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A New Equation for Temperature Dependent Solute
Impurity Diffusivity in Liquid Metals
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An equation to predict the temperature dependence of solute impurity diffusivity in liquid metals
has been derived by combining the Sutherland-Einstein formula with Kaptay’s unified equation
on the dynamic viscosity of liquid metals. It has been demonstrated that consideration of the
temperature dependence of the atomic radius of the diffusing species results in better agreement
of the predicted diffusivities with the experimental data compared to when the temperature
independent Goldschmidt atomic radius is used. Due to the simple-parameter nature of the
equation, it could be very useful in predicting the solute impurity diffusivity in liquid metal when

experimental data are scarce.
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1. Introduction

Knowledge of the diffusivity of a solute in a dilute
molten metallic alloy is of great benefit for various
engineering fields, such as metallurgy, interfacial reaction,
solidification, crystal growth, phase separation, corrosion,
etc. From a theoretical standpoint, the solute impurity
diffusivity in liquid metals provides the experimental basis
for theories of the liquid state.

Although some efforts have been devoted to experi-
mental study of this subject, reliable experimental data of
solute diffusivities in molten metallic alloys are scarce.!'!
Experimental measurement of diffusivity is difficult
because gravity-induced convection and Marangoni con-
vection frequently negatively affect the accuracy of the
experimental results. Moreover, the diffusivity is often
deduced indirectly from a measured quantity such as a
concentration profile, which has a low degree of accuracy.
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As a result, theoretical exploration of solute diffusivity in
liquid metals is of merit.

Solute impurity diffusion in liquid metals is not well
understood, and the theory is not nearly as developed as that
for impurity diffusion in solid metals. Some theoretical
modeling has been conducted to calculate the diffusivities of
solute atoms in liquid metals. The “hole” model is
analogous to the vacancy mechanism in solids, and some
equations'’*! have been introduced to determine the activa-
tion energy and diffusivity for solute atoms. However, the
existence of a constant activated energy for diffusion in
liquid phase is questionable because there are no vacancies
or interstitials which are known to associate with a relatively
stable energy barrier. Another approach is the fluctuation
theory! which considers that diffusion in liquid metals
results from local density fluctuations. This approach has the
inherent weakness of reliance upon disposable parameters or
a presupposed average liquid state configuration. Other
models, including the free volume model,!'”! semi-empirical
small fluctuation theory,!''! have been proposed. While
some of these theories work reasonably well for some
solutes in some solvents, none work well universally.['?)

Since the solute diffusivity in liquid metallic alloys is a
complex function of alloy composition, temperature and
pressure, it is necessary to explore some extreme cases first.
For example, one can determine the temperature depen-
dence of impurity diffusivity in an infinitely dilute solution
under one atmosphere pressure. In such a system, the
influence of solute concentration on the diffusivity is
negligible. Based on such an understanding, an attempt
has been made in this contribution to derive an equation
which enables the calculation of the temperature dependent
solute impurity diffusivity in molten metal.

2. Derivation of the New Equation
and Comparison with Experimental Data

Unlike the diffusion process in pure liquid metals,
solute diffusion involves two species which differ in size
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and valence, the latter also reflects the interactions
(attractive/repulsive) between the solute and the solvent.
Ideally, the effects of both the size and valence should be
incorporated into an equation for the prediction of the
solute diffusivity. Nevertheless, it is generally agreed that
the effect of size overshadows the effect of dissimilar
valences.

To derive the new equation, one successful formula for
describing self-diffusivity should be selected. Considering
when the solute atoms are substituted by the solvent atoms,
the prediction of the new equation should agree well with
the available experimental data of self-diffusivity. The two
most familiar models for describing liquid metals, based on
the hydrodynamic theory and the kinetic theory, have been
developed for the calculation of the self-diffusivity of liquid
metals. The Stokes-Einstein Equation is derived from the
hydrodynamic theory. It relates the diffusivity to the
viscosity of the liquid metal.!'* Such an approach is valid
when the solute atoms are large and the solution is dilute.
The Sutherland-Einstein!'*! Equation is a modified formula
which refers to molten metals in which the sizes of the
solute atoms and the solvent atoms are comparable. The
kinetic theory is used to describe the transfer processes in
liquid metals.!'> The atoms in the fluid are treated as hard
spheres with an effective diameter. The Enskog Expres-
sion"® is one of the most widely used models. Its
development was based on the kinetic theory. It has been
employed in evaluating the diffusivities of several liquid
metals."”! A recent investigation!'®! demonstrated that the
prediction of the hydrodynamic model based Sutherland-
Einstein equation is more satisfactory with available exper-
imental data than that of the hard sphere model based
Enskog expression.

