JOURNAL OF MATERIALS SCIENCE 22 (1987) 2859-2866

An investigation of atomic short range order in
palladium alloys by diffraction methods

A. M. SHAMAH*, N. COWLAM, G. E. CARR!?
Department of Physics, University of Sheffield, Sheffieid S3 7RH, UK

An investigation of the degree of atomic short range order (ASRO) in alloys of palladium with
scandium, dysprosium, titanium and manganese has been made using X-ray and neutron
diffraction. The feasibility of performing such experiments is first discussed and following this,
a number of alloys with different compositions and heat treatments have been examined.
Measurable ASRO has been observed only in the most favourable cases Pdgg Tig 4 and

Pdy s Mng (5. The ASRO parameters have been determined for these examples and the form of
the ASRO observed discussed in relation to long-range ordered phases.

1. Introduction

The strong affinities for gaseous atoms exhibited by
certain transition metals is well known and has been
responsible for the technological use of such metals in
gas separation and gas storage devices. Metallurgical
problems can sometimes hinder the straightforward
application of such metals. In the palladium—
hydrogen system, for example, a miscibility gap exists
between two face-centred cubic phases designated o
and f [1]. There is a 33% linear size difference between
these phases [2], so that cycling palladium with hydro-
gen across the miscibility gap can lead to distortion
and failure of thin specimens of palladium [3]. This
makes pure palladium unsuitable for hydrogen
separation membranes. In palladium—silver alloys,
the miscibility gap is closed at room temperature at a
critical concentration of 24% silver [4] and alloys
beyond this concentration do not show distortion and
failure on cycling [5].

Systematic studies over several years [6—11] have
shown that palladium alloys with solutes other than
silver—transition metal and rare earth solutes, may
also exhibit favourable properties. This work has
demonstrated, for instance, that the miscibility gap
can be closed at significantly lower values of critical
concentration ~ 8%, for palladium alloys with euro-
pium, gadolinium and yttrium [7]. Effective dif-
fusion membranes can be produced from Pd;q, Yo
and other alloys [8] and it has been pointed out that
isotopic separation of hydrogen is possible using these
palladium alloy membranes [11].

A suggestion arising from these measurements is
that palladium alloys with compositions near to the
critical value may have extensive atomic short range
order (ASRO) between the constituents. This could
have an important bearing on the hydrogen solubility
and diffusity, since long range order has been shown
to favour hydrogen solubility in intermetallic com-
pounds with higher solute concentrations like Pd;Fe

[12] and Pd;Mn [13]. It is not, however always easy to
investigate this ASRO, which may be a precursor
of a long range ordered state. Therefore, in several
instances, the existence of ASRO has been inferred
from, say, the variation of lattice parameter with com-
position and the relation between the lattice par-
ameter values and those of the ordered phases [6].
Structures with Jong-range atomic order based on the
stoichiometric composition Pd, X are of course shown
to exist for a wide variety of solutes [14].

The present investigation has concerned a diffrac-
tion study of ASRO in palladium-rich palladium-
dysprosium,  palladium-scandium, palladium-—
titanium and palladium-manganese alloys, using
X-ray and neutron diffraction.

2. The visibility of ASRO in binary
alloys of palladium

The ability to detect short or long-range order in a
binary alloy depends obviously on the difference in the
scattering amplitudes, ¢, of the two species present. ¢
is the atomic scattering factor f(Q) (and Q the scatter-
ing vector is Q = 4= sin 6/4) for X-rays [15], or alter-
natively the nuclear scattering amplitude, b, for neu-
trons [16]. An estimate of the feasibility of diffraction
experiments on palladium alloys can therefore be made
prior to any actual measurements. The palladium-—
yttrium alloys above, are for example, rather poor
candidates for diffraction work. Simple calculation of
Bragg peak intensities shows that even for a com-
pletely (i.e. long-range) ordered Pd,Y alloy, the super-
lattice Bragg peaks in the diffraction pattern are virtu-
ally at the limit of detection — of the order of 1% of
the intensities of the fundamental Bragg peaks.
Therefore intuitively, there is little chance of detecting
the corresponding ASRO. A measure of the ability to
see ASRO in palladium alloys can be derived from the
magnitudes of the scattering amplitudes by using the
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TABLE I The values of the ratio R, defined in the text as a
measure of ASRO scattering, are given for a representative selection
of palladium alloys having composition Pd,,sM;,;. The ratios
relative to that for Pd,Y, the alloy proposed for membrane fabrica-
tion are also given.

