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Surface segregation and concentration fluctuations at the liquid-vapor interface
of molten Cu-Ni alloys
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The crossover of the surface segregation at the liquid-vapor interface of the liquid binary alloys has
been examined for alloy order potential and the surface coordination number. The values of surface con-
centration and surface tension computed for liquid Cu-Ni alloys are in good agreement with the experi-
mental observations. The surface effects are discussed in terms of concentration fluctuations in the
long-wavelength limit.

Surface segregation, which manifests itself as a
diA'erence in composition between surface and bulk, is
important to monitor many properties of liquid alloys in-
cluding mechanical behavior, kinetics of phase transfor-
mation, and catalytic activity. Recent developments in
experimental techniques (for example, see Sakurai et al. ,

'

and references therein) and availability of data have
aroused the interest of theoreticians to provide possible
explanations. In particular, the experimental observa-
tion' of the crossover of surface segregation in the Cu-Ni
system is interesting. Sakurai et al. observed that Ni
segregates to the surface in the terminal region
(0& C 0. 16) of bulk Ni concentration. This is quite in
contrast to earlier experimental and theoretical observa-
tions that Cu atoms always segregate to the surface for all
bulk concentrations.

Among various theoretical models, the statistical ap-
proach, ' which is based on the concept of the layered
structure near the interface, is widely used. The grand
partition functions set up for the surface layer and that
for the bulk provides a relation between surface (C ) and
bulk (C; ) concentrations. C and C, are connected
through surface tensions of the pure components, order
energy, surface area, and the efFective number of contacts
at the surface. We intend to examine the crossover of
surface segregation in the framework of the statistical
mechanical model. We have also used the two partition
functions to study the concentration fluctuations [Scc(0)]
at the surface. Our investigation suggests that the con-
centration fluctuations at the surface are very much in
contrast to the bulk Auctuations and could possibly be
used to interpret the surface segregation.

Let a binary alloy consist of the X~ number of A

atoms [ =NC~ ] and Nz number of B atoms [ =NC~ ], N
being equal to Xz+Xz, then the grand partition func-
tion for the bulk phase can be expressed as

:-'= X q~ "(»qo'(»exp[(i ~N~+l ~N~ E)~kaT]—

where p, are chemical potentials of atoms i (2 or 8) and

q, ( T) are internal partition functions of individual atoms.
E is the configurational energy for the bulk phase and has
been discussed elsewhere. As in Eq. (1), it is possible to
write an expression for the surface grand partition func-
tion

:-'= gq~" (T)q~ ( T) exp[(p'„N'„+lJ, ~N~ E, )Ik~ T],—

(2)
where superscript and subscript s refer to the quantities
at the surface and
N'=Nq+N~[N'„=N'C„', N~ =N'C~]. Further if the
components in the surface and bulk phases are in thermo-
dynamic equilibrium then

S S
Pw =Pa~ Pa Pa .

The basic problem in making Eq. (2) tractable is the
definition of the surface configurational energy E, . For
simplicity we follow the regular solution approximation
that E, can be expressed as the product of the order ener-
gy 8' and the efI'ective number of A-B contacts at the
surfaces. If we assume that X& and Xz atoms mix ran-
domly then

E, =N'WIpC~ C~+q[C„C~+C~(C~ —C~ )]I, (4)

where p and q are the fractions of the total number of
nearest neighbors made by an atom within its own layer
and that in the adjoining layer such that p+2q=1.
W( =z [E z~ —

( E ~ z +ezz ) /2]; E," are energies for i —j
pairs of atoms, z is the coordination number) stands for
order energy. For close-packed structure one has p =

—,
'

and q =
—,'. But in view of the disordered structure and re-

laxation eA'ect of the surface layer, it is suggested that p
and q be treated as parameters. In developing Eq. (4) the
invariance of the order energy has been explicitly as-
sumed,
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Further =' is also related to the surface tension (o ) and
the surface area A through the equilibrium thermo-
dynamic relation

