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The surface tension of liquid binary alloys of the Cu-Ni-Fe system is measured by using the
oscillating drop technique. The samples are processed contactlessly in an electromagnetic
levitation chamber and hence, considerably large undercooling can be achieved. The alloys
and the pure elements copper, nickel, and iron are investigated at various temperatures
above and below their melting points. In addition, the surface tensions are also
investigated as a function of the concentrations at constant temperature. The values agree
well with predictions from theory and an analysis of the segregational behaviour is
performed. © 2005 Springer Science + Business Media, Inc.

1. Introduction

From a thermodynamical point of view, the system Fe-
Cu-Ni exhibits a variety of interesting features. It is
known to possess a miscibility gap in the solid state
for certain compositions only [1]. Furthermore, the bi-
nary systems Fe-Ni, Cu-Ni, and Cu-Fe display very
different and partly opposite behaviours. While the en-
ergy of mixing AG is strongly negative for Fe-Ni, it
is slightly positive for Cu-Ni and strongly positive for
Fe-Cu. Also, Cu-Ni and Fe-Ni form a homogeneous so-
lution at all temperatures and compositions, while this
is not the case with Fe-Cu, where a miscibility gap ex-
ists in the undercooled region. Also, recently published
density data [2] obtained for the liquid phase, yield ex-
cess volumes AV for each binary system. It was found
that A Vis nearly zero for Fe-Ni, negative for Cu-Ni and
positive for Cu-Fe. The aim of this work is to measure
the surface tensions of the binary systems in order to
gather useful data and to obtain a more complete view
of the system.

For a binary alloy, consisting of elements A and
B, with corresponding surface tensions, oa(7) and
og(T), the surface tension is predicted by the Butler
equation [3]:
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where R: universal gas constant, 7: temperature, Sa,
Sp: surface areas in a monolayer of pure liquid A and
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B, B, ¢B: mole fractions of A and B respectively in

the bulk phase, and ci, c% : mole fractions of A, B in
the surface phase. AGB, AGE denote the partial excess
Gibbs energy of A, B, in the bulk and AGS, AGSB are the
partial excess Gibbs energy of A, B, in the surface layer.
It was shown [4] that with sufficiently high accuracy,
AG; can be related to AG];( via

3
AGxY ~ ZAG?} (2)

with X being either A or B. The surface area Sx
(X=A,B) is calculated from the molar volume Vx as
follows [4]: Sx = 1.091 (6.02 10%2)'3Vy> with Vx
being the molar volume of component X.

2. Experimental
Experiments are carried out in a standard stainless steel
vacuum chamber with a watercooled coil in its center.
The coil is used for the electromagnetic levitation pro-
cess. At the beginning of each experiment, the sample
is located in the middle of the coil and the chamber is
filled with 800 to 900 mbar of a gas mixture consist-
ing of 92% He and 8% H, where hydrogen serves as a
reducing agent. If a current of some 100 A at approxi-
mately 250 kHz is applied to the coil, electromagnetic
forces lift the sample. At the same time, eddy currents
inside the sample start heating and melting it. Cooling
is performed by exposing the droplet to a laminar flow
of the gas mixture which is admitted via a small ce-
ramic tube at the bottom side of the sample. A detailed
description of the levitation technique is given in [5].
For measuring the surface tension, a digital high
speed camera (400 frames per sec, 1024 x 1000 pix-
els) is directed at the sample from the top. A series
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of 4196 frames is recorded for each datapoint and is
analysed afterwards by an edge detection algorithm.
The algorithm applies the spatial derivative operator
[|d/dx|| 4 ||d/dy]|| to the image and detects the edge of
the sample. For the subsequent mathematical treatment,
the edge points are expressed in polar coordinates with
respect to the approximate drop center (xg, yo), so that
they can be expressed as R(Y, t) with R being the radius,
Y ghe azimuthal angle and t the time at wich the frame
was recorded. The radii for ¥ = 0 and v = 7/2 are of
particular interest. Their frequency spectra exhibit a set
of five peaks wy,, m = —2---0---42, which belong to
the [ = 2 surface oscillation mode. The surface tension
is calculated following the sum rule of Cummings and
Blackburn [6]

= —19Q*-03(2) Q2% @3
o= Tgom 2 (a) )

m=—2

with M being the mass of the sample, g the gravity
constant and a the radius of the sample. €2 is calculated
from the three translational frequencies wy, wy, and wz
of the samples, e.g.:

Q2 = %(a)i + w% + a)%) @)
A more detailed description of this procedure is given
in references [6, 7].