Alloy Ratio R for ASRO scattering
composition

X-rays Neutrons

Ry Relative Ry Ry Relative Ry
Pd;Sc 0.069 14.7% 0.102 6.4*
Pd;Ti 0.063 13.4* 0.554 34.9*
Pd;Mn 0.047 10.1 0.571 35.9*
Pd,Fe 0.043 9.1 0.046 2.9
Pd,Zr 0.003 0.7 0.006 04
Pd;In 0.001 0.2 0.027 1.7
Pd;Ag 0.000 0.02 0.000 0
Pd,Y 0.005 1.00 0.016 1.00
Pd;Ce 0.011 23 0.008 0.5
Pd;Eu 0.021 4.5 0.014 0.9
Pd,Gd 0.023 5.0 0.002 0.1
Pd,Tb 0.026 5.4 0.012 0.7
Pd;Dy 0.028 6.0 0.226 14.2%
Pd;Ho 0.031 6.5 0.026 1.6
Pd, Er 0.033 7.0 0.016 1.0
Pd;Tm 0.036 7.7 0.007 0.4
Pd;Yb 0.038 8.2 0.122 7.7
Pd;Lu 0.041 8.8 0.008 0.5

*Possible candidate for diffraction studies.

ratio

R = x(1 = x)(¢pa — $u)*/<*> M

for the binary alloy Pd,_,M, where {(¢*) =
(1 — x)¢%; + x¢3. The numerator represents the
Laue monotonic scattering about which the ASRO
scattering oscillates, see below, and the denominator is
related to the total scattering level. The ratio therefore
indicates the fraction of scattering associated with
ASRO. The values of this ratio have been calculated
for a number of palladium alloys, see Table I. The
X-ray values are for zero scattering vector where
f(0) = Z the atomic number, while for neutrons the
values are independent of angle as the nuclear scatter-
ing is isotropic. The alloys are arranged in Table I in
two groups around the important [8] palladium—silver
and palladium-yttrium examples. It is interesting to
see that with palladium-—silver alloys the visibility
of ASRO is essentially zero with both radiations
so no information on ASRO in these alloys can be
obtained — unless neutron diffraction experiments
using special (silver) isotope enriched specimens were
performed. The visibility is also poor with palladium—
yttrium alloys with both radiations and these low
values have been used as a standard representing
unity, in the columns showing the relative visibility of
ASRO in these palladium alloys. The table shows that
palladium rare earth alloys [7] are, in general, poor
candidates for diffraction work, with the possible
exception of palladium—dysprosium alloys. It will
be shown below that this present work has involved
a progressively more detailed investigation of cer-
tain palladium alloys culminating in measurements
of palladium—titanium and palladium—manganese
specimens. This was because the ASRO scattering was
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less evident that expected and palladium—titanium
and palladium-manganese alloys represent par-
ticularly favourable cases for the investigation of
ASRO when neutron diffraction is used. This occurs
because neutrons are scattered from titanium, man-
ganese and certain other nuclei, by a resonant, as
opposed to a potential, scattering process [16]. Such
nuclei are assigned negative values of scattering ampli-
tude, by = —0.3438 x 107"%cm; by, = —0.373 x
10~"?cm, because the normal 180° phase change
which occurs with potential scattering is absent. Nega-
tive values of » maximize the numerator in the
expression for R (Equation 1) so that there is an
enhanced contrast between the species for palladium—
titanium and palladium-manganese alloys. The
values of the ratio R in Table I suggest that palladium—

‘scandium, palladium—titanium, palladium—manganese

and palladiom—dysprosium alloys are appropriate
candidates for diffraction work with neutrons and to
a lesser extent palladium—scandium and palladium-
titanium alloys with X-rays, (as marked *). The ratios
given in Table I are for alloys at the Pd,;5M,,; com-
position, so for alloys with less solute, the ratio falls
according to the term x(1 — x). In order to select the
best compositions for diffraction work this factor and
the critical concentration (7 to 12% solute) needed to
close the o — B miscibility gap must be considered.

