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Alloys of the Au-Co system containing 0, 20, 27, 30, 32, 36, 41, 55, 70, and 100 at.% Co were
investigated at temperatures between 10 and 20 °C above the liquidus by means of thermal neutron
(wavelength 1.20 A) and X-ray (Mo-Ka) diffraction. The interference functions show no additional
maxima or deformations. Radial distribution functions were obtained and from these the coordina-
tion numbers NI and nearest neighbour distances rI were obtained and plotted versus the concen-
tration together with the curves to be obtained for the ideal case and the case of total segregation.
With both plots the experimental values lie between these curves thus indicating a tendency to
segregation within these melts.

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 1700 °C.
The adiabatic compressibility was calculated from the velocity. From it the partial structure factors
@;;(0) and Sg7(0) for zero momentum transfer were obtained. According to the results, the melts
of the Au-Co system show a weak tendency to segregation.

Thus it could be proved by two independent methods, that Au-Co melts show a tendency to

segregation.

Busch and Giintherodt® measured the transition
between paramagnetic and ferromagnetic behaviour
of Au-Co melts containing 27 at.% Co at a tempera-
ture about 20 °C above the solidus temperature
while cooling down the melt. This transition was
confirmed by Alexander and Kraft? by measure-
ments of susceptibility and by Knoll et al.® by
depolarization experiments of polarized neutrons.
On the other hand, this transition was not observed
at the temperature mentioned by Hildebrand %, Na-
kagawa®, Menth and Bagley®, and Wachtel and
Kopp ™.

Regarding the discrepancies in the magnetic be-
haviour of Au-Co melts it is evident, that more de-
tails concerning these melts should be known. The
present work was done to obtain more information

methods. On the other hand, the ratio of scattering
cross sections of gold and cobalt is three for X-rays
and for neutrons, so that the interference functions
are directly comparable. The results obtained by
diffraction methods will be completed by partial
structure factors for zero scattering angle which are
deduced from ultrasound velocities via compressi-
bilities.

1. Diffraction Experiments

1.1. Theoretical Fundamentals

For the evaluation of the coherent scattering in-
tensities /.,y (s) the Kaplow, Strong and Averbach 10
method, which uses the following equation, was

on the mutual arrangement of atoms within the used

Au-Co melts. One hint was given by Predel and - P sinsr

. 8 e B . 4 Lan(s) = () + (/)2 f4mr(o—g) - dr (1)
Zehnpfund® who indicated that the enthalpy of 0 ° sr

mixing should be -+ 1kcal/Mol, thus indicating a )

tendency of segregation. The section of the present  with s — 4 sin ©/2,

work concerned witl} diffraction experiments is O — scattering angle,

basedgon the experimental re.sults .obtasined by ). = wavelength,

Reule?. The method of X-ray diffraction in reflec- f; = scattering length of atoms of kind i

tion and the method of neutron diffraction in trans-
mission were used to supplement one another. Thus
it is possible to detect and delete systematic errors,
since both methods demand

for X-rays,
0 = local number density,

0o = mean number density.
different correction

The interference function I(s) is calculated using

Eq. (2):
I(S) = [Iu)h(s) - /\le\ + <f>2]/(f>2 (2)
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From the interference function, the pair correlation
function G(r), which has the following meaning,
may be obtained by taking the Fourier transform:

G(r) =4ar(o—og,) - (3)

1.2. Preparation of Specimens and Performance
of Diffraction Experiments

The specimens were prepared in a vacuum induc-
tion furnace from gold (99.999%) and cobalt
(99.990%). For neutron diffraction experiments,
flat specimens with a thickness of 2.5 to 3.5 mm
were prepared.

1.2.1. X-ray Diffraction Experiments

The X-ray experiments were performed according
to the reflection method, as described by Biihner
and Steeb !! using Mo-Ku radiation. The variation
in temperature was about +10°C. A flat surface
was obtained as a result of the large container area
of about 25 x 35 mm?®. The container consisted of
Al;O; or of carbon coated with tungsten. The mean
relative deviation amounted to 3% at s=3 A~! and
to 5% at the maximum s value of 8.5 A~1,

The measured intensities were corrected for
background, polarization, absorption, and Compton
scattering. The corrected coherent intensity was nor-
malized to electron units using the Krogh-Moe !2
method.

