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The velocity of ultrasound was measured in molten Au-Co alloys containing 0, 10,20,27,30, 
40,50,60,70,80,90, and 100 at.% Co within the temperature range from 995°C to 170O0C. 
The temperature coefficient of the velocity versus concentration plot shows a positive 
deviation from ideal behaviour. The adiabatic compressibility was calculated from the velocity 
and is discussed. From it the partial structure factors qj(0) and SkI(0) for zero momentum 
transfer were obtained. According to these results, the melts of the Au-Ca system show a 
weak tendency to segregation, i.e. they show concentration fluctuations. Between zero and 
60 at.% Co these concentration fluctuations correspond to Au-enriched regions and CQ- 
enriched regions, t h e e  being present to the same extent. Between 6Q and 100 at.% cobalt 
the influence of Co-enriched regions is greater than that of the Au-enriched regions. 

1 INTRODUCTION 

Gubanov' and Handrich' showed in a theoretical work that ferromagnetism 
may exist not only in the crystalline state but also in the amorphous or 
molten states. For example, the existence of amorphous ferromagnetic 
material could be shown with Au-Fe3 or Au-Co' specimens. Busch and 
Giintherodts measured the transition between paramagnetic and ferro- 
magnetic behaviour of Au-Co melts containing 27 at.% Coat a temperature 
about 20" C above the solidus temperature while cooling down the melt. 
This transition was confirmed by Alexander et aL6 by measurements of 
susceptibility and by Knoll et al.' by depolarisation experiments of polarized 
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1 I4 R. BEK AND S. STEEB 

neutrons. On the other hand, this transition was not observed at the tempera- 
ture mentioned by other authors.'-" 

X-ray and neutron diffraction experiments with molten Au-&-alloys 
show a slight tendency to segregation." During the present work further 
information shall be obtained concerning the structure of Au-Co-melts in 
the following manner: the velocity of ultrasound is measured and the 
compressibility is deduced. According to Bhatia and ThomtonI3 as well as 
Turner et uI." the partial structure factors for zero scattering angle can be 
calculated by means of isothermal compressibility and the thermodynamic 
activity. Also, it is possible to deduce a figure which gives a measure of the 
interaction between nearest neighbour atoms within the melt. 

2 THEORETICAL OUTLINE 

The theoretical principles are given in a previous paper.I5 

3 EXPERIMENTAL DETAILS AND RESULTS 

The measurement of the velocity of ultrasound was made using the pulse- 
echo method, applied to molten metals for the first time by Seemann and 
Klein.I6 The experiments were done as described in detail in ref." To 
obtain the rather high temperatures of about 1700" C, a cylindrical heating 
element made from graphite was used which was slitted three times down 
to the electrical neutral point and was supplied by three water cooled power 
supplies. Following Plass," the massive M,O, cylinder which led the ultra- 
sound from outside the vacuum vessel into the melt was coated to obtain 
a good contact between this cylinder and the melt. For this purpose thin 
films of Cr, CQ, and Au were evaporated one after the other onto the 
polished surface of the cylinder, without breaking the vacuum of about 
lo-' Torr. The Cr film provides good contact to the surface of ceramic, 
the Au film prevents the oxydation of the evaporated films during the 
installation of the equipment and furthermore forms a good transition to 
the Au-Co melt. Co finally was added to maintain the Au to Co ratio within 
the melt. 

The velocity of ultrasound is plotted versus temperature for the differenl 
Au-Co alloys in Figure 1. The straight lines were obtained using the least. 
squares method. The parameters for these straight lines are collected ir 
Table 1. Since there was very good contact between Al,O, cylinder anc 
the melt, the standard deviations are rather small for the alloys containinl 
30, 50, and 80 at.% Co. Therefore, with these alloys it is possible to investi 
gate the temperature dependency u,, in more detail. 
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FIGURE 1 Au-GJ system: Temperature dependence of the adiabatic velocity of ultrasound. 

TABLE 1 

Au-Co system: Velocity of ultrasound with standard deviations and 
temperature coefficients 

Cobalt- uad at. Standard- Temperature- 
concentration melting point deviation coeff. du/dT 

iat. %I jm/secj [dsec ]  [m/sec°C] 

0 
10 
20 
27 
30 
40 
50 
60 
70 
80 
90 

100 

2567.5 
262 1 
2679 
2753 
2747 
2818 
2912 
3028 
3215 
3446 
3767 
4084 

23 
25 
32 
40 
9 
40 
18 
43 
38 
17 
41 
34 

-0.571 
-0.49 
-0.43 
-0.44 
-0.423 
-0.44 
-0.345 
-0.32 
-0.26 
-0.222 
-0.35 
-0.504 
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FIGURE 2 Au + 50 at. % Co: Temperature dependence of the adiabatic velocity of 
ultrasound. 
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Figure 2 shows the data points obtained with the 50 at.% alloy. As can 
be seen, these points can be fitted by one straight line as in Figure 1 as well 
as by two straight lines showing a transition region near the arrow indicated. 

