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ABSTRACT

X-ray scattering data obtained for multiple wavelengths with synchrotron radiation were
analyzed by the Rietveld method to determine Ni and Pd distributions on the Cu(000) and
Au(%'/41/4) sites in the CuAul tetragonal P4/mmm structure. Alloys of CuAUjM,., containing 6
at % Ni or 10 and 25 at. % Pd were processed to obtain maximum ordering. Nickel is
predominantly found on the Cu site and most all the Pd is found on the Au site. The
uncertainty in site occupation parameters is discussed for various contributions which affect
powder intensity measurements. For highly absorbing materials, an observed powder roughness
effect decreases the low angle (26) intensifies relative to the high 29 intensities. This effect
reduces the reliability of the thermal parameters and obscures a proper description of the
thermal motion of the two sublattices. Corrections to the X-ray intensity data for surface
roughness/porosity effects reduce uncertainties to about ±1 at. % on the refined value of the site
occupations. This use of variable wavelength X-rays with simultaneous refinement of the
corresponding data is capable of distinguishing site occupations even between two elements of
almost equal scattering factor as, for example, Cu and Ni atoms in this investigation. Chemical
phase stability is related to the site occupation parameters.

INTRODUCTION

CuAul belongs to the classical Cu-Au system of order-disordered alloys extensively
studied in the literature. The crystallographic symmetry of the ordered structure at the

»*<* i! 8 » £ equiatomic composition CuAu is tetragonal with a layered atomic arrangement of (OOf) planes
being alternately occupied by Cu and Au atoms as shown in Fig. 1 where the primitive unit cell
is shown by the dashed lines. Nickel substitution for Au atoms produces a rapid increase in the
axial ratio (c/a); whereas, Pd substitution causes the axial ratio to shrink linearly after a small
initial rise at a low level of substitution [1-2]. Corrosion resistant and hard single-phase CuAuPd
alloys have been synthesized for applications as dental filling material [1]. These structures have
been mostly characterized by lattice parameter measurements and phase identification with X-ray
diffraction [2-3]. The structural properties of these alloys are influenced by the chemical site
selectivity and kind of substituents on the host sites. To a first approximation, the mechanical
properties (hardness) depend on the number and strength of the different kinds of neighbor pair
bonds as determined from site occupation parameters. Knowledge of chemical mixing
determined from measurements of site preference will further our understanding of both the
properties and phase stability of alloy systems.

EXPERIMENTAL RESULTS AND DISCUSSION

Site occupations in binary alloys with two sublattices can be determined by conventional
diffraction techniques using a single energy when there is high contrast between atoms such as
Cu and Au atoms. However, in a ternary alloy with two sublattices such as in Ni/Pd substituted
CuAu alloys, there are two unknowns thus requiring two diffraction measurements rather than . n
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Fig. 1. The atom positions
of the CuAul tetragonal superlattice
with the primitive unit cell, ,
having a Cu atom at (0,0,0) and a
Au atom at (Vz,V2,Vz).

a single diffraction experiment. In principle, one chooses X-ray wavelengths to maximize the
contrast between the elements. Anomalous X-ray scattering provides a technique in which
diffraction experiments are performed near the absorption edges of the constituent elements in
a multielement system to produce increased contrast through changes in the atomic scattering
factor. The anomalous correction to the atomic scattering factors, &f real and af imaginary,
can produce changes of about -6 and -20 eu for the X-ray energies near the K and LJ,J
absorption edges, respectively [4]. Wavelengths available from synchrotron radiation sources
near the Cu and Ni K edges and Au LjH edge were chosen to provide different scattering factors.
This change was most important for the Cu and Ni atoms whose scattering factors would
otherwise be substantially the same. By analyzing the effect of these changes in the anomalous
scattering factors near the Cu, Ni and Au edges on the relative intensity of fundamental and
superlattice lines, we can determine the occupation of each site by each element. As many as
six X-ray wavelengths were available to assess the best combinations and the statistical error of
a complete quantitative distribution of Cu/Au/Ni or Pd on each site.