3. Experimental method

The account of the experiments will be divided
into three sections. The first deals with the experi-
mental arrangements, the second with the exploratory
measurements needed to assess the magnitude of the
ASRO present in the samples and the third with the
measurement and interpretation of ASRO in selected
individual samples.

3.1. Sample preparation and diffraction
experiments

The alloys specified were all produced by argon-arc
melting of spectroscopically pure constituents and, as
insignificantly small weight losses were recorded, the
nominal starting compositions are given throughout.
The alloys were examined in neutron diffraction as
cylindrical ingots 1 cm diameter and 5cm high, cut in
two longitudinally to provide better heat transfer on
quenching. This also provided a flat surface for the
X-ray investigations in reflection geometry. All the
diffraction experiments were made at room tem-
perature.

The X-ray experiments were performed using a con-
ventional Philips PW 1050 diffractometer either with
CuKuo radiation 4 = 0.154nm, or with MoK« radi-
ation 4 = 0.0711 nm plus a curved crystal (graphite)
monochromator. In a typical experiment a range of
scattering angles 5° < 28 < 165° was covered with a
step length 0.1°, the step time being arranged to allow
an experiment of ~22h duration. The neutron
measurements were made on both Curran and 10 H
neutron diffractometers at Dido Reactor (25 MW)
AERE Harwell, having incident beams with 1 =
0.137nm (or A4 = 0.0995nm) and 4 = 0.104nm
respectively. These instruments have five and three



neutron detectors respectively on a single arm, which
may be programmed to move, say,4° < 20 < 124°in
0.1° steps again over a 22h period. The diffraction
patterns are then constructed from the amalgamation
of these three or five counter outputs.

Although the scattering mechanisms and the contri-
butions to the total scattering are different with
X-radiation and neutrons, the overall appearance of
the diffraction patterns is similar for both radiations.
The difference lies in the analysis of long range order
and atomic short range order scattering. A completely
disordered solid solution gives the “fundamental”
Bragg peaks alone and an alloy with complete long
range atomic order the additional ‘‘superlattice”
peaks. These may be isolated from the (usually)
smooth background scattering level and relative peak
intensity measurements made to identify the structure
present. An alloy with ASRO gives diffuse, but Q-
dependent, background scattering (and usually the
“fundamental” peaks) so that an absolute intensity
measurement is necessary to isolate the true ASRO
scattering from other contributions to the back-
ground. The observed scattering must first be cor-
rected for instrumental background, absorption,
incoherent scattering and, for neutrons, multiple scat-
tering and inelastic scattering effects (Placzek cor-
rections) are also important. These corrections have
been comprehensively described by Moser et al. [17].
The ASRO scattering may then be isolated. With
neutrons, the average level of the ASRO intensity may
also be compared with that from a standard vanadium
sample which scatters only incoherently and for which
the (absolute) value of scattering cross-section is
accurately known. Computer programs for these
manipulations are well established [17, 18].

The ASRO scattered intensity, per atom, observed
in a neutron diffraction experiment can be expressed
(using a simple modification of the equations given by
Warren [19] for the X-ray case) as a sum over i shells
of neighbours each containing ¢; neighbours a distance
r; away.