1.2.2. Neutron Diffraction
Experiments

The neutron diffraction experiments were done
according to the transmission method described by
Knoll and Steeb 3. However, the absorption cor-
rection had to be changed according to Sagel !4,
since in the present case flat containers of Al,O,
were used. This was necessary, since gold shows a
rather large absorption cross section for thermal
neutrons. The variation in temperature was about
15 °C. The neutron diffractometer used is installed
at the FR2 research reactor at the Karlsruhe Nu-
clear Research Center. The wavelength of the neu-
trons used was 1.2 A.

The measured intensities were corrected for
background scattering, absorption (according to
Sagel 1), inelastic scattering arising from spin in-
coherency, and magnetic scattering (according to
Reule?). A correction according to Placzek ' and
a correction for multiple scattering according to
Vineyard !® could be neglected in the present case
of Au-Co melts since the attenuation coefficient for
multiple scattering only was 0.1% of the attenuation
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coefficient for absorption and since the Placzek
correction was only maximum 1% of the incoher-
ently scattered intensity. The coherent scattered in-
tensity thus obtained was normalized according to
Krogh-Moe 2.

The mean number density g, from Eq. (1) is cal-
culated according to Eq. (4)

L!?,};E“, [number/A3] (4)

9=

with L = Avogadro’s number, D = density, M =
atomic weight.

The densities of molten Au-Co are not known, thus
they were calculated by linear interpolation, with
respect to volume concentration, between the den-
sities of molten gold and molten cobalt reported by
Gebhardt and Dorner 7 and by Lucas 8. The scat-
tering lengths were taken for gold and cobalt from
the papers of Cromer and Waber!® and Cromer
and Mann2°. They were corrected for dispersion
according to Cromer 2!. For neutron diffraction the
scattering lengths for gold and cobalt were taken
from the papers of Hughes and Schwartz??* and
Moon 3.

1.3. Results and Discussion
1.3.1. Interference Functions

In the Au-Co system intensity curves were mea-
sured by means of neutron diffraction as well as
X-ray diffraction from the pure components and
from alloys with nine different concentrations at
temperatures just above the liquidus line.

From the intensity curves interference functions
were obtained using Equation (2). Some of the
curves obtained by X-ray diffraction are shown in
Figure 1. The interference functions show typical
shapes. No anomalies can be observed. The first
maximum shows a slight assymetry, since the low
s-value side of the maximum is a little steeper than
the high s-value side.

The curves obtained by neutron diffraction scarce-
ly differ from those shown in Figure 1. The differ-
ence between the curves amounts to the estimated
error of about 3 to 5% at s=3.5 A~1. However, at
s=3A"1! the difference is about 10%, thus indi-
cating some systematic error. This can be explained
by the fact that for small scattering angles in the
reflection experiment the accuracy of the intensity
measurement is not as high as for the transmission
cxperiment. For further evaluation mean values
were used.
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Fig. 1. Interference functions (X-rays).

1.3.2. Pair Correlation Function

The pair correlation function obtained by taking
the Fourier transform of the interference functions
of Fig. 1 are presented in Figure 2. They were cal-
culated using an integration length of s,,,=8A~!
and they show the shape typical for metallic melts.
The curves obtained by neutron diffraction are in
good agreement with those shown in Figure 2.

22
20 at % Co
1
" 00
i
16 55
g
N 41
a 12
S 10| =
o
'\l
32)
T 8
& 27
© 6
‘ 20
Y/ 10
2
”W

2 34 56 78900

r[A] —

Fig. 2. Pair correlation functions (X-rays).

~

1.3.3. Nearest Neighbour Distance 7!

The pair correlation functions yield the nearest
neighbour distances r', which are plotted versus
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Fig. 3. a) Nearst neighbour distance r!,
b) coordination number NI,

(O 2 neutron diffraction; /A & X-ray diffraction).

concentration in Fig. 3 a together with the curve for
the ideal case, which was calculated using Eq. (5 a)
(see Lamparter et alii 2%).

