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ABSTRACT 

Measurement of diffuse x-ray scattering from binary crystalline solid solutions at more 
than one x-ray energy is a sensitive probe of the average interatomic distance between 
neighboring pairs of atoms. Deviations of these bond distances by as little as 0.001A are easily 
detected in the diffuse scattering from binary alloys consisting of atoms nearby in the periodic 
table and/or where x-ray energies chosen near their absorption edges can change the scattering 
contrast. Individual bond distances (AA, Ai3 and BB) are recovered out to several near neighbor 
shells by combining three scattering measurements at x-ray energies chosen for maximum and 
minimum contrast. Average bond distances recovered from four metal alloys Fe77.5Ni22.5, 
Fe46.5Ni53.5, Cr47Feg3 and Cr2r~Ni80 are discussed. We find that the interatomic distances 
measured for these alloys give interesting insights to atomic displacements in solid solutions. 
Nearest neighbor bond distances are not well represented by phenomenological models based on 
pure element atomic size and concentration dependence of the lattice constants. Radial and non- 
radial displacements are recovered from these measurements of diffuse scattering. 

INTRODUCTION 

The effect of atomic size disparity between solvent and solute on solubility and 
mechanical properties of crystalline solid solutions is well-known. Laves1 in his discussion of 
atomic size in alloys shows that the ratio of the atomic radii of the components is important to 
their crystal symmetry. The effects of atomic size difference on solid solution strengthening or 
hardening have been discussed by Fleischer2. Except in a few recent cases the magnitude of the 
atomic size difference in crystalline solid solutions has not been obtained from actual 
measurements of bond distances. Instead, bond distances have been deduced from like atom pair 
distances in pure elements and compounds with various coordinations. Vegards law3 is based 
on atoms being hard spheres with radii of the pure elements. In this case the changes in lattice 
parameter with concentration should follow a straight line. Negative deviations from this straight 
line are observed to occur most often when atoms prefer unlike first neighbors, a tendency 
towards order. A positive deviation from the straight line is most often observed when atoms 
prefer like neighbors, a tendency to cluster. Changes in lattice constant with composition have 
also been treated in terms of compressibility of the atoms4 and continuum elasticity theory.5 

c1 

Hartley6 and Moreen et al.7 have treated the concentration dependence of the lattice parame-ter 
for alloys in terms of the number of different first neighbor pairs and their average first neighbor 
bond distances. They use like-neighbor bond distances taken from pure elements and unlike 
bond distances taken from intermetallic compounds and lattice parameter versus concentration 
curves for low concentrations. The change in lattice parameter at low concentrations is assumed 
to be related to the bond distance between the solute atom and the solvent (unlike) nearest 
neighbors. 

Validation of these approaches has mainly been by comparison with lattice parameter 
versus concentration curves. Though these phenomenological approaches have had limited 
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success for some alloys, they are not universal in  their application. Reinhard et a1.8 and Ice et 
al.9 have recently discussed the failure of these approaches when compared with actual 
measurements of bond distances in Cr-Fe8 and Fe-Nil0 alloys recovered from diffuse scattering 
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measurements. The details of these measurements of weak diffuse x-ray scattering to recover 
bond distances are treated by Jiang et al. in this proceedings. There he will show that 
displacements from the average lattice which is defined by the lattice constants determined from 
the Bragg reflections can be detected when as small as 0.0018, and even less. Comparison of 
methods to extract the bond distances from measurements of diffuse scattering has been given by 
Schonfeld et a1.11 for the 3h methods*l0 and the Georgopoulos-Cohen12 procedure. Extended x- 
ray absorption fine structure (EXAFS) measurements of the oscillations in the absorption edge 
extending 1 kV or so above threshold gives bond distances between first, second and perhaps 
third nearest neighbors with descending sensitivity. Scheuer and Lengeler13 have measured 61 
binary metal alloys with 1 to 2 at. ?& solute concentration and derived the average distance 
between the solute atom and the first shell assumed to consist of all solvent atoms. They recover 
only the unlike atom pair bond distance to an accuracy of about 0.5% or typically 0.01 to 0.02A. 
This precision is on the borderline for testing theoretical calculations such as those by Mousseau 
and Thorpe14, Zunger et d.15, and Bozzolo et al.16 where variations in bond distances from that 
of the average lattice are typically 0.005 to 0.05A. Displacements recovered from diffuse 
scattering measurements such as presented here will provide more stringent tests of theoretical 
developments. 