In this work, the Sutherland-Einstein formula serves as
the starting point to derive the predictive equation. The
detailed presentation is given in the following sections.

The Sutherland-Einstein equation for the self-diffusivity
of a pure liquid metal is expressed as''*:

kT
4mpr

(Eq 1)

where k£ is the Boltzmann constant, 7 is the absolute
temperature, [ is the dynamic viscosity, and 7 is the radius
of the diffusing unit. For a molecule or atom in the case of
liquid metals, » must be interpreted as some average
molecular radius. For liquid metals, it is probably reasonable
to use the Goldschmidt atomic diameters while using Eq 1
to estimate the value of self-diffusivity.

The size effect is an important factor in the solute
diffusion in liquid metals, and that the diffusivity is
inversely proportional to the size of the diffusing species.*!
Recent results studied by Cahoon et al.'”! indicated that Zn
with a radius smaller than Sn diffuses more rapidly than Sn,
whereas Bi and Pb with larger radii diffuse more slowly than
Sn. Furthermore, Ag and Sb with radii similar to that of Sn
diffuse at essentially the same rate as Sn. These results
strongly support the idea of introducing atomic size to the
diffusion equation. Roy and Chhabra®® assumed that the
size of diffusing species is proportional to the atomic

diameter of the metal, and that the solute diffusivity can be

determined as:
B

Dap = —Dsgp (Eq 2)
ra

where subscripts (A) and (B) represent the solute and

solvent respectively, Dap is the diffusivity of the solute A in

the solvent B, Dgp is the self-diffusivity of solvent B, rg and

ra are the atomic radius of the solvent and solute,
respectively. Combining Eq 1 and 2 yields:

kT
B 4TTpra

Dagp (Eq 3)

In order to predict diffusivity using Eq 3, an analytical
expression must be developed to relate the viscosity | of a
dilute molten metallic alloy to its other physical parameters.
Combining the Andrade Equation with the activation energy

model, Kaptay has derived the following unified formula for
predicting viscosity!?'!:

1/2

M "
w = Ci TE T"'" exp (Cz T (Eq 4)

1

Here, w;, M;, V; and T;"™ are the dynamic viscosity, the atomic
mass, the absolute molar volume and the melting point
under one atmospheric pressure of the given metal i,
respectively. C; and C, are constants. The values of C; and
C, were optimized by applying Eq 4 to over 100 experi-
mentally measured dynamic viscosity data of 15 selected
liquid metals, and were found to be (1.80+£0.39)x10~*
(K" mol™"*)"? and 2.34 + 0.20, respectively. It has been
shown recently on the example of the surface tension that
the cohesion energy A U; correlates with the melting point
of normal metals“*):

A.U; = —qRT}" (Eq 5)
where ¢ is a semi-empirical parameter determined to be
g =254+2% 1n a dilute solution, the concentration of
the solute is small, and the change in the cohesion energy
of the diffusing solute is negligible. Substituting Eq 5 into 4,
the following was obtained:

1/2

_ ]Mt 1/2 Achz
w =G 273 T/~ exp (—sz

(Eq 6)

1

It is clear that the interactions between the atoms of the
liquid metals are involved in the unified formula for
predicting viscosity. Combining Eq 2-4, the following was
obtained:

kT2 Vel T
B = Wexp <—C27) (Eq 7)
Equation 7 takes into account both the effects on solute
diffusivity of the atomic size and interactions between the
atoms of the liquid metals. All the parameters on the right-
hand side of Eq 7, except ra, relate to the solvent B. To
calculate the diffusivity for a given solute-solvent system
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using the above equation requires knowledge of the atomic
radius, atomic mass and atomic volume as well as the
melting point. Atomic volumes of various solvents were
calculated using the equations given by Crawley.** For a
dilute molten metallic alloy, it is appropriate to use half of
the Goldschmidt atomic diameters as the atomic radius. The
values of the Goldschmidt atomic diameters are available in
Smithell’s reference book.*>]

