
around solid-liquid interface
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(M.Suzuki, M.Nakamoto, T.Tanaka: CAMP-ISIJ, (2005) )
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Phase equilibrium between solid and liquid metals:

> Macroscopic: static

) Inch:Ise of  Microscopic: Dynamic

Thermal fluctuation of atoms

Decrease of l
AS Some atoms in one phase go across
interface to the other phase
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Interfacial

Iaygrs
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Energetic barrier of lG=#H or T&)
for atoms to go across interfacial area
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Present Model to Evaluate
Solid-liquid Interfacial Energy of Pure Metals

O_Liq—Sol — % . % (A HMelting ,B . T . A SMelting )

1. Alpha = Ratio of coordination numbers, Z "<« |z

and it depends on crystal structure and plane of solid phase
(based on Granasy et al.)
O . —> FCC:0.458, HCP :0.458, BCC : 0.445, DC : 0.289

X .x = FCC:0.592, HCP : 0.582, BCC : 0.630. DC : 0.500

,.,— FCC:0.561.HCP:0.561,BCC :0.546. DC : 0.433

2. Beta = Ratio of contribution from A H"""¢ and T A §"*""8
onto interfacial energy (determined from expe o“~"data)



Calculated Results of Solid-liquid Interfacial Energy of Pure Metals

. ]l o . .
Lig—Sol __ Melting Melting
% ) 2(AH +[-T-AS ) (f=0.8)
A H Melting Molar volume Interfacial area Melting point A § Melting |yLia=So(Calc) o4~ (Expe
Crystal structure  [kymol]  [em®mol] 1 [m®moll | [K] ; [mol-K] | [mym?] [mdm]

Ag fcc 11.09 11.6 432204 1234 9.0 136.0 1409
Ag fcc 11.09 11.6 432204 1234 9.0 136.0 126.0
Al fcc 1046 113 424720 833 1.2 130.6 1320
Al fcc 10.46 11.3 424720 833 11.2 1306 1020
AU fcc 12.76 11.3 424720 1336 9.6 1583 1461
Au fcc 12.76 11.3 424720 1336 9.6 158.3 1320
Co fcc 15.48 76 326031 1765 8.8 291.7 263.9
Co fcc 15.48 7.6 326031 1765 8.8 291.7 234.0
Cu fcc 13 794 335684 1356 9.6 205.3 1871
Cu fcc 13 194 335654 1356 9.6 205.3 1770
Ni fcc 1715 743 321151 1728 9.9 283.1 284.6
Ni fcc 1715 743 321151 1728 9.9 283.1 255.0

Molar volume data for solid metals are used to estimate interfacial area:

A — (Vm,so

A,

2/3

.NA

FactSage and the latest thermodynamic databases for alloy systems
are used to evaluate A "™ and A §"""¢ (= AHY"" |T )




Comparison between Calc and Expe Solid-liquid Interfacial
Energies of Pure Metals
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Present Model to Estimate
Solid-liquid Interfacial Energy of Alloys

[O'LS =%-%-{(xj -AH,, , + X, -AHm’B)+T-(xj -AS,, + X, -ASm,B)-,B+@]
A HMelting TA SMelting

1. Additive equation is assumed to estimate the contributions from
A HY"" and T A $™"¢ as functions of composition of liquid phase

2. Contribution from excess energy, |H “*| due to interactions
between different kinds of atoms across the interface, is introduced

Interface

1
_ Interface L S Interface S L
= E(QAB Xy Xp+ 825 Xy Xp)

- Liquid L L Solid .S .S
> (Qp X, Xxg +Q " X, -xp)

1 - .
Interface __ Liquid Solid
(QAB _E(QAB +QAB )j 11



Solid-liquid interfacial energy of Al-based alloys at 823 K
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Composition dependence of solid-liquid interfacial energy

Interfacial energy, oS- (Expe.) [mJ/m?]
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Solid-liquid Interfacial Energy of Ferrous Alloys

[a“ =l-ﬂ-{(xf; AH,, ,+x5-AH, 5 )+T (x5 -AS, o +x5-AS, 5)- S+ HEx]

02 04 06 08 1.0
Fe concentration in liq. phase (at%)

Fig. 17. FeCu Copper | af.% )

Fe Cu

Expe data: L. Granasy & T. Tegze :Mat.Sci. Forum, 77 (1991), 243. 14




Contribution from Enthalpy and Entropy of Fusion onto
Solid-liquid Interfacial Energy in Other Proposed Models

O_Liq—Sal _ 1 (Cl ] AHMelting +b ] T ] A SMelting)

A
Contributions Application

Author AHMelting T A SMelting a”tgys
-Skapski (1956) >90 <10

-Zadumkin (1962) 100 0

-Ewing (1971) 50 50

- Eustathopoulus et al. (1973~) 100 0 O
-Spaepen (1975~) 0 100

-Waseda et al. (1978) 50 50

-Miedema et al. (1979) 25 75

-Warren (1980) 100 0 O
-Granasy et al. (1991~) 50 50 O
-Battezzati (2000) 65 35

-Kaptay (2001~) 50 50

-Digilov (2002~) 0 100

-Jones (2002) 50 o0

-Shimizu et al. (2005~) 100 0 O .5




Conclusions

A model was proposed to estimate
solid-liquid interfacial energy of alloy systems
using thermodynamic properties.

1
LO-LS :Z-%-{(xj ‘AH, ,+x5-AH, )+T-(x;-AS, , +x; -ASm,B)-,B+@]
A HMelting TA SMelting

The present model contains the contribution from both
enthalpy and entropy of fusion.

