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(i) 

ABSTRACf 

The relationship between microstructure and electrical resistivity has been studied 
in palladium-tungsten and palladium-molybdenum alloys, which exhibit an 
anomalous increase in resistivity after annealing. The effect of dislocations and 
structural order on resistivity has been investigated in order to determine the 
mechanisms whereby changes in resistivity occur in these alloys. 

I i 

The electrical resistivity of palladium-tungsten and palladium-molybdenum alloys 
has been determined as a function of annealing temperature, using a sensitive 
electronic apparatus purpose-designed for the present work. For alloys of low 
solute concentration a minimum in the electrical resistivity with respect to annealing 
temperature, which has not previously been reported, was observed. Specimens 
subjected to annealing experiments have been studied by means of transmission 
electron microscopy, in order to determine the effect of annealing on microstructure 
and structural order. The information obtained bas been used to relate the 
measured changes in electrical resistance and microhardness to the structural 
evolution of the alloys. 

It is concluded that the unusual resistance effects observed arise from competition 
between changing degrees of structural order and dislocation density. Which of 
these mechanisms predominates under given conditions varies as a function of 
solute concentration and annealing temperature. In alloys containing more than 6 

at.% solute, recovery and recrystallisation processes are accompanied by an increase 
in resistivity and a decrease in microhardness; after recrystallisation is complete, 
further annealing bas no significant effect on either property. In alloys containing 
less than 6 at.% solute, recovery and recrystallisation are accompanied by a 
decrease in both resistivity and microhardness; but further annealing results in an 
increase in resistivity. Consideration of this data leads to the conclusion that 
microbardness is more sensitive to changes in dislocation density than structural 
order, whereas electrical resistivity is more sensitive to structural order than 
dislocation density. On this basis it is shown that short-range order increases rapidly 
at low annealing temperatures in alloys containing more than 6 at.% solute, but 
slowly in alloys containing less than 6 at.% solute in which short-range order 
increases rapidly only at higher annealing temperatures. 
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CHAPTER 1 

INTRODUCfiON 

I 1 

The electrical properties of palladium alloys are of interest owing to the wide use of 

these materials in electrical and electronic applications. Pure palladium exhibits 

desirable features such as stable electrical properties and oxidation resistance; its 

mechanical properties are however poor, a disadvantage which is commonly overcome 

by alloying. The addition of refractory metals to palladium improves mechanical 

properties at a small cost to oxidation resistance, although the effect of such additions 

on the electrical properties of palladium has not yet been extensively investigated. 

Palladium-rich alloys containing tungsten or molybdenum are reported to exhibit 

enhanced mechanical properties and high electrical resistance, and are of use in the 

manufacture of electrical instrumentation for which this combination of mechanical and 

electrical properties is desirable, such as·in potentiometer windings. Since the stability 

of electrical properties is critical in electrical instrumentation materials, the appearance 

of an unusual resistance effect in these alloys is of particular importance: both 

palladium-tungsten and palladium-molybdenum are reported to exhibit a significant 

increase in electrical resistance after annealing. Such a phenomenon is of broader 

interest than its purely commercial implications, since normal metals and alloys exhibit 

a decrease in electrical resistivity - and hence in resistance - after annealing. 

The residual resistivity of a pure metal arises from the presence of impurities and 

deviations from the idealised crystal structure due to features such as dislocations, grain 

boundaries and vacancies. Annealing results in a decrease in the concentration of one 

or more of these features and a corresponding decrease in residual resistivity is 

expected. In the case of a binary alloy there is an additional contribution to residual 

resistivity from the presence of solute atoms and, in a concentrated alloy (where the 

electronic structure of the host metal is altered by the presence of the solute), a possible 
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contribution from the presence of a non-random atomic configuration or a second 
phase. The residual resistivity of a binary alloy may nevertheless be expected to 
respond to annealing in a similar manner to the resistivity of a pure metal, owing to a 
decrease in the concentration of lattice defects, provided that a change in atomic 
configuration or crystal structure does not occur at elevated temperatures. Thus the 
annealing of a homogeneous binary solid solution, in a concentration and temperature 
range in which phase changes are not predicted, normally results in a decrease in 
resistivity corresponding to the reduction in the number of lattice defects. 

It 

A significant increase in electrical resistivity after annealing was first observed in 
apparently single-phase binary alloys of transition metals such as iron, nickel and 
chromium; this effect in transition metal alloys has been associated with short-range 

order. The development of short-range order during annealing of a binary alloy may 
result in either an increase or a decrease in residual resistivity; such changes may 
however be difficult to resolve if they are of the same sign and order of magnitude as 

changes in resistivity associated with changing defect concentrations. In the above 
alloys the change in residual resistivity due to short-range order is both opposite in sign 
and greater in magnitude than any changes due to a decrease in defect concentration. 
Reports of the effect of annealing on resistance in palladium-tungsten and palladium
molybdenum suggest that a similar mechanism occurs in these systems, but a systematic 
investigation of the stability of structure and properties under heat treatment has not 
previously been undertaken. 

The calculation of the electrical resistivity of transition metals and alloys presents a 
greater degree of complexity than similar calculations for simple metals, since the 
details of electronic structure and scattering probabilities required for such calculations 
do not lend themselves to simplifying approximations. Advanced techniques for 
accurate determination of the effect of ordering on electronic structure generally 
require lengthy computation; the electrical resistivity of palladium alloys is thus not 
readily predictable in the absence of experimental data. The effect of structural order 
on residual resistivity in binary alloys of transition metals has been investigated 
experimentally; however, alloys of palladium with other transition metals have received 
little attention. Theoretical analyses are in general based on simple-metal models and 
are of uncertain value in calculating such effects in transition metal alloys. In 
palladium-tungsten and palladium-molybdenum alloys then, the contribution to 
resistivity of changing degrees of structural order presents an additional variable in a 
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complex structure-property relationship for which there is not yet a comprehensive 
experimental data base. 