) sin Qr;

Lisro(Q) = x(1 — x)(bpg — by) Z Ci%;

i=0 Or;

@
Equation 2 is for an alloy Pd,_,M, where b’s are the
nuclear scattering amplitudes. The «, are the Cowley
ASRO parameters [20]

% = 1 — pr(M/POIT — x) &)

where pr(M/Pd) is the probability of finding a pal-
ladium atom in the 7 th neighbour shell around an M
atom. The ASRO sum over shells can be replaced by
an integral over an ASRO function g(r) [19]

i sin
co;
o Q

i=

2= [T T~ 0 @)

SO
Q) = x(1 — x)(bps — b)’[1 + J(Q)] ()

and g(r) can be determined by the Fourier transform
of j(Q) (which, as shown above, is derived from the
experimentally measured intensity I sgo(Q)) using

Equation 5

g0 = 2™ 0 sin oM@ 4o (6)

Here M(Q) is a “modification function” to allow for
the non-infinite limit of the integral to the experi-
mental value Q... The value g(r) differs from zero at
radial values corresponding to the shell radii r; of the
crystalline structure under examination. Positive and
negative peaks show like and unlike atomic correc-’
tions respectively. The area in each peak is equal to the
product c,a,, for that shell of neighbours

Lthpeak g(}") dr = Cit% (7)

3.2. Preliminary measurements Pd, g;5SCq 125,
Pdo.90DYo.10. PdossTiger

Initially three alloys near to the critical concentration
to close the o — § miscibility gap [7] were prepared,
Pdy 755¢0.125, PdgoDyo, and Pd, 4;Tig 7, and examined
by neutron and X-ray diffraction. The following
quenching and annealing treatments were given in
order to try and induce observable ASRO. The samples
were sealed in quartz tubes under a half an atmos-
phere of argon during all of these heat treatments and
the quartz tubes were broken open at the moment of
quench,

(a) Homogenized at 900°C for 24h — quenched
into cold water.

(b) Homogenized at 900°C for 2h — furnace
cooled to 300°C — annealed at 300°C for 12h —
furnace cooled to room temperature.

(c) Homogenized at 1100°C for 4h — furnace
cooled to 300°C — annealed at 300°C for 336h —
furnace cooled to room temperature.

In each case diffraction experiments showed that
these alloys had the a-palladium face-centred cubic
structure with the following Ilattice constants
PdgrsScois, @ = 0.3912nm;  Pdy4Dygye, a =
0.3988nm; Pd,4;Tipy;, a = 0.3876nm. The alloys
were found to be in the form of disordered solid
solutions and no evidence of ASRO scattering was
found. Fig 1 is a typical diffraction pattern for
Pd, 4, Tiy g, after heat treatment (b) above, and shows
the fundamental peaks of the face-centred cubic unit
cell, no super lattice peaks, nor any oscillations about
the Laue monotonic scattering.

3.3. Systematic investigations of Pd,_, Sc,
alloys

Following these measurements and the failure to
observe ASRO in the specimens, palladium—scandium
alloys were chosen, in view of the substantial body of
previous work on these [6, 21, 22], for a more sys-
tematic diffraction investigation. An alloy Pd,;5Sc¢q,s
(Pd;Sc) was produced first and examined by X-ray
diffraction after the following quenching treatments:

(d) Homogenized at 900°C for 4h — 1100°C for
2h - quenched into cold water.

(¢) Homogenized at 900°C for 4h — quenched
into cold water.
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Figure | The neutron diffraction pattern for a Pd, o, T 4, alloy given
heat treatment (b), specified in the text, is shown. The Miller indices
of the “fundamental” Bragg peaks are given in the top of the figure.

This alloy was found to have the AuCu; superlattice
structure, with a unit cell dimension a = 0.3962 +
0.0002nm similar to the values reported a =
0.39579nm [6] and a = 0.3973 nm [22], while the long
range order parameter was found to be close to unity
S = 0.928. Having verified this strong tendency to
order at the Pd;Sc composition, a series of alloys
Pd,_,Sc, with x = 0.23, 0.20, 0.175, 0.15, 0.14 and
subsequently x = 0.165 were produced. These were
all given uniform heat treatments of

(f) Homogenized at 900° C for 72h — quenched into
cold water.