The temperature of the sample is recorded by means
of an infrared pyrometer that is directed to the sam-
ple also from the top, using a semitransparent mirror.
For each sample, the liquidus temperature 77, was taken
from reference [8]. The sample temperature 7 was ob-
tained from calibrating the output signal Tp of the py-
rometer by using the following approximation derived
from Wien’s law:

—— = — 5)

In Equation 5, 71 p is the pyrometer signal at the lig-
uidus. Equation 5 is valid only if the emissivity &(7) re-
mains constant over the experimentally scanned range
of temperature. This is the case for most materials.
However, in the case of iron-copper, extra care needs to
be taken. In Fe-Cu, the emissivity is only constant when
the temperature is above the binodal and when the melt
is homogeneous. Furthermore, the surface tensions can
only be measured at these temperatures, because equa-
tions 1,3 are not valid for a heterogeneous melt and
need to be adapted, see reference [9].

3. Results and discussion

Fig. 1 presents the measured surface tension of Ni-Fe
alloys versus temperature. The analysis of the data in-
dicates that the surface tensions, o, can be described as
linear functions of temperature, 7, also shown in Fig. 1:

o(T)=oL+or(T —T) (6)

In this equation, oy is the surface tension at the lig-
uidus temperature, 71, and o is the thermal coefficient
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Figure 1 Surface tension data for levitated Fe-Ni alloys at different tem-
peratures.

of the surface tension. The parameters oy, oT, and Tp,
are listed in Table I for each of the investigated samples
respectively. Obviously, the magnitude of the surface
tension increases with the increase of the iron content.
From the fit parameters, o and o, the surface tension
was calculated at T = 1500°C (marked by the dashed
line in Fig. 1) for each concentration ion. The result is
shown in Fig. 2. The same analysis was done for the two
other systems, Cu-Ni and Cu-Fe, see Figs 3 and 4. In the
case of Cu-Ni, the temperature chosen was 1272°C, and
for Cu-Fe, it was 1550°C. In the three figures, the data
are shown together with calculated data from Equation
1 with AG =0 and AG taken fromrefs. [4, 10, 11]. The
parameters used to solve the Butler equation are listed
in Tables II and III. The good agreement between the
predicted values for AG # 0 is obvious, but it is also ob-
vious, that the ideal solution model (AG = 0) does not
apply in any of the cases. In Fig. 2, the strong increase
of the surface tension with increasing iron content is
somewhat surprising on the first sight, but it becomes
plausible by the relative strong attractive interaction

TABLE I Fitparameters or, and ot of Equation 6 for each investigated
material with corresponding liquidus temperature 71,

