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Mo-Ka X-rays have been used as a radiation probe to evaluate the interference functions I(K)
(also called structure factors) of liquid Ag, Cu and Ag-Cu alloys with 16.5, 28, 37, 50, 57, 71 and
85 at.% Cu at temperatures about 50 °C above the liquidus. Employing the transmission technique,
I(K) has been determined in the range of K =4 7 sin /1 between 0.8 and 12.5 A—!. The partial
interference functions /;; (K) have been calculated, and it was found that the assumption of concen-
tration independence of /;;(K) yielded reduced partial distribution functions G;;j(r), the weighted
sum of which were in excellent agreement with G (r), the Fourier transform of F(K) =K[I(K) —1].
The position r; of the first peak in G(r) and the coordination number 7 show a positive deviation
from a straight line when plotted as a function of concentration.

I. Introduction

The structure of a binary liquid alloy is com-
pletely characterized by the three atomic distribu-
tion functions 04;(r), 045(r), and @ss(r), which
can, in principle, be determined from diffraction
experiments 173. In general, g;;(r) represents the
number of j-type atoms per unit volume at the
distance r from an i-type atom.

Diffraction experiments, using X-rays, electrons
or neutrons as the radiation probe, yield only the
total interference function I(K) (also called struc-
ture factor of the liquid). It can be shown* that

1K) = 3 3 Wy(K) I (K) (1)
where Y

Wii(K) =cicififil ()?- (2)
¢; and f; are the atomic concentration and scattering
factor of atoms of type i, respectively, (f) =2c;f;

is the average scattering factor of the alloy, K =
4 sin 0/4, and

sinK r

Kr dr, (3)

I;(K) =1 +0f4«:zr2 00lgii(r) —11]

is the partial interference function. It is the Fourier
transform of the pair distribution function g;;(r)
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=0;i(r)/(cj0,), where g, is the average atomic
density of the alloy. The function g;;(r) is obtained
from G;;(r) which is the Fourier transform of

K[1;(K) —1], i.e.,
Gij(r) =4 7rop[gi;(r) —1]

oc

:%j[([lﬁ(K)—l] sinKrdK. (4

0

Commonly, the Fourier transform of the total
interference function I(K) is calculated and called
the total distribution function g(r), which is related
to the reduced atomic distribution function G(r),
i.e.

G(r) =4aroyfg(r) —1]
=?{ [K[I(K)—l]sinKrdK. (5)
.

Applying the convolution theorem of Fourier trans-

forms, one obtains immediately the relationships* 3:

F(K) =K[I(K) -=11= 2 2 W;(K)F;(K)  (6)
i ]

and

Cir) =4arolg(r) 1] =3 Swy(r)*CGy(r) (7)
where o

Fi;(K) =K[I;;(K) —1].
The star (*) represents the convolution product.
Only when W;;(K) is independent of K can we write

G(r)=4aro)fg(r) —1] = Z%wiicii(r) ; (8)
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because w;;(r) =W;;0(r), which represents the
Warren-Krutter-Morningstar (WKM) approxima-
tion ©.

The purpose of this investigation was to measure
the total interference functions of liquid Ag-Cu
alloys over a wide range of K, using the transmis-
sion technique, and to determine the partial inter-
ference functions I;;(K) with the assumption that
they are independent of the concentration of the
alloys.
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Fig. 1. Interference functions of Ag (/\) and Cu (@) mea-

sured with the reflection technique by Halder and Wagner 7

and North and Wagner 8. Solid curve represents hardsphere
model of Ashcroft and Lekner °.

As shown in Fig. 1, the structures of both liquid
Ag and Cu, which were determined previously 7+ 8
can be described by the hard-sphere model /(K)
of Ashcroft and Lekner? with a packing density
7 =0.45. In addition, the coordination numbers of
these liquid metals lie between 11 and 12 indicating
that they retain a close packing in the liquid state.
It is, therefore, assumed that the local atomic ar-
rangements are similar in liquid Ag-Cu alloys with
different concentrations. However, Ag and Cu atoms
have different atomic sizes, which are responsible for
the difference in positions of the minima and
maxima in the ¢(r) curves, and consequently in
I(K), as observed experimentally [see Fig. 1, where
K,(Ag) = 2.65 A~1 and K;(Cu) = 3.00 A1].
Therefore, the positions K, of the mixture of /(K)
should move continuously from the values observed
for pure Ag to those of pure Cu. Since this shift is
already considerable for the first peak, it should be
possible to deduce the three partial functions by
least square analysis of more than three total inter-
ference functions of the alloys with different con-
centrations.