These alloys were examined by X-ray diffraction. The
results of the investigation are summarised in Table I1,
which shows that a long range ordered (Cu;Au) state
was found in alloys x = 0.25, x = 0.23, x = 0.20,
x = 0.175, while the alloys with x = 0.15 (and
x = 0.125, as before) were found to have a disordered
solid solution with no evidence of ASRO scattering to
the limits of detection. An alloy of composition

TABLE II Unit cell dimensions and the type of order present
are specified for the series of Pd—Sc alloys examined by X-ray
diffraction

Unit cell
dimension (nm)

Alloy composition’ Atomic arrangement

Pdy 5755¢0.125 0.3912 disordered
solid solution
Pdg 46Scp 14 0.3918 disordered
solid solution
Pdy 556,15 0.3925 disordered
solid solution
Pd 4355¢0,165 0.3930 110 superlattice
peak only
Pdy g55¢,175 0.3934 Superlattice peaks
LRO present
Pdy 45¢) 20 0.3948 Superlattice peaks
LRO present
Pdy 77562 0.3954 Superlattice peaks
LRO present
Pd, 15Scy s 0.3962 LRO LI, type

S = 0.928
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Pdy435Scy1¢s Was prepared and given the same heat
treatment, (c) above. The X-ray diffraction pattern
showed only a very weak (110) superlattice peak
superimposed on a slightly sloping background,
indicating the onset of the long range ordered state,
with some small amount of ASRO present.

The conclusion of similar measurements on these
alloys by Norman and Harris [6] was that long range
order was established for scandium concentrations
greater than 0.175 and that no clearly defined two-
phase region existed between the disordered and the
long range ordered states. The present value of con-
centration for the onset of long range order ~ 0.165 is
similar and the present measurements indicate that the
ASRO in these palladium—scandium alloys must exist
over only a narrow composition range about this
figure.

3.4. Measurement of ASRO in
palladium—titanium and
palladium—-manganese

Following the two exploratory investigations described

in the previous sections, a final attempt to measure

ASRO scattering in palladium-based alloys was made

by neutron diffraction. Four alloys were chosen

having compositions for which the previous measure-

ments had indicated ASRO might occur, Pd, ¢ Dy, 14,

Pd,4,Sc, 1, and the two particularly favourable cases

(Table I) Pd, g Ti, ;, and PdygsMnyg 5. The four alloys

were given the heat treatment.

(g) Homogenized at 900° C for 48 h — quenched into
cold water

and the neutron diffraction pattern of each obtained.
The patterns of the palladium-scandium and
palladium-—dysprosium specimens contained just the
fundamental Bragg peaks with no evidence of ASRO,
but the more favourable palladium—titanium and
palladium—-manganese cases showed both the funda-
mental peaks and oscillating background levels indi-
cative of ASRO. The positions of the fundamental
peaks were recorded and the structure type and lattice
parameter values obtained, Pd g Tiy .4, fcc, a =
0.3881nm and PdyeMngs, fce, a = 0.3887 nm.
These Bragg peaks were then removed from the dif-
fraction pattern to allow an analysis of the ASRO
scattering to be made in the manner explained in
section 3.1. An additional correction was necessary
for the Pd, ssMn, ;5 alloy which was paramagnetic and
exhibited strong magnetic neutron scattering from the
manganese atoms which carry a moment of 4 = 4.5 uy
(1 = Bohr magneton) [23]. The intensity per atom
for this contribution can be written [16]

Q) = x[r'(Q) ®)

where the magnetic scattering amplitude p(Q) =
0.267 x 1072 u f(Q)cm, with f(Q) the magnetic form
factor and the numerical constant is &*y/2mc* [16]. The
magnetic contribution accounted for approximately
31% of the total intensity at ¢ = 0. Figs 2 and 3 show
the normalized ASRO intensity distributions for the
two samples. The two curves have rather similar

characteristics, a first peak at Q; ~ 18.0-19.0nm™',
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Figure 2 The normalized ASRO intensity curve for the Pd,gTiy |,
specimen is given as a function of scattering vector Q (4= sin 0/4).
Normalized ASRO intensity: [(Q)/[0.14 x 0.18(bpy — by)’] =

{1+ A2}

asecond @, ~ 38.0—-39.0 nm and a third, which is less
well developed for the Pd; ssMn, 5 specimen. Although
the statistical reliability of the curve for PdygsMng s
is worse than that for Pd,gTiy,, the oscillations
in the former curve are slightly more strongly devel-
oped. The half widths of the first peak are similar for
the two specimens AQ, = 9.4nm~" for PdgTi .,
and AQ, = 9.0nm™" for Pdy4sMn, 5. This suggests
a characteristic range of correlated ASRO r ~
2n/AQ; ~ 0.6-0.7nm.