The usefulness of the explicit formulation presented Eq 7
is demonstrated by making detailed comparisons with the
data on solute diffusion available in the literature for a wide
variety of solute-solvent systems over extended ranges of
temperature. A total of 108 diffusion coefficients of the
solute metals in 19 liquid metallic alloy systems were
calculated to compare with the corresponding experimental
values. It should be mentioned that the experimental data
were reported by different authors and entailed varying
uncertainty due to the different experimental conditions.*®!
The buoyancy-driven convective flow in the capillary
reservoir technique introduces “lid-driven” flow in the
capillary that increases the “apparent” liquid diffusivity.?”!
To minimize convective flow, the capillary diameter should
be as small as possible to decrease the liquid fluidity.*®
However, if the diffusion capillary is less than 1 mm in
diameter, the rate of diffusion will be reduced by the “wall”
effect. Since the 1980s, some liquid diffusion experiments
have been conducted in space to provide a reliable database
for testing computer simulations and calculations of metal-
lurgical processes.*?*! Therefore, in this study, the exper-
imentally measured diffusivities were taken from the open
literature, and only data measured by small-sized capillaries,
shear cell technique and/or under microgravity state were
selected. The data assigned as D, calculated with Eq 7 are
listed in Column 4 and Column 12 in Table 1. All the values
of the parameters used are summarized in Table 2.

The performance of the equation was evaluated by
determining relative difference between the measured and
calculated values with three parameters of o, A, and S. The
definition of each parameter is presented in the following.
§ = Tmea — Xaal 100 (Eq 8)
Xeal

where x,.. and x.; are the measured and calculated
diffusivities, respectively.

1 &
A=— o Eq 9
N; 3 (Eq 9)
where N is the number of samples.
U 5 TS [(W)mea — (e
K — 82: - !/ mea 1) cal Eq 10
100 ! N; { (xi)cal ( 1 )

The parameter S corresponds to the relative standard
deviation. The statistical assessment of Eq 7 was performed
by computing the parameters of 3;, A, and S; and the values
are listed in Table 1. The experimental uncertainties for
diffusivity measurements are accurate to within 5-10%.'*]
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As is clear from Table 1, though some calculated values
are within the range of uncertainty associated with exper-
imental measurements, such as Au-Ag (the leading element
is the solute) and Cu-Pb systems, most of the predictive data
are beyond the range. For example, the prediction uncer-
tainty for Ag-Sn is about 20% which is beyond the range of
experimental measurement uncertainty. Eq 7 does not
perform very well with A; and S; values of 16.41878 and
0.243488.

Suffice it to say that the deviations are attributed to the
temperature independent atomic radius and the approxima-
tion of solute-solvent interactions. As in the dilute solution,
the influence introduced by the latter is so insignificant that
it can be ignored. The only way to improve the predict-
ability of Eq 7 is to reconsider the assignment of a suitable
value to size of the diffusing species, 7. In this regard, the
Goldschmidt atomic diameter was replaced by the effective
hard sphere diameter calculated using the approach outlined
by Protopapas et all'”! Based on the repulsive inter-
molecular potential curve, Proptopapas et al.l'”! took the
average distance of the closest neighboring atoms in the
liquid as the diameter of the hard spheres. The temperature
dependence of the effective diameter of the hard spheres
o;(T) has been evaluated based on the experimentally
measured diffusivities and it was found that:

(M 1/3 7
o;(T)=1.288x 10 — 1—-0.1124/—| (Eq 11)
Pm T

where p,, is the mass density of the diffusing species at the
melting point 7Ty, and M is the atomic mass. Substituting
Eq 11 into 7, the following was obtained:

kT2 ()"
4m 0.644 x 10-8(Mx)"* (1 — 0.112,/T/TT)

2/3 m
SR 5 €Xp (—CZTL>

oMy T
Without additive parameter, Eq 12 is expressed in terms of
the same physical quantities as Eq 7. The values of D,
calculated using Eq 12 are also summarized in Column 6
and Column 14 of Table 2. An inspection of these results
reveals significant improvement in the predicted values
compared to when the Goldschmidt atomic radius is used.
The availability of the equation considered the temperature
dependence can been judged according to the success with
which they are able to account for the diffusivity data with

A, and S, values of 10.34143 and 0.170243.