Lat _ €700 Tl 460 byt s+ 2 ¢y 6 by by 1y
¥ — o .
(c1 by +c2b5)*
(5a)
Figure 3 a furthermore contains the curve for total
segregation, which was calculated using Eq. (5b)
(see Lamparter et alii 2%).

1 b2 Ny iy e 05 Nyl ro

;b 2N+ b2 Nt

,_I, segs

(5b)
¢; atomic fraction of atoms of kind ¢, b; scattering
length of atoms of kind i for thermal neutrons, r;!
nearest neighbour distance between an - and j-atom,
N coordination number of pure element i.

It should be mentioned that the shape of the curves
calculated according to Eqs. (5a) and (5b) is the
same for X-rays and neutrons. Therefore, the data
points obtained by the two methods may be plotted
in the same diagram. The mean error for the de-
termination of 7l is about #0.03 A (see Reule?).
It follows clearly from Fig. 3 a that the melts of the
Au-Co system show a tendency to partial segrega-
tion.
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1.3.4. Coordination Number M $l
g ’ o e % |

. The G(r) curves of Fig. 2 yield atomic fllstrlbu- \1,2000- \Co
tion curves 4 727r? p(r). From the first maximum of s
these curves in each case the coordination number
NT was obtained by the following method: Tangents 90 at%co
were drawn at the lower r-value side and at the Skl
higher r-value side of the maximum. These tangents —— B0
yielded intersections with the abscissa and thus a
well defined area below the first maximum was ob- —
tained which corresponds to the coordination num- |
ber. The coordination numbers are plotted versus 60
concentration in Fig. 3b together with a straight \50
line, which represents the ideal case and a curve, x w0
which represents the case of total segregation and . \3
which was calculated using Eq. (6) (see Lamparter \ -4
et al. 24) Au

NLsegr. _ €1 by N, + :2 by? N, ) (6)

(6) 20007565 1200 7400 7800

Equation (6) yields the same curve for X-rays and
for neutrons. Therefore, the results from both kinds
of radiation may be plotted in the same diagram.
The mean error for the coordination numbers is
10.4 atoms (see Reule?). It follows clearly from
Fig. 3b that the melts of the Au-Co system show a
tendency to partial segregation.

2. Ultrasound Experiments

The theoretical principles of ultrasound experi-
ments are given in a previous paper by Ebert
et alii 5.

2.1. 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 26, The experiments were done as described in
detail by Maier and Steeb?’. To obtain the rather
high temperatures of about 1700 °C, a cylindrical
heating element made from graphite was used.

Following Plass 28 the massive Al,O; cylinder
which led the ultrasound from outside the vacuum
vessel into the melt was coated with thin films of
Cr, Co and Au to obtain good contact.

The velocity of ultrasound is plotted versus tem-
perature for the different Au-Co alloys in Figure 4.
The straight lines were obtained using the least-
squares method.

An estimation of errors performed according to
Bek 2 shows the maximum relative error for the

temperature [°C] —=

Fig. 4. Temperature dependency of the adiabatic velocity
of ultrasound.

determination of the adiabatic velocity of sound to
be between 2.5 and 3%, depending on the concen-
tration. Since densities in 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%.

2.2. Adiabatic Compressibility

The adiabatic compressibility f,q can be ob-
tained from the adiabatic velocity of ultrasound u,q
from Eq. (7):

Baa= 1/D Uaa® . (7)

Since to data the densities were only measured for
the pure components in the molten state (Au ac-
cording to Gebhardt and Dorner 17, Co according to
Steinberg 3® or Lucas!®, respectively) the densities
of the alloys were calculated by linear interpola-
tion, with respect to volume concentration, between
the densities of the pure components. The error in
density caused by this method amounts to from
one up to five percent. The error for the determina-
tion of the adiabatic compressibility then should be
about 5 to 10%. The velocity of Fig. 4 was used to
calculate the adiabatic compressibility which is plot-
ted versus concentration in Figure 5. The curves
show a slight deviation from linearity, especially
for small concentrations.
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Fig. 5. Temperature dependency of the adiabatic compres-
sibility.