4. Atomic short range order in
Pdy 35 Tig.1a and PdggsMng ;5 alloys
The g(r) curves describing the ASRO in real space,
derived from the Fourier transforms of the j(Q) shown
in Figs 2 and 3 are given in Figs 4a and 5a respectively.
The width of the peaks in g(r) is a consequence of
the finite limit of the integration in Equation 6 and to
some extent the use of the modification function
M(Q). The characteristic resolution is given by Ar ~
21/Qnax & 0.1 nm which is commensurate with the
observed peak widths. The positive and negative
peaks in g(r) must correspond to actual interatomic
distances r, in the face-centred cubic structures, cal-
culated from the unit cell dimensions (see Table III)
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Figure 3 The normalized ASRO intensity curve for the PdggsMng s
specimen. Normalized ASRO intensity; /(Q)/[0.15 x 0.85(bpy —
byl = [1 + A

2.0 | G

-2.0

1.0

o0 =L

Atomic Short Range Order Function g(r)

i 1 1
o -
v o
Product 2, value

" (b)
2.0 v
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Radial distance, ~ {nm)

Figure 4 The ASRO function g(r) for the Pd,gTi,,, specimen
derived from the Fourier transforms of the j(Q) curve shown in
Fig. 2 is given. In Fig. 4a the radial distances r; to the successive
shells are shown by the short vertical lines. In Fig. 4b the idealized
ASRO based on a Cu;Au type order is illustrated by the vertical
lines proportional to the product P, and specified in Table IV.

and shown by the short vertical lines in Figs 4 and 5.
The reason these are drawn alternatively on either side
of the abscissa is explained below. The g(r) curves for
both samples give evidence of true ASRO — a nega-
tive first peak indicative of unlike neighbours.

In the g(r) curve for PdygTiy,, the first hump is
most probably an artifact of the Fourier transform
(since no scientific basis existed for altering the nor-
malization process, no attempt was made to minimise
or remove the peak). Beyond this hump the corre-
lation between peaks in g(r) and the interatomic
distances is good out to about 0.8-0.9nm. ASRO

Atomic Short Range Order Function g(r}

Product ~; value

02 03 04 05 06 07 08 09

Radial disfance, ~{nm)

Figure 5 The ASRO function g(r) for the Pd, g Mn, s specimen is
shown. Fig. 4a shows the distances to the atomic shells and Fig. 4b
idealized ASRO based on the structural arrangement shown in
Fig. 6 and specified in Table IV.
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TABLE III The ASRO parameters and the occupation numbers for the shells of atoms obtained from the g(r) curves of Figs 4a and
Sa are given

Alloy ASRO Parameters
Shell N z At‘oTnic occupation about a titanium or manganese
. origin
number /
Random Observed
DNpy Ny Dpg Ny
Pdg ¢ Tig 14 1 12 —0.094 10.3 1.7 11.3 0.7
2 6 +0.162 52 0.8 4.3 1.7
3 24 -0.013 20.6 34 20.9 3.1
4 12 +0.050 10.3 1.7 9.8 2.2
MNpg Dypn & DMn
Pd,ssMng 5 1 12 —0.148 10.2 1.8 11.7 0.3
2 6 +0.077 5.1 0.9 4.7 1.3
3 24 +0.053 20.4 3.6 19.3 4.7
4 12 ~0.0 10.2 1.8 10.2 1.8
S 24 —0.045 20.4 3.6 21.3 2.7

parameters can be obtained from the first four well-
defined peaks in g(r), and are given together with the
site occupations in Table III. There are no spurious
details in the g(r) curve for the Pd, s Mn, s alloy at
small radial distances, but the peaks in g(r) do not
appear to correspond so clearly with the appropriate
r; values (see Fig. 5a) and the sequence of negative and
positive peaks evident in Fig. 4a is absent. Neverthe-
less the ASRO parameters can be obtained for the first
five r; values and these are also given in Table III.