System TL (°C) oL (N/m) or (1074 N/m/K)
Cu 1084 1.29 —234
Fe 1538 1.92 —3.97
Ni 1454 1.77 -33
Ni75 Fe25 1440 1.73 -2.76
Ni50Fe50 1440 1.91 —3.27
Ni25Fe75 1473 1.93 —1.73
Cul0%Ni90% 1433 1.61 —0.67
Cu20%Ni80% 1417 1.51 —0.21
Cu30%Ni70% 1387 1.43 —0.84
Cud0%Ni60% 1347 1.38 —0.45
Cu50%Ni50% 1311 1.37 —0.94
Cu60%Ni40% 1280 1.36 —1.91
Cu70%Ni30% 1235 132 —3.24
Cu80%Ni20% 1189 1.34 —2.17
Cu90%Nil0% 1136 131 —221
Cu80 Fe20 1385 1.24 —3.84
Cu60 Fe40 1424 1.22 —44
Cu40Fe60 1435 1.24 —49
Cu20Fe80 1463 1.4 —6.42
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Figure 2 Surface tension, o, of Fe-Ni at constant temperature 7 =
1500°C. The data are plotted as a function of the iron content in com-
parison with Equation 1 once for AG = 0 (dash—dotted line) and AG
taken from Table I (crosses).
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Figure 3 Surface tension, o,of Cu-Ni at constant temperature 7 =
1272°C. The data are plotted as a function of the nickel content in com-
parison with equation (1) once for AG = 0 (dash—dotted line) and AG
taken from Table I (crosses).
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Figure 4 Surface tension, o,of Cu-Fe at constant temperature 7 =
1550°C. The data are plotted as a function of the iron content in com-
parison with equation (1) once for AG = 0 (dash-dotted line) and AG
taken from Table I (crosses).
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Figure 5 Surface concentration versus the bulk concentration for the
three binary systems as calculated from Equation 1. The concentration
is referred to nickel in the case of Fe-Ni and Cu-Ni and to iron in the
case of Cu-Fe.

TABLE II Thermodynamic potentials AG used in Equation 1. For el-
ement X, the partial free enthalpy of mixing A G is related to the free en-
thalpy of of mixing AG accordingto AGx = AG+(1—cx)(0AG/dcx)
(4]

System  Excess Gibbs energy AG, J/mole Reference

Ni-Cu AG =cnj - ccul(12048 +1.29 - T) [10]
+(—1861.6 +0.942 - T)(2cni — 1)]

Ni-Fe AG = cnj - cre[(—8368 +2.72 - T))cEe [4]
+(—32217 4 9.205 - T)enil

Fe-Cu AG = ccy - cre[(—36087.98 —2.33 - T) [11]

+(324.53 - 0.033 - T)(2ccu — 1)
+(10355.39 — 3.603 - T)(2ccy — 1)?]

TABLE III Partial molar volumes Vx for element X, used to calcu-
lated the partial surface area Sxin Equation 1

Element Partial molar volume V¥, 107 m3 mol~! Reference
Ni 743 [14+1.51 x10~4 (T—-TL)°C 1] 4]
Fe 7.94 [14+1.3 x10~* (T-Tp)°C~ 1] (4]
Cu 743 [141.0 x10~* (T—TL)°C ] [4]

between the iron and nickel atoms. The concentration
in the surface region is also obtained from the Butler
equation and is displayed in Fig. 5 for the three sys-
tems. For Fe-Ni, the concentration in the surface layer
is almost the same as in the bulk, however the con-
centration of nickel on the surface is altered by a few
percent compared to that in the bulk phase. In copper-
nickel and copper-iron, copper becomes enriched in the
surface region, due to its low surface tension and the
positive AG, which is keeping the surface tension low
for a broad range of nickel/iron concentration. For Cu-
Ni the atomic concentration of nickel in the surface
region is only 79% at 98% in the bulk. This ratio be-
comes even stronger in the case of Cu-Fe, where there is
only 51% iron in the surface while 98% in the bulk. The
latter might have some importance to the observation
of the demixing in Cu-Fe. It has been argued, that while
crossing the binodal and while demixing takes place, a
sudden jump in the emissivity of the sample should be
observable. According to Fig. 5, this however will not
be the case as long as the iron concentration is lower
than approximately 95%, because the outer shell of the
sample consists of more than 80% of copper in the ho-
mogeneous solution already.

4. Summary

The surface tensions of the three binary alloy systems
were measured. The data are reproduced by the But-
ler equation with AG taken from thermodynamic data
bases. While Fe-Ni exhibits only a small deviation from
the ideal segregation behaviour, this is not the case for
Cu-Ni and Cu-Fe. Even at a high nickel or iron concen-
tration of 98%, there is still a large amount of copper
in the surface, which is 21% for Cu-Ni and 49% for
Cu-Fe.
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