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Abstract—The concentration dependence of the short-range order parameters in gold-rich polycrystalline dis-
ordered solid gold—copper solutions was investigated using the X-ray diffuse-scattering method. On the X-ray
diffuse-scattering patterns of disordered alloys with 75, 83, and 90% gold, diffuse maximums that are typical of
short-range order were absent in the region of the possible superstructure reflex (100), but in the region of the
possible reflex (110), an intensity rise on the scattering patterns was revealed that noticeably depended on the
gold concentration. The application of the method, taking the effects of static displacements on the considered
coordination spheres into account, allowed the determination of short-range order parameters for nine coordi-
nation spheres. The spectra of short-range order parameters, which was calculated using the least-squares
method, had the long-range sign-alternating representation that is inherent in the CuzAu superstructure. The
absolute values of short-range order parameters were detected to decrease with an increase of the gold content
in the alloys. The concentration dependence and small values of ordering energy of investigated polycrystalline

alloys were revealed on the first coordination sphere using the Clapp—Moss method.
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INTRODUCTION

The short-range order in Cu—Au disordered solid
solutions has been investigated repeatedly [1—5]. It
has been studied in the most detail in copper—gold
alloys that are rich in gold. The existence of short-
range order in the Cus;Au single-crystal alloy was
noted in [4]. On the curves of the dependences of X-
ray diffuse-scattering (XRDS) intensity on the grazing
angle of disordered polycrystalline gold—copper alloys
rich in gold [5], the diffuse maximums that are typical
for short-range order were absent in the region of the
possible superstructure reflex (100), while in the
region of possible reflex (110), an XRDS intensity rise
that noticeably depends on the gold concentration was
revealed. The determination of short-range order
parameters from the revealed complex scattering pat-
tern was not performed in [5].

The goal of this work was to determine the spectrum
of short-range order parameters in the gold-rich disor-
dered solid solutions of gold—copper on the basis of the
theory of M. A. Krivoglaz [6] allowing the effect of static
displacements on the considered coordination spheres
to be taken into account within the XRDS method.

INVESTIGATION TECHNIQUE

Gold—copper alloys containing 75, 83, and 90 at %
gold were made from gold of special purity and elec-

trolytic copper in a shaft furnace in an argon atmo-
sphere. The ingots were then homogenized at 760°C,
after which the surface was ground and polished. The
alloy of Cu;Au composition was annealed at 700°C for
3 h and at 460°C for 8 h, while the alloy of CuAu,
composition was used after annealing at 700°C for 3 h,
at 500°C for 10 h, and at 300°C for 20 h in a vacuum
no worse than 5 x 10~ mmHg.

Diffusion scattering of X-rays was measured at the
X-ray diffractometer on CoK, radiation using a scin-
tillation counter. The calculated values of scattering
intensity were reduced to electron units by comparison
with the intensity of scattering by fused quartz. After
reduction to electron units, the contributions from air
scattering, Compton scattering, thermal scattering,
and double Bragg scattering were subtracted from the
XRDS intensity.

Unlike [5], the effects of static displacements were
taken into account on all coordination spheres on the
basis of the theory that was developed by M.A.
Krivoglaz [6]. According to this theory, the relation-
ship of the XRDS intensity to the Fourier transform of
interatomic correlation parameters € has the form

I = N¥|C) [ fahg- (fu—f)] (1)
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where

(|Cq = N{cAcﬁze(p)cosqp}

[

Ja and fy are the atomic factors of X-ray scattering, c,

and cy are the component concentrations, f'= c, fy +

cpfp is the concentration average atomic factor. The

vector coefficients Ag were found from the system of

algebraic equations in the Born—Begbie model [7]:
DQuAQ =Py, (=123,

1

where, for fcc lattices

Dy = aCn[Z - cosQ"a(cosz + cosQ aﬂ
= 2 2 2

+a(2C,, — C“)(l - cosQ; cosQ a)’

2
DQ.\»y DQ = a(Cp+ C44)SIDQT Sanza
2
Py = L(Cy, in 24 (cosz + cos Qa)lav
T2 2 v oc

The remaining elements of the dynamic matrix Dy and
vector Pq can be obtained by cyclic permutation of

indices (x — y — 7). The quantities C},, C,,, and Cy,
that enter into the above expressions are the elastic
constants of the matrix.