It is interesting to establish whether the observed
ASRO in the two cases is the precursor of a fully long
range ordered structure. This can be done as follows.
Cowley has shown [20, 24] that limiting values of the
®;, say oi™ can be defined for perfectly ordered phases.
The products ¢;o™ can then give an indication of the
most highly developed ASRO that is possible for a
particular structure. However account must also be
taken of the range of ASRO in the real alloys. It has
been suggested that the o, may vary with distance
according to the relations [25].

4 = exp (— A4r;) ©)

¥

1

Thus where 4 is a constant the product P, can be used

hm
P = exp (—Ar) (10)

¥,

to illustrate how a tendency to long range order can
manifest itself, by means of ASRO with the appro-
priate range. This is done by drawing vertical lines
with magnitudes equal to P, and sign determined by

o™ at each of the r; values of the atomic shells, see Figs
4b and 5b and Table IV. The characteristic range of
the ASRO observed here can be accounted for with
A ~ 0.224 in Equation 9 so that exp (— Ar)/r falls to
about 0.01 for r ~ 0.1nm.

The choice of a long range ordered structure as a
prototype for the ASRO in Pd, ¢, Ti, 4 is made difficult
by the disagreements which occur, for palladium con-
centrations greater than about 60%, between the
existing palladium—titanium phase diagrams [26, 27].
It is not clear for example over what composition
ranges Pd, Ti, Pd, Ti and Pd, Ti structures may exist. A
simple choice of a structure prototype is therefore a
hypothetical Pd,Ti fcc structure having long range
order of the Cu;Au (L1,) type. (see Fig. 5). This
is suggested by the regular negative to positive

TABLE IV Atomic shell parameters and the limiting values of oi™ are given for the Cu;Au and AF3 ordered phases in the face-
centred cubic system. The products P, illustrated in Figs 4b and 5b are also listed

Shell parameters for fcc phase

Parameters for Parameters for

Cu;Au LI, phase “AF3” phase
Shell Cell Interatomic Co-ordination ofm P, i P
number co-ordinates distance r; No ¢;
1 110 a/ﬁ 12 —~0.333 —0.788 —0.333 —0.786
2 100 6 1.0 0.648 0.333 0.215
3 114 \/_Za 24 —0.333 —0.581 0.333 0.578
4 110 J2a 12 1.0 0.639 —0.333 —0.212
5 31 NEPX? 24 —~0.333 —0.330 —0.333 —0.329
6 111 J3a 8 1.0 0.264 —1.0 —0.263
7 314 \/'_ 2a 48 —~0.333 —0.433 0.333 0.432
8 200 6 1.0 0.136 1.0 0.135
9 230 241 f/za 36 —0.333 —0.023 —0.333 —0.299
10 210 JSa 24 1.0 0.395 0.333 0.131
11 331 J12a 24 ~0.333 —0.114 0.333 0.114
12 211 Jéa 24 1.0 0.288 - -
13 510 (221) J13)2a 24 —0.333 —0.088 - -
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Figure 6 The CuAul (L1;) and Cu;Au (L1,) structures are shown
in the top of the figure. At the bottom the equiatomic ordered
arrangement [30] derived from the CuAul structure and the
analogue of the AF3 antiferromagnetic structure is shown.

oscillations in the g(r) curve, Fig. 4a, because Cowley
has shown [24] the limiting values for this phase are
aim = 1.0 and o™ = —0.333.

The result of calculating the products P, and
superimposing appropriate lines on the g(r) curve as
described above, is shown in Fig. 4b, where the arbi-
trary scale of the P’s is chosen to provide the best
overall match with g(r). The agreement between this
simulation and the g(r) curve is remarkably good.