II. Experimental Technique

A) Sample Preparation

Alloys of Ag and Cu with 16.5, 28, 37, 50, 57,
71 and 85 at.% Cu were prepared in graphite
sample holders, suitable for the X-ray measure-
ments, in the X-ray high-temperature furnace. Foils
of Ag and Cu were rolled to thicknesses ranging
from 5 um to 25 um. Alloys of the desired com-
position were made by sandwiching together foils of
Cu and Ag of appropriate thicknesses. The com-
positions were determined from the weights of the
elemental foils. The total thickness of each alloy foil
was about 50 um, reasonably close to the 1/e thick-
ness (25 um for Cu, and 50 um for Ag using Mo Ka
radiation) for maximizing the X-ray intensities in
the transmission method *.

In order to assure complete solubility of the pure
elements in each other in the liquid state, both Ag
and Cu were cleaned in appropriate acid etches (Cu
first in 50% HNO; —50% H,0, then in 50% HCI —
50% H,0; Ag in 50% HNO;—50% H,0 only).
After etching, the foils were rinsed in triply distilled
water, dried on ashless filter paper in an argon
atmosphere, immediately placed in the sample hold-
er, and transferred to the high-temperature furnace.
After evacuation of the camera and subsequent
flooding with a 80% He —20% H mixture, the fur-
nace was turned on, and the temperature raised to
approximately 50 °C above the melting point at a
rate of 300 °C per minute.

B) X-Ray Technique

All scattering data were obtained with the trans-
mission technique, which has been described by
North and Wagner !° and subsequently modified by
Lukens and Wagner 1. X-rays from a line source
with a Mo target impinged on a flat graphite mono-
chromator, which produced a very narrow beam of
high intensity. In order to simplify absorption cor-
rections, and to reach the highest possible angle for
a given sample width (5 mm), the liquid sample
was rotated at half angular speed of that of the
detector.

The sample holder consisted of two pyrolitic
graphite sheets (each 0.13 mm thick) sandwiched
between two graphite formers with a vertical win-
dow, 5 mm wide and 16 mm high.

The experiments were run in an 80% He and
20% H atmosphere at temperatures ranging from
20°C to 70 °C above the melting point of each
alloy. The exact temperatures are indicated in Fig-
ure 2.
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Fig. 2. Total interference functions of liquid Ag, Cu and

Ag-Cu alloys. Solid dots represent data of Halder and Wag-
ner 7 for pure Ag, and North and Wagner 8 for pure Cu.

C) Data Reduction and Analysis

The transmission technique enabled us to measure
the scattered X-ray intensities in the range of K
between 0.8 and 12.5 A~1. The sample holder scat-
tering I;(20) was determined in a separate experi-
ment and, after correction for absorption in the
alloy sample, subtracted from the total scattering
1:01(20), thus yielding the sample intensity 1;(26).
The value of ut of the sample was obtained by
measuring the attenuation of the primary beam
whose intensity was greatly reduced by a 25 um Ta
foil, and its 4/2 component completely removed by
lowering the voltage to 30 kV.

To obtain the coherent intensity per atom, /,(K),
the sample intensity /;(20) was corrected for po-
larization and absorption in the sample, and, after
conversion from the 20 scale to K=4zsin0/4,
normalized to absolute units, i.e., the scattered in-
tensity expressed in electron units 4. The average of

values of the normalization procedures, i.e., the
high angle method? and the radial distribution
function method 4, was used in this investigation.

I11. Experimental Results

A) Interference Function (Structure Factor)
of Liquid Ag-Cu Alloys

The total interference functions 7(K) of Ag, Cu,
and the Ag-Cu alloys are shown in Figure 2. The
temperatures of measurements are indicated in the
diagrams. The dots on the pure Ag, and Cu curves
represent  the data of Halder and Wagner?, and
North and Wagner®, respectively, measured pre-
viously on a theta-theta diffractometer in reflection.
As is readily apparent, the agreement between the
transmission and reflection data is excellent.

The values K, of the positions of the first three
maxima of /(K), i.e., Ky, K5, and K; are given
in Figure 3. All K, vary continously from pure Ag
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Fig. 3. Positions K of the first three peak maxima of I(K)
for Ag-Cu alloys. (O) Kp of the I(K); (X) Ky of the
Iij (K).
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to the pure Cu value; initially more slowly with
increasing Cu concentration because of the larger
scattering power of Ag in the factor W;;(K) of
Equation (1).

