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The elastic constants of Cu-(0.23 at. %)Au, Cu-(2.8 at.%)Au, and Cu-(10.0 at.%)Au have
been experimentally measured over the temperature range 300-4.2°K. The elastic
constants at 0 °K have been fitted with the Neighbors-Smith model for shear elastic constants

of dilute monovalent-metal alloys.

INTRODUCTION

Cohesion in a metal crystal is especially compli-
cated by the influence of the electron sea. As a
result, the elastic constants of metal single crys-
tals are difficult to relate to atomic theory, except
for a few special cases. Fuchs,' for instance, has

proposed a theory of elastic constants for monova-
lent metals which gives rather good agreement with
experimental data for the alkali metals and the noble
metals.?”® This model deals with shear strains,
which do not affect the atomic volume of the Wigner-
Seitz cell surrounding each metal ion. As a result
the shear elastic constants c’=3(c,, - ¢;5) and cyy
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TABLE I. Lattice spacings in angstroms and densities

p in g/cm? for Cu-(0. 23 at. %)Au, Cu-(2.8 at.%)Au, and
Cu-(10.0 at. %)Au at 300 °K.

Alloy Lattice spacing Density
Cu-(0.23 at. %)Au 3.616 8.970
Cu-(2.8 at. H)Au 3.632 9.326
Cu-(10.0 at. %)Au 3.669 10.340

depend primarily on two factors: the change in the
potential energy of the electrons due to distortion of
the edges of the Wigner-Seitz cell, and exchange
repulsion due to overlap of closed shells of two
neighboring ions.

In the case of alloys one encounters even greater
difficulty in explaining the results of experimental
determinations of the elastic constants, Existing
theories tend to be modifications of a pure-metal
theory such as that of Fuchs, In particular, Neigh-
bors and Smith have proposed a semiempirical the-
ory for alloys composed of slightly diluted monova-
lent metals.* According to this model, the elastic
constants of such an alloy are determined from the
elastic constants of the host and the concentration
of the impurity ions.

In this study we have measured the adiabatic elas-
tic constants, over the temperature range 300-

TABLE II. Elastic constants cjy, ¢4, ¢’, and cy, in units of
2
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4,2 °K, of copper plus 0.23, 2.8, and 10 at. % gold.
It would be expected that a dilute alloy of a noble
metal with a noble metal would provide an optimum
test of alloy models derived from the monovalent-
metal model. Copper and gold are completely mis-
cible in the alloy state, so that a study of these al-
loys should characterize the properties of gold dis-
solved in copper over a fair range of compositions.
Furthermore, the use of such dilute alloys excludes
the complications caused by superlattices in higher
concentrations of the alloy family.®

EXPERIMENTAL

The single crystals were obtained from Materials
Research Corporation in the forms of circular cyl-
inders approximately 5 in. in length by 0. 625 in. in
diameter. The [100] and [110] specimens were then
cut from the center of each cylinder with an Elox
model TQH-31 electric discharge machine, oriented
by standard Laue x-ray back reflection, and then the
end faces were polished parallel by the electric
discharge machine. Lengths of the [100] and [110]
specimens were approximately 2.5 and 1.2 cm, re-
spectively, at room temperature. The end faces
were parallel to within 0, 0005 cm and the crystalline
directions were within 1, 0° of being perpendicular
to the end faces,

The concentration of gold in each alloy crystal

10! dyn/cm?, densities in units of g/cm®, bulk moduli

in units of 101! dyn/cm?, and anisotropy unitless.