:-'=exp( —o. 2 Ik~ T ) =exp( N—'o a Ik~ T),
where a= A /¹is the mean area of surface per atom.
Equation (2) is now solved by substituting E, from Eq.
(4), replacing the sum by the largest term and using the
condition, i.e., 8:-'/BC& =0. The equation thus obtained,
in conjunction with Eq. (6), provides the requisite rela-
tions, i.e.,

1.0

0.8

0,6

Ua
0.4

V)

0.2

cr =cr ~ +(k~ T/a)ln(C~ /C„)
+ [p ( C~ ) —(p +q)( C~ ) ] W/a,

0
0.0 0,2

Etu|.k C
Cu

0.8 1.0

o.=o ~ + ( k~ T /a )ln( C~ /C~ )

+ [p(C~ ) —(p +q)(C„) ]W/a .

If one assumes that the atoms of the constituent species
of the alloy mix ideally near the surface, i.e., 8'=0, then
we obtain a simple analytic expression for surface con-
centration

C' =Cb exp[ —a(o „—o.~ ) Ik~ T], (9)

where Cz =C~ /Cz and Cz =C~ /Cz. %'ith the
knowledge of surface tension or surface energy of the
constituent species, Eq. (9) can readily be used to infer
surface concentration.

The pair of Eqs. (7) and (8) can be solved numerically
to obtain C as a function of C;". Obviously the surface
concentration depends upon o.;—the surface tension of
the ith component in the pure state, o,'—surface area per
atom, order energy 8, and the coordination fractions.
This approach is useful because it can be used to investi-
gate the dependence of surface composition on order en-

ergy and the surface coordination. We intend to investi-
gate it with special reference to liquid Cu-Ni alloys where

a „(3—:Cu)=1.262 Nm ', o~(B =Ni)=1.741 Nm

(10)

The surface area a was calculated following the relation'

X is the Avogadro's number and A, is the atomic volume.
Mean surface area e of the alloy was calculated from the
relation a= g;C;a;.

In order to determine 8'for Cu-Ni, we use a simple re-
lation'

Gg/%k~ T=ln2'~ [1+exp( —W/zkii T)] '~ . (12)

G~ is the excess free enregy of mixing and z is the coordi-
nation number. The observed value" of G~ yields
W/kiiT=0. 817. Equations (7) and (8) have been solved
numerically to obtain C,.' for a close-packed structure.
The results of Cu-Ni (see Fig. 1) are compared with

FIG. 1. C«as a function of CC„. theory with
difFerent order energy; experimenta1 points: 566, Takasu and
Shimizu (Ref. 13); OOO, Watanabe, Hashiba, and Yamashina
(Ref. 12); HH~, Sukurai et al. (Ref. 1).

+ [(p +q) W/k~ T](C~ —Cb ) . (13)

It is of interest to use Eq. (13}to examine the crossover,
in general, of surface segregation as a function of O'. The
results (Fig. 1) indicate that the surface segregation de-
pends considerably on the order energy. %'ith the in-
creasing positive value of the order energy, the Cu atoms
at the surface start depleting fast in the terminal region
(Cc„)0.8) of Cu bulk rich end. As soon as one ap-
proaches 8'=5.5k&T, the crossover occurs indicating
that Ni atoms segregate at the surface at the Cu bulk rich
end. But obviously such a 8'=5.5k~T is quite large in
comparison to what one derives ( W=0. 81 7&kT) from
Eq. (12) for the bulk phase. It is likely that W at the sur-
face is di6'erent than the bulk phase, but such a large de-
viation seems dificult, at present, to be accommodated
for the Cu-Ni system. Contrary to a large positive 8'
Eq. (13) also suggests a crossover for large negative order-
ing energy (say W/k~T~ —5.71). But unlike earlier, Ni
atoms segregate here at the surface in the terminal region
where the bulk phase is quite rich in Ni atoms. Thus it is
possible to obtain both kinds of crossover for large posi-
tive and negative order energy.

The value of C, as shown in Fig. 1, has also been used

experiments. "' The theoretical values for
&=0.817/k~ T and the experimental observation of
Auger spectroscopy' ' indicate that Cu atoms always
segregate at the surface. Though the present theory ex-
hibits some deepening near the terminal region
(CN; ~0.2), the crossover as observed in the experiment
of time-of-flight atom probe' is not achieved.

