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Density and Surface Tension of Electromagnetically
Levitated Cu—Co-Fe Alloys

J. Brillo'2 and 1. Egry’

The density and surface tension of Cu-Co-Fe alloys have been measured
using the non-contact technique of electromagnetic levitation. At tempera-
tures above and below the liquidus point, the density and surface tension are
linear functions of temperature. The experimental density results can be pre-
dicted by means of the regular solution model from the binary phases alone,
i.e., no assumption about ternary interactions needs to be made. The surface
tension values are in good agreement with numerical solutions of the But-
ler equation if the known Gibbs excess energies are used. It is found that,
for Cu-Co-Fe, it is possible to predict the surface tension from the binary
systems as well. In addition to this, the surface tension is insensitive to sub-
stitution of the two transition metals, Co and Fe.

KEY WORDS: Butler equation; copper—cobalt-iron alloys; density;
electromagnetic levitation; liquid metals; surface tension.

1. INTRODUCTION

Copper-based multicomponent alloys play an important role in many tech-
nical applications. For instance, the Cu—Co—Fe alloy has become an inter-
esting candidate for the development of magnetic sensors based on the
giant magnetoresistance (GMR) effect [1-4].

Despite their technical importance, there is still a lack of information
and understanding of the thermophysical properties of these (multicompo-
nent) alloys. At present, data for liquid copper-based alloys are available
for some binary systems only [5-7].
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Recently, we investigated the density and surface tension of the
Cu-Ni-Fe ternary system [8,9]. The present work focuses on Cu-Co-Fe
and addresses the question whether or not it is possible to predict the den-
sity and surface tension of the ternary alloy from the properties of the
binary phases.

The Cu-Co-Fe system serves as a model system for monotectic ter-
nary alloys in general [10-13]. It combines a good conductor (Cu) with a
strong magnet (Co and Fe); its phase diagram is characterized by a flat
liquidus surface and by a broad metastable miscibility gap reaching from
the Cu-Co binary to the Cu-Fe border [11,13].

Generally, the molar volume, V, of a solution with N components i,
each having a bulk concentration CzB is expressed as a function of temper-
ature and concentrations [14,15] as

V(c‘f,...,c,%,T):Zc?vi(T)JrEv(c?,...,c}?,,T) (1)

In this equation, V; is the molar volume of component i, and FV is the
excess volume. For EV =0, Eq. (1) reduces to a simple linear combination
of the individual V;.

The following expression can be used to describe the excess volume of
a ternary alloy [14,15]:

2 3
E B B B B E B B B Ey,T
V(cl,...,c3,T)=Z ¢ Cj Vi.jtcicyes ©V 2)

i j>i

In Eq. (2) the parameters EV; ;j describe the binary interaction between
elements i and j and EV7 is a parameter describing the ternary interaction.
As a first approximation, EV;, j can be assumed independent of tempera-
ture and concentration. For Cu—Co—Fe, the binary interaction parameters
Ey. ; have been determined in a previous study [16].

It is a priori an open question whether or not the ternary interaction
parameter “VT can be neglected in Eq. (2). For Cu-Ni-Fe we found that
a large positive ternary parameter EVT had to be taken into account [10].

For the calculation of the surface tension from thermodynamic poten-
tials using the Butler equation [17,18], a knowledge of the excess Gibbs
free enthalpy EG is required. It is usually written for a mixture in a form
similar to Eq. (2); see Refs. 19, 20:

2 3
EG (c?,...,c?,T):ZchBc?Gi,j —i—cchgc?GT 3)

i j>i
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In this equation, the G; ; are binary interaction parameters and GTis a
parameter describing the ternary interaction. Both the binary and ternary
parameters depend on temperature and concentration. Conveniently, the
G;,; are expressed by the Redlich-Kister equation in the following form
[19,20]:

Gi,jZZVLi»j (CIB—C?)U (4)

v=0

The parameter "L; ; depends on temperature, but not on concentration.
For the present system, Cu—Co-Fe, numerical values for VL; ; published
in Refs. 12 and 21 are used.