T Ci1 Cyq c’ Ciy B A P
Cu-(0.23 at. %)Au
0 17.825 8.206 2.602 12.621 14.355 3.154 9.060
10 17.825 8.206 2.602 12.621 14.355 3.154 9.060
20 17.821 8.202 2.602 12.617 14,351 3.152 9.060
30 17.816 8.196 2.601 12.614 14,347 3.151 9.060
80 17.748 8.113 2,584 12.580 14.302 3.140 9.054
200 17,372 7.799 2,464 12.444 14.086 3.165 9.013
300 17.000 7.419 2,340 12.320 13.879 3.171 8.970
Cu-(2.8 at. %)Au
0 17.775 7.930 2.498 12.779 14.445 3.175 9.420
10 17.775 7.929 2.498 12.779 14.445 3.174 9.420
20 17.762 7.922 2,497 12.768 14,432 3.173 9.420
30 17.749 7.911 2,495 12,759 14.422 3.171 9.420
80 17.649 7.843 2,473 12.703 14.351 3.171 9.414
200 17.281 7.632 2.369 12,543 14.122 3.222 9.371
300 16,917 7.392 2.265 12,387 13.897 3.264 9.326
Cu~-(10.0 at.%)Au
0 18,347 7.850 2.450 13.447 15,081 3.204 10.44
10 18,347 7.850 2.450 13.447 15,081 3.204 10,44
20 18.345 7.849 2,448 13.449 15.081 3.206 10.44
30 18,337 7.846 2.445 13.447 15,076 3.209 10.44
80 18.226 7.793 2.417 13.392 15.004 3.224 10.43
200 17.833 7.6563 2.292 13.249 14,778 3.295 10.39
300 17,467 7.313 2.186 13,096 14,552 3.345 10.34
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FIG. 1. Elastic constant cyy of Cu, Cu-(0.23 at. %)Au,
Cu-(2.8 at. %)Au, Cu-(10.0 at. %) Au, and Au inunits of
101! dyn/cm?.

was also determined in this laboratory. The analy-
ses were made on a Jarrell-Ash atomic absorption
unit with reference standards prepared from spec-
troscopically pure copper and gold.

Since gold atoms are larger than the copper host
atoms, it seemed probable that alloying would change
the lattice spacing of the pure copper. Therefore,
we have made a determination of the lattice spac-
ings of the three alloys. Powder filings of each al-
loy were annealed at 600 °C for two weeks and then
analyzed on an x-ray diffractometer. It was found
that the lattice spacings for Cu-(0. 23 at. %) Au and
Cu-(2. 8 at. %) Au agreed very well with Vegard’s
law.® For Cu-(10. 0 at. %) Au the results were in-
conclusive due to weakness and broadening of the
diffraction peaks. Thus, we have used Vegard’s
law and the results of the chemical analysis to de-
termine the lattice spacing for the 10% concentra-
tion, The density of each of the alloys was calcu-
lated from its concentration of gold, its lattice
spacing, and the density of pure copper. The den-
sity of pure copper, p=8.933 gm/cm?, was calcu-
lated from its lattice spacing of 3.615 A given in
the American Society for Testing and Materials
(ASTM) card file. Table I gives the values of the
concentrations and corresponding lattice spacings
and densities at 7= 300 °K.
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Since these alloys have the symmetry of a cubic
crystal there are only three independent elastic con-
stants, ¢;;, Cu, and c;,."7 To obtain c¢y; and ¢,y one
simply measures the velocities (V)of 10-MHz longi-
tudinal and transverse sound waves propagated in
the [100] direction. Then if the density p is known,
the following relations may be used: c;,=pVZ and
c44=pV?p . To obtain c;,, one measures the velocity
(Vy) of a transverse wave propagated along the [110]
direction with its particle motion polarized perpen-
dicular to the [001] direction, giving ¢’=pV?
=3(c11 = C12).

The method employed to measure the sound vel-
ocities in the crystals was the well-known pulse-
echo technique. The equipment has been described
in an earlier publication.® At least six echoes were
used for each measurement,

The bond between the crystal and transducer was
Nonaq stopcock grease for the temperature range
100-300 °K. In the temperature range 4. 2—200 °K
Dow Corning DC-11 was used. Data were taken in
such a manner that the results obtained when using
the two different binders overlapped by at least a
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FIG. 2. Elastic constant ¢y of Cu, Cu-(0.23 at. %)Au,
Cu-(2.8 at. %)Au, Cu-(10.0 at. %)Au, and Au in units of
10! dyn/cm?.
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FIG. 3. Elastic constant ¢’ of Cu, Cu-(0.23 at. %)Au,
Cu-(2.8 at. %)Au, Cu~(10.0 at.%)Au, and Au in units of
10! dyn/cm?.

temperature range of 40 °K. The data always agreed
in the region of overlap.

In the temperature range 80-300 °K, the crystal
temperature measurements were made with a cop-
per-constantan thermocouple, Temperatures in the
range 4. 2-80 °K were measured with a Cryo-Cal
germanium resistance thermometer. The emf mea-
surements were taken with a Leeds and Northrup
six-dial potentiometer facility.

RESULTS

In order to calculate the elastic constants of these
alloys as a function of temperature, it is necessary
to know the temperature dependence of their lengths
and densities. There are no data available on the
temperature dependence of these properties. There-
fore, we have utilized the linear expansion coeffi-
cient of pure copper for these calculations. This
is a reasonable assumption since the alloy differs
in composition only slightly from pure copper. Fur-
thermore, this total correction in length constitutes
a very small correction in the elastic constants.