As shown in Table 1, the calculated results in Column D,
match with the experimental diffusion data better than
results listed in Column D; for Ag-Sn, Sb-Sn, Bi-Sn,
Au-Sn, Cu-Al, In-Sn, Au-Pb, Ag-Bi, Co-Cu, Ni-Cu, Ga-In,
Al-Sn, Mg-Al, and Sn-Pb systems. In the cases of the Ag-Sn,
Al-Sn, Mg-Al, and Sn-Pb systems, the consistency
improves with increasing temperature. With a rising tem-
perature, the liquid structure deviated farther from a
crystalline structure. Consequently, Goldschmidt atomic
diameters do not describe the liquid structure well. On the

Dpp =

(Eq 12)
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Table 1 Calculated and experimental values of solute diffusion coefficients

Diffusion coefficient, X10™° m? s~

1

Diffusion coefficient, X10™° m? s~

1

Solu. Solv. T7,K D, 0 D, 0, D(Exp.) Solu. Solv. T,K D, i D, o D(Exp.)
Ag Sn 560 252 19.8 2.69 12.3 3.02° Mg Al 973 389 —30.6 440 —386 2.7
621 323 17.6 3.473 9.4 3.8% 1073 5.08 260 579 105 644
693  4.13 35.6 4.458 25.6 5.6° Ag Pb 623 1.92 2.1 257 —88  1.74-2.95¢
750  4.87 29.2 5.28 19.9 6.29* 673 235 —166 3.16 —380  1.96¢
773 5.17 -72 561 —14.4 4.8° 723 2.81 292 379 —42  2.16-5.10¢
826  5.88 20.7 6.404 10.9 7.12 773 329 —11.1 445 343  236-3.49%
1108  9.76 209  10.8 93 118 Cu Pb 723 3.16 85 343 0 3.43¢
1428 14.2 211 1591 81 17.2° 773 3.71 57 403 —27 392
1683 17.6 25 19.99 100  22° 823 4.7 33 466 —54  441°
Al Sn 560 2.5 -29.6 274 -358 1.76° 873 4.85 08 531 —-79  489¢
650  3.61 —6.6 394  —145 337° 923 544 —129 597 —10.05 537¢
700 425 5.9 4.65 -32 45° Na Pb 625 145 1369 1.74 974  2.75-4.12¢
750 4.9 17.8 5.39 7.1 5.77° 673 176 —313 212 —-429 121¢
Sb Sn 589  2.55 2.0 2.64 -15 2.6 853  3.08 851  3.79 504  5.25-6.15¢
600  2.67 19.7 2.76 15.8 3.15-3.24%¢ 873 323 —418 399 —529  1.79-1.97¢
630  2.99 0.3 3.10 -32 32 Au Pb 633 2.00 25 2.16 157 2.5¢
743 427 3.0 4.47 1.6 4.4° 703 2.63 17.87 2.85 7.63  3.1%
800  4.95 114 52 6.12  5.36-5.67%¢ 723 2.89 176 3.05 115 34