Figure 3 shows the temperature coefficient of the adiabatic velocity of 
sound du/dT versus concentration. The temperature coefficients for the 
u (T) curves composed according to Figure 2 are marked by (X). Accord- 
ing to r e f e r e n c e ~ ~ ~ J ~ J ~  a change in temperature coefficient means an indica- 
tion of changes in structure in the temperature range under consideration. 
With increasing temperature the du/dT curves should approach Raoult’s 
straight line, which represents the ideal behaviour. 

Figure 4 shows two isothermes of the velocity of sound versus the con- 
centration. 

An estimation of errors performed in referenceZo shows the maximum 
relative error for the determination of the adiabatic velocity of sound to 
be between 2.5 and 3%, depending on the concentration. Since densitiesin 
molten Au-Co alloys are known only for the pure components, the error for 
the adiabatic compressibility to be determined later will be about 10%. 

4 000 

0 

I 1 
0 20 40 60 80 100 

Co-concentration [at %] _t 

FIGURE 4 Au-Co system: Concentration dependence of the adiabatic velocity of ultra- 
sound at 1340°C and 1500°C. 
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4 DISCUSSION OF THE RESULTS 

R. BEK AND S.  STEEB 

A General remarks 

The Au-Co phase diagram2' shows eutectic behaviour, with the eutectic 
concentration at 27 at.% Co. The following data, useful for the subdivision 
of Au-Co melts into Sauerwald's classification, are known: positive enthalpy 
of mixir~g,~~J' positive deviation from ideal a c t i v i t i e ~ , ~ ~ J ~  positive excess- 
entropies and small free energies,21 the latter however in solid state at 
T = 1 150" K. Using Sauerwald's criteria the Au-Co-melts behave as partially 
segregated melts. The stability function of Darkenz6 shows negative excess 
stability. 

B Com'parison of the calculated and measured velocity of sound 

For the two pure components Au and Co, the velocity of sound at the melt- 
ing point can be calculated using the methods of KleinZ7 and AscarelliZ* 
(compare also referen~e'~). The values thus obtained are given in Table 2, 
which shows good agreement between the measured and calculated 
velocities for the case of cobalt. As observed already for Ag and Cu2* there 
is a rather large deviation between the value calculated using the Ascarelli 
method and the experimental value for Au. In these cases Klein's method 
seems to be more suitable. By Ascarelli this behaviour was explained by 
an overlap of electron shells of neighbouring atoms, which would lead to 
an exchange energy for Ag, Cu, and Au which would yield higher values 
of the velocity of ultrasound. 

C 

Examination of the ultrasonic velocity data for elements in the solid and 
liquid state collected in r e f e r e n ~ e ~ ~ ~ ~ ~  reveals that the ratio u (solid)/u (liquid) 
is between 1.1 and 1.2 at the melting point. The values of the ultrasonic 
velocity in Au as well as in Co melts, measured for the first time in this work, 
are shown in Figure 5 in comparison with the solid state values given in 
reference. 29 

Change in the velocity of ultrasound during melting 

TABLE 2 

Velocity of ultrasound in Au and Co melts according to various theories 

UKlcin [m/secl uAsc[m/secl uexp[m/sec] UKlcin uAsc 
~~ 

ucxp U,,p 

Au 2218 1605 2567.5 0.87 0.63 
Co 2930 3950 4084 0.96 0.97 
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t e m p  

FIGURE 5 Temperature dependence of the velocity of ultrasound in Au and Co. 

D Adiabatic compressibility 

The adiabatic compressibility pad can be obtained from the adiabatic velocity 
of ultrasound u,d from 

1 
Ad = 

p being the macroscopic density. 
Since in the literature the density is known for the pure components 

only (Au in ref.l0 and Co in ref.”), the densities of the alloys must be 
calculated on the basis of Vegard’s law. The error in density caused by 
this method amounts from 1 to 5%. The error in adiabatic compressi- 
bility then should be about 5 to lo%, whereas the error for the isothermal 
compressibility will be larger, since for its calculation either the coefficient 
of volume expansion and the specific heat cp or the ratio c,,/c,are necessary. 

The velocity data from Table I were used to calculate the adiabatic corn- 
pressibility which is plotted versus temperature in Figure 6 .  The curves show 
a slight deviation from linearity especially for small Co concentrations. 
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FIGURE 6 Au-Co system: Temperature dependence of the adiabatic compressibility. 