DIFFUSE SCATTERING MEASUREMENTS OF BOND DISTANCES 

Brief Overview of the Theoy 

The elastically scattered intensity in electron units, eu, per atom from an ensemble of 
atoms is given by 

m n  

where fm and fn denote the x-ray atomic scattering factor (or neutron scattering lengths); m and 
n designate the sites and Rm and Rn the position vectors for those sites, and h is the scattering or 
reciprocal lattice vector]'. For crystailine solid solutions in which the Bragg reflections are 
sharp and the average lattice is well-defined, the atom positions can be represented by R=r+6 
where r is determined from the lattice constant and 6 is the displacement of the atom from that 
average lattice. The exponential term is written 
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We recover the ix term which gives us the displacements of the atoms from the sites of the 
average lattice. Methods for this recovery and the approximations made are given in references 
8, 10, 11 and Jiang et al. in this proceedings. For a binary alloy of A and B atoms of atom 
fractions CA and CB, complex atomic scattering factors fA and fB and average static 
displacements < 6" >Lnn and < 6BB >h for like neighbor atoms the recovered diffusely scattered 
intensity per atom from the first two terms of the series expansion in Eq.(2) is given by 
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where Zrnn denote the coordinates of the near neighbor shells and almn 1 - PE / CB is the 
Warren-Cowley17 short-range order coefficient and where P E  is the conditional probability that 
after finding an A atom at Zrnn there is a B atom at the origin. Since the displacements of the 
atoms averaged over all the pairs (AA, AB and BB) that can be formed for any coordination shell 
Zrnn must equal zero to match the "d" spacing for that shell defined from the average lattice 
constant "a", then 

Shown in Fig. 1 is a schematic of the displacements that are recovered by this technique. 

Fig. 1. Displacements of atoms off 
the sites of an average lattice in a 
crystalline solid solution. The 
average lattice is defined by the 
square. Atom pairs are separated by 
(Rm-Rn) = (rm-rn) + &n which 
defines the average bond distance. 

The precision with which the displacements can be recovered depends on how significant the 
second term is relative to the first term of Eq. (3) and on how large a contrast change can be 
effected i n  fA(fA-fB) and fB (fA-fB) with choice of x-ray energies near to absorption 
edges*,10,11. For atoms nearby in the periodic table the contrast can actually be reversed, and 
since fA-fg is small, then the displacement term containing fA(fA-fg) is large compared to the 
short-range order term containing IfA-fBl2. Each shell may deviate from this average, but the x- 
ray beam samples on the order of 1018 atoms so that only the average <6> is recovered. From 



is determined for AA, AB, these displacements, the average bond distance Rlmn = r 
and BB pairs for several shells. Deviation from this average bond distance are contained in the 
higher order terms of the series expansion of Eq. (2). A recovery of the static displacement 
components of the <@> terms depends on a reliable separation of the large thermal contribution. 

As defined in Eq. (3), the diffusely distributed intensity is a measure of both the short- 
range chemical pair correlations and displacements of the atoms from the sites of the average 
lattice. We define the average lattice as shown in Fig. 2 where atoms displaced out of the planes 
still define planes with constant "d" spacings. As the Bragg reflections of the crystalline solid 
solutions are very sharp, as illustrated in Fig. 2b, this means that the "d" spacing between the 
crystallographic planes is constant over distances of several hundred plane spacings. In materials 
where faulting or displacive transformations are possible, then large and correlated changes in 
"d" spacings can occur over hundreds of planes which broaden, split or produce new Bragg 
reflections. In this case, the average lattice spacings become poorly defined and the diffraction is 
treated differently than discussed here. l7 

lmn + 61mn 

Fig. 2(a). Displacements about the average lattice preserve the regular spacing between atomic 
planes, and that average lattice is obtained from (b) the positions of the sharp Bragg reflections. 
Information about short-range correlations among the atoms is contained in the diffusely 
distributed intensity between the Bragg peaks. 
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Discussion of the Displacements 
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Fig. 3. Two-dimensional diagram 
showing that the displacements 61mn 
must be parallel to the interatomic 
vector rim for directions such as 
<110> with multiplicities less than 
24 to conserve cubic symmetry. For 
multiplicities of 24 or more, such as 
<310>, 61m need not be parallel to 
qmn to conserve cubic symmetry. 

