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ABSTRACT Based on the coexistence theory of metal melt involving compound formation and Butler’ s e

quation, a new model was proposed for the calculation of surface tension of alloy meli. This model established

a specific correlation between the surface tension and mass action concentrations{ activities) of bulk melt and

surface melt on the basis of surface and bulk melt structures. It was shown that the calculated surface tensions

for FerSi, Fer Al alloy melt are in good agreement with the measured results. Furthermore, isosurface tension

lines for Fe-Sr Al alloy melt were also caleulated.
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1 INTRODUCTION

It is of great importance for the estimation
of surface tension for alloy melt. M any metallur-
gy phenomena, such as CO bubbles generation,
inclusions formation in metal melt and its remov-
ing, the melt foaming, slag-metal emulsifica
tion, nitrogen absorption/ desorption kinetics as-
sociated with surface active elements etc, are
closely connected with surface tension of metallic
melt. Until now, there have been many experi-
about surface ten-

mental results reported

1- 3
[1=31 4nd some of them are closer. But as far

sion
as calculation model concerned, few works have
been reported, especially the model based on the
metal melt structure more little. This paper is to
propose a new surface tension calculation model
from the consideration of bulk and surface struc
ture of metallic melt based on the Butler’ s equa
tion. The calculated values by this model are in

good agreement with experimental results.
2 SURFACE STRUCTURE MODEL

Since the coexistence theory of metallic melt
involving compound formation was suggested by

Zhang Jian'*! it had been successfully applied to
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[4=7]
many systems .

The distinguishing feature
of this theory is to explore the thermodynamic
properties from the structure characteristics of
metallic melts. According to this theory, the
type of structure unit of the melt, which only
depends on the melt component and tempera
ture, should be the same whether in bulk or in
surface layer. Butler deduced a surface tension

calculation equation based on the concept of
chemical potential and surface energy'®'. Bulter’

s equation expressed as Eqn. (1) has been widely
used > 31,

4
RT |, aa RT, ag
Osop= Oy + S In L = O+ S In b
DA aa B aB

()
where Oy, Og and Oy_ g are the surface ten-
sions of the pure component A, B and the sys
tem, respectively; R and T are the universal
gas constant and temperature in Kelvin, respec
tively; Sa and Sp are the molar surface area of
the pure component A and B, respectively; ai

} e
and a3y are the activities of the component A of

surface and bulk, respectively; ajand o} are the
activities of the component B of surface and
bulk, respectively.

On account of the fundamental considera
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tion mentioned above, the viewpoints of this
present model for surface tension calculation of
metallic melt are summarized as follows:

(1) Surface structure units is the same as
metal bulk, composed of atoms and moleculae.

(2) There are mobile equilibrium reactions
between atoms and moleculae in surface layers,
for example:

xA+ yB= A.B, (2)

(3) Chemical reactions in suface layer obey
the mass action law. From Eqn. (2) we have

Ko —n 3
ICREEER -

where N\, Npand N} g are the surface mass
Xy

action concentration (surface activities) of A, B
and A, B, component, respectively; K is the e
quilibrium constant of Eqn. (2).

(4) The relation of surface tension of melt
system and mass action concentration of surface
and bulk component conforms to the Butler’ s e

quation.
R, Nj RT, Ng
O, = O + 1 = O + 1
A-B At S, HNR Bt g, nN}f;

(4)
N% and N are the surface and bulk

mass action concentrations (activities) of compo-

where

. s 1
nent A, respectively; Npand Np are the surface
and bulk mass action concentrations ( activities)
of component B, respectively.

3 APPLICATION TO ALLOY SYSTEMS

The above stated surface structure model
has been successfully applied to Fe-Si, Fe Al al-
loy melt systems for the calculation of surface
tension. This model has also been used to predict
the iso-surface tension lines of FeSrAl ternary
alloy melt.

3.1 FeSi melt

The mass action concentration calculation
model of FeSi alloy melt has been deduced by
Zhang Jian ! and the structure units of this melt
are determined as Fe, Si atoms and Fe)Si,
FesSiz, FeSi, FeSi, moleculae.

Assuming N]Z NFe,, 'sz NSi, N3:

Nresio Na= Nresi, Ns= Ny, No= Nrpesiy,

and x; represents the equilibrium mole fraction
of component i; 2x; represents the total mole
fraction of component i, according to the chemr
cal analysis; 2x represents the total equilibrium
mole fraction of alloy system; N; is the mass ac
tion concentration of component i, N, = x,/

[19

2x; superscripts “s”

4

and “b” denote the “sur-
face” and “bulk” of the alloy melt, respectively.

In the bulk of the melt, according to chemr
cal equilibria (1420~ 1700 C)"!.
2Fe(1) + Si(1) = Fe,Si(1)
AGY/ (Jemol™ )= — 117630. 84+ 21. 13T
N!;) b2 1
= 5 Ki(NY)? (NS

(5)

K, . N3 =

5Fe(1) + 3Si(1) = FesSiz(1)
AGY/ (Jemol™ 'y = — 295298. 39+ 30.34T
N})

Y4 b by5 by3

= N = K N N

S TIETTIENEAE 2 N1)7 (N3
(6)

Fe(1) + Si(1l)= FeSi(1)

AGY/ (Jemol™ )= — 158472.98+ 69.78T
N}) 1 1 1
= N8= Ka(NY(NS
(N}l))(N}Q) s 5 3( 1)( 2

(7)

3

Fe(1) + 2Si(1) = FeSix(1)
AGY/ (Jemol™ 'Y= - 38163.07- 5.47T

N})
—_ Y6

— N}): K N}) N})2
wh vy N 4(NT) (N>

(8)

4

The mass balances:
NY+ N3+ N3+ Ni+ N3+ Ng= 1 (9)
Sxpe= Za’(NY+ 2N%+ SN+ N3+ Ng
(10)
Spli= Ex"(Nb+ Ni+ 3NL+ NI+ 2N
(11)
In the surface layer of the molten melt, the
similar equation forms to Eqns. (5) ~ (11) can
be expressed as Eqns. (12) ~ (15).
Ni= Ki(Ni)(N3
Ni= Ko Ni)’(N3)°
Ns= Ks3(N1)(N3)
No= Ka(Ni(NY?®

(12)
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Ni+ N>+ N3+ Ni+ N5+ Ng= 1

(13)
Sxpe= 2Zx°(Ni+ 2N5+ 5Ni+ N5+ Ng)
(14)
Sxg= Zx*(N3+ N5+ 3N+ Ns+ 2Ng)
(15)

From Eqns. (14), (15), there are
Sah, =
Ni+ 2N3+ S5Ni+ N5+ Ng
Ni+ N>+ 3N3+ 8Ni+ 2N5+ 3Ny

(16)
Sad =
N>+ N3+ 3Ni+ N5+ 2N,
Ni+ N>+ 3N3+ 8Ni+ 2Ns5+ 3Ny
(17)
Butler’ s equation:
Op, + ?ﬁln%}?: Og; + %ln% (18)

The combination of Eqns. (5) ~ (18) makes
up the surface tension calculation model for Fe-Si
alloy melt. The changes of bulk mass action con-
centrations with alloy compositions can be calcu-
lated by solving the Eqns. (5) ~ (11) and the de
tailed results are in Ref. [ 5]. On the above bha
sis, the surface tension with alloy compositions
will be evaluated by solving Eqns. (12), (13)
and ( 18). The values of Sf. and Sg; in Eqn.
(18) are from Ref. [ 2].
face total mole fractions of components Fe and Si
can be estimated from the Eqns. (16) and (17).

Fig. 1 shows the changes of bulk and sur-

Furthermore, the sur-

face mass action concentrations with the compo-
sitions of Fe in the melt bulk for Fe-Si system at
1823 K. Both of N}F’e and NLfi exhibit negative
deviations as a result of the formations of the
four moleculae mentioned above in bulk melt.
However, it is obvious that the surface mass ac
tion concentration of Si, N§;, is higher than that
of bulk, NLfi, which resulted from that compo-
nent Si has lower surface tension and accumu-
lates into surface layer from melt bulk. On the
contrary, N . is lower than N}F’e. Fig. 2 demon-
strates the changes of surface mass action con
centrations with surface concentrations and the
changing tendency are similar to that of melt

bulk'>'.
The relationship between surface and bulk

concentrations of Fe and Si is illustrated in Fig.
3. From this figure, 2xg; is higher than >x Lfi,
and 2x . is lower than 2x }F)e, which are consis
tent with Fig. 1. The comparison of the calculat-
ed and the measured surface tensions shown in

Fig. 4 is in good agreement, which verifies the
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Fig. 1 Changes of surface and bulk
. . . I
mass action concentrations with 2x p.

for Fe-Si alloy melt at 1823 K
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[

Fig. 2 Changes of surface mass action
concentrations with Zx f. for

FeSi alloy melt at 1823 K
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Fig. 3 Relationship of surface and bulk
concentrations for Fe Si alloy melt at 1823 K
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Fig. 4 Comparison of calculated surface
tension with measured results for

FeSi alloy melt at 1823 K

above mentioned model is reasonable.

3.2 Fe Al melt

The mass action concentration calculation
model of Fe Al alloy melt has been reported ’
and the structure units of this melt are deter
mined as Fe, Al atoms and FesAl, FeAl and
FeAl, moleculae.

Assuming N1 = Nyp,, No= Ny, Ni=
Nreat, Na= Ny, and Ns= Npey, .

In the bulk of the melt, ther are following
chemical equilibria (1600 C)I:

3Fe(D)+ Al(])= FesAl(])

AGY= - 49460.0]/ mol
N3

K — B —— Y N}): K N}) 3 N})
5 (N}f)3(N}2’ , N3 s(N1)7(N2

(19)
Fe(l) + Al(1)= FeAl(1)
AGY= - 28189.0]/ mol
N})

— N}): K N}) N})
(N}l))(N}z) 5 4 ()( 1)( 2

6

(20)
Fe(l) + 2A1(1) = FeAly(])
AGY9= - 17196.0]/ mol

N})

— 9N}): K N}) N})2
Wiz N 7(NT) (N>

K
(21)

and the mass balances:

N+ N5+ VB + Nh+ NE= 1 (22)

Sxpe= Za’(Ni+ 3N%+ Ni+ N (23)

Sehi= NS+ Ny + Nh+ 2NY) (29

In the surface layer of the alloy melt, the
similar equation forms to Eqns. (19) ~ (24) can
be expressed as Eqns. (25) ~ (28).

Ni= Ks(N1)*(N3)

Ni= Ko(NT)(N3)

Ni= K4(N3jj(N3)? (25)
Ni+ N3+ N3+ Ni+ Ns= 1 (26)
Zxpe= Zx°(Ni+ 3N+ Ni+ N5) (27)
Sxiy= 2x°(N3+ Ni+ Ni+ 2N5) (28)

From Eqns. (27),(28), there are
Ni+ 3N3+ Ni+ N5

Zx%ﬁ: S ] ] ] S
Ni+ No+ 4N3+ 2N+ 3N5
(29)
. N>+ N3+ Ni+ 2Nj
ZxAl: s 5 5 El 5
Ni+ Ni+ 4AN53+ 2N+ 3N5
(30)
Butler’ s equation:
RT, N3 RT . N5
Oe 1 = O 1 31
Fet St anl) AL+ S\ Hle) (31)