In order to describe the miscibility gap of Cu-Co-Fe correctly,
Bamberger showed that the ternary parameter had to be written as follows
[12]:

GT = (—80cf, + 5c, +10cf, ) [k - mol '] (5)

Once the Gibbs free enthalpy is known, the surface tension, y;3(T), of
a liquid ternary alloy, consisting of three elements i =1, 2, 3, with corre-
sponding surface tensions, y;(T), can be calculated by the Butler equation:

_.S__S
)/123(T)—7/1+RT1H(11_5§_23)+ {FGY (1.3, ¢5) =FGP (T. 3. 3)}
—p+ () + PSR A D) ©
e+ &0 () + 6 (763 (1. ef) - PGB (1. b b))

where R is the universal gas constant, T is the temperature, S; is the sur-
face area in a monolayer of pure 11qu1d i, c is the mole fraction of com-
ponent i in the bulk phase, and cl is the mole fraction of component i
in the surface phase. EG? denotes the partial excess Gibbs energy in the
bulk and EGiS the partial excess Gibbs energy of component i in the sur-
face layer.

Finally, it was shown by Tanaka and Iida [18] that EGiS can be writ-
ten as

3
E~S . °E~B
The surface area S;(i=1,2,3) is calculated from the molar volume V; as
follows [17]: S; =1.091(6.02 x 10?3)1/3 Viz/ 3. The partial excess Gibbs ener-
gies EGZB are derived from the excess Gibbs energy EG by partial deriva-
tives with respect to concentrations.
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2. EXPERIMENTAL

Density and surface tension measurements were performed using an
electromagnetic levitation chamber that is described in detail in Refs. 7
and 22. The sample is processed under a protective atmosphere of
He/8vol%-H, in a levitation coil. The temperature, 7, is measured by an
infrared pyrometer aimed at the top of the sample.

For the determination of the density, the sample is illuminated from
behind by a HeNe laser that is equipped with a beam expander. The
shadow image is captured by means of a digital CCD camera and ana-
lyzed by an edge detection algorithm. The edge curve R(¢) with R and
¢ being the radius and the azimuthal angle, respectively, is averaged over
1000 frames, (R(p)), and it is then fitted by Legendre polynomials of
order <6.

The equilibrium shape of the sample is symmetric with respect to the
vertical axis [22] and hence, its volume is calculated using the following
integral:

) 7 .
Vp=37 / (R(p))?sin(p)dg (8)
0

Vp is the volume in pixel units. It is related to the real volume V by V,=
qV where ¢ is a scaling factor determined by a calibration using ball bear-
ings. This procedure allows an absolute measurement of the density. The
total error was found to be Ap/p=~1.5% [22,23].

For the surface-tension measurement, a C-MOS video camera (400 fps,
1024 x 1000 pixels) is directed at the sample from the top. A series of
4196 frames is recorded at each temperature and is analyzed afterwards by
an edge detection algorithm. The frequency spectrum of the drop radius
exhibits a set of five peaks wp,m=—2,—1,0, 1,2 from which the surface
tension is calculated following the sum rule of Cummings and Blackburn
[24]:

IM +2

~ 1607

m=—

2 2 8 RIS
y w2 —1.92 0.3(a) Q 9)

where M is the mass of the sample, a is its radius, and g is the acceler-
ation of gravity. £2 is calculated from the three translational frequencies
wx, wy, and wz of the sample, i.e.,

%= (w§(+w%,+w%) (10)

1
3
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at%

Fig. 1. Concentrations of the investigated
samples. Along Section A, the concentration of
copper is the main parameter and the ratio ccy:
cfe 18 1:1. Along Section B, the concentration of
copper is kept constant at 20at% and the main
parameter is the concentration of cobalt which
ranges from 0 to 80 at%.

The relative error of the surface tension is approximately Ay /y =~ 5%.
A more detailed description of the procedure is given, for instance, in
Ref. 25.

3. RESULTS AND DISCUSSION

The samples were prepared by melting together the required amounts
of the constituent elements in an arc furnace. Figure 1 shows the compo-
sitions of the samples that have been investigated marked as dots in the
ternary diagram. Two sections through the system, denoted in Fig. 1 as
“A” and “B,” were investigated. Along Section A, which is summarized by
the formula Cu,Cog 5(1—x)Feq 5(1—x), the ratio of Co to Fe is 1:1 and the
concentration of copper varies from 0 to 100%.

Section B is orthogonal to Section A. It is described by the formula
Cup,Co,Fepg_,; the main parameter here is the concentration of Co,
which ranges from 0 to 80at% while the concentration of copper is fixed
at 20 at%.