Because of the smooth variation of the positions

K, of I(K) as a function of concentration, and the
fact that both I(K) of Ag and Cu could be matched
with the hard-sphere model, it was felt that the as-
sumption of concentration independence of the par-
tial interference functions I;;(K) might be quite
reasonable. Therefore, the three partial functions
Ingag (K), Ingcu(K), and Icycy (K) have been deter-
mined by a least squares analysis using the /(K) of
the alloys only. Figure 4 shows the partial functions
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Fig. 4. Partial interference functions Iagag(K), ICuCu(K)
and Iagcu(K) evaluated from the total I(K) of the Ag-Cu

alloys.

I;;(K). On including the I(K) of the pure elements
in the least squares analysis, I;;(K) were obtained
which were almost identical to those shown in Fig. 4,
as far as the positions K, of the maxima were con-
cerned. However, there was a slight increase in
height of the first peak in I5zc,(K) obtained from
the alloys’ and elements’ data. The values of K, of
the maxima of the partial /;;(K) function, deduced
from the alloy data only, are shown in Figure 3.

B) Atomic and Radial Distribution Function

The Fourier transforms of the partial interference

functions /;;(K), i.e., the reduced partial atomic
distribution functions G;;(r) are shown in Figure 5.
The Fourier transforms of the total interference
functions /(K), i.e., the reduced total atomic dis-
tribution functions G(r) are shown in Figure 6.
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Fig. 5. Reduced total atomic distribution functions G (r)
which represent the Fourier transforms of K[I(K) —1].
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Fig. 6. Reduced total atomic distribution functions G (r)
which are the Fourier transforms of K[I(K)—1]. The tri-
angles and dots represent the weighted sum of the partial
atomic distribution functions, i. e., 33 Wij Gij(r).
ij
The positions r; and ry of the first two peaks of
G;i(r) and G(r) are given in Figure 7.
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Fig. 7. Positions 75 of the first two peak maxima of Gi;j(r)

and G(r) in Ag-Cu alloys. (QO) rn of G(r); (X) rn of

Gij(r), deduced from the alloy data only; (+4) r, of
GagCu(r), deduced from alloy and pure element data.

The radial distribution functions (RDF)
dar?o(r)=4ar?oy+rG(r)

of the alloys are illustrated in Figure 8. The area
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Fig. 8. Radial distribution function 47 r2o(r)
alloys.

of Ag-Cu
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under the first peak of each RDF, which represents
the coordination number 7, was determined as

n=(fr°4nr29(r) dr, (9)

where r; is the position of the minimum after the
first peak. The coordination numbers % are shown
in Figure 9.
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Fig. 9. Coordination number 7 of Ag-Cu alloys. #R repre-
sents the variation of 7 in a random alloy as a function of
concentration [Equation (11)]. M are the values evaluated
with Eq. (10) (macrosegregation) and #p are the values
obtained from the partial #;; with Equation (12).

It is also possible to calculate the number n of
electrons in the first coordination shell from the
coordination 7, i. e.,

n=n(Z)

where (Z) =2 ¢; Z;, Z; being the atomic number of

1
element i. The values of n are plotted in Figure 10.

IV. Discussion

A) Interference Function

It is apparent from the total interference func-
tions /(K) (Fig.2) that the structure of the Ag-Cu
alloys does not show any unusual features, such as
the splitting of the first peak which is observed in
Cu-Sn alloys8, or a premaximum below the first
peak found in Cu-Mg alloys!!. In addition, the
positions K, of the peak maxima vary smoothly
from the values observed in pure Ag to those in pure
Cu as shown in Figure 3.
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Fig. 10. Number of electrons n=(Z), where {(Z) is the

average number of electrons per atom in the alloy plotted

as a function of Cu concentration. nR, nM and np were cal-
culated from 7R, 7M and 7p .

The absence of the splitting of the first peak in
I(K) indicates that the partial function [jzcy(K)
must fall in between the functions Isgp.(K) and
Icycu (K), which is indeed shown in Figure 4. A
similar behavior was found in Ag-Sn alloys?, and
can be explained with the hard-sphere model of
liquid alloys %13, However, a splitting of the first
peak of I(K) of the Cu— 55 at.% Sn alloy was ob-
served in spite of the fact that the partial function
Icysn (K) falls in between those of Icucy(K) and
Isysn (K). The reason for the splitting is found in
the large difference 4K =K, (Cu) —K,(Sn) =0.75
A~1 in position of the first peaks for Cu and Sn,
and the effect of Sn in the weighting factor W;;(K)
[Eq. (2)] in the total I(K) [Equation (1)]. Al-
though the weight of Ag in W;; is similar to that of
Sn, the difference 4K =K, (Cu) —K;(Ag) =0.35 is
only half of that observed in Cu-Sn, and too small
to produce a splitting of the first peak. It should be
noted that AK =K, (Ag) — K, (Sn) =0.40 is similar
to 4K(Cu-Ag), and no splitting has been observed
in Ag-Sn alloys, as mentioned above.

In contrast, liquid Au-Sn alloys were the first
system where the double peak in the scattering pat-
tern has been found 1%. The double peak or splitting

of the first peak in I(K) is particularly noticeable
in the alloy with 67 at.% Sn 2. Since the separation
of the first peak maxima of Au and Sn is the same
as that of Ag and Sn, because the interference func-
tions of Ag and Au are practically identical 1, the
splitting must be due to the fact that the partial
function Jys, (K) does not follow the pattern ex-
hibited by CuSn, AgSn or AgCu. Indeed, the ex-
perimental function /4us,(K) can be reproduced
rather well by Fourier transformation of an atomic
distribution similar to an ordered AuSn alloy with
NiAs structure as shown by Kaplow et al.2. Its first
peak is even at higher value, K; ( =2.94 A~1) than
that of Au (K;=2.67 A71).

The partial interference functions Ipga.(K) and
Icycu (K) are practically identical with those ob-
served in pure Ag, and pure Cu, respectively. How-
ever, in the case of Cu, the position K; of the first
peak in the partial function is slightly smaller (K;
=2.94 A~1) than that observed in the pure liquid
copper. A similar discrepancy has been observed in
the partial function I¢ycy (K) in Cu-Sn alloys 8.

B) Atomic Distribution Function

The Fourier transforms of the partial interference
functions, i.e., the reduced partial atomic distribu-
tion functions G;;(r) can be described fairly well
with a hard-sphere model of liquid alloys 1% 13, The
positions of the peak maxima of the reduced func-
tions Gagag(r) and Geycu(r) are practically iden-
tical with those observed in the pure liquids. Only
the position of the first peak of Gagcy(r) shows a
positive deviation from a linear interpolation be-
tween the values of pure Ag and Cu.

In order to test Eq. (8) which represents the

- (WKM) approximation 4, the total reduced distribu-

tion function, calculated from the total interference
function [Eq. (5)] and represented as solid or
dashed curves in Fig. 6, were compared with G(r),
evaluated with Eq. (8) and represented as dots or
triangles in Figure 6. It is obvious that the agree-
ment between the G (r) curves is excellent, indicating
that the partial functions G;;(r) are representative
of the distributions of atoms about the Ag or Cu
atoms over short distances of r (r<20A). Similar
observations have been made in Cu-Sn and Ag-Sn
alloys 7> 8. However, as soon as strong compound
formation or ordering (as evidenced by a premaxi-
mum) occurs in the binary alloy system, the partial
functions cannot be assumed to be independent of
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concentration. Such behavior has been observed in
liquid Mg-base alloys 111617 and Li-base alloys 5.

Because the solid, binary phase diagram of Ag
and Cu is of the eutectic type, a preference for like
neighbors might even persist in the liquid. That such
a tendency exists, can be deduced from the variation
of the coordination number 7 as a function of con-
centration. As shown by Steeb and Hezel 1%, as-
suming that the number of AB pairs is small com-
pared to the number of AA or BB pairs (macro-
segregation), we can write

1 ZPn+e Zy2 g
(Z)®

where Z; and Z, are the number of electrons in
element 1 and 2, respectively, and 7, and 7, are the
coordination numbers in the liquids of elements 1
and 2, respectively. If the atoms were randomly
distributed in the liquid alloy then:

NrR=(n) =ci N +c”s,

i.e., ny falls on a straight line when plotted as a
function of concentration ¢,. The values of 7y and
#7r are plotted as a function of concentration of the
Cu atoms in Figure 9. Since the experimental values
of 7, also represented as open circles in Fig. 9, show
an even larger positive deviation from the random
behavior than calculated on the assumption of
macrosegregation in the liquid, it must be concluded
that the arrangement of the AB pairs does play a
role in average structure of the liquid.

The coordination number #;; of the partial func-
tions have also been calculated, and the values 11.3,
12.7, and 12.0 were obtained for the AgAg, AgCu
and CuCu pairs, respectively. The value of 12.7 for
Naecy s larger than either .2, and %cycu, which
are quite close to the values observed in the pure
liquids, and might be responsible for the deviation
of 7 from the random distribution. It is easily seen
that the coordination number 7p can be calculated

M= (10)
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from #;; by the relation:

fp = iz]zwij"?ij- (12)
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However, the poor agreement does not arise from a
breakdown of Eq. (8) which assumes that W;;(K)
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