The present model estimates solid-liquid interfacial
energies of alloys in good agreements with existing
experimental data.
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1. Solid-liquid interfacial energy basically has
positive temperature dependence, which
results in negative dependence of solute
composition.

2. However, if solute element A has very high
latent heat and entropy of fusion, interfacial
energy between pure A solid and A-based alloy
Increases as concentration of A increases.

3. For those systems with large positive
iInteractions, interfacial energy increases as
solute concentration of liquid alloy increases.



Calculated Results of Solid-liquid Interfacial Energy of Eyre Metals

Crystal structure Latent heat [kJMolar volume® Molar area Melting point [K] fus|on o H4=%{Calc) o> (Expe)|

Ag fcc 11.09 11.6 4322049 1234 9.0 136.0 1409
Ag fcoc 11.09 11.6 432204 1234 9.0 136.0 126.0
Al focc 1046 11.3 42472.0 8933 11.2 1306 1320
Al fcc 1046 11.3 424720 933 11.2 130.6 102.0
A fcc 12.76 11.3 424720 1336 9.6 159.3 14561

A fcc 12.76 11.3 424720 1336 9.6 159.3 132.0
Co fcoc 15.48 7.6 326031 1765 0.8 251.7 2639
Co fcoc 15.48 7.6 326031 1765 8.8 2581.7 234.0
Cu foco 13 7.54 33568.4 1356 9.6 205.3 1971

Cu fcc 13 7.94 33568.49 1356 9.6 205.3 1770
Mi fcoc 1715 7.43 321151 1728 9.9 2893.1 26846
i fcc 1715 7.43 321151 1728 99 2831 2550
Phb fcc 4 81 1542 609373 518 8.0 41 .8 370
Ph foco 4.81 19.42 G0937.3 501 8.0 41.8 S53.0
Pd fcc 16.7 1014 3898132 1828 9.1 2241 23189
Pd fcoc 16.7 1014 39513.2 1828 9.1 2241 209.0
Pt foco 222 10.31 399536 2047 108 2946 2671

Pt foc 202 1031 399536 2047 108 294.6 240.0
Fe bcc 13.77 7.94 33568.49 1808 7.6 223.49 2286.9
Fe bcc 13.77 7.94 33568.49 1808 7.6 223.49 204.0
Li bco 293 13.4 47583.2 452 6.5 33.5 30.0
M bcc 146 9.54 37938.7 1517 9.6 209.6 2328
N bcc 14.6 954 379387 1517 9.6 209.6 205.0
Na boc 2 64 248 71727.4 371 71 20.0 20.0
Shb AT 397 18.8 596333 S04 43.9 181.9 1056
Shb AT 39.7 18.8 59633.3 S04 43.9 191.9 101.0
Sn A—S F.O7F 17 557635 505 14.0 63.2 593
Sn A—D 7.07 17 55763.5 S0S 14.0 63.2 55.0
Bi A=T 1088 208 63791.0 544 20.0 85.1 571

Bi AT 1088 20.8 63751.0 544 20.0 8951 54.0
Sa A-11 5.59 11.4 427222 03 18.4 565.3 G51.3
Ga A—11 5.59 11.4 42722.2 303 18.4 §5.3 26.0
e DC 36.8 153.2 471085 1231 299 22572 185.2
Ge DC 36.8 13.2 471085 1231 29.9 225.2 181.0
Hgz A—10 2.3M 14.65 504982 234 9.8 22.7 275




2 g }‘fﬁ*’ﬂfﬁ Eﬁjﬁjﬁ PEILF- B | EiEES | ERE | me1ans-
W | TNDE | EVHE | ol ()| TVH%E | TLHE | mn
Fe-Al | 1808 L 0000 1 00CO | 212 Fezr | 1808 [ 0000 | 0000 [ 212
1723 | 0350 | 0910 163 ' :
o7 Tost0 T o7 - 1723 | 0050 | 0005 215
' ' 1628 | 0080 | 0005 212
Fe-Si | 1808 | 0000 | 0000 212 :
775 T om0 | 0080 203 Fe-Ti | 1808 | o000 | 0000 219
1673 | 0150 | 0120 | 186 1723 | 0005 | 0025 1 210
1573 0.225 0180 172 1673 0.090 0.045 208
Fe-Ni | 1808 | 0000 | 0000 212 1573 | 0155 | 0090 205
1793 0.040 0028 214 Fe—-Nb 1808 0.000 0.000 212
Fe-Co | 1808 | 0000 | 0000 212 1673 | 0090 | 0025 226
1773 | 0160 | 0120 201 Fe-Ta | 1808 | 0000 | 0000 212
Fe-Cu | 1808 0.000 0.000 212 1723 0070 0.025 221
1798 0.050 0.025 209 Fe-\ 1808 0.000 0.000 212
1773 0.090 0050 207 LI q_ 1793 0080 0.050 21§
1573 0800 0100 467 F 1773 0175 0110 217
1473 | 0830 | 0075 493 e
1373 0960 0060 504 Fe-\W 1808 0.000 0.000 212
1803 0044 0.040 221

Fe-Cr | 1808 0.000 0.000 212

1793 0125 0.05C 228

Fe-Mn | 1808 0.000 0.000 212

1773 | 0070 | 0045 | o1t Solid-liquid interfacial energy

1746 0125 0.030 212 of Fe-based alloyS
Fe-Mo | 1808 0.000 0.000 212

1773 0.080 0.060 230
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Number of nearest
neighbor atoms around
one atom:1 2
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