In Figure 7 the isotherme of adiabatic compressibility at 1500°C for the 
Au-Co system is plotted versus concentration, together with the corres- 
ponding curves for the Al-Mg" (lOOO"C), AlSn17 (650"C), Bi-Cul5 
(1 100" C), Bi-Mg32 (832" C), Cu-Sn" (1 100" C), MgSn17 (800" C), and 
Pb-Sn3' (550°C) systems. The plots for the Au-Co, the P b S n ,  and the 
AI-Sn systems are linear. The curves for the Bi-Mg system deviate from this 
line to higher values and the others to lower values. The discrepancies in 
compressibility of the pure components should be stressed as well as the fact 
that no well defined relationship seems to exist between the curves shown in 
Figure 2 and the structure of the corresponding melts. 

E 

The interference function'I(0) for zero scattering angle can be calculated on 
the basis of eqn. (2). 

Temperature dependence of the total interference function I(0) 

I(0) = p o .  k, * T * PT (2) 

from the isothermal compressibility PT, the Boltzmann constant k,, and the 
number density po for a certain temperature T.34 The results for Au and Co 
are presented in Figure 8. 
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FIGURE 7 Concentration dependence of the adiabatic compressibility in various systems. 

These values can be compared directly with values obtained from scatter- 
ing experiments. Some reasons for the discrepancies between calculated and 
experimental values were discussed by Hezel.” 

F 

The compressibility of chapter 4.D, the density averaged from the pure 
components, from this the partial molar volumes and the activities of ref.23 
were used for the calculation of the partial structure factors a,,(O) using Mc 
Alister and Turner36 method and for the partial factors S,,(O), and &,(O) 

Partial structure factors for scattering angle zero 
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11m 1m 1300 1400 1500 1600 1700 
j 

tcnrpua/ur@ C] - 
FIGURE 8 Temperature dependence of I(0) for Au and CO. 

using the Bhatia and Thornton" method. Since the activities are known only 
for the temperature interval1 1250" C to 1350" C, the partial structure factors 
could be obtained for melts containing less than 80 at. % Co. In Figure 9 the 
partial structure factors a,,(O) are plotted versus concentration. Obviously, 
the functions a,,(O) vary considerably with concentration. The concentration 
dependence can be caused on the one hand by the considerable difference 
(VAu - V,) in atomic volume of either species, which for the Au-Co system 
amounts 1.5 to 6.2 cm3. On the other hand differences in the interaction 
between i-j pairs and i-i pairs may cause this behaviour. In the following it 
will be shown how the influence of the pair interaction can be evaluated. 
According to Turner et al. (14) the quantity AN, is defined by Eqn. (3) 

= cJ!%J(o) - (3) 
AN, is the difference between the total numbers of j-atoms surrounding an 
i-atom and the total number of j-atoms surrounding a j-atom. 
A model" which considers the different atomic volumes only, disregard- 
ing the interaction between the species, allows one to calculate a quantity 
A N Y .  The resulting quantity AN: defined by Eqn. (4) 

AN,' = AN, - AN;dc. (4) 
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I I I 

20 40 60 
co -concentra tion [at %] - 

FIGURE 9 Au-Co system: Concentration dependence of the partial structure factors 
q,(O) at 1340°C. 

then describes the effect on local structure resulting from the interaction 
energy between the two components. By means of ANiit is possible to place 
the melts into one of the following classes 

preference for dissimilar atoms 
0 corresponds to statistical distribution i preference for similar atoms 

> 
AN; [J 
The composition dependence of AN;, and AN&, at T = 1340" C is shown in 
Figure 10. The values of AN;, and ANLare slightly negative over nearly the 
whole composition range, indicating that in Au-Co melts the Au-Au as well 
as the Co-Co correlation are stronger than the Au-Co correlation. AN;, is 
more negative than AN:, over the whole range. However, it is to be emphas- 
ized that this effect is of an order of magnitude smaller than in the Bi-Cu 
system,l5 which shows strong effects of self-correlation, i.e. a tendency to 
segregation. In Figure 11 the partial functions S,,(O), S,(O) and S,,(O) are 
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124 R. BEK AND S. STEEB 

FIGURE 10 Au-Co system: Concentration dependence of ANL, and AN& at 1340°C. 

co -concentration [at %] - 
FIGURE I 1  Au-Co system: Concentration dependence of S,(O), h ( O ) ,  and sNC(O) ai 
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VELOCITY OF ULTRASOUND IN MOLTEN Au-CO ALLOYS I25 

plotted versus composition. Scc(0) exhibits a broad maximum in the range 
from 30 to 60 at. % Co, which means, that alloys within this composition 
range show considerable fluctuations in concentration. Over the whole con- 
centration region S,(O) doesn't exceed the value of Sm(0) for the pure 
components, which is given by p,K,T PT. 

This means that the effect of the difference between the molar volumes 
on the partial quantities is rather small. However, it should be mentioned 
that the use of averaged density values instead of experimental ones may 
cause this behaviour. Comparison of the Au-Co system with the system 
Bi-Cu, where a marked tendency for Cu-Cu correlation was found, shows 
that Au-Co is a system with only a weak tendency to segregation. 
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