In the work presented here, the relationship between electrical resistivity and structure 
has been investigated in alloys of palladium with tungsten and molybdenum, with 
particular attention to the reported anomalous resistance effect. In Chapter 2, an 
overview of factors which give rise to electrical resistivity is followed by a more detailed 
literature survey regarding the contributions to residu,al resistivity of defects and 

I 1 

structural order, and the electrical resistivity of transition metals and alloys. The 
published properties of palladium, palladium-tungsten and palladium-molybdenum are 
then reviewed in order to assess the effect of tungsten and molybdenum solute 

additions on the properties of palladium. It is noted that a systematic study of the affect 

of annealing on the electrical resistivity of palladium-molybdenum alloys has not been 

reported; nor has the atomic configuration of these alloys been previously investigated. 
The experimental approach, presented in Chapter 3, has been to produce specimens by 
means of annealing fully cold-worked material to a variety of stages of recovery and 
recrystallisation. Determination of the effect of heat treatments on electrical resistivity 

requires that resistance changes are measured to a degree of accuracy not easily 
obtainable from commercially available instruments: for this reason a low-noise 
precision electronic apparatus has been specifically designed and constructed for the 
experimental procedures and accuracy requirements of the present work, and is 
described in detail. The structural evolution associated with resistivity changes has 
been investigated by means of metallography, transmission electron microscopy and 
microhardness measurements. The experimental results are presented in Chapter 4, 
and are grouped by experimental procedure in order to facilitate discussion of the effect 
of solute concentration on structure and properties. The response of palladium
molybdenum alloys to annealing, and the variation in properties with solute 
concentration, is shown to be very similar to that of palladium-tungsten. In Chapter 5, 
the resistance changes measured after annealing are considered with reference to 
mechanisms whereby such changes may come about in binary alloys; it is concluded that 
a transition to a state of structural order, occurring at elevated temperatures, is the only 
mechanism which offers an explanation for the anomalous resistance effects observed. 

The effect of annealing temperature on electrical resistivity and microhardness is 
discussed with respect to microstructure and solute concentration, and is used to 
determine the effect of annealing temperature on the degree of structural order 

developed by each alloy. On this basis the unusual dependence of properties on 
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annealing temperature exhibited by alloys of low solute concentration, reported here 
for the first time, is rationalised. 

I I 
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CHAPTER2 

LITERATURE SURVEY 
I I 

The effect of annealing on the structure and properties of the palladium-tungsten and 

palladium-molybdenum systems has not yet been comprehensively investigated. In 

particular, the anomalous electrical resistance effect manifested by the palladium-rich 
alloys of these systems has received little attention in the published literature, although 

the phenomenon is well established in other binmy transition metal alloys. In order to 
place this resistance effect in perspective, some background to electrical resistivity is 

presented in section 2.1 of this chapter, followed by a review of the effect on resistivity 

of dislocations, alloying additions and structural order for both simple metals and 

transition metals. In section 2.2 a review of the structure and properties of pure 

palladium is presented, followed by a detailed survey of the palladium-tungsten and 
palladium-molybdenum systems in section 2.3. A concise overview of the issues central 

to the present work constitutes the final section of the chapter. 

2.1 ELECTRICAL RESISTIVI1Y OF METALS AND ALWYS 

The electrical resistivity of metals is a consequence of departures from perfect 
periodicity in the crystal lattice. A perfectly periodic lattice at OK has zero 
electrical resistivity in the presence of an electric field. Real metals have a 
finite resistivity which arises from the scattering of conduction electrons by 
lattice defects and (above OK) as a result of the thermal vibration of atoms. 
Assuming the scattering from different types of deviations from periodicity to 

be additive, the total resistivity p may be expressed by Matthiessen's rule: 
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p =Po+ p(T) 

The residual resistivity Po due to the presence of lattice defects, including 

impurities, may be considered to be temperature-independent provided that 

the concentration of such defects remains constant The temperature

dependent or ideal resistivity p(T) arises from the thermal vibration of atoms; 
I I 

the magnitude of the temperature dependence is dependent on the electronic 
structure of the metal. 

The presence of lattice defects such as vacancies, dislocations, grain boundaries 
and impurities alters the periodicity of the lattice and hence provides scattering 
centres for conduction electrons, even in the absence of the thermal vibration 

of atoms. Although the contribution of defects to resistivity is independent of 

temperature, the concentration of defects is alri:tost certain to exhibit some 

temperature dependence. Changes in the number of vacancies, dislocations or 

grain boundaries occur - in temperature ranges characteristic of the metal in 
which they are present - by means of vacancy diffusion and annihilation, 
recovery and recrystallisation. The residual resistivity, and hence the total 
resistivity, will change under such circumstances even though the temperature 

dependence of resistivity remains unaffected. Figure 2.1 shows a schematic 
diagram of the effect of such an annealing experiment on the electrical 

resistivity. 

An additional contribution to the residual resistivity of a metal arises from the 
presence of impurities or alloying additions, owing to localised deviations from 
periodicity at the site of impurity or solute atoms. Although the concentration 
of solute atoms in an alloy is clearly independent of temperature, the atomic 

configuration may exhibit a temperature dependence as a result of a decrease 

or increase in the degree of structural order in the lattice. A change in Po is to 
be expected as a consequence of deviations from the random atomic 

configuration in an alloy. 
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Figure 2.1: Idealised schematic diagram of the effect of annealing at T2 on 
resistivity measured at temperature T1, due to decrease in 
residual resistivity from Poi to Pof. 

The addition of a small quantity of a second component to a pure metal, to 
form a dilute solid solution in which the electronic structure of the host metal 
remains unaltered, does not change the ideal re~tivity of the host metal. At 
higher concentrations however, the electronic structure of the host metal 
undergoes changes; these changes are dependent on solute concentration, the 
electronic structure of the alloying addition and the atomic configuration of the 
alloy formed. The temperature dependence of resistivity of a concentrated 
alloy is therefore influenced by the presence of structural order in the lattice; 
since the degree of order may itself be significantly influenced by temperature, 
the temperature dependence of resistivity may show departures from linearity, 
as shown schematically in fig. 22. 
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,, 

T 

Figure 22: Idealised schematic diagram of the effect on resistivity measured 
at Tb of a change in the temperature dependence of resistivity at 
T2. 

The electrical resistivity of metals is therefore dependent on electronic 
structure, microstructure and crystal structure. Microstructural imperfections 
and alloying additions give rise to the residual resistivity, which may be 
considered to be temperature-independent, whereas electronic structure 
determines the temperature dependence of resistivity. In concentrated alloys, 
both the residual and ideal resistivity may be affected by the development of 
structural order in the lattice. The present work concerns the effect on 
electrical resistivity of changes in microstru~e and structural order in 
transition metal alloys. Published calculations of the electrical resistivity due to 
features such as lattice defects and orderitlg, however, are commonly based on 
the electronic structure of simple metals (with only s-like electrons at the Fermi 
surface) and their alloys. This allows the utilisation of simplifying assumptions 
such as s-s electron scattering, free or nearly free electrons and the Born 
approximation. Although in general these assumptions are inappropriate for 
transition metals and alloys, the simple-metal models allow a qualitative 
understanding of the processes which determine the electrical resistivity. 
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2.1.1 DISLOCATION-SPECIFIC RESISTIVITY 

The electrical resistivity of metals is observed to increase after the introduction 
of dislocations by cold deformation. In 1949 Koehlert published a pioneering 
analysis of the electrical resistivity of polycrystalline copper due to the 
scattering of electrons by dislocations. The value obtained was, however, far 
too low to account for the measured increase in resistance with cold work. The 
published literature in this field since Koehler's work has been characterised by 

I I 

considerable debate, and to date accord has not been reached regarding a 
theoretical approach although calculated and experimental values are in 
improved agreement. 