Samples were prepared from powders made from well homogenized and rolled ingots.
Powders which passed a -325 mesh screen were then annealed in Ar filled quartz capsules for
27 days to achieve maximum ordering. The anomalous X-ray scattering data were obtained at
the ORNL beam line X-14 of the National Synchrotron Light Source (NSLS) facility of
Brookhaven National Laboratory. A double crystal Si(lll) monochromator was used to select
the appropriate wavelengths within a narrow energy band, AE/E • 3 x 10"*, to take maximum
advantage of the anomalous dispersion correction. These wavelengths were calibrated to the
measured absorption edges of foils made from the samples, to the known lattice constants of our
samples, and to a Si standard. The scattered radiation was measured with a gas filled
proportional detector. Variations in the incident intensity were monitored with an ionization
chamber. The samples were rotated continuously during data collection. Two theta intervals
between 0.01 and 0.02° were chosen to ensure at least ten data points occur across the half
width of the reflection. Scans extend to 130 or 140° 20. The X-ray energies, angular ranges
and anomalous corrections to free-atom scattering factors are shown in Table I. Figure 2 shows
a limited range of diffraction data near the Ni K edge. It is changes in the relative peak height
of the superstructure to fundamental reflections produced by changes in anomalous scattering
which allows the site occupations to be determined. The changes in peak intensity will be more
apparent at larger 26 because the anomalous scattering term is constant while the energy-
independent scattering decreases.

Although the Rietveld method [5] fits each data point, we can understand the essential
features to recovering site occupations from the following equations. The intensity ratio of the
superstructure, ss, to fundamental, fund, Bragg reflections measured by the diffraction
experiments is written as

fiutd fund find *" fiorf



Table I. Correction to free-atom scattering factors for relevant diffraction
patterns
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Fig. 2. A portion of the X-ray diffraction patterns of i
below the Ni K edge at 8.333 keV.

taken at 3 eV

where m is the multiplicity, LP the Lorentz-polarization factor, and K a constant of
proportionality which includes scale factors and roughness corrections. We define the structure
factors as

(2)

and

V « (3)

where X and f are respective atomic fraction and scattering factors. A and B refer to (000) and
(1AWA) crystallographic sites, and XQ, = X ^ + X V For the Pd containing alloy, we would
substitute Pd for Ni in the above equations. Sample roughness reduces the low angle (2©)
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substitute Pd for Ni in the above equations. Sample roughness reduces the low angle (29)
intensities producing the opposite effect as that of thermal motion which reduces the high angle
intensity. Intensity ratios also depend on preferred orientation. These various contributions to
the measured intensity have prompted the use of the entire diffraction pattern for a least square
analysis to find an optimum set of geometrical and structural parameters representing the
observed powder intensity and peak positions. This analysis is often referred to as Rietveld
method [5]. The statistics improve as more superlattice and fundamental peaks are obtained in
long diffraction scans. We used a generalized crystal structure analysis system (GSAS) computer
code developed at Los Alamos Neutron Scattering Center [6]. This code adopts the Rietveld
procedure for structure refinements from the entire powder intensity profile rather than a few
intensity ratios. Each wavelength intensity scan has its own line shape parameters and all data
sets from the same sample are simultaneously fitted with a common structural model for the site
occupations.

Before refinement, the data were corrected for variations in incident intensity, for
detector dead time, and for sample roughness. We estimated the effect of sample roughness by
measuring characteristic fluorescence as a function of 28 in the same symmetric geometry used
for the diffracted intensity; fluorescent intensity should be constant for a smooth, flat, and
theoretical dense sample but attenuated more at low 26 for rough powder samples by an amount
similar to the diffracted intensity [7]. Without this correction, low 29 peaks are abnormally
weak, and refinement gives an unphysical and sometimes negative thermal parameter (which also
includes the static term). With these corrections, our isotropic thermal parameters, uiso, are
reasonable. Corrections to the theoretical anomalous scattering factors at each energy [4] were
calculated from measured absorption data taken across the edge [8].

The profiles were refined as follows. The first few cycles of refinement include only zero
29 errors and lattice constants a and c to center peak positions. Then peak profiles in each data
set are modeled with Simpson's rule integration of a pseudo-Voigt function to include long tails
and peak asymmetry [9]. The peak positions are also corrected for sample displacement error.
Once a good profile shape is obtained, lattice constants, sample displacement and profile
coefficients are once again varied iteratively to get the best fit parameter values. The progress
in the refinement is gauged by an improving goodness-of-fit index, %2*v When the x2»v
approaches 3 to 4, then the structural parameters including site occupations, thermal factor,
preferred orientation, and extinction effect parameters are varied. Only a minor preferred
orientation effect along [001] was observed.