891  6.05 10.7 6.40 4.7 6.7 773 3.29 125 3.8 34 3.7°
700 377 1340  3.94 850  4.14-4.41*4 811  3.67 153 4.01 55 423
900  6.16 422 6.52 —1.53  6.42° 823  3.79 16.09 4.14 6.28 4.4~
1000 7.39 122 7.88 —5.08 748 973 5.38 78 592 —20 58
1100  8.63 —1.04 926 —7.78  8.54° 1123 7.04 129  7.81 1.8 7.95
1300 11.1 —3.96 12.05 —11.54 10.66* 1133 7.15 7.69 794 302 7.7
Bi Sn 504 1.69 6.5 1.74 3.4 1.8° Sn Pb 723 2.56 156 282 —-78 268
574 2279 5.3 2.46 —24 2.4f 773 3.00 173 332 60 3.52
666  3.21 -9.7 352 —176 2.9° 823  3.46 243  3.85 11.7 438
723 3.83 —6.01 422 —14.69  3.6% 869 3.79 335 435 163 5.06™
773 438 5.0 4.85 —524 4.6 973 478 52 553 —181  427-479™
873 5.2 19.6 6.18 6.87 6.6 1071  5.74 542 671 319  8.85™
1000 7.00 14.3 7.92 1.0 8¢ Ag Bi 573 1.82 231 243 —78 2249
Au Sn 600 298 0 321 -72 2.98* 673  2.77 86.6  3.79 364 5179
700 422 12.6 457 3.9 4.75° Au Ag 1253 255 35 285 —13.7 246"
773 517 3.9 5.63 —4.6 537" 1300 2.83 —1.1 317 —11.7 28"
826  5.88 13.9 6.42 4.4 6.7° 1350  3.14 1.6 353 —96 3.19"
900  6.89 20.3 7.56 9.7 8.29% 1400  3.47 35 39 -79 359"
1108  9.76 10.7 108 0 10.8* 1450  3.80 53 429 —68 4"
1323 127 189 143 56 1517 1500 4.15 70 469 —53 444"
1428  14.2 106 159 -13 157 1533 438 80 496 —46 473"
Cu Al 1000 5.5 14.3 5.79 3.6 64 Co Cu 1373 339 65 371 27 3.61°
1050  6.00 14.5 6.63 3.6 6.87¢ 1423 3.79 103 4.16 0.5  4.18°
1100 6.78 14.7 7.51 3.6 7.78" 1473 422 137  4.64 34 48°
1150  7.60 1461  8.44 320  871M 1523 4.66 170 5.14 6.0  545°
1200  8.44 14.6 9.40 29 9.67" 1573 5.13 197 5.66 85  6.14°
1250  9.32 141 104 22 10.63" Ni Cu 1373 341 62 374 32 3.62°
1300  10.2 138 114 18 11.61" 1423 3.82 86 420 —12  415°
In Sn 623 2.99 23.4 3.32 11.1 3.694 1473 425 10.6  4.68 04  47°
723 4.14 20.0 4.66 6.7 4,979 1523 4.70 126  5.18 21 529°
823 536 20.0 6.09 5.6 6.439 1573 5.17 141 571 33 59°
923 6.61 224 7.60 6.4 8.091 Ga In 473 241 278  2.61 18.0  3.08°
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Diffusion coefficient, x10™° m? s™!