Results for the density p(7) and for the surface tension y(7) are
shown as an example for Section A in Figs. 2 and 3, respectively. The den-
sities and surface tensions can both be described as linear functions of
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Fig. 2. Density of liquid Cu-Co-Fe samples versus
temperature (Section A).
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Fig. 3. Surface tension of liquid Cu-Co-Fe samples
versus temperature (Section A).
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Fig. 4. Density of liquid CuxCop 5(1—x)Fep.5(1—x)
samples (Section A) at 1756 K versus copper concen-
tration. Experimental data are shown together with
calculations for £V =0 (dashed line) and EVL_,- from
Ref. 16 and EvT =0 (solid line).

temperature and hence the following linear relations can be fitted:

p(T)=pL+pr(T —T) (11)
y(M)=yL+yr(T —TL) (12)

In Eq. (11), pp is the density at the liquidus temperature 7y, and pr is
the temperature gradient. Similarly in Eq. (12), yr is the surface tension at
Ty, and yr is the temperature gradient of the surface tension. As shown
in Fig. 3, yr can be either positive or negative.

The fit parameters are listed for Sections A and B in Table I for the
density and in Table II for the surface tension.

From the parameters pp and pr in Table I, the density is calculated
at T =1756K so that the concentration dependence can be studied. The
result is shown in Fig. 4 for samples along Section A. The densities are all
in a range between 7.4 and 7.6 g-cm~> and a clear tendency toward larger
values, with an increase of the copper concentration, is observed.

In Fig. 4 the data are plotted together with a calculation for £V =
0. They are significantly lower and the excess volume is therefore posi-
tive. The experimental data agree well with a calculation for Eq. (2) with
EyT=0 and parameters £V; ; from Ref. 16.
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Fig. 5. Density of liquid Cu-Co-Fe samples along Sec-
tion B at 1756 K versus cobalt concentration. Experimen-
tal data are shown together with calculations for Ey =0
(dashed line) and EVi,j from Ref. 16 and EvT =0 (solid
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line).
Table I. Parameters 71, pr, o1, and p(1756K) for Ternary Cu-Co-Fe Alloys for Samples
along Sections A and B
System TL oL oT p(T=1756K)
(K) (g-em™)  (107%g-em™-K7h  (g-em™)
CosgFesg 1752 7.43 —7.48 7.42
CuyoCoygoFeyg 1696 7.47 —13.7 7.39
CU40C030F630 1675 7.48 —10.3 7.39
CugnCoroFerg 1662 7.53 —11.7 7.42
CU70C015F6]5 1656 7.57 —11.5 7.45
CugoCojgFerg 1639 7.63 -7.79 7.54
CoggCosFes 1558 7.71 —4.99 7.62
Cu 1358 7.90 —7.65 7.60
CuyoCopoFego 1711 7.26 —8.39 7.22
CuyCoygFeyg 1696 7.47 —13.7 7.39
CuyoCogoFerg 1693 7.61 —10.5 7.54

The same analysis was performed for Section B in Fig. 5. Here, the
data lie on a straight line parallel to the calculation for FV =0. For Sec-
tion B, the data can also be predicted from Eq. (2), without taking a ter-
nary interaction parameter into account.

The surface tension y is calculated at T =1673 K from the parame-
ters in Table II and the result of this extrapolation is shown in Fig. 6 for
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Fig. 6. Surface tension of Cu—Co-Fe samples from Sec-
tion A at T=1673 K versus copper concentration. Exper-
imental data are shown in comparison with calculations
for (a) Butler equation, Eq. (6), with EgT #0 (solid line),
(b) Butler equation, Eq. (6), with EGT =0 (dashed line),
and (c) simple model, Eq. (13), (dashed-dotted line).
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Fig. 7. Surface tension of Cu-Co-Fe samples from Sec-
tion B at 7 =1673K versus cobalt concentration. Exper-
imental data are shown in comparison with calculations
for (a) Butler equation, Eq. (6), with EGT 50 (solid line),
(b) Butler equation, Eq. (6), with EGgT =0 (dashed line),
and (c) simple model, Eq. (13), (dotted line).
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Section A and in Fig. 7 for Section B. Starting in Fig. 6 with CosgFesgon
the left-hand side, the surface tension sharply decreases within the first
20at% of copper from the initial value of 1.85N-m~! down to approx.
1.3N-m~!. It then decreases only slowly until a minimum of 1.2N-m~! is
reached at c(B:u =40 at%. On further increase of cgu, y increases again up
to 1.25N-m~! where it remains constant until a concentration of 100 at%
copper is reached.

For samples along Section B, the surface tensions are shown at
1673 K in Fig. 7. With increasing cgo, y appears to be constant at approx-
imately 1.3N-m~!.

The data in Figs. 6 and 7 are plotted together with corresponding
solutions of the Butler equation, using FG (Eq. (5)) once with and once
without the ternary interaction term GT. As visible from these figures,
both cases agree with our experimental data. With respect to the experi-
mental error, both cases (GT #0 and GT=0) describe the surface tension
of Cu—Co-Fe equally well.