2.3. Partial Structure Factors for Zero
Scattering Angle

The compressibility of Fig. 5, the density aver-
aged from the pure components, and the activities
according to Wang and Toguri 3! were used for the
calculation of the partial structure factors a;;(0)
using the McAlister and Turner 32 method and for
the partial factors Scc(0), Sxx(0), and Sxc(0)
using the Bhatia and Thornton 33 method.

Since the activities are known only for the tem-
perature interval 1250 °C to 1350 °C, the partial
structure factors could be obtained for melts con-
taining less than 80 at.% Co. In Fig. 6 a the partial
structure factors a;;(0) are plotted versus concen-
tration. Obviously, the functions «;;(0) vary con-
siderably with concentration. This concentration de-
pendency can be caused on the one hand by the
considerable difference (V. —V(,) in atomic vol-
ume of either species, which for the Au-Co system
amounts 1.5 to 6.2 cm®. On the other hand differ-
ences in the interaction between i — j pairs and i —¢
pairs may cause this behaviour. This latter influence
can be evaluated according to Turner et alii3%.
They define a quantity V; as in Eq. (8):

AN;=c;{a;;(0) —a;;(0) } . (8)

AN; is the difference between the total number of
j-atoms surrounding an i-atom and the total num-
ber of j-atoms surrounding a j-atom.

A model according to Turner et al.?* which con-
siders the different atomic volumes only yields a
quantity AN ;U The resulting quantity

JANj’:_,]Nj_ANjcalc (9)

S. Steeb and R. Bek - Structure and Compressibility of Au-Co Melts

2k
N
| 9coCo (0)
S
} aAuAu(o)
0%F=a
'\o\o‘o—-o—
Yuco(9)
-1k
-2k

0 20 40 _ 60 80
Co-concentration [at %] —=—

J\ 04} o/o_.os\cc(o)

S P et

Jozt N
ol SM_}/O/
-02t Swcl0)

1 1 |
0 20 40 60 80
Co-concentration [at %] e
Fig. 6. a) Concentration dependency of the partial structure

factors a;j(0) at 1340 °C. b) concentration dependency of
Scc(0), Sxx (0), and Sxc(0) at 1340 °C.

then describes the effect on local structure resulting
from the interaction energy between the two com-
ponents.

>
<
preference for dissimilar atoms
corresponds to |statistical distribution
preference for similar atoms.

The values of AN’y, and AN’(, obtained during
the present work are slightly negative over nearly
the whole composition range, indicating that in
Au-Co melts the Au-Au as well as the Co-Co
correlations are stronger than the Au-Co correla-
tion.

AN’¢, is more negative than ANy, over the
whole range. However, it is to be emphasized that
this effect is of an order of magnitude smaller than
in the Bi-Cu system published by Ebert et al.?
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which shows strong effects of self-correlation, i.e.,
a tendency to segregation.

In Fig. 6b the partial functions S¢c(0), Sxx(0),
and Sxc(0) are plotted versus composition. Scc(0)
exhibits a broad maximum in the range from 30 to
60 at.”%y Co, which means that alloys within this
composition range show considerable fluctuations
in concentration.

Over the whole concentration region Syx(0)
doesn’t exceed the value of Sxyx(0) for the pure
components, which is given by 0yksT fr and
amounts to 1072, 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 be-
haviour. 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 sys-
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tem with only a weak tendency to segregation in the
molten state.

Comparing the results of X-ray and neutron dif-

fraction on the one hand and the results of com-
pressibility measurements on the other, one can
state, that all these methods reveal a tendency for
segregation with Au-Co melts.

This tendency for segregation could lead to the

formation of segregated zones containing for ex-
ample Co-atoms only. If furthermore within these
arrangements some kind of spin ordering could
occur, then in this way some kind of ferromagnetic
behaviour mentioned in the introduction could be
well explained.
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