Average displacements may or may not be along the interatomic vector connecting the 
atom pair. This depends on the multiplicity of lmn which defines the number of atoms in that 
coordination shell18. For example in a facecenter cubic alloy for those coordination shells with 
multiplicities less than 24, the displacements must on the average be parallel to the interatomic 
vector to conserve cubic symmetry. This is illustrated in Fig. 3 for the (100) plane of the crystal. 
If the displacements are not on the average along the [1 101 interatomic vector, the square lattice 
representative of the cubic (100) plane becomes distorted into a rectangle as illustrated by the 
dashed lines. For interatomic vectors with multiplicities of 24 or greater, such as the <310>, the 
displacements are not required to be parallel to that vector. As shown in Fig. 3, the 
displacements can be drawn to preserve cubic symmetry and not be parallel to the 
interatomic vector. 

Displacements for four metal alloys are given in Tables I and II along with the Warren- 
Cowley short-range order coefficients a. The statistical and systematic error given in Table I 
were added in quadrature. All but the bcc Cr47Fe53 alloys have preference for unlike first 
neighbors. The three fcc alloys of Fe-Ni and Cr20Ni80 in which the unlike atoms have a 
chemical preference for each other also have shorter first-neighbor bond distances than like 
neighbors. At temperatures lower than the heat treatment of this Cr-Fe alloy, phase separation 
will occur. This preference for like neighboring atoms is reflected in the positive sign of the first 
neighbor al This chemical preference for like atom first neighbors is reflected in the 
displacements which show Cr-Cr and Fe-Fe first neighbor pairs closer together than the unlike 
Cr-Fe pairs. As shown by Ice et al.9, these displacements do not fit models based on concepts of 
hard spheres, compressibiIity or continuum elasticity theory. First principle calculations have yet 
to be made on these alloys so that theory and experiment can be compared. 
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Table I. Short-range order coefficients and pairwise displacements (A) recovered for 
Fe46.5Ni53.5 and Fe22 5Ni77 5 for the various coordination shells with estimates of both statistical 

and systematic errors 

0 0 0 OOO 1.0000(830) 0 0 0 I .oO12(910) 0 0 0 

In 1R 0 110 -0.0763(178) 0.0216(39) 0.0008(4) -0.00SYll) -0.1082(Ux)) 0.0381(44) -0.0004(5) -0.0024(15) 

I 0 0 200 0.0615(85) -0.0229(46) -0.0049(11) 0.0145(14) 0.1194(120) -0.022X50) -O.(M00(15) 0.00S2(18) 

1 112 IR 211 -0.0027(27) O.oow(11) -0.0002(4) -0.0001(4) -0.0047(30) -0.0022(14) O.OOOS(6) -0.0006(5) 

1R 1 IR 121 -0.0027(27) 0.0016(27) -0.0007(3) -0.0003(7) -0.0047(30) -0.0072(32) -0.000.5(4) 0.0018(8) 

0.0307(48) 0.0058(12) -0.0016(6) 0.0021(4) 

-0.0179145) 0.0057(14) O.oOOS(4) -0.00Iqs) 

1 1 0 220 0.0041(25) 0.0034@)) -0.0013(4) -0.0007(3) 

3 0  1R 0 310 -0.0107(35) 0.0018(11) 0.0018(6) -0.0018(4) 

11'2 3R 0 130 -0.0107(35) 0.0008(31) 0.0010(5) -0.0009(9) -0.0179(45) -0.00SS(38) -0.0001(2) O.O009(11) 

Table II. Short-range order coefficients and pairwise displacements (A) recovered for fcc 
Cr2fli80 and bcc Cr47Fe53 with estimate of statistical errors only 
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CONCLUSION 

This work gives us an insight as to the details of the displacements of atoms from the 
sites of the average lattice which are available from diffuse scattering measurements of 
crystalline solid solutions. Thou h these measurements and data analysis are few and still under 
development, precisions to 0.00 1 x are already possible. Sensitivity to such small displacements 
will give new information on solid solutions and provide tests of theoretical calculations which 
allow for relaxation of the atoms. This will help us to understand the contribution of strain to the 
energy of alloy systems and the effects of strain on phase equilibria. 
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