This shows that the surface tension of Cu-Co-Fe can be predicted
from the binary phases without including possible ternary interactions.
This result is not unexpected as the actual contribution of the ternary
parameter G' is small and the same result is also found for the similar
Ni-Cu-Fe system [8,9].

On the other hand, the surface tension, y, remains constant upon
exchange of the two transition metals, Co and Fe, along Section B. There-
fore, with respect to the surface tension, the Cu—Co—Fe system can be seen
as a binary alloy, where one component is copper and the other compo-
nent is represented by the two transition metals, Co and Fe.

For the Ni-Cu—Fe system these considerations led to the development
of a simple model [8], which can also be applied to Cu—Co—Fe.

In this model, the surface tension is calculated from the ideal solution
model:

YCuCoFe = C?ju ycu + (1 - C?;u) YCoFe (13)

where ycore is the surface tension of the binary Co,Fe;_, alloy which is
given by a linear combination of the surface tensions of Co and Fe. For
an ideal solution, the surface concentration c(S:u is related to the bulk con-

centration C(Bju via the following expression:

CB
C(S:uz " (14)
c-(]%u + (1 - cgu) exp (Aw)
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Fig. 8. Temperature coefficient yr from Section A ver-
sus copper concentration. Experimental data are shown
in comparison with calculations for (a) Butler equation,
Eq. (6) with EGT £0 (solid line) and (b) simple model,
Eq. (13), (dashed-dotted line).

Table II. Parameters 71, y1, y1, and (1673 K) for Cu—Co-Fe Alloys of Sections A and B

System TL YL YT y(T =1673K)
(K) (N-m™1) (1074N-m~ 1.k 1) (N-m™1)
CosgFesg 1752 1.82 -3.72 1.85
CuyCoygFeyo 1696 1.30 —2.25 1.31
CuygCosgFesq 1675 1.17 +0.75 1.17
CugoCorgFeyg 1662 1.21 —-2.85 1.20
CugoCojgFerg 1639 1.22 -2.0 1.21
Cu 1358 1.30 —2.34 1.22
CuygFegg 1736 1.30 +1.37 1.29
CuyCorgFego 1711 1.30 -2.25 1.31
CUZ()CO()()Fez() 1693 1.35 —4.8 1.36
CuyCog 1698 1.40 -2.0 1.41

In Ref. 8, the factor A in the exponent was set to 6000 K-mN~! and the
surface tension of Ni-Cu-Fe was described correctly.

Using the same value, the surface tensions of the Cu-Co-Fe
system along Sections A and B are calculated and the results are shown in
Figs. 6 and 7. As is obvious, good agreement is obtained in Fig. 6 for
Section A. Along Section B, as shown in Fig. 7, the surface tensions
predicted by the model are slightly too large.
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As seen in Table II, the experimentally obtained temperature coefficient
yr 1s positive for CuygFegy and CuygCosgFesg. A positive temperature
coefficient was also found experimentally [26] (for CujgFeg;) and theo-
retically [27] for CupgFegg. Figure 8 shows a plot of the experimentally
obtained temperature coefficient yr for ternary alloys of Section A. The
experimental values are generally negative except for CuygCoszgFesq. Cal-
culations from the Butler equation, Eq. (6), with EGT #0 and the simple
model, Eq. (13), predict a maximum of yr at cgu ~20at% and the Butler
equation even predicts yr >0 for 10at% <c?@:u <40 at%. The experimen-
tal error of Ayr/yT that is obtained from the fit is approximately 100%.
Hence, it is likely that yr is positive for CuygCoszgFesp and CujgCoqsFess,
but it cannot be clearly judged on the basis of the present data.

4. CONCLUSIONS

Density and surface tension data have been measured systematically
for the Cu—Co-Fe ternary system. It was shown for the ternary alloys that
the density could be derived from the excess volumes of the binary phases
without including possible ternary interactions.

The surface tension data are in agreement with solutions of the
Butler equation. Similarly to the case for the density, it was found that the
surface tension of Cu—Co-Fe could be predicted from the binary phases
alone. Moreover, the surface tension was found to be insensitive to the
mutual exchange of the two transition metals, Co and Fe. The system
could therefore be described as a pseudo-binary alloy of the form Cu-Me,
with Me being an arbitrary binary alloy of the transition metals Co and
Fe. Comparison with a corresponding model showed good agreement.
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