The CuO998Auog82Ni<u2 occupations were first refined using intensity profiles at the
Cu,Au, and Ni edges with the overall stoichiometry fixed, and the total occupation of each site
fixed at 1. The results of these refinements are given in Table II, and the number in the
parentheses indicates the level of uncertainty in the last significant digit of the site occupation
parameters. Confidence in this best fit value is judged by various residual indices (R-factors) and
X2,v defined in Table II. The measured intensity, Io, and calculated intensity, Ic, are weighted,
W, based on counting statistics. R^ is the theoretical limit for Rexp which is the error allowed
by the assumed Gaussian error statistics. R,^ remained within a factor 1.4 to 1.5 of R^ , and a
high level of statistical accuracy was achieved in our best-fit site occupancy values. The reliability
of our analysis of site occupation distribution is further tested by refinement of Cu, Au, Ni atom
occupancies subject only to the constraint that the overall stoichiometry for Cu/Au/Ni in the
sample CuO99gAuOgg2Nio.I2 be conserved. This gave values of site occupancies listed in Table II.
The total site occupancy for each site refined to a value of 0.974 which attests to the consistency
of the refined occupancies, and is convincing evidence that Ni additions have a strong preference
to substitute on the Cu site. Data from the C u A u ^ d , samples were analyzed in a similar
manner. Comparison of observed and calculated intensities gave a very good fit with all Pd
atoms on Au (Vi%%) sites in both the samples Cu, oAuogoPdj,̂  and Cu, oAuosoPdoso. The final
fitted intensities near the Ni K edge for the Ni containing sample and near the Au Lm edge for
the 10 at. % Pd sample are shown in Fig. 3.



Table II. Site occupation distribution in Cu099gAu0gg2Ni012

Crystallo-
graphic site

Cu(OOO)

Au(000)

Ni(OOO)

Cu(VaVaVi)

Au(y21/21/2)

Ni(%%%)

x 2 i v = ( R V R e x p ) 2

Rwp

Free refinement

0.863 (12)

0.008 (1)

0.103 (13)

0.135 (12)

0.874 (1)

0.018 (13)

2.25

13.05%

"ISO

A2

0.0077

0.0077

0.0077

0.0077

0.0077

0.0077

Constrained
refinement

0.886 (8)

-0.004 (1)

0.118(8)

0.112 (8)

0.886 (1)

0.002 (8)

2.24

13.06%

"ISO

A2

0.0082

0.0082

0.0082

0.0082

0.0082

0.0082

8n2 uito = Isotropic thermal correction factor,

= /Kl/£[WI2
0] = Weighted profile R-factor, and M = S[W(IO - LJ2].

CONCLUSIONS

The three principle sources of error in our data (sample roughness, anomalous scattering
corrections and counting statistics) have combined to give an uncertainty in these site
occupations of less than ±0.02 in the concentrations listed. The use of several powder diffraction
patterns from different X-ray energies with Rietveld's method of structure analysis has provided
statistically significant site occupation parameters even for atoms with similar atomic numbers
and, therefore, similar atomic scattering factors such as for Ni/Cu. We are convinced that sample
roughness is a general feature which has been mostly ignored. To better account for it, we
suggest that it be made an adjustable parameter in Rietveld's analysis. We have demonstrated
clearly that Ni has marked preference to occupy the Cu(000) site. This preference forces Cu
atoms to the Au sublattice. Palladium has a strong preference for the Au(WAV2* site. An
examination of the binary alloy phase diagram for Cu-Au, Cu-Ni, Cu-Pd, and Au-Pd shows that
Ni is more soluble in Cu than in Au thus preferring the Cu site and that Pd is more soluble in
Au than in Cu and prefers the Au site. For these ternary systems, we find that site preference
reflects the binary solubility when there is a marked difference in solubility as for example the
limited solubility of Ni in Au. Because Cu is soluble in Au, the energetics favor Ni substituting
for Cu and this in turn forces Cu to occupy the Au sites.
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Fig. 3. The calculated diffraction patterns (upper curves) and the residuals (lower curves)
after substracting the best least squares fit to the observed for (a) Cuo^gAuoggjNi,, J2 taken 3 eV
below the Ni K edge and (b) Cu, oAiiogPdoj taken 10 eV below the Au L,n edge.
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