For a given system, i.e. , o; and a are fixed, Eqs. (7)
and (8) can further be simplified for a close-packed struc-
ture, i.e,

ln(C'„ IC~ )+p( W/k~ T)[CIi —C„' ]

= l. 1422+ ln( C„/Cii )
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Sc~(0)= C„' Ci'i [1+(z'/2P')(1 —P') ] (14)

to compute surface tension from Eq. (7). The results (Fig.
2) suggest that o is very sensitive to the choice of 8'. The
theoretical values of Cu-Ni are in good agreement with
the experimental observations.

The eA'ect of the surface coordination on surface com-
position has been studied by changing the value of p, say
p =0.25, 0.5, 0.75, 0.90. The corresponding q has been
obtained from the condition p+2q =1. The values of
p, respectively, correspond to surface coordination,
z'=7. 5, 9, 10.5, and 11.4 for close-packed bulk structure.
The values of C,' computed for diA'erent values of p and
fixed 8'( =0.817kii T) are plotted in Fig. 3. It suggests
that the surface concentration is not sensitive to the sur-
face coordination the same way as to the order energy.

Further, the surface grand partition function as in Eq.
(2) can be solved following the works by Singh et al."
for the bulk phase to obtain the long-wavelength limit
(q —+0) expression for the concentration Auctuations' at
the surface, i.e.,
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FIG. 3. The effect of surface coordination on the surface con-
centration of liquid Cu-Ni alloys:
and correspond to p =0.25, 0.50, 0.75, and 0.90, respec-
tively.

/3'= j I+4C~ Ci'i [exp(2W/z'kii T) 1]]'—
where z' is the coordination number of the surface atom
and in the present scheme it is given by (p+q)z. If at a
surface, the constituent atoms mix ideally, i.e., 8'=0,

2,0

S' (O, ideal)=C' C' .

Obviously Scc(0) for bulk phase can be readily obtained
by setting C,'~C," and z'~z. We observe that even for
ideal mixing the concentration fluctuations at the sur-
face [Scc(0,ideal) ] are quite in contrast to bulk
[Scc(O,ideal) =C~ Cii ] values (Fig. 4) due to difference in

C, and C.
It is of interest to discuss Scc(0) because it is directly
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FIG. 2. Surface tension (o. in Nm ') of liquid binary alloys
for diff'erent order energy. 8'/k~T=0. 817 corresponds to the
Cu-Ni system. ARE refer to experimental values (Ref, 14).

FIG. 4. Long-wavelength limit of the concentration Auctua-
tions of liquid Cu-Ni alloys. .. .. .. .., Sc~(0) directly com-
puted from activity data; ———,S«(0, ideal); o—o —o —o,
Sc&(0) computed from theoretical expression (14); and
—.—.—.S,, (0, ideal).
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linked to the order and the segregation in binary liquid
alloys. Scc(0) for liquid Cu-Ni alloys can also be ob-
tained directly from the measured activity data

a, c
Scc(0) CNi+c

Cu

Ni
cua Ni

Ni
(17)

where ac„and a N; are the activities of Cu and Ni, respec-
tively, in the bulk phase.

Scc(0) computed from Eq. (17) is plotted in Fig. 4
which indicates that segregation in bulk occurs at all con-
centrations being maximum around CC„=0.6. Scc(0) is
also asymmetrical around the equiatomic composition.

The study suggests that there is a tendency of weakening
of bulk segregation towards the terminal region of the Cu
rich end.

Finally Eq. (14) has been used to compute the concen-
tration fiuctuations Scc(0) at the surface. This has been
done by taking 8'/k&T=0. 817 and C as determined
earlier for the Cu-Ni system. The value of Scc(0) is quite
in contrast to Scc(0). The surface concentration fiuctua-
tions rise quickly to maximum and fall through a concave
surface to minimum. The width of the maxima of Scc(0)
is small in comparison to Scc(0). Though Scc(0) sug-
gests that segregation occurs at the surface, the
identification of segregating atoms from Scc(0) needs to
be investigated.
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