Diffusion coefficient, x10™° m? s™!

Solu. Solv. LK D, 01 D, o D(Exp.) Solu. Solv. T, K D, o1 D, o D(Exp.)
Sn In 523 257 276 2.84 15.5 3.284 523 3.09 214 3.37 11.3 3.75P
673 4.43 6.5 4.97 —-5.0 4.729 573 3.80 16.1 4.18 5.5 4.41P
873  7.07 1.70 8.11 —11.34 7.199 623 4.59 10.0 5.04 0.2 5.05P
1073 9.74 5.85 11.40 —9.56 10.319 673 5.31 6.78 593 —4.38 5.67°
A(102) 16.41878 A(102) 10.34143
S1(102) 0.243488 S5(102) 0.170243

aReference 2, "Reference 32, “Reference 33, ‘Reference 26, Reference 34, Reference 6, 2Reference 35, "Reference 20, Reference 36, 'Reference 37,

kReference 29, 'Reference 3, ™Reference 27, "Reference 38, °Reference 12, PReference 39, 9Reference 4

Table 2 Values of characteristic parameters of solutes
and solvents used in the present work

™, ox1073 M, ™, d, C,, x1078
Metal kg m™? kg K x107" m JK 'mol™"? (,
Ag 9.33 107.9 1234.93 2.88 1.63 2.35
Sn 6.98 1187  504.9 3.16 1.90 2.20
Al 2.38 2698 933.37 2.86 1.8 2.34
Sb 6.48 121.8 903 3.22 1.8 2.34
Bi 10.05 209 544.3 3.40 1.8 2.34
Au 17.4 197 1337.43 2.88 2.18 2.03
Cu 8 63.55 1356 2.56 1.11 2.66
Mg 1.59 2431 923 3.20 1.8 2.34
Pb 10.67 207.2 600.5 3.50 1.82 2.24
Na 0.927 22.99 370.81 3.84 1.52 2.60
Co 7.75 58.93 1768 2.50 1.8 2.34
Ni 7.9 58.69 1726 2.48 1.8 2.34
Ga 6.1 69.72  302.78 2.70 1.8 2.34
In 7.03 114.8 429.61 3.14 1.86 2.22

other hand, the temperature-dependent hard spheres are a
better approximation of the solute atoms. The experimen-
tally measured diffusivities of the Ag-Pb, Na-Pb, Au-Ag,
and Sn-In systems are scattered. Nevertheless, the corre-
spondence between the calculated results and the experi-
mental data is reasonably good. The differences between the
calculated and the experimentally measured values are
believed to arise mainly from the approximation that the
cohesive energy of the solute is equal to that of the solvent
metal. In other words, the interactions between the solute
and the solvent are believed to be equal to the interaction
between the solvent atoms. However, despite this limitation,
a reasonable agreement is still obtained. It should be
emphasized that Chauhan et al.'®! have found that the
predictions of self-diffusivity by the Eq 1 (Sutherland-
Einstein equation) were noticeable improved when the
Goldschmidt atomic diameter was replaced by the temper-
ature dependent effective hard sphere diameter as proposed
by Protopapas et al.l'”!

3. Discussion

The performance of the present equation has been further
demonstrated by making detailed comparisons with the
corresponding available methods. The diffusivities calcu-
lated by the new equation obtained in the present work were
compared with the predictions of three available predictive
methods: Enskog Expression,!'” Liu et al.*” and the fluid
theory®” over extended ranges of temperature. These
methods have been reported in the corresponding refer-
ences, and will not be detailed here. The data computed by
the three methods are designated as Dg, Dy and Dg
respectively and are listed in Table 3. An examination of the
results presented in Table 3 reveals that the best agreement
between the predicted values and the experimental data is
achieved by the new equation. The deviations from the
experimentally measured solute diffusivity of the predicted
values by the Enskog Expression, Liu et al.’s method and
the fluid theory are more significant as suggested by much
larger values of A and S, being 32.13493 and 0.360023,
25.23921 and 0.373694, 23.16192 and 0.27244, respec-
tively. These values should be compared to 10.34143 and
0.170243 for the predictions by Eq 12.

This is probably because the new equation takes into
account the effects of atomic size and interactions between
the atoms of the liquid metals during the solute diffusion
process. As a result, it possesses a much better predictabil-
ity. Larger deviations from the experimental results of other
predictions are most likely because some important factors
were not accounted for in those models. The Enskog
Expression assumes that the diffusing species are hard
spheres which have specific mass and volume. However,
their charge was ignored in the expression. In the Enskog
Expression, the calculations of reduced mass, hard sphere
diameter and the radial distribution function take into
account the contributions from both solute and solvent.
However, only the contribution of the solvent is considered
in the calculation of the packing fraction and the correlation
factor. In the studies of solute in liquid Cu,!") a comparison
between experimental data and prediction by the hard
sphere model indicates that the difference in size between
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Table 3 Comparison of the calculated diffusivity of the new equation with three available methods

Diffusion coefficient, X10™° m? s™!

Diffusion coefficient, X10™° m? s~

1

Solu.  Solv. T, K D, Dg Dy Dg D(Exp.) Solu.  Solv. T,K D, Dg Dy Dg D(Exp.)
Ag Sn 560  2.69 385 277 3.0l 3.02° Mg Al 973 440 724 322 749 2.7
621 3473 486 374 384 3.8 1073 579 983 430 1012 649
693 4458 615 499 495  56° Ag Pb 623 257 575 158  3.02 1.74-2.95
750 5.8 723 6.02 592 629" 673 3.6  7.01 200 370 1.96%
773 5.61 7.67 644 633  48° 723 379 836 244 444  2.16-5.10¢
826 6404  8.71 743 734 117 773 445 978 290 524  2.36-3.49%
1108 108 13.77 1262 1398 11.8° Cu Pb 723 343 710 274 499 3434
1428 1591 1528 17.85 24.04 17.2° 773 403 831 325 589 3.92¢
1683  19.99 2352 2141 3400 22° 823 466 957 379 687 441¢
Al Sn 560  2.74 6.13 279  3.03 1.76° 873 531 10.87 434 792 4.89¢
650  3.94 856 426 430  337° 923 597 1220 490  9.03 5.37¢
700 4.65 10.00 515 510  45° Na Pb 625 174 615 120 229 2.75-4.12¢
750 5.39 11.51 6.06 596  577° 673 212 755 150 277 1214
Sb Sn 589  2.64 359 2388  3.04 26 853 379 1385 275 499 525-6.15¢
600  2.76 374 3.03 317  3.15-3.24% 873 399 1464 290 528 1.79-1.97¢
630  3.10 417 348 355 3 Au Pb 633 219 318 166 315 25%
743 447 592 527 518 44 703 285 415 226 413 3.1F
800 5.2 6.86 621 6.12  5.36-5.67*¢ 723 3.05 445 244 444 34
891 6.40 837 174 177 6.7 773 358 521 290 524  3.7°
700 3.94 524 457 453 4.14-4.41%4 811 405 582 326 589 423
900  6.52 852 789 794  6.42° 823 414  6.02 337 611 44F
1000 7.88 10.21 954  10.00  7.48° 973 592 855 485  9.09 5.8
1100 9.26 11.66 11.16 1230  8.54° 1123 790 1101 633 1265 7.95
1300 12.05 1334 1419 17.61  10.66* 1133 794 1117 643 1291 7.7
Bi Sn 504 1.84 2.26 1.67 1.98 1.8° Sn Pb 723 282 504 217 394 26¢°
574 246 3.08 253 271 2.4f 773 332 594 258 466 3.52
666  3.52 433 382 3.8 29° 823 385  6.89 3.00 543 438
723 422 517 468 461 3.68 869 440 781 340 619 5.06™
773 4.85 594 546 536  4.6° 973 553 995 431 8.08  4.27-4.79™
873  6.18 753 7.04 703  6.6° 1071  6.78 1197 518 1009 8.85™
1000 7.92 952  9.04 948 8 Ag Bi 573 243 589 1.14 407 2249
Au Sn 600  3.21 403 340 355 298 673 379 866 188 567 5.17¢
700 4.57 563 5.1 5.06  4.75° Au Ag 1253 285 366 227  3.12 246"
773 5.63 689 645 633 537" 1300 3.17 410 255 355 28"
826  6.78 782 743 734 67 1350 3.53 467 287 403 3.19
900  7.56 912 8.8 888 829" 1400 390 520 3.18 453  3.59"
1108 108 1239 1262 1398 10.8° 1450 429 575 3.51 506 4"
1323 143 13.95 1623 2044 15.1° 1500 4.69 633 385 561 444"
1428 159 13.62  17.85 24.04 15.7° 1533 496 672 408 599 473"
Cu Al 1000 5.79 8.11 438 1021 64 Co Cu 1373 371 493 287 486 3.61°
1050  6.63 942 506 11.86  6.87¢ 1423 416 553 321 531  4.18°
1100 7.51 1080 576 13.62  7.78" 1473 464 616 357 578 48°
1150  8.44 1226 649 1548 871" 1523 514 681 393 626 545°
1200  9.40 13.78 724 1746  9.67" 1573 566  7.50 431 6.77  6.14°
1250 10.4 1536 801 19.54 10.63" Ni Cu 1373 374 502 290 490 3.62°
1300 114 1698 879 21.73 1l1.61" 1423 420 563 324 535 4.15°
In Sn 623 3.50 488 346 355  3.699 1473 468 627 360 58 4.7°
723 492 679 507 500 4979 1523 518 694 397 631 529°
823  6.43 885 677 668 6439 1573 5.71 7.63 435 682 59°
923 8.02 1097 848 8.6l 8.099 Ga In 473 261 465 331 327 3.08°
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Table 3 continued
Diffusion coefficient, X10™° m? s~ Diffusion coefficient, Xx10™° m? s~
Solu. Solv. T, K D, Dy, Dy Dy D(Exp.) Solu. Solv. T, K D, Dy Dy Dy D(Exp.)
Sn In 523 2.94 3.94 3.65 3.39 3.284 523 3.37 5.89 438 4.07 3.75P
673 4.97 6.74 6.60 5.83 4.724 573 4.18 7.23 5.53 4.96 4.41°
873 8.11 10.67 10.59 10.09 7.199 623 5.04 8.66 6.71 5.93 5.05P
1073 11.40 13.41 1424 15.50 10.314 673 5.93 10.16 7.92 17.00 5.67°
A5(108) 10.34143 Ag(108) 32.13493 Ay(108) 2523921 Ar(108) 23.16192
$5(108) 0.170243 Si(108) 0.360023 Su(108)  0.373694 Sr(108) 0.27244