Expression (1) can be written as

AB 1 AA AB
Ip(q) = @y (4)_521'(:1‘[8 (r)@; (9], (2)
where the short-range order-modulating functions,
which are connected with static displacements, have
the following form for the zeroth and other coordina-
tion spheres:

D)%(q) = ([ =/ + (D @A

%(q) = (Zx[(f* —/B +faAQAB2cosqRso,y,

where i is the number of a coordination sphere, C; is
the coordination number, a; is the short-range order
parameter for the ith coordination sphere, |q] =

47 % , Q = q— G, G is the reciprocal lattice vector

of solid solution, A is the wavelength of the used X-ray
radiation, (...)(M is the averaging over all orientations
of scattering (in spherical coordinates over ¢ and y
angles). In the case of cubic-system crystals, the cal-
culation can be reduced by 48 times by averaging over
the solid angle constrained by the planes Z = 0, X —
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Table 1. Values of the short-range order parameters for dis-
ordered solid solutions Au—10 at % Cu, Au—17 at % Cu,
and Au—25 at % Cu

at % Cu 25 CuAu, 17 10 Cus;Au
o o O o o

1 —-0.12 | —0.10 | —0.06 | —0.04 -1/3
2 0.60 0.24 0.34 0.26 1

3 —-0.12 | —0.09 | —0.04 | —0.02 —1/3
4 0.14 0.11 | —0.01 0.00 1

5 —0.07 0.00 | —0.04 | —0.03 —1/3
6 0.77 0.05 0.55 0.51 1

7 -0.19 | -0.02 | —0.13 | —0.12 —1/3
8 1.03 0.05 0.61 0.69 1

9 —0.02 - —0.01 | —0.03 —1/3
a,A 3.99 - 4.02 4.04 -
B 0.28 - 0.22 0.20 —

Table 2. Calculated V;/kp values of the first three coordina-
tion spheres for gold—copper alloys that are rich in gold

i | Au—10at % Cu | Au—17 at % Cu | Au—25at % Cu

1 7 7 79
—440 —234 —130
3 14 9 98

Y =0, and Y— Z=0, while the integration can be con-
ducted using the expressions

/4 Yo
12
(@A), = = [do [(aAq)cosydy,
0 an
27[/4 Yo
1
((0AQ))e., = = [do [(aAo)’cosydy,
1
0 /2
Yo = 7I—arcsin(Si$ .
2 )
I+ sin"op

The parameters of interatomic correlations are con-
nected with the Cowley short-range order parameters

by the relationship S?A = C,Cg0;. The parameters

used in the calculations are given in Tables 1 and 2.
Values of the lattice parameter a for the alloys under
study were found from the reflexes of diffractograms
located at large scattering angles. As the elastic con-
stants, those of gold [8] were taken. The distortion

parameters [} = 12—\} , where v is the unit cell volume,

v oc
were calculated from experimental dependences of
crystal-lattice parameters on the concentration a(c)
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Fig. 1. The calculated values of the XRDS intensity of dis-
ordered polycrystalline solid solutions on the basis of gold
containing 10, 17, and 25 at % copper. The vertical lines
denote the positions of the possible superstructure reflexes
of the CuAu; ordered phase.

501;"2. Atomic factors
ac,—c¢,

and dispersion corrections of copper and gold were
borrowed from [9] and [10], respectively.

using the relationship f =

EXPERIMENTAL RESULTS

Figure 1 presents the measured values of XRDS
intensity of gold-based disordered polycrystalline solid
solutions containing 10, 17, and 25 at % copper and
annealed at the lowest temperature after the obtained
data were reduced to electron units and the thermal,
Compton, and dual Bragg scatterings were excluded.
The vertical lines denote positions of possible super-
structure reflexes of the ordered CuAu, phase with a =
3.99 A. It can be seen that for all three solid solutions
in the domain of existence of possible superstructure
reflexes (100)—(110) and (210)—(211), modulated dif-
fusion scattering is present, which is typical for alloys
with short-range stratification. It is also seen that in
diffractograms in the region of the possible superstruc-
ture reflex (100) with a growth in the grazing angle 20,
a weak increase in the diffusion scattering intensity is
observed, which grows noticeably with approach to
the reflex (100). The interpretation of this curve is
ambiguous and was not given in [5].