Early treatments of dislocation-specific resistivity. (DSR, the residual resistivity 
per unit dislocation density) were hampered experimentally by difficulties such 
as the determination of dislocation densities, which were generally estimated 
from stored energy measurements or sample dilation, and the relative 
contribution to resistivity of point defects such as vacancies and impurities, 
which may be of the same order as DSR2.3. Theoretically, the major difficulty 
lay in the choice of a scattering mechanism on which to base calculations of 
DSR. Koehler considered electron scattering from long-range atomic 
displacements brought about by the presence of parallel edge dislocations. 
More rigorous calculations on the basis of strain fields by workers such as 
Mackenzie and Sondheimer4, Landauers and Dexter6>7 failed to produce an 
improved agreement between theory and data. Hunter and NabarroB 
considered both dilation of the lattice due to dislocations and the associated 
shear strains by using a perturbing potential proportional to elastic strain, 
concluding that large-angle scattering from the core of the dislocation, and not 
the long-range strain field, was predominant. Hanison9 subsequently examined 
the spatial variation of strains in the lattice due to dislocations and concluded 
that shear strains made a negligible contribution to the scattering of conduction 
electrons, confirming that scattering from the core region of the dislocation, 
where Hunter and Nabarro's approximation was inappropriate, was 
predominant. Harrison's DSR analysis10, later refined by Bhatia and Guptall, 
represented the dislocation core by a hollow cylinder, of atomic radius, with an 
associated square-well potential. Calculated resistivities were in better 
agreement with experimental data but too low to account for measured DSR. 



Chapter Two 10 

Both Harrison's and Bhatia and Gupta's value for the volume of the hollow 
dislocation core - one atomic volume per atomic length - was however 
unrealistically high, and a more accurate volume removes the theoretical value 
still further from measured DSR. Broom12 and Howiell suggested that the 
discrepancy between theory and experiment might be due to the resistance of 
the stacking faults associated with partial dislocations. Oareborough et aJ14, 

however, found that metals of widely differing stacking fault energies showed 
similar dislocation-specific resistivity, and hence concluded that stacking faults 

I I 

did not make a significant contribution to DSR. Basinski et aits based a 
calculation of the relationship between DSR and ideal resistivity on a 
comparison of the deformation of the lattice due to a dislocation and the 
deformation due to thermal vibrations, assuming that the resistivity in both 
cases was proportional to the mean square displacement of atoms. Improved 
agreement with experimental data for DSR was obtained; comparison with 
calculations based on lattice dilation, stacking faults and the hollow dislocation 
core suggested the dominance of scattering from atomic displacements near the 
dislocation core. 

The theoretical treatments of dislocation-specific resistivity which followed 
Koehler's work thus varied widely. An improvement in the experimental data 
base in more recent times - in particular more accurate determination of 
dislocation density, orientation and configuration by means of transmission 
electron microscopy - allowed comparison of theory with more realistic values 
for DSR. Early analyses commonly assumed or calculated an anisotropy in 
resistivity relative to dislocation orientation; experimental measurements of 
resistivity such as those performed on deformed single crystals of aluminium by 

Sosin and Koehlert6, and on single crystals of copper by Basinski et aJ17,ts, 

however, revealed no significant anisotropy in DSR. Conversely another 
common assumption, of the independence of dislocations as scattering centres, 
was experimentally firmly establishedc.g.19,20.21. The measured isotropy of DSR 

and the linear relationship between resistivity and dislocation density suggested 
that long-range strain fields were relatively unimportant and hence lent weight 
to theories based on scattering close to, but not necessarily confined to, the 
disocation core. Recently Watts22 calculated the resistivity produced by the 
long-range strain field of a dislocation, finding it to be negligible in a region 
greater than a few Burger's vector lengths from the dislocation. 
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The de Haas-van Alphen effect is a useful tool for investigation of the 
scattering of conduction electrons, since it is sensjtive to both small- and large
angle scattering of electrons; there has however been some debate regarding 
the sensitivity of electrical resistivity to scattering angle. An argument has been 
made for the predominance of small-angle scattering of electrons by 
dislocations by Rowlands and Woods23 on the basis of low-temperature 
experimental data which suggests anisotropic scattering of electrons at the 

I I 

Fermi surface. Kaveh and Wiser24.25.26, who assume small-angle scattering and 
a marked anisotropy of scattering, have concluded that the relationship 
between dislocation density and resistivity is non-linear at low dislocation 
densities. The dominance of large-angle scattering in DSR was however 
extablished by Chang and Higgins27 and Basinski et al28 on the basis of de 
Haas-van Alphen effect studies of dislocated copper; additional experimental 
evidence published by Trattner et al29 also indicates that large angle scattering 
is dominant in DSR. Watts30 has published an analysis of the scattering from 
atomic displacements at a dislocation, showing that large angle scattering can 
account for the measured values of DSR. 

Browne.g.3l.32 has suggested the presence of scattering resonances at or near the 
Fermi energy in scattering from the hollow dislocation core. The solution of 
the transport equation for electrons in a deformed lattice on this basis allows 
for complex Fermi surfaces but assumes negligible interband scattering, 
although a qualitative discussion of this effect is given33• The resulting 
expression for the dislocation-specific resistivity of metal gives values in 
reasonable agreement with experiment for simple metals, but as might be 
expected differs considerably with experiment for transition metals. An 
investigation of the effects of scattering resonances on the de Haas-van Alphen 
effect34 met with limited success. 

A calculation of DSR which takes into account the underlying crystal structure 
of the metal in which the dislocation occurs has been published by Watts3S. By 
considering the structure factor of a metal containing dislocations, it is shown 
that anisotropic arrays of dislocations can give rise to fairly isotropic resistivity, 
which is in agreement with experimental observations. This approach also 
gives results which account for the different DSR values measured in different 
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metals30. In a detailed monograph, Watts36 considers the complementary 
information provided by the electrical resistivity and the de Haas-van Alphen 
effect (in which scattering from the long-range strain field is predominant) of 

dislocated metals to assess the likely origins of dislocation-specific resistivity; 

the conclusion reached is that any successful model must take account of 

atomic displacements near the core of a dislocation. 

Analyses of the electrical resistivity of dislocations have been extended to 
I I 

compute the resistivity of grain boundaries for which a dislocation model is 
appropriate. Brown37 has calculated the resistivity per unit grain boundary area 

by assuming that scattering from the dislocations which constitute the grain 

boundary is predominant. The values for grain boundary resistivity calculated 

on this basis are in reasonable agreement with experimental data for several 
metals37.38. 

2.1.2 RESISTIVITY DUE TO STRUCIURAL ORDER 

An analysis of the residual resistivity of alloys was first published by 

Nordheim39 in 1931. Considering only random binary alloys of elements of 

similar atomic number, he proposed that an alloy be treated as a periodic 
structure, with a potential equal to the mean potential of the constituent atoms. 

Under these conditions, at a given lattice site conduction electrons would 

undergo scattering due to the difference between the mean potential and the 

actual potential of an atom at that site. The total probability of scattering is 

obtained by summing the probabilities of scattering from each type of atom; 
the residual resistivity Po hence shows a parabolic dependence on 

concentration. Nordheim's calculation did not take into account the effect on 

the residual resistivity of deviations from a random atomic configuration such 

as the presence of long- or short-range order (in which the number of unlike 
nearest neighbours exceeds the random probability) or the clustering of like 

atoms. The effect of structural order on residual resistivity may be 

considerable, as illustrated in fig. 2.3 which shows local minima in the resistivity 

of copper-gold alloys at compositions corresponding to the long-range ordered 

structures Cu~u and CuAu. 
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Figure 2.3: Graph of resistivity vs. composition for random (dashed curve) 

and ordered (full curve) copper-gold alloys (after Barret-40; 

resistivity units not given). 

The degree to which the number of unlike atomic nearest neighbours exceeds 

the random probability in a binary alloy may be expressed by an order 

parameter. Bragg and Willia.ms41 introduced a long-range order parameterS, 

which ranges in value between unity (perfect long-range order, with only A 

atoms on A sites and B atoms on B sites) and zero (random site occupation). 

Cowley42 later defined short-range order parameters 

where piAB = probability of finding a B atom 
m the ith coordination shell 

CB = concentration of B atoms 

to express the interaction between an (A) atom and the shells of atoms 

surrounding it, so that ai = 0 for complete randomness and ai < 0 for an excess 

of unlike neighbours, or short-range order. Cowley's short-range order 

parameter was used by Flinn43 in an analysis of the energy of a binary solid 

solution, leading to an electronic theory of local order which predicted short-
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range order for alloys with electron/atom ratios· of about one, and clustering 

for electron/atom rations of between two and three. Hall44 also published an 

extension of Nordheim's work, taking into account order of any range, using 

Flinn's notation43 for the Cowley order parameter. 

Gibson45 published an analysis of the effect of short-range order on residual 

resistivity in a binary alloy, based on Nordheim's work39 and using Cowley's 

notation42• Considering the effect of ordering on the structure of Brillouin 
II 

zones in alloys, he concluded that changes in Po would arise from the resulting 

alterations to the Fermi surface and current carrier velocities, and hence that Po 

depended on the relative positions of the Brillouin zone boundaries and the 

Fermi surface. The development of short-range order would accordingly be 

accompanied by either a decrease in Po (when the Fermi surface and Brillouin 

zone boundaries are in close proximity in the random lattice) or an increase in 

Po (when the Fermi surface and Brillioun zone boundaries are in close 

proximity in the ordered lattice). 

Asch and Hall46 calculated the residual resistivity due to short-range order in a 

binary alloy on a quantum-mechanical basis, taking into account the effect of 

short-range ordering on the volume enclosed by the Fermi surface owing t<? 

changes in lattice parameter and the number of conduction electrons. The 

calculated residual resistivity depended on the degree of short range order, 

composition and the valency difference between the constituent atoms. 

Katsnel'son and Shevchuk47 used Asch and Hall's formalism to perform 

numerical calculations, concluding that an increase in resistivity as a result of 

annealing is to be expected in transition metal alloys, conmining 0.4 - 0.6 

conduction electrons/ atom. 

Wang and Ama.r48 developed a pseudopotential theory of the residual resistivity 

of binary alloys as a function of short-range .order and showed that the · 

resistivity could be expressed as a linear combination of the Cowley 

parameters. Rossiter and Wells49 calculated the residual resistivity of binary 

alloys in terms of the degree of short range order, composition and the number 

of conduction electrons. The results showed the sign of the change in resistivity 

due to an increase in ordering to be dependent on the number of conduction 

electrons per atom. 

-··------ --· ·-- -~~ 

where c = constant 

CA = atomic fraction A 

CB = atomic fraction B 

Ci = no. of atoms in itb shell at distance ri from origin 

ai = Warren-Cowley parameter 

and yi = . fcf"F I <k+qjwd(r) lk> l2q3[(sin qri)/qri] dq 
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Both the above analyses utilised the pseudopotential method, which replaces 
the exact electron wavefunction with planewave electron states and the lattice 
potential V(r) with a weak nonlocal pseudopotential W(r). W(r) may be 

expressed in terms of Fourier components W(q), which in tum may be 

expressed by: 

W(q) = w(q)S(q) 

where 

and 

q 

w(q) 

S(q) 

= k-k' 

= <k+qlw(r)lk> 

I I 

is the scattering vector, 

is the form factor, 

is the structure factor. 

The form factor w( q) depends on the internal structure of the atoms present 

and the structure factor S( q) depends on the configuration of the atoms. In a 

random binary alloy the structure factor has a parabOlic dependence on solute 

concentration, leading to the parabolic dependence of resistivity on 

concentration predicted by Nordhei.m39. In alloys which deviate from a random 

atomic configuration, the deviation lattice structure factor may be expressed in 

terms of the Cowley42 parameters (referred to hereafter as the Warren-Cowley 

parameters) ai: 

The pseudopotential analyses resulted in expressions for PSRO of the same 

general form as the formulation of RossiterSO: 

where c = constant 

CA = atomic fraction A 

CB = atomic fraction B 

Ci = no. of atoms in ith shell at distance ri from origin 

Qj = Warren-Cowley parameter 

and yi = . Jo2kF I <k+qlwt(r) lk> l2q3[(sin qri)/qri] dq 
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Thus if the ai and Yi are of the same sign, PsRo is positive; if they are opposite in 

sign, PsRo is negative. Since a1 is negative for short-range order, a positive 

contribution to resistivity (from the first co-ordination shell) will result if Y1 is 
negative. Figure 2.4 shows Yi as a function of 2kpri (where kp is the magnitude 

of k at the Fermi surface) using a screened Coulomb scattering potential with 

screening parameter Q = 2.5kp, where the integral has been normalised to 

unity at R = Q49• 

0.2 

0.1 

0 

-0.1 

0 5 10 15 20 

2l(pr; 

Figure 2.4: The integral Yi as a function of 2kpri (after Rossiter and Wells49). 

It may be seen that Yi changes sign at certain critical values of 2kpri, which is in 

turn related to the number of conduction electrons per atom, n, by the 

relationship: 
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and by the dependence of ri on ao (e.g. r1 = ao/root2 for fcc crystals). 

Rossiter and Wells' analysis49 predicted an increase in resistivity with increased 

short-range order for alloys with about one conduction electron per atom. 

This conclusion was later supported by a computer simulation of conduction 

electron scattering, by the same authorsst. The theoretical analysis49 showed 

good agreement with experimental results using a screened Coulomb potential; 
I I 

although this choice of potential gave rise to some criticisme.g.S2.53, substitution 

of alternative potentials showed the calculation not to be sensitively dependent 

on the form of the scattering potentialc.g.49. Vigier and Pelletier'sS2 calculation 

of the influence of short-range order on resistivity and thermo-electric power 

predicted a proportionality between variations in resisitivity and thermo

electric power; theoretical calculations of PSRO however showed a strong 

dependence on the scattering potential used, only a point ion potential giving 

good agreement with experimental results. 

Experimental evidence has shown the theoretical formalism of Rossiter and 

Wells49 to be in good agreement with experimental results where both the 

short-range order parameters and resistivity have been measurede.g.S4,SS,56,S7. 

There is general agreement that Psao (the resistivity due to short-range order) is 

linearly dependent on the short-range order parameters, and hence on the 

degree of short-range order. A factor which must however be taken into 

account is that the atomic configuration of an alloy may not show short-range 

order in the statistical (Cowley) sense. Rossiterso distinguishes three different 

types of short-range order, where atomic correlations are defined to be "short

range" if they are smaller in extent than the conduction electron mean free path 

A: homogeneous (statistical) short-range order, heterogeneous short-range 

order (microdomain model) and heterogeneous short-range order (antiphase 

domain model). The size of the ordered regions is a critical factor for 

resistivity due to heterogeneous short-range order: for alloys exhibiting an 

increase in resistivity as a result of the development of ordered regions, a 

maximum in the resistivity is observed, followed by a decrease in resistivity with 

increasing order. Rossiter and Wells51.SS showed that this maximum occurred 

when the size of the ordered regions became comparable with A, at which point 

the lattice potential within the ordered regions and at the boundaries must be 
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taken into account in calculating resistivity. The decrease in resistivity with 

increasing size is then due to the decrease in total boundary area. Hillel et al53 

argued that this resistivity decrease was related to the increasing anisotropy in 

Bragg scattering and consequently in the relaxation time. This controversy 

continuede.g.S9,60 until Hillel and Rossiter61 showed both mechanisms to be 

important, the mean free path effect dominating for spherical zones and the 

anisotropy effect dominating for platelets. 

I I 

The foregoing analyses are based on the electronic structure of simple metals 

and alloys: in transition metal alloys the effect of short-range order on residual 

resistivity is complicated by the dependence of electronic structure on local 

atomic configuration. Furthermore, the effect of short-range order on the 

temperature coefficient of resistivity, which is small and commonly neglected in 

simple metal alloys62, may be significant in transition metal alloys. The 

standard theoretical formalisms are therefore not appropriate to palladium
rich alloys, as noted by Rossiter and We1J.s49. The resistivity of transition metals 

and alloys in general must therefore be covered before ordering effects in 

paladium alloys are considered. 

2.13 RESISTIVITY OF TRANSffiON METALS 

The transition metals are characterised by partially filled d-bands in their 

electronic structure: the energy range of the conduction s-band overlaps that of 

the d-band, leading to the presence of both s and d electrons at the Fermi level. 

As a consequence, the approximations used to derive an expression for the 

electrical resistivity of simple metals - such as a spherical Fermi surface, free 

electron behaviour and weak scattering - are no longer valid. In simple metals, 

with only s electrons at the Fermi level, a spherical approximation to the Fermi 

surface may reasonably be employed; in transition metals, the additional 

presence of d electrons at the Fermi level results in a Fermi surface which has 

both s and d characteristics and may be too irregular to be approximated in this 

way. The scattering rate of an electron in the presence of an applied field is 

determined by the scattering potential V(r) of the lattice and by the availability 

of states into which it may be scattered: in simple metals, a constant potential 

(free electron theory) or smoothly varying potential (nearly-free electron 
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theory) may be used for solution of the Boltzman equation; and only s-s 

scattering is considered. In transition metals, account must be taken of the d 

band electrons, which may no longer simply be incorporated into a smoothly 

varying lattice potential. The energy states of the electron must take into 

account both the localised atomic states and the influence of the crystal lattice. 

This may be accomplished by using the "muffin tin" model which approximates 

the periodic field of the lattice as constant and free-electron like between 

spheres around the nuclei; within these spheres the potential is a spherically 
I I 

symmetric atomic potential. This model is consistent with the behaviour of 

many transition metals; however, it presents difficulties in the construction of 

an electron wavefunction which is valid both inside and in between the 

"muffins". Calculations of the electronic structure of transition metals 

commonly make use of the augmented plane-wave (APW) or Korringa-Kohn

Rostoker (KKR) methods with the muffin tin potential63. The APW method 

matches atomic core wavefunctions to plane-wave wavefunctions at the surface 

of the muffins; these APWs are then summed to make a Bloch wave. The 

KKR method uses Green's functions to measure and sum the attenuation of 

waves scattered by the potential, in order to construct the wavefunctions in a 

self-consistent manner. Although computationally arduous, these methods 

have been successful in calculating the band structures of a number of 

transition metals. 

The s-band in transition metals is broad with a low density of states, having a 

maximum of two electrons (of opposite spin) per atom. The narrow d-band, 

with a capacity of ten electrons per atom, has a high density of states. The 

scattering probability Pkk' may be expressed by: 

where <jJ,.-IV(r)l~~t> is the scattering amplitude for transitions between an 

initial state ~k and a final state ;,.. , and N(EF) is the density of states at the 

Fermi energy into which electrons may be scattered50• Since Nd(EF) > Ns(EF), 
there is a higher probability that electrons will be scattered into a d-state than 

an s-state. The strong scattering in transition metals means that the weak 

pseudopotential picture, which simplifies calculations involving simple metals, 

is no longer applicable. 
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It may be seen from the above that calculations of the resistivity of transition 
metals, requiring determination of the electronic structure, lattice potential and 

scattering probabilities, present a higher level of complexity than the same 

calculations for simple metals. Mott6" suggested that conduction in transition 

metals might be regarded as due to the fast s-electrons, the d electrons having a 

reduced mobility owing to their greater effective mass. The s-electrons may be 

scattered into vacant s or d states; but s-d scattering, rather than s-s scattering, 
I I 

predominates. Since electrons scattered into the d-band make little further 

contribution to conduction, this type of interband scattering offers an 

explanation for the high resistivities of transition metals. However, the 

distinction between s and d electrons is not sharp in many transition metals, for 

which the above may be an oversimplification. Voloshinskiy and Savitskaya65 

analysed the effect of phonon-induced interband transitions on the electrical 

resistivity of transition metals; using a two-band model, they found that the 

resistivity was dependent on the occupation of the d-band Allen et al66 have 

published a survey of electron-phonon effects in transition metals; calculations 

of the electrical resistivity were performed by solving the integral form of the 

Boltzmann equation, using KKR computations and the rigid muffin-tin 

approximation (RMTA), which relies on an assumption that when an atom in a 

crystal is displaced its muffin-tin potential displaces rigidly with it. Calculated 

results are in excellent agreement with experimental data not only for 

resistivity but also for other transport coefficients. 

White and Woods67 reviewed the results of electrical resistance measurements 

of a number of transition metals, deducing values for the ideal resistivity 

between lOK and 295K; they found that in general the ideal resistivity could be 

understood on the basis of the relaxation time approximation except at very 

low temperatures. 

2.1.4 RESISTIVITY OF TRANSffiON METAL ALLOYS 

Nordheim's model39 for the resistivity of alloys assumed that the temperature 

coefficient of resistivity was independent of alloy composition. However, a 

subsequent investigation by Grum-Grzhimailo68 found a generally linear 
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relationship between the reciprocal of the temperature coefficient of resistivity 

and composition, the influence of composition being marked in transition 

metal alloys. A further shortcoming of the Nordheim model is that it does not 

take into account the electronic structure of the constituent atoms, other than 

in formulating the mean lattice potential In a transition metal alloy the 

presence of unfilled d-bands and differences in electronic structure between 

constituent atoms may lead to composition-dependent variations in both the 

number of current carriers and the availability of states into which they may be 
I I 

scattered, and hence to a more complex dependence of resistivity on 

concentration. In particular, the construction of an average lattice potential 

from the potentials of the constituent atoms will, for transition metal alloys, 

predict a single d-band, whereas in fact two separate d-bands are common (one 

associated with each constituent). 

The latter shortcomings are to some extent taken into account by Mott's64 rigid

band model, which allows for a change in occupation of states with a change in 

concentration, but assumes that the shape of the electron energy bands of the 

host metal is not changed by alloying. As atoms of the second component are 

added to the host metal, its Fermi level changes to accommodate the additional 

electrons. This may result in an increase or decrease in the density of states, 

depending on the shape of the energy bands of the host metal. However, the 

density of states curve for many concentrated transition metal alloys varies with 

concentration, necessitating the use of more specialized techniques such as the 

coherent-potential approximation. 

The coherent-potential approximation (CPA) approximates the lattice 

surrounding a single atom by an effective medium in which the Wigner-Seitz 

sphere is imbedded; the potential of this medium is then determined self

consistently by a method such as the KKR method. Velicky69 used the CPA to 

develop an expression for the electrical conductivity of disordered binary alloys 

using the Kubo formalism, which lends itself more readily to Green's functions 

methods than the Boltzmann equation, obtaining reasonable results. Lengthy 

computations are however in many instances required in order to obtain the 

details of electronic structure required for calculation of resistivity. Butler and 

Stocks70 used a KKR CPA method to calculate the electronic structures of 

gold-palladium alloys in order to calculate the electrical resistivity and 
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thermopower, obtaining good agreement with experimental results. Johnson et 

al71 have developed a fast computational method for calculating the self

consistent electronic structure of random solid-solution alloys, using a KKR 

CPA Results of calculations performed for the copper-palladium system are 

in good agreement with experimental results. 

2.15 STRUCIURAL ORDER IN TRANSIDON METAL AlLOYS 

I 1 

Thomas72 first reported that alloy systems containing at least one transition 

metal exhibit an anomalous increase in resistance after annealing. A decrease 

in slope of the resistance vs. temperature curve of binary alloys of metals such 

as iron, nickel and chromium was observed d~ heating; since this decrease 

was not completely reversed during cooling, a hysteresis in the curve developed 

which resulted in a higher room-temperature resistance than prior to heat 

treatment. This phenomenon was attributed by Thomas to an ordering 

phenomenon, the development of a "k-state" at elevated temperatures. The "k

state" was subsequently identified with the presence of short-range 

orde~·g.73,74,7s; on this basis Gibson's theory-45 provided a qualitative explanation 

for the observed resistivity anomaly. The theoretical formalism of Rossiter and 

WeJ.Is49, although based on the usual simple-metal approximations, has been 

used to calculate the resistivity due to short-range order in alloys of transition 

metals such as nickel with some successc.g.S4.S7. Accurate determination of the 

effect of short-range order on the resistivity of transition metal alloys, however, 

may require the use of more complex techniques. 

The nature of the CPA, in which a single site is decoupled from the remainder 

of the lattice, presents difficulties in the detelll)ination of short-range order 

effects, necessitating an extension of the theory to take atomic configuration 

into account Plischke and Mattis76.71 demonstrated the usefulness of the CPA 

in non-random alloys by using a modified CPA to investigate the stability of 

structural order in binary alloys, and showed the short-range order free energy 

to be lower than the long-range order free energy. Brouers et al78 extended this 

model to establish the relation between the Bragg-Williams theory and the 

CPA to describe the order-disorder transition in alloys. Calculations to take 

account of short-range order using a single-site CPA Green's function also 

showed short-range order to be energetically stable. Moraga and Ramirez79 
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recently calculated two-particle Green's functions for electrons in alloys with 
short-range order using the CPA 

Although theoretical anaysis of the effect of ordering on transition metal alloys 

requires complex techniques, the detection by means of resistance 
measurements of short-range ordering may present less difficulty than in simple 

metals. In alloys exhibiting ''k-state" behaviour the increase in resistivity due to 

short-range ordering is frequently sufficiently large to result in a nett increase 
I I • 

in resistivity after annealing, even though the dislocation-specific resistivity 

decreases. 
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22 STRUCTURE AND PROPERTIES OF PALLADIUM 

22.1 S1RUCfURE 

Palladium has a face-centred cubic (fcc) crystal structure with a lattice 

parameter of 3.89A. It is a group VlllC transition metal, with ten outer 
electrons. The atomic electron structure of palladium is 4d10; however, in the 

metal the broads band overlaps the energy range of the d band; the Fermi 
I I 

level lies below the top of the d-band, and there are both s and d electrons at 
the Fermi surface. Early experiments with palladium-silver alloys led Mott64 to 

conclude, on the basis of the rigid-band model, that the d band in palladium 
contained approximately 0.6 holes per atom and that the Fermi level 

accordingly lay near the top of the d-band, just above a peak in the density of 

states. Measurement of the low-temperature electronic specific heat80 and the 
magnetic susceptibility81, properties which are proportional to the density of 

states at the Fermi level, confirmed that palladium has an extremely high 
density of states at the Fermi level. Since the d-band is nearly full in palladium, 
Friedel82 suggested that the high density of states would lead to a low Fermi 
energy for the fcc crystal structure. It is clear from the density of states curve, 

illustrated in fig. 2.5, that there is a high density of states at the Fermi level into 
which conduction electrons may be scattered. 

The principal tool for experimental determination of the shape of the Fermi 

surface is the de Haas-van Alphen effect, which allows measurement of 

extremal cross-sections of the Fermi surface. Vuillemin83 performed a detailed 
study of the de Haas-van Alphen effect in palladium, which showed the Fermi 
surface to consist of three parts: an approximately spherical electron surface 
due to the s band, a set of ellipsoidal hole surfaces and a further hole surface of 
intersecting cylinders (the jungle gym), due to the d bands. The volume of the 
electron surface was shown to be 0.36 electrons/atom, a much smaller value 
than Mott's64. Since palladium is a compensated metal (the ten outer electrons 
being shared between the s and d bands) the total number of holes is also 
0.36/atom, practically all of which are contained in the jungle gym. A section 

of the Fermi surface of palladium is shown in fig. 2.6. The response of the 
Fermi surface to strain in the lattice has been investigated both theoretically 
(by the linear muffin tin orbital (LMTO) method) and experimentally (by the 
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de Haas-van Alphen effect) by Skriver et al84 and Cavalloni et al85• The 
theoretical calculations were in reasonable agreement with experimental 
results, suggesting that the band-structure formalism used is adequate in spite 
of the complexity of the calculations. Calculations by Das et al86 have shown 
that a 2% change in the lattice spacing may change the density of states at the 
Fermi level by approximately 10%. The band structure of palladium has been 
theoretically calculated by Anderson87.SS using the relativistic augmented-plane
wave (APW) technique; by Gay et al89 using a self-constistent local orbital 

I 1 • 

method; and by Mueller et al90 using the APW technique. Comparison with 
experimental results, including the measurements of Asonen et al91, shows good 
agreement. 
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Figure 2.5: Idealised schematic diagram of density of states of palladium 
(after Dugdale92). 
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Figure 2.6: Cross section in the central (100) and (110) planes of the Fermi 

surface of palladium (after AndersonM). 

222 PROPERTIES 

Palladium has a large paramagnetic susceptibility even at room temperature, 

and a strong Stoner enhancement factor90.93. Highly paramagnetic, or "nearly 

ferromagnetic" materials exhibit behaviour similar to ferromagnets above the 

Curie point: such materials have been likened to ferromagnets with Curie 

points suppressed to just below absolute zero. Above the Curie temperature 

spin disorder scattering occurs due to spin fluctuations or paramagnons. At 

very low temperatures, the resistivity due to spin ~rder scattering in a nearly 

ferromagnetic material such as palladium increases with temperature to a 

maximum before decaying asymptotically towards the spin disorder limit. 

Superconductivity has not been experimentally observed in palladium, in spite 

of a high density of states at the Fermi surface and a phonon spectrum which 

suggests strong electron-phonon coupling88 and hence a relatively high 

superconducting transition temperature. Calculations of the electron-phonon 

mass enhancement factor by Evans et al94 give a lower value for the electron-
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phonon mass enhancement factor than those obtained by Anderson88• The 
absence of superconductivity in palladium has been attributed to spin 
fluctuations due to a strong Stoner enhancement factor. Measurements by 
Strizke:r-95·96 have shown that palladium, when disordered by low-temperature 
irradiation, superconducts at Tc = 3K due to a reduction in magnetic 
susceptibility - and hence in spin fluctuations - relative to the annealed metal. 

A general decrease in resistivity is observed in transition metals from left to ,, 
right across the periodic table, owing to the progressive increase in occupation 
of the d-band and consequent decrease in vacant d-states into which s-electrons 
may be scattered. Palladium, however, has a higher resistivity than its 
neighbours. Pinski et al97•98 have computed the electrical resistivity of 
palladium using a rigid muffin-tin approximation (RMT A) to the potential; 
they found good agreement with experimental data, demonstrating the 
applicability of such an approach. Interestingly, their results agreed 
qualitatively with Mott's s-d model: the fast electrons are on the electron 
surface, which has a low density of states while carrying almost all of the 

current; the slow electrons are on the jungle gym. Scattering is thus 
predominantly from the electron surface to the jungle gym. 

Rowlands and Woods99 and Zwart and Schroedertoo have published 
measurements of the residual resistivity of palladium for varying degrees of 
plastic deformation. The values of Po vary between 1 and 25 nn-cm, but 
although details of deformation procedures are provided no dislocation 
densities, and hence no values for DSR, are quoted. The electrical resistivity of 
palladium has been measured at low temperatures by SchriempflOl and Uher 
and Schroedert02, and over the temperature range 100-SOOK by Powell et al103; 
the measured resistivity of palladium at 300K was 10.9J.&{}-cm. 

The thermoelectric power or Seebeck coefficient (S) of palladium has a large 
negative value at room temperature93• This is related to the strong energy 
dependence of the density of states at the Fermi level, and hence to the 
scattering probability. The linear or diffusion component of S may be 
approximately expressed in terms of the energy dependence of conductivity; 
since this decreases rapidly with increasing energy and electrons are carriers, S 
is negative. 
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2.3 PALLADIUM ALLOYS 

2.3.1 S1RUCIURE 

Palladium is compatible (forming a solid solution with alloying additions of 

more than 1%) with a wide range of metals. The lattice parameters of several 

palladium alloys have been investigated by Kudielka-Artner and Argent104, who 

noted a tendency for alloys to have lattice parameters closer to the lattice ,, 
parameter of palladium than expected from Vegard's law. Fuggle et al105 have 

investigated the electronic structure of a large number of palladium alloys by 

X-ray photoelectron spectra. Their results showed that electropositive alloying 

additions result in a decrease in the density of palladium d-states at the Fermi 

level and a narrowing of the palladium d-band The CPA has been used to 

calculate the electronic structure of palladium alloys, showing good agreement 
with experimente.g.70,71. 

The palladium-silver system has been extensively studied A decrease in the 

density of states at the Fermi level with the addition of silver to palladium is 

consistent with Mott's rigid-band model64, providing a quaitative expanation for 

electronic specific heat data. However, the form of the density of states curve 

shows a sensitive dependence on concentration. Norris and Myers106 suggested, 

on the basis of a photoemission study of palladium-silver alloys, that the 

decrease in the density of palladium d-states with the addition of silver is the 

result both of electron transfer and structural disorder. Stocks et al107 

calculated the density of states for various compositions using the CPA, taking 

into account the sensitive dependence of the lattiCe parameter on composition, 

and obtained results consistent with experimental results. 

Palladium forms ordered phases with a variety of alloying additions, including 

transition and rare earth elementse.g1~109,11o. The presence of short-range order 

in palladium-noble metal alloys has been extensively investigatede.g.tn,tu,tu. 

Short-range order parameters for palladium with transition metal additions 

platinum and cobalt were measured by Katsnel'son et all14,us. Deformed 

equiatomic palladium-platinum alloys were shown to develop short-range order 

after annealing at soo·c and 6oo·c, the degree of short-range order 

decreasing after annealing at higher temperatures114. Palladium 25 at.% cobalt 
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alloys were also found to develop short-range order after annealing, the short

range order parameters suggesting that small highly short-range ordered 

regions were present in a less ordered matrix11s. 

2.3.2 PROPERTIES 

The magnetic susceptibility of palladium is reported to fall rapidly with the 
I I 

addition of non-ferromagnetic alloying elementst04,116,117,us. The residual 

resistivity of palladium is observed to increase particularly rapidly with the 
addition of transition metals such as vanadium and molybdenumt04,117,119. A 

detailed study of electrical resistivity in nickel-palladium alloys by Schindler et 

al120 showed s-d scattering to increase with palladium concentration, leading to 

an asymmetry in the resistivity vs. solute concentration curve. Coles and 

Taylor121 investigated alloys of the palladium-silver system, calculating the 

electrical resistivity on the basis of the electronic structure derived from 

specific heat measurements. Their analysis, on the basis of Mott's64 ideas, was 

in good agreement with experimental results. 

The effect of alloying on the thermoelectric power of palladium has been 
investigated for a number of binary systems117,119,1.22,123. The addition of 

vanadium, molybdenum and ruthenium results in a large decrease in the 

(negative) thermo-emf of palladium; a (positive) sharp maximum is reported 

to occur in palladium-vanadium at a concentration of 8 at.% solute 

concentrationw. 

The effect of short-range order on resistivity has been studied in several 

palladium alloys. An investigation of gold-palladium and copper-palladium 

alloys, which show an anomalous decrease in resistivity upon cold-working, was 

carried out by Kim and Flanaganllt,l1A,12S. A comparison between calculated 

and experimental values for the residual resistivity of annealed gold-palladium 

showed the presence of short-range order to influence s-d scattering at 

compositions below 55 at.% gold111. The anomalous decrease in resistivity due 

to plastic deformation in both the abovementioned systems was shown to occur 

as a result of a reduction in short-range order normally present in the alloys125. 

Resistivity was found to increase due to annealing, in spite of decreasing defect 
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concentrations due to recovery processes, as a consequence of the development 

of short range order124• Chen and Sivertson126 investigated the effect of ageing 

on copper-palladium alloys and observed a decrease in resistivity which they 

attributed to short-range order. A calculation using Gibson's4S method which 

predicted an increase in resistivity due to short-range order in the same system 

was assumed to be valid only for s-s scattering, and hence incomplete for 

transition metals. Haas et al11Z.127 found short-range order to increase the 

resistivity of gold-palladium alloys, noting that Mathiessen's rule was 

approximately fulfilled. Westerlund and Nicholson113 investigated the effect of 

plastic deformation on silver-palladium alloys, which also show a decrease in 

resistivity due to cold work. Measurement of the Hall constant indicated a 

significant increase in the effective number of conduction electrons as a result 

of cold work, suggesting that cold work disorders the short-range order present 

in these alloys after annealing. 

The development of short-range order in alloys of palladium with platinum and 

with cobalt results in an increase in resistivity114,ns. Katsnel'son et a1ns used 

the formalism of Asch and Hall46 to calculate the change in resistivity due to 

short-range order, achieving only limited agreement with experimental results, 

and concluded that for palladium-cobalt alloys, the increase in resistivity is 

brought about by electron scattering from the boundary of small short-range 

ordered regions. 

Note: several articles cited in this and the following sections (particularly those 

published in the Russian Journal of Inorganic Chemistry and Fiz. Metal 

Metalloved/Physics of Metals and Metallography) are extremely brief, primarily 

consisting of reported results with little or no discussion. 
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2.3.3 niB PALLADIUM-TIJNGS1EN SYS1EM: PHASE EQUlllBRIA 

AND STRUCIURE 

The equilibrium phase diagram of the palladium-tungsten system was first 
published in complete form by Tylkina et al128 and subsequently investigated by 

Goetz and Brophy129. The equilibrium diagram·is of the peritectic type with 

two terminal solid solutions; no compounds are formed. At 1ooo•c tungsten is 
soluble in palladium up to 15.3 at.%; at the same temperature palladium shows 

II 

a much smaller solubility in tungsten of 15 at.%. The face-centred cubic a-
solid solution (tungsten in palladium) is separated from the body-centred cubic 

~-solid solution (palladium in tungsten) by a broad two-phase region. The 
addition of tungsten to palladium increases the melting point from 1552 • C to 

21oo•c at the solubility limit. Figure 2.7 shows the equilibrium phase diagram 

of the palladium-tungsten system above uoo·c proposed by Tylkina et al. 
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Figure 2.7: Equilibrium phase diagram of the palladium-tungsten system 
(after Tylkina et al128). 
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Khan and Raub130 investigated the palladium-tungsten system below 11oo·c 

and reported a much reduced solubility of 5 at% tungsten in palladium at 
room temperature in alloys prepared by reduction with hydrogen at 5oo·c. 
The solubility however increased to 15 at% tungsten after annealing at 7oo•c 
for 1000h; such alloys were found to consist of face-centred cubic a-solid 

solution only. On the basis of X-ray diffraction data the possibility of an 

intermediate phase between 20 at.% and 70 at.% tungsten was suggested130. 
Weaver and Ardefl13t reported the formation of the tetragonal ordered phase 

I I 

Pds W (D174h) after proton irradiation of alloys containing 10 at.% and 18 at.% 
tungsten. Cheng and Ardefi132 found Pds W to be stable in irraditated 

palladium 10 at.% tungsten even after lengthy post-irradiation annealing at 

temperatures up to 735•c; however, similar heat treatment of this alloy in the 

unirradiated condition failed to result in the formation of Pds W. The authors 
accordingly suggested that Pds W may be an equilibrium phase which does not 
appear in the equilibrium phase diagram owing to its extremely slow rate of 
formation, which is accelerated under irradiation by the thermally activated 

migration of large concentrations of excess point defects such as vacancies. 
This enhances the rate of atomic diffusion and hence the rate of ordering132. 

The lattice parameter of palladium-tungsten alloys, shown in fig. 2.8, has been 
measured by several workers129,t30,l33. In the palladium-based solid solution 

range the lattice parameter decreases on the addition of tungsten, reaches a 

minimum at 10 at.% tungsten, then increases up to 15 at.% tungsten. The 
lattice parameter appears to vary little in the two-phase region above 15 at.% 
tungstent30. Luot34 reported that the phase boundary of face-centred cubic 

palladium-tungsten may be extended by rapid solidification to a concentration 
of more than 40 at.% tungsten. Lattice parameter measurements of such alloys 
exhibit the above-mentioned minimum at around 10 at.%, followed by a 
monotonic increase up to 40 at%. 
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Figure 2.8: Graph of lattice parameter vs. concentration for palladium

tungsten (after Khan and Raub130). 

Pure tungsten has a body-centred cubic (bee) