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Thermodynamic Relationship between
Enthalpy of Mixing and Excess Entropy
in Liquid Binary Alloys

A solution model for liquid binary alloys has been derived,
based on the free volume theory considering excess volumes of
the alloys. Excess entropy and excess Gibbs energy can be eval-
uated from the present model using values of enthalpy of mix-
ing and excess volume. In addition, the relationship between en-
thalpy of mixing and excess entropy in liquid binary alloys has
been interpreted based.on the present model.

Thermodynamischer Zusammenhang zwischen
Mischungsenthalpie und UberschuBentropie in fliissigen
bindren Legierungen

Auf der Basis der Theorie des freien Volumens ist unter Beriick-
sichtigung des Uberschuf3volumens der Legierungen ein Lo-
sungsmodell fiir bindre fliissige Legierungen entwickelt wor-
den. Anhand dieses Modells wird die UberschuBentropie und
die tiberschiissige freie Enthalpie aus Werten der Mischungs-
enthalpie und des Uberschuflvolumens erschlossen. Ferner
wird mit Hilfe dieses Modells der Zusammenhang zwischen
Mischungsenthalpie und UberschuBentropie fliissiger bindrer
Legierungen interpretiert.

1 Introduction

Several empirical attempts have been made to correlate the en-
thalpy of mixing A Hyrx and the excess entropy AST* in liquid
binary alloys [1 to 9]. The present authors have derived the rela-
tionship between AHyrx and AS®* from a solution model
based on the free volume theory [10 to 15]. It was found from
this model that the relationship between A Hyx and AST* de-
pended on the temperature of the alloys and that the tempera-
ture dependence of the relationship was approximately related
to the melting points of the pure components. In the previous
work [10], the approximations proposed by Shimoji and Niwa
[16] were used to express the potential energy of an atom in its
“cell” formed by its nearest-neighbor atoms. Since those ap-
proximations were proposed on the basis of the assumption that
absolute values of A Hp, in the alloy are small so that the con-
figuration of atoms is nearly random. Those approximations
are, therefore, valid for infinite dilution of liquid binary alloys
[11 to 14] but are insufficient in applying to concentrated alloys
[10] where the short-range order in the configuration of atoms
must be considered. In addition, the relationship between ex-
cess volume and excess entropy was not adequately considered
in the previous treatments for the above solution model.
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The purpose of this work is, therefore, to derive a new solu-
tion model based on the free volume theory by considering ex-
cess volume and more strict configuration of atoms and then to
obtain the relationship between A Hyrx and AS®X in alloys.

2 Free Volume [4, 17]

Each atom in a liquid metal moves within a restricted regionina
cell made by its nearest-neighbor atoms, as shown in Fig. 1.
This restricted region is called a “free volume®. It is assumed
that the potential energy & of the liquid metal can be expressed
as follows:

N
& =FEo+ Y _{ti(r) —1:(0)} 1)

i=1

where F, is the potential energy of atoms in a liquid metal
where all atoms are at their equilibrium positions, and 9; (r) is
the potential energy of an atom 7 which is located at a distance
of r from the center (r = 0) of the cell.

Regarding w (T') as the partition function of each atom for
internal degrees of freedom, the total partition function of the 1i-
quid metal Zy is given by:

Neqrefst— neighbor atoms
afim x O g

O Free volume
h of atom X

)
\Potentiul energy
1 of atom X
Vin its cell

Fig. 1. Schematic diagram of potential energy in a cell of atom X.
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Zn = (3—"%—”)3%-{10 O e - 22)

DO 4

Y
' {‘/cell P { B kT

where m is the atomic mass, k is the Boltzmann constant, T the
temperature in K, A the Planck constant, IV the number of atoms
and v the cell volume.

The integration term on the right-hand side in Eq. (2) contains
the free volume v according to the following equation:

From Eq. (2), the partition function @) is related to the potential
energy @ is given as follows:
} d o)

Q= exp ( _ kET> N / oxp { ) =900
@

E
= - exp <_kf(2)“>

When an atom in its cell vibrates harmonically, ¢ (r) can be ex-
pressed as a parabola, i.e. 9 (r) = U {1 — (r/L)?}, as in
Fig. 1. Then, v is given by Eq. (5), as shown in Appendix A.

L2k T\ *?
- (-257)

@)

3)

= 5)

where L is the distance which interatomic potential extends in a
cell of an atom as shown in Fig. 1, and U is the depth of potential
energy inacell of an atom as shown in Fig. 1.

3 Derivation of Excess Gibbs Energy of Liquid Binary
Alloys

According to the free volume theory, the partition functions of
pure liquid A and B, Qa4 and Qgg, are given by the following
equations:

E
Qaa = vg, aa™ - exp (— ﬁ)

o _WLAAQI{IT 3NA/2~€X _NA‘UAA (6)
B Unn P 2k T

Epp
Np | o
QBB = Uf, BB eXP( LT )

_ _7rLB132kT 3NB/2'€X _ Ng - Usp )
Uss P 2k T

where v, xx is the free volume of atom X in pure liquid X, Lxx
the distance which interatomic potential extends in a cell of
atom X in pure liquid X, Uxx the depth of potential energy in a
cell of atom X in pure liquid X, and Nx the number of atoms in
pure liquid X.

The partition function of liquid A — B alloy is given by:

FE
— . Ny | Ny | ———
Q=g v a™ -vp exp( A T)
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where vy, is the free volume of atom X in liquid A — B alloy,
Ly the distance which interatomic potential extends in a cell of
atom X inliquid A — B alloy, Uy the depth of potential energy in
acell of atom X in liquid A — B alloy, and g the degeneracy fac-
tor.

When a liquid A — B alloy with N (= N + Npg) atoms is
formed from N, atoms of pure liquid metal A and N atoms of
pure liquid metal B, the energy F of liquid A — B alloy in Eq.
(8) is assumed to be the sum of the energies of A — A, B - B
and A — B pairs, i.e. g, Ugg and usg as follows:

NaUpa  NeUme  Napfsp
_|._
2 2 z

(®)

E =

(9)

where UAA = Z - UAA, UBB = Z - UBB (10)

(z: is the coordination number), N is the number of A — B
pairs and {24 the exchange energy defined as:

UAA + U
Onp = z<uAB __Af_\Q_zB_>
Usa + U
= Upp — AA 5 BB (11)
Uap = z - uaR (12)

The Gibbs energies of liquid A, B, and alloy A — B are given by

GAA =~kT In QAA, GBB =—kT In QBB (13)
G =-kT Q@ (14)
The Gibbs energy of mixing is then
AGyix = G — (Gaa + Ggg)
_ Napflas kT In g
z
: 3 T L2 kT
— 2LUIN —
kT 3 I A1n< A )
™ LBZ kT
Ng In{ — —b—
+ Np n< Us )
s LAAZ k T>
-~ {Ngln| ———r——
N < Uaa
kT
+ Npg 1n(—“&—_>}] (15)
Ugp

Later, the enthalpy and entropy terms in the A — B binary alloy
will be derived separately.

3.1 Enthalpy Term

From Eq. (15), the enthalpy of mixing A Hyx’ can be obtained
by the Gibbs-Helmholtz relation as follows:

Nap - f48

z

AHMIX/ = (16)
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According to the first approximation of the regular solution
model, in which the short-range order in the configuration of
atoms has been considered, the number of A — B pairs Nap is
given by [18]

2NZ:1:A$B

Nap =
AB P+1

(17)

P=[1—4xs zp {1—exp<QAB>}]1/2 (18)

kT

where x5 and zp are the mole fractions of A and B, respec-
tively. As shown in the above equation, Nyg in the proposed
model [18]is 2/(P + 1) times larger than the number of A — B
pairs in random alloys, for which N, aphendom — N 5 py g,
When A Hyx shows positive values, P in Eq. (18) can be set
approximately unity because the configuration of atoms in such
an alloy is considered to be nearly random. From Egs. (16) to
(18), the enthalpy of mixing per atom A Hyix = AHyx'/Nis

QIEA a:B-QAB

AHyx = il

(19)
3.2 Entropy Terms

The entropy arising from configuration of atoms in alloys,
ASconr, consists of the two terms, as shown in Egs. (20) to
(22):

ASconr = k In g = AScone™® + ASconr™ (20)
AS'CQI\H:MEal =~k (s In zo +2zp In zB) (21)
2 zA Tp - {2AB P+axp—x
AScone™ = — ka1
CONF P+1)-T A n( (P+1)
P+zg—2za >
—Fk 1 22

In these equations, the excess entropy arising from configura-
tion of atoms in alloys ASconrE* is also obtained from the first
approximation of the regular solution model [18]. As described
in the preceding section, when A Hyrx shows positive values,

ASconrE* is set to be approximately zero because the config- |

uration of atoms in such an alloy is considered to be nearly ran-
dom.

The excess entropy per atom arising from harmonic vibration
of an atom in its cell ASyE™* is derived from Eq. (15) as fol-
lows:

L L

+za In (%{%) +2p In <%>}

In the present work, U and U in A — B alloy are assumed to
be given by the following relations.

(23)

Uy = (fraction of A atoms in the nearest-neighbors of atom A)
. z . uAA

+ (fraction of B atoms in the nearest-neighbors of atom A)
. Z . uAB
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2 xp 2z
e 1-— . .
( P+1) UAA+(P+1> Ure
21‘3 2

p— — . xB
- (1 P+1> Una + <P+1>

Uaa + Uss )
2

: <QAB + (24)

Ug = (fraction of B atoms in the nearest-neighbors of atom B)
© Z-UBB

+ (fraction of A atoms in the nearest-neighbors of atom B)
© 2 UAB

2‘£EA ZmA
=\|1—- . .
( P+l> UBB+(P+1> Use
2 xp

2xA
=1{1~ . et
( P+1> UBBJF(PH)

Uas + Ups )
2

~(QAB + (25)

It is quite difficult to evaluate Uyp in Egs. (24) and (25) from

physical properties of A — B alloy. It is, therefore, proposed
that Uy g from Eq. (11) be used for this purpose, i.e.

Uaa + Uss
2

From Egs. (18) and (24) to (26), Ua and Ug can be obtained
from Ua 4 and Ugg for pure components A and B if the value of
§2,p isknown. .

L4 and Ly in Eq. (23) is assumed to be given by the follow-
ing equations:

Uprg = a8 + (26)

La = (fraction of A atoms in the nearest-neighbors of atom A)
- Laa
+ (fraction of B atoms in the nearest-neighbors of atom A)

- Lap
2 B 2 B

=1{1- . L
( P+1> LAA+<P+1) AB

Ly = (fraction of B atoms in the nearest-neighbors of atom B)
- Lpp
+ (fraction of A atoms in the nearest-neighbors of atom B)
N
2 xA

2 xA
1- : L
( P+1> LBB+<P+1> AB

Here, Laa and Ly for pure components A and B are assumed
to be half of the nearest-neighbor distance and then they can be
calculated from their molar volume VaF™® and VP as fol-
lows [10, 11, 13]:

(27)

i

(28)

1 21/2V Pure \ 1/3

Lan =3 <—ng—“"> (29)
1 21/2V Pure \ 1/3

Les =75 <—N%——> (30)

where Ny is Avogadro’s number. In addition, L and Lp in an
A — B alloy are assumed to be given in the same form as Laa
and Lgp in Egs. (29) and (30), 1.e.
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1 / 21/2y/, Alloy \ 1/3
w5 ) o

1 21/2VBAIon 1/3
=3 (5)

N (32)

Then, the excess volume of an A — B alloy, AVEE can be ex-
pressed by:

AVEX — (mA . VAAlloy +zg - VBAlloy)

“(517A . VAPure + 25 - VBPure) (33)

Consequently, by substituting Egs. (18) and (27) to (32) into Eq.
(33), Lap can be calculated from AVEX of an A — B alloy,
VaFue and VaPue for pure components, and §25.

4 Calculation of Usa and Ugg

The depth of the potential energy of an atom in its cell for pure
components U o and Upp can be evaluated by assuming that an
atom vibrates harmonically in its cell, and Up 4 and Ugg can be
expressed as follows [10, 11, 13]; see Appendix A):

2 71'2 L?{X MX Z/X2
Ny

Uxx = - (X=AorB) (34)
where Mx (g - mol~!) is the atomic weight, Lxx is obtained
from Eqgs. (29) and (30), vx is the frequency for harmonic vibra-
tion of atom X given by the following revised Lindemann’s

equation [10,11,13,19]:

Tm, X

1/2
(X=AorB)
MX . (VXPure)2/3 }

(35)

vx =2.8-10"%8x {

where Tp, x is the melting pomt of pure X, V&P the molar vol-
ume of pure X (cm® - mol™") and D« the coefficient of pure X to
transform the solid state frequency into that of the liquid state at
the melting point. [19]

Since Lindemann’s equation gives the frequency vgor, of an
atom in the solid state at its melting point, the above coefficient
Bx is necessary to obtain the frequency v in the liquid state,
i.e., vx = Px - vsoL. The values of Bx were obtained from the
experimental data for the surface tension of pure liquid X as fol-

lows[19]:
o%. m 1/2
R Ty x

In this equation, Vx m (m®- g —atom™), ox 1 (mN-m™)
and 7x,  are the molar volume, the surface tension and the
packing fraction of pure liquid X at its melting point, respec-
tively. When the values of 8x are not available, Bx can be set ap-
proximately to 0.5 [19].

When the unit of {245 is J - mol ™" and & in the precedm gequa-
tions is 1eplaced by the gas constant B/J - K" mol™, then Uxx
inJ-mol™' is obtained from Eqgs. (34) and (35) as follows

Uxx = —685 - Ox? (X=AorB)

1.1-10% Vi /3

Px = 1.97nx m/® — 1

(36)

mX

(37)

Since the unit of Uxx calculated from Egs. (34) and (35) i 1s erg -
atom™, the unit of Uxx is transformed from erg - atom ' toJ -
mol™" in the derivation of the above equation. Equation (37)
shows that Uxx can be calculated from 8x and T3, x for pure
component X.

Z. Metallkd. 84 (1993) 3

Table 1. Physical properties of some elements used in the calculation of
Usxx and Lxx (T, x from Ref. [19], Bx from Ref. [19]).

Elements T x/K Bx VP fem® - mot™
(T/K) [Ref.]

Fe 1808 0.48 7.94 (1823) [22]
8.00 (1873) [23]

Cu 1356 0.46 8.41 (1823) [22]
Si 1687 0.38 11.43 (1873) [23]
Hg 234 0.84 15.79 (673) [19]
Na 371 0.49 26.70  (673) [19]
Cd 594 0.56 14.453  (773) [26]
Pb 601 0.55 19.830 (773) [27]

5 Procedure of the Calculation for A S and A G**

As described in the preceding sections, AS™* and AGE* can be
calculated from A Hyx, AVE* and certain physical properties.
The procedure for the calculation is described below:

1) £2ap is calculated from Eqs. (18) and (19) using the values
of AHyx given in the literature. For AHyx > 0, Pin
Eq. (18)is set to unity.

2) ASconr™ is calculated from Egs. (18) and (22). For
AHurx > 0, ASconrE*is set to zero.

3) Laa, Lpp, La and Ly are calculated from Egs. (18) and
(27) to (33) using the values of AV®* in A — B alloys and
molar volumes for pure components given in the literature.

4) Uaa, U, Uy and Ug are calculated from Egs. (18), (24) to
(26) and (37) using 2ap, T, m, x and Bx (X = A or B).

5) Then, ASyp®* is obtained from Eq. (23).

6) The excess entropy ASE* and the excess Gibbs energy

AGE=* are obtained from:
AS® = ASconr™ + ASvip™ (38)
AG™ = AHyrx — TAS™ (39)

6 Calculation of A S* and A G®™ Considering A V**

AS® and AG®* in liquid Fe — Si, Fe — Cu, Hg — Na and
Cd — Pb binary alloys, for which AVE" [20to 23] and A Hurx
[24] have been published, were calculated to discuss the valid-
ity of the present model. The physical properties necessary for
the calculation in each alloy are listed in Table 1[19, 22, 23, 26,
27]. The calculated results of ASconr™, ASyvi®*, ASEX and
AG®* for the above binary alloys are shown in Tables 2 to 5
with the values of AVF* [20 to 23]; see Appendix B) and
A Hyix [24]. Figures 2 shows the comparison of the calculated
results for ASE" and AG®* from the present model with the ex-
perimental values [24]. As shown in these tables and figures,
the calculated results for AS™ and AGF* are in reasonable
agreement with the experlmental results. Thus, the present
model shows that AVEX| A Hyx and ASEXin liquid binary al-
loys are related to each other through the preceding equations.

7 Approximate Relationship Between AHy;x and ASE
in Liquid Binary Alloys

As described in the previous work [10, 11], Nag in Eq. (17),
A Hyrx in Eq. (19) and ASconr™ in Eq. (22) can be approxi-
mately represented by the following equations on the condi-
tions that the absolute values of {245 are small and the config-
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Table 2. Calculated results for ASE* and AGE* with the values of
AHypx and AVE* at 773 K inliquid Cd — Pballoys.

Table 4. Calculated results for ASE* and AG®* with the values of
AHyix and AVE* at 1873 K in liquid Fe — Sialloys.

zpr,  AHwix  fcary P Ucd Upy, AVEX Legpy
kJ-mol™" kJ-mol™ kI -mol™ kJ-mol™ cm®-mol™ 107%cm
0.1 1.2 13.8  1.000 -126.1 -113.5 0.050 1.73
0.2 2.0 1257 1.000 -124.8 -115.8 0.088 1.73
0.3 2.4 1.7 1.000 -123.6 -1174 0.113 173
0.4 2.7 1.1 1.000 -122.6 -118.8 0.122 1.73
0.5 2.7 106  1.000 -121.5 -120.0 0.125 173
0.6 2.5 103 1.000 -120.5 -121.0 0.122 1.73
0.7 2.1 10.0  1.000 -119.5 -122.0 0.110 1.73
0.8 1.6 9.8 1.000 -118.6 -122.9 0.085 1.73
0.9 0.9 95 1.000 -117.6 -123.7 0.045 1.73
Zpb Leq Loy - ASys™  AScone™ — AS™ AG™
10%m  10%m  J-K'-mol™” J-K~'-mol™ J.K™'-mol™ kJ-mol™
0.1 1.63 1.74 0.31 0.00 0.31 1.0
0.2 1.64 174 0.50 0.00 0.50 1.6
0.3 1.65 1.75 0.62 0.00 0.62 2.0
0.4 1.66 1.76 0.67 0.00 0.67 2.1
0.5 1.67 1.76 0.67 0.00 0.67 2.1
0.6 1.68 1.77 0.63 0.00 0.63 2.0
0.7 1.70  1.78 0.54 0.00 0.54 1.7
0.8 .71 1.79. 040 0.00 0.40 1.2
0.9 .72 1.797% 0.22 0.00 0.22 0.7
UXXPure LXXPure
kI-mol™"  107%m )
Cd -127.6 1.62
Pb —124.5 1.80

Table 3. Calculated results for AS®* and AG®* with the values of
AHyix and AVE* at 673 K in liquid Hg — Naalloys.

g AHwvix  Opesi P Ure Usi AVES Ly

kJ-mol™! kJ-mol™ kJ-mol™" kI-mol™ cm® - mol™' 107%m
0.1 -12.9 -128.8 0.800 -293.1 -3549 -037 132
02 246 -1229 0.600 -301.2 -3489 -0.70 1.33
0.3 -334 -111.5 0401 -307.7 -337.5 -0.98 134
04 379 952 0205 -309.2 -320.6 -~1.22 134
05 =379 -813 0.074 -3059 -297.8 -141 134
0.6 342 =862 0209 -312.1 -263.1 -147 133
07 =279 -93.1 0403 -319.1 -2320 -1.30 131
08 ~19.7 -983 0.601 -3244 2062 -0.80 1.32
zsi Ly Ls; ASy™  ASconr™  ASEx AGE*

10%m  10%m J-K'mol™ J-K'-mol” J-K~'-mol™ kJ-mot™
0.1 .33 1.32 -1.57 -0.09 -1.66 -9.8
0.2 1.33  1.33 -2.99 -0.42 -3.41 -18.2
0.3 1.33  1.34 -4.13 ~1.09 -5.23 -23.6
0.4 1.34  1.34 -4.89 -2.32 -7.21 -24.4
0.5 .34 1.35 -5.22 -3.69 -8.90 -21.2
0.6 133  1.39 -5.06 -2.25 -7.32 ~20.5
0.7 1.31 1.42 —4.35 -1.07 -5.42 -17.7
0.8 .32 146 -3.05 -0.41 ~3.46 -13.2

UXXPure LXXPure
kI-mol”'  107%cm
Fe -285.3 1.33
Si -166.9 1.50

Table 5. Calculated results for ASE* and AGE* with the values of
AHygx and AV at 1823 K inliquid Fe — Cualloys.

Zna AHwvix fgra P Usgg Una AVES  Ligna Tow  AHvix  Zreca P Ure Ucu AVE Lpecu

kJ-mol™! kJ-mol™! KJ-mol™ ki-mol™'cm®-mol™ 107%cm kJ-mol™ kJ-mol™ kI -mol™ kJ-mol™ em® - mol™' 107%cm
0.1 -7.6 -76.1 0800 -118.7 -163.2 -1.18 1.65 0.1 4.0 442  1.000 -276.5 -196.8 0.15 1.39
0.2 -14.4 =719 0.600 -124.6 -159.0 -2.26 1.66 0.2 6.5 40.8 1.000 2683 -1994 0.21 1.38
03 -189 -629 0400 -1289 -150.0 -3.08 1.68 0.3 8.0 38.2 1.000 -260.6 -200.9 0.20 1.37
04 206 =514 0200 -130.0 -1385 -3.64 1.70 0.4 8.8 36.5 1.000 -253.0 -2013 0.19 1.36
0.5 -19.8 —40.7 0.026 -1274 -126.1 -3.87 1.72 0.5 8.9 35.7 1.000 -245.3 -200.9 0.19 1.36
0.6 -17.1 429 0201 -1299 -1069 -394 170 0.6 8.5 354 1.000 -237.4 -200.1 0.19 1.36
0.7 -133 443 0400 -131.3 -91.1 -3.49 1.68 0.7 7.5 35.6  1.000 -229.3 -199.2 0.16 1.36
0.8 9.0 450 0600 -132.1 -78.8 -2.69 1.65 0.8 5.8 36.3  1.000 -220.8 -198.2 0.11 1.36
0.9 46 -464 0800- -133.5 -69.1 -1.43 1.64 0.9 34 374  1.000 -211.7 -197.2 0.06 1.36
ZNa Lyg Ly ASys™  AScone™  ASE AGEx ZCu Ly Leo ASys™  AScone™  AS™ AGP*

10%m  10%m  J-K'mol™ J.K'-mol™” J-K7'-mol”  kJ-mol™ 10%m  10%em  J-K'-mol™ J.K™-mol™ J-K™'-mol™” ki mol™!
0.1 1.67 1.65 -2.25 -0.31 -2.56 -5.9 0.1 1.33 1.38 0.50 0.00 0.50 3.1
0.2 1.67 1.66 —4.27 -0.32 —4.58 -11.3 0.2 1.34 1.37 0.79 0.00 0.79 5.1
0.3 1.67 1.68 -5.72 —-1.10 —6.82 -14.3 0.3 1.34 1.36 0.92 0.00 0.92 6.4
0.4 1.69 1.70 -6.51 -2.41 -8.92 -14.6 0.4 1.34 136 0.98 0.00 0.98 7.0
0.5 1.72 1.73 —-6.66 -4.77 -11.43 -12.1 0.5 1.34 1.36 1.00 0.00 1.00 7.1
0.6 1.70 1.79 -6.27 -2.39 -8.66 -11.3 0.6 1.35 1.36 0.97 0.00 0.97 6.7
0.7 1.68 1.86 -5.26 -1.10 -6.36 -9.0 0.7 1.35 1.36 0.86 0.00 0.86 5.9
0.8 1.65 1.91 -3.85 -0.42 —4.27 -6.1 0.8 1.35 1.35 0.67 0.00 0.67 4.6
0.9 1.64 195 -2.07 -0.09 -2.16 =32 0.9 .36 1.35 0.39 0.00 0.39 2.6

UXXPure LX XPure UXXPure L XXPure
kI-mol™'  107%cm kI-mol™"  107%m
Hg -113.1 1.67 Fe -285.3 1.33
Na -61.0 1.99 Cu -196.5 1.35
196 Z. Metallkd. 84 (1993) 3
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Liquid Hg-Na Alloy: 673K

l§iquid Cd-Pb Alloy: 773K
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Fig. 2a tod. Calculated results for AST* and AGE* with the experimental values for A Hyyx, AS®*, AG®* and AVEX inliquid binary alloys at tem-
perature indicated (— calculated; - - - O - - -, A, 0], @ experimental; —- — for AV®*: used in the calculation for L and Lg).

uration of atoms in A — B alloys is nearly random in A — B al-
loys[10]:

zA xR §2
Nap = Ny z 2o Tp (1—%) (40)
za T8 {2aB
AHyix =g za 28 |1 — T (41)
242 22 2252
ASgong™ = — =42 B A8 (42)

2kT?

According to Shimoji and Niwa [16], Ua, Ug, La and Lg in
A — B alloy can be approximately expressed in Egs. (43) to (45)
by assuming the random configuration of atoms:

Up = xaUpp +2p Upp, Up = zp Upp + 25 Uan (43)
La =1/2 {Laa + (za Laa + 25 Lps)} (44)
Lg =1/2 {Lgp + (xza Laa +zp Lgp)} (45)

One can derive Eq. (43) by setting P = 1in Egs. (24) and (25),
and also obtain Egs. (44) and (45) by setting P =1 and
Lag =1/2 (Laa + Lpp) in Egs. (27) and (28). Then,
ASyis®*in Eq. (23) is rewritten as follows [10]:

(Laa — Lgg)?

b zp o Lap Lgp

3
ASyp™ = 3

{4 Uaa Usg — 2 2ag (Uaa + Ugg) — (Uas + Ugp)® H
_|_
2 Uaa Uss
(46)
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As can be seen in Eq. (46), ASy®* is calculated from the mo-
lar volume, melting points and Bx for pure components through
Egs. (29), (30) and (37) if the value of {25p is given. The value
of {255 can be obtained from A Hyyx in the following equation
derived from Eq. (41), as shown in the previous work [10], i.e.

kT 4AHyx \ 2
(245 = 1—(1~—""""F+ 47
AB 2$A:CB{ ( kT ) (47)
Next, itis first assumed that
Tooa ®Tms, VAT m VB, By=pfp=05 (48)

The approximate relationship between A Hyrx and ASE* in
Eq. (49) can now be obtained from Egs. (41), (42) and (46);
thus,

14

49
1/Tm 4 +1/Ty B (49)

AHMIX ~ ( ) - ASEX

The calculated results from Egs. (40) to (47) for ASE* and
AGP* in liquid binary alloys were described in details in the
previous work [10].

8 Relationship Between Partial Enthalpy of Mixing and
Partial Excess Entropy in Infinitely Dilute Liquid Bi-
nary Alloys

The approximations in Egs. (40) to (46) are valid for infinite di-
lutions of liquid binary alloys. From these equations, the partial
enthalpy of mixing A Hp and the partial excess entropy A Sp®*
of solute element B can be derived as follows [11 to 14]:
AHp = (53 (50)
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Table Al. Excess volume in liquid Fe ~ Sialloys (M. =55.84 and Ms;
=28.085 from Ref. [19]).
w%si | g | p=A—-B-(T-T)/g cm™ V(1873K) | AVE* (1873K)
(77, liquidus temperature) em® mol™ | em® mol™
A B x10*| TL/K p
Ref. 23] Ref.[29] |(1873K)
0.8 10.02]698 0803] 1798 | 6.92 8.01 -0.05
2.0 0.04]6.86 0.796| 1783 | 6.79 8.07 -0.07
5.0 ] 0.10|6.69 0.749| 1733 6.59 8.08 -0.24
10.0 [ 0.1816.52 0.750 | 1633 | 6.34 8.02 -0.60
11.0 | 0.20 {649 0.701| 1613 | 6.31 7.99 -0.69
15.0 | 0.26]6.25 07700 1523 | 6.01 8.10 -0.79
32.7 10491519 0.602| 1682 | 5.08 8.32 -1.37
42.0 | 0.59|4.81 0.601| 1608 | 4.65 8.49 -1.54
49.1 | 0.66 {445 0.601| 1508 | 4.23 8.89 -1.36
56.5 | 0.724.10 0.500| 1488 | 3.91 9.17 -1.30
64.3 1 0.7813.59 0434 1553 | 3.45 9.89 -0.78
p=A—-B-TX)/g-cm™ Vi Pre (1873 K)
A Bx10° p(1873K)|  cm®-mol™
Ref. [23]
Pure Fe 8.586 0.857 6.98 8.00
Pure Si 3.117 0.352 2.46 1143
A Sp, cone™ =0 (51)

Bl

I:(LAA — Lgg)?

. 3
A Ex . =,
S, viB 5 Tox Lo

{4 Usa Uss — 22x (Uaa + Uss) — (Uaa + Uss)” H
+
2 Uaa Uss
(52)
A S'B_Ex = A 8g conr™ + A Sp, vis™
= ASp, vis™ (53)
Assuming the approximation in Eq. (48) for Egs. (50) to (53),

the following relationship between A Hg and A Sg®* can be
obtained [11to 14].

Table A2. Excess volume in liquid Cd — Pb alloys (Mcq = 112.41 and
Mpy= 207.2 from Ref. [19]).

zp, p=A+BT (°C)/g-cm™ V(500°C) | AVEX(500°C)
em®-mol™| em®-mol™
A —=BX10%| p(500°C)| Ref.
0.000 | 8.388 1.2205 7.778 [26] 14.453 0.000
(Pure Cd)
0.028 | 8.458 1.1571f 7.879 14.603 0.000
0.100 | 8.669 1.1308| 8.104 15.041 0.051
0.250 | 9.140 1.1751} 8.552 15.914 0.117
0.352 | 9.457 1.1995( 8.857 16.458 0.113
0.500 | 9.852 1.1921| 9.256 |[21]] 17.265 0.124
0.645 |10.278 1.3168| 9.620 18.041 0.120
0.719 110.438 1.2747{ 9.801 18.424 0.105
0.750 |10.518 1.3035| 9.866 18.599 0.114
0.900 [10.844 1.2375{ 10.225 19.337 0.045
1.000 |11.060 1.2220| 10.449 |[27]] 19.830 0.000
(Pure Pb)
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AHp =~ < ) - A SpEx (54)

9 Some Problems in the Present Model

The present model is successful in the evaluation of some ther-
modynamic properties of binary alloys. The following im-
provements, however, should be made in the future:

1) A more satisfactory treatment of alloys which show com-
plicated behaviour of thermodynamic properties versus
compositions.

2) A better treatment of alloys exhibiting different signs be-
tween AHygx and AS™* is necessary. This problem, how-
ever, also requires carefully obtained experimental data
since such alloys are near the origin of AHmrx —AGEx
maps. The absolute values of A Hyrx and AS®* in such al-
loys are usually small.

10 Conclusion

A new solution model for liquid binary alloys has been derived
on the basis of the free volume theory considering excess vol-
umes and short-range order in the configuration of atoms. From
this model, the excess entropy and excess Gibbs energy in li-
quid binary alloys can be calculated using some physical prop-
erties of pure components of the alloy when the values of enthal~
py of mixing and excess volume at each composition of the al-
loy are given. The present model can evaluate the excess entro-
py term arising from a non-configurational contribution which
has been difficult to evaluate so far. The present model shows
that the relationship between A Hyx and ASE* and also that of
A Hg and A Sg®* in liquid binary alloys can be derived from
the free volume theory.

Appendix A

The following equations (A1) and (A2) show the potential en-
ergy [28] of a particle with its frequency of harmonic oscillation
vandmassm (= M/Ny),asshowninFig. I:

wm:%crﬂ—rf (A1)

C=47"m (A2)
where r is the displacement of the particle from its equilibrium
position. When the potential energy has the value of ¢ (L) = 0
for r = L, as shown in Fig. 1, the following relation can be ob-
tained:

27 L2 M2

U= N,

(A3)

Under the assumption that + (r) is parabolic with respect to r,
for example 9 (r) = U {1 — (r/L)"}, as shown in Fig. 1, the
free volume vy is proportional to {6% ¢ (r)/d 721732 and can
be calculated from the above ¢ (r) as follows [4]:

v [2 7r1k: T {aQBwrgr) H N

L2k T\%?
(252

(A4)
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Appendix B
Data for Excess Volume in Liquid Binary Alloys
B.1 Liquid Fe — Cu,Cd — Pband Fe — Si Alloys

Using the values of density given in Refs. [21 to 23], the molar
volume V and the excess volume AVE* for each composition
are obtained by the following equations (A5) and (A6):

_:EA-MA+$B~MB
p

v (A5)

AVEX =V — (JJA . VAPure +zp - VBPure) (AG)

where p is the density of liquid alloys, z 4, g are the mole frac-
tions of components A and B, M, Mp the atomic weights of
components A and B, and Vi Pe, V5Pur the molar volumes of
components A and B.

The values of AVE* obtained for each alloy are shown in Ta-
bles A1-A3 and also in Figs. 2a, ¢ and d. The values of AVEx
used in the calculation for Ls and Ly in Tables 2, 4 and 5 are
read off the dash-dotted lines in Figures 2a, c and d.

B.2 Liquid Hg — Na Alloy

Since only the values of the molar volume at 573 K for this sys-
tem are given in Ref. [20], AV®* at 673 K is obtained from
the following equation (A7) assuming that the ratio
AVEX/(zp - VaPue 4 zp - VpP™) at 573 K holds also at 673 K
(A=Hg,B=Na):

ZA - VAPure + zg - VBPure
673 K
(wA . VAPure + 25 - VBPure)573 K
(A7)

The values of AVE* at 673 K are shown in Table A4 and Figure
2b.

E B
AV g = AV*¥53k -
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Errata in Ref. [10] (T. Tanaka et al.: Z. Metallkd. 81 (1990) 49-54)

DEq.(18)
(Wrong) ASQQNP X = — .’I)A IL‘132 QA32/2 kT
(Right) ASCQNFE = — z5? zg? QA32/2 k T2

2)Eq. (20)
(Wrong) Up = 24 Uaa + xa Ua, Us = 25 Uss
+ xza Uas
(Right) Ua = za Uaa + o Uas, Us = zB Uss
+ x5 Uan
3)Eq. (23)

(Wrong) ASyis Ex — 3/2 -k xa B [(RAA — RBB)2
/Raa Rgg + {2 Uaa Uss — Uas
(Uaa + Usg)} Uaa Ussl ,
(Right) ASVIBEX = 3/2 -k xa B [(RAA - RBB)
/Raa Rpp + {2 Uaa Ups — Usn
(Uaa + Uss)/ Uaa Uss]

4)Egs. (28) and (29)

(Wrong) vas = (k T/2 m Maa vaa] 2! 5/2 (28)
UBB — (k T/2 ™ MBB VBB ) 3/2 (29)

200

(Right) wvaa = (Ng kT/2 m Maa VAA, 232 (28)
v = (No k T/2 m Mpp vBB 22 (29)

5)Eqgs. (30)and (31)
(Wronc) UAA = -2 7T2 RAA2 MAA VAA (
Upp = —2 7f RBB2 Mps VBB2 (
(Right) UAA = —2 7T RAA Maa VAA /No (30)
= -2 71' RBB MBB VBB /NQ (31)

6)Eqgs. (37)
(Wrong) 245 = k T {1 — (1+4 AHwix/k T)*}
’ /2zp T3
(Right) a5 =k T {1 — (1—4 AHwx/k T)'/*}
/2zp B

7)Table 2
(Wrong) The values of AS®*: — 1.84 (7, = 0.80),
~ 1.36 (22 = 0.90)
(Right) The values of AS®*: — 0.84 (zz, = 0.80),
—0.36 (22, = 0.90)
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