The combination of Eqns. (19) ~ (26),
(29) ~ (31) is the surface tension calculation
model for Fe-Al alloy melt. The values of Sp.
and Sa; in Eqn. (31) are from Ref. [2]. The
process of solving above model is similar to that
of Fe-Si alloy model discussed before.
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The comparison of the calculated and the gN}-’ - (33)
measured surface tensions shown in Fig. 5 is in i= 1} L L | | |
good agreement, which verifies the above men- 2xfe= Zx (NT1+ 2Ni+ SNs+ Ne+
tioned model is reasonable. N}7’+ 3N}8’+ NS.}. N}fo (34)
Sxdi= Zx"(N3+ Ni+ 3N3+ Ng+ 2N5
20 1, 2, 3—Experimental results!®! ( 35)
1.8 vy ¢ b _ b b b b b
4-—Calculated resules'?! Zaar= 2w (N3+ Ng+ No+ 2N
L6 5— Present study ( 36)
= 1.4 In the surface layer of the alloy melt, the
Z 13 similar equation forms to Eqns. (32) ~ (36) can
kS Lo be expressed as Eqns. (37) ~ (41).
. S S 2 S
o8 Ni= Ki(Ni)*(N3)
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06 Ns= Ky(Ni)"(N3)
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Fig. 5 Comparison of calculated values with
reference’ s results for Fe- Al

alloy melt at 1873 K

3.3 Fe St Al melt

On the basis of the mass action concentra-
tions of both FeSi and Fe Al alloy melts, the
structural units of FeSrAl ternary melt are de
termined as Fe, Si, Al atoms and Fe3Si, Fe,Si,
FesSiz, FeSi, FeSi, FesAl, FeAl, FeAl,
moleculae, while the ternary compounds includ-
ing Fe, Si and Al are not embraced in these
structural units because the detailed reports
about their existing in this melt are not enough.

Let Ni= Nre, No= Ngj, N3= Nay, Ny=
Nresio Ns= Nresi, Ne= Npsi, N7= Nipesi,
Ng= Nreal, No= Nreal, Nio= Npeay.

In the melt bulk, the chemical equilibria are
written as Eqn. (32) from Eqns. (5)~ (8),(19)
~ (21).

Ni= Ki(Ni)*(N3

N3= Ko Ni)°(N3)°

Vh= KoM (!

Ni= Ku(NY)(N3)? (32)

Ng= Ks(N1)P(N3

Vh= Kol N (!

Nio= K7(ND(N3’®
The mass balances:

N3= Kuy(Nij(Ny? (37)
Ni= Ks(Ni)(N3)
Ni= Ko Ni)(N3)

Nio= K+(Ni)(N3)?

L_%N?: 1 (38)
xype= 2x(Ni+ 2Ni+ S5N5+ Ng+ N3
+ 3Ng+ No+ Nig) (39)
Zx%i= 22’ (N3+ Ni+ 3N5+ Ng+ 2N3)
(40)
Sxa = 2x°(N3+ N3+ No+ 2Nio)
(41)
Butler’ s equation:

Op. + MIHM: Og; + MIHM

7 Sk N} TSy N
_ og+ %ln%}z (42)

The above Eqns. (32) ~ (42) are the calcu-
lation model of surface tension for Fe SrAl
ternary alloy melt. The iso-surface tension lines
calculated by solving these equations for Fe-SrAl
ternary alloy system are shown in Fig. 6. How-
ever, the validity of this model’ s result should be
verified by reliably measured surface tensions
which are not enough at present.

4 CONCLUSIONS

(1) Based on the coexistence theory of
metallic melt involving compound and Butler’ s
equation, a new model for the calculation of sur-
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Fig. 6

face tension of alloy melt is proposed.

(2) It is shown that the calculated surface

tensions for Fe St and Fe Al alloy melt are con-

sistent with the measured results.

(3) Isosurface tension lines for Fe-SrAl al-

loy melt have been calculated.
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