D,: The diffusivities calculated using the Eq 12 derivated in the present manuscript; Dg: The diffusivities predicted by Enskog Expression''”); Dy The
diffusivities predicted by Liu’s®*” method; Dg: The diffusivities predicted by fluid theory™®); D(Exp.): The available experimental data of diffusivities
aReference 2, "Reference 32, “Reference 33, “Reference 26, °Reference 34, Reference 6, Reference 35, "Reference 20, ‘Reference 36, ‘Reference 37,
kReference 29, 'Reference 3, ™Reference 27, "Reference 38, °Reference 12, PReference 39, 9Reference 4

the solute and the solvent plays an important role in the
dynamic correlations. The data show that among the solute
particles smaller in size and mass than the solvent atoms, the
predictions are in agreement with the experimental data,
those of larger mass and smaller size tend to diffuse more
rapidly than predicted by the hard sphere model. Solutes
larger and heavier than the solvent diffuse faster than
predicted by the hard sphere model. In the Liu et al.’s
method, atoms are assumed to be point charges with no
volume and mass, hence, entropy considerations render the
“hole” mechanism implausible.*") Based on the fluidity
model of Hildebrand, only the size effects have been
accounted for, and no consideration has been given to the
valence effect, namely, the interactions between the solute
and the solvent. As a result, the fluidity model of Hildebrand
may not be applicable to systems in which a strong
interaction between the solute and solvent exists.

The equation derived in the present work contains no
adjustable parameters. The equation is derived from the
Sutherland-Einstein formula which stems from the hydro-
dynamic theory with a basic assumption that the diffusing
species are spherical in shape. As a first approximation,
Eq 12 assumes that the size of the flow unit is proportional
to the effective atomic diameter of the metal. The true
identity of the diffusing species in liquid metals is still a
topic subjected to debate. Some researchers®?! believe the
diffusing species are ions whereas others™®! have believed
the diffusing species are atoms. The evidence for both
beliefs is circumstantial. Hence, the assumption that the
diffusing unit is an atom is valid. The value of the atomic
diameter has been assigned equal to the average distance of
closest approach for repulsive collisions in the fluid. The
second approximation of the equation is that the melting
point of the alloy for a dilute metallic solution is equal to the
melting point of the solvent metal. The melting point of an
alloy is an indication of the cohesion energy of the liquid
metal, and the cohesion energy is, in turn, an approximation
of the solute-solvent interaction. It is realized that these
approximations carry some inherent weakness and uncer-
tainties. Nevertheless, the excellent agreement between the
predictions by the equation and the available experimental
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data suggest the present approach is not only simple, but
also reliable.

4. Conclusions

Taking the effects of atomic diameter and the interactions
between the atoms of the liquid metals into account, a new
solute diffusion equation has been developed by combining
the Sutherland-Einstein Equation and Kaptay’s unified
viscosity formula. Comparisons of the predictions of the
new equation with the available experimental data indicated
a satisfactory agreement between the two sets of data. The
calculated results D, taking into consideration the temper-
ature dependence of the atomic radius of the diffusing
species match the experimental diffusion data better than
data of D; using the temperature independent Goldschmidt
atomic radius. Due to the simple-parameter nature of the
equation, it could be very useful in predicting solute
impurity diffusivity in liquid metals when experimental data
are scarce. The range of applications shows the versatility of
this simple approach.
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