The phase diagram for the palladium-—manganese
system [27] shows that there are no palladium-rich
ordered phases and the palladium solid solution is
separated by narrow two-phase regions from par-
ticularly stable phases in the equiatomic region which
may be possible prototypes for the ASRO in
PdyssMng 5. B-MnPd exists between 550°C and
1515°C but is unlike the palladium-rich alloys in
having a bcc structure (CsCl type), while f,-MnPd
has a partially ordered version of the Cu, Au structure,
as discussed in [18]. Cowley has shown [20] that the
equiatomic CuAu I fcc structure has, like Cu;Au,
limiting values o™ which oscillate regularly,
ofm = 1.0and o, = —0.333, so it can be seen from
Fig. 5a that neither of these structures represents an
appropriate choice. Fortunately it has not been
necessary to evaluate the o™ values for myriad
ordered phases to find a structure prototype for the
ASRO in Pd,gMn s, since earlier work by us on
equivalent magnetic systems [18] has identified an
antiferromagnetic structure which has the right
characteristics. This is the Type 3 antiferromagnetic
structure (AF3) in the fcc phase [28]. The geometry of
this and other antiferromagnetic structures has been
specified by Darby and Webster [29]. In such anti-
ferromagnetic structures the upwards and downwards
directed magnetic moments correspond to A and B
(palladium and M) atoms of a binary alloy — and the
composition is always equiatomic. It is possible to use
the data of Darby and Webster [29] to evaluate the «i™
values of the atomically ordered alloy equivalent to
the AF3 structure. The values are given in Table 111
together with the products P, and the structure is
shown in Fig. 5. The P, lines are superimposed on the

g(r) curve in Fig. 6b. Although the overall agreement
is probably not as good as that for PdygTij ., the
unusual sequence of negative and positive peaks in
g(r) is represented reasonably well out to the charac-
teristic distance 0.6-0.7 nm.

5. Conclusion

It was the intention at the outset of this study to use
X-ray diffraction to establish the broad features of
ASRO in these palladium alloys and to optimise speci-
mens for the more expensive neutron diffraction work.
In the event, the experiments have shown that only in
the most favourable cases has it been possible to make
quantitive measurements of ASRO. In the absence of
more complete and comprehensive neutron measure-
ments on these palladium—titanium and palladium—
manganese alloys our main conclusions must
therefore be drawn from the stages of the present
investigation as follows.

(a) It has not been possible to observe ASRO in
alloys of palladium with scandium, dysprosium and
titanium having compositions close to the critical con-
centration needed to close the « — f miscibility gap,
with either X-ray or neutron diffraction.

(b) Systematic measurements on palladium-
scandium alloys have shown that measurable ASRO
may occur in a relatively narrow composition range
prior to the onset of a long range ordered state. This
is supported by (c).

(c) ASRO has been detected and measured by
neutron diffraction in the favourable cases of
Pd, ¢ Tig , and PdjssMng 5 alloys.

The ASRO parameters for these latter cases have
been determined for the first four neighbour shells.
The ASRO is not strongly established — the «; values
are never more than 28% and 44% of their maximum
values for the Pd,gTiy, and PdygsMng ;s samples,
(compare Tables III and IV). A convincing demon-
stration (Fig. 4b) can be made that the ASRO observed
in Pd, ¢ T, 4 18 based on a Cu; Au like structure — even
allowing for the disagreements over palladium-
titanium ordered phases evident from the phase dia-
grams. The ASRO in the Pdy¢sMn, s alloy appears to
be based on an equiatomic ordered structure which is
an analogue of the Type 3 (AF3) antiferromagnetic
structure. This long range ordered structure does not
exist in any known phase diagram, according to Clapp
and Moss [30]. It is however the AB equivalent of the
A;B-DQ,, superlattice of Ni,V and Pd,V. The AF3
structure is often called the “improved AF1” type as
it is simply derived from the latter type. The corollary
to this is that the atomically ordered structure shown
in Fig. 6 is simply derived from the CuAul structure.
It is not therefore surprising, in view of the wide range
of stability of the various “‘equiatomic™ structures in
the palladium—manganese system [27] that the ASRO
in palladium rich alloys could tend towards this rela-
tively obscure but simple equiatomic ordered phase.
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