DISCUSSION OF THE RESULTS

In this work, the short-range order parameters of
disordered solid solutions of Au—10 at % Cu, Au—
17 at % Cu, and Au—25 at % Cu were found using the
least-squares method from the XRDS curves given in
Fig. 1 and, in contrast to [5], following the technique
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described above, which takes into account the static
displacements in an arbitrary coordination sphere
with the use of expression (2). The results of calcula-
tions of short-range order parameters for the polycrys-
talline alloy Au—25 at % Cu and literature data for the
single-crystal alloy of the same composition [4] are
presented in the second and third columns of Table 1.
In the fourth and fifth columns of Table 1, the short-
range order parameters for the Au—17 at % Cu and
Au—10 at % Cu alloys are presented. In the last col-
umn of Table 1, the short-range order parameters for
the CusAu superstructure are given. Values of the
parameters of crystal lattices a and the parameter f3,
which were used in this work, are presented in two
lower rows of Table 1. A peculiarity of this technique is
the use of the static displacement parameter 3 to
choose a value that is important. This parameter was
found from the concentration dependences of the
crystal lattice parameters. From Table 1 it can be seen
that for all three investigated alloys, Au—10 at % Cu,
Au—17 at % Cu, and Au—25 at % Cu, the short-range
order parameters appeared to be negative for odd
coordination spheres, while for even coordination
spheres they were positive. A similar distribution of
signs is also typical of both the Cu;Au superstructure
and the single-crystal Cu;Au [4]. These results show
that short-range order, which is characteristic of the
Cu;Au superstructure, is set in gold-rich polycrystal-
line disordered solid solutions of gold—copper. It
should be noted that the short-range order parameters
appeared to be substantial in magnitude and in some
cases close to the maximum possible values. The sig-
nificant magnitude of the parameters o; on the far
coordination spheres indicates the existence of long-
range interatomic interactions in the alloys.

In [11], an expression was suggested that connects
the Fourier transform of the spectrum of short-range
order parameters o.(k) with the Fourier transform of
the spectrum of ordering energies V(K):

1
a(k) = ,
[1-(Tc/T)V(k)/V(K,)]
where T is the temperature of the order—disorder
phase transition and 7'is the temperature of hardening,

1
2cpcp(1/kpT)

is the Fourier transform of the ordering energy at the
point of reciprocal space k,,, and ¢, and cy are the con-
centrations of components. From these expressions it
is seen that knowing the 7 value, it is possible to cal-
culate V(k,,) and ou(k) for all values k from the first
Brillouin zone, and then the spectrum of short-range
order parameters o(R;). The Fourier transform of
energies V(k) entering in (3) can be also calculated on
the basis of model values of ordering energies V(R)).
When expressions (3) and (4) are used, it becomes

3)

Vik,) = “
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possible to find a (k) by means of varying the V(R,) and
then to determine theoretical values of a(R;). As the
sought values V(R;), the values are assumed that corre-
spond to theoretical values a.(R;) that are closest to the
experimental values, a.(R;). An analogous scheme was
previously used in [11] for estimating the values of the
ratios V,/V, and V;/V, for the single-crystal alloy
CuAu; using values of short-range order parameters
from [4]. It was found that the ratios of ordering ener-
gies V,/V; and V;/ V) for the single-crystal alloy CuAu,
equal —1.2 and 0.9, respectively. Similar calculations
for the polycrystalline alloys gold—copper have not
been performed previously. In this work, the above-
described scheme was implemented for the polycrys-
talline disordered solid solutions of Au—10 at % Cu,
Au—17 at % Cu, and Au—25 at % Cu. According to the
values of the short-range order parameters given in
Table 1, the values of the ordering energies for the first
three coordination spheres were selected and are pre-
sented in Table 2. It can be seen that for all three poly-
crystalline disordered solid solutions, the values of the
ordering energies on the first and third coordination
spheres are positive, while those on the second coordi-
nation sphere are negative. This distribution of signs of
ordering energies is typical of the Cu;Au superstruc-
ture. However, the values of the parameters V,/kg
proved to be lower in magnitude than the V,/kg values,
although in disordered solid solutions the inverse situ-
ation has been observed [11]. The concentration
dependence of the parameter V,/kj is also seen, which
consists of a sharp reduction in its absolute values with
the growth in the copper content. For the Au—25 at %
Cu alloy, the V,/kg value is almost three times lower in
magnitude than the V,/kgvalue for the Au—10 at % Cu
alloy.

CONCLUSIONS

It was found that diffusion scattering connected
with short-range order is present on diffractograms of
polycrystalline disordered solid gold—copper solutions
containing 25, 17, and 10 at % copper. For all three
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alloys, the spectra of short-range a; order parameters
(which have the long-range sign-alternating behavior
inherent in the superstructure Cu;) were calculated
from the XRDS intensity using the least-squares
method. Their noticeable concentration dependence
is revealed. When the copper content increases, a
growth in absolute values of the o, parameters is
observed. Using the Clapp—Moss method [11], the
ordering energy values were estimated for the first
three coordination spheres; a peculiarity of these
spheres consisted of small values for the first coordina-
tion spheres in comparison with the analogous values
for solid solutions that are rich in copper. These data
are evidence that there are no anti-phase domains in
the alloys under study.
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