The linear expansion coefficient of copper a(7T)
has been measured by Fraser and Hallett from 20
to 90 °K,® and by Leksima and Novikova from 90 to
1323 °K. 0

To account for the thickness of the binder, a cor-
rection was made in the measured echo round-trip
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TABLE III. Elastic constants cyy, ¢y, and cyy (0 °K)
in units of 101 dyn/cm? and Debye temperature @ in
Kelvin degrees.

Element or alloy cyq [m cyy  Debye®
Cu 17.620 8.177 12,494  345.4
Cu-(0.23 at.%)Au 17.825 8.206 12,621  329.7
Cu-~(2.8 at. %)Au 17.775 7.930 12,779  319.4
Cu-(10.0 at. %)Au 18.347 7.850 13.447  310.9
CuzAu 18.490 6.870 13.530  283.8
Au 20.163 4.544 16,967 162.6
times. A correction of 0. 04 psec was subtracted

from times for transverse waves, and a correction
of 0.03 psec was subtracted from these times for
longitudinal waves,!

The results of the calculations of the elastic con-
stants are given in Table II. Also included in Table
I are the densities and bulk moduli calculated from
the equation B = #(c;, +2¢;,). Estimated maximum
possible errors in the values of these parameters
are ¢y, 0. 6%; Cuq, £0.8%; ¢, £0.8%; and c,,,
+0,9%. Figures 1-3 show the temperature depen-
dence of the elastic constants,

The Debye temperatures have been calculated in
accordance with the method of Betts, Bhatia, and
Wyman.!? Table ITI provides a comparison at 0 °K
of the elastic constants and Debye temperatures of
pure copper,? Cu-(0. 23 at. %)Au, Cu-(2.8 at. %)Au,
Cu-(10. 0 at. %)Au, Cu,Au,'® and pure gold.®

The anisotropy of each crystal has been calculated
by the equation™ A =c,, /c’ and is also included in
Table II.

DISCUSSION

We have fit our data to a model for dilute alloys
of monovalent metals proposed by Neighbors and
Smith.* Based on Fuch’s! model for monovalent
metals they have proposed that the changes in the
shear constants of a monovalent metal upon alloying
are given by

Ac=cg(Z%-1)+crax , ()
Ac'=cf(Z2-1)+cfax .

The constants cg, ¢, cp, and c; are obtained
from the experimentally measured elastic constants

TABLE IV. Values of @ and Z using two different
methods of lattice-parameter correction.

First method Second method
Alloy o z @ VA

Cu-(0.23 at. %)Au 0.120 0.98 0.014 1.00
Cu-(2.8 at. %)Au 0.024 0.98 0.022 1.08
Cu-(10.0 at, %Au 0.029 1,03 0.024 1,28
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of the host monovalent metal combined with calcula-
tions in accordance with Fuch’s model. The param-
eter Z has been interpreted to be the average
electron to atom ratio in the alloy. The parameter
a is related to the strength of closed electron shell
interactions between added solute ions and the host
monovalent ions. For dilute alloys, a should be

a constant for a given alloy family, The atomic
concentration of the dilute constituent of the alloy

is denoted by x.

Equations (1) are intended to represent the changes
in the elastic constants due to the effects of alloying
only. Therefore, before the values of Z and & can
be determined, it is necessary to correct Ac, Ac i’
Cg, Cr, Cp, and c} for the changes in the lattice pa-
rameter of the monovalent metal which occur upon
alloying. Using the method of correction given by
Neighbors and Smith,* we have obtained values of Z
and a given in Table IV under the heading “ First
method.” We have also used the pressure deriva-
tives of the elastic constants of copper® to obtain
these lattice-parameter corrections. Values of Z
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and a obtained by this method are also listed in Ta-
ble IV under the heading “Second method.” Values
of the shear elastic constants for copper used in
both methods of calculation were values extrapolated
to 0 °K from the work of Overton and Gaffney.? All
values used for the shear elastic constants of the al-
loys were also extrapolated 0 °K values.

Since Z is a measure of the average electron to
atom ratio in an alloy, it should have the numerical
value of 1,00 for the Cu-Au family. An examina-
tion of the data in Table IV would indicate that the
first lattice-parameter-correctionmethod gives for
a and Z a more acceptable and consistent value for
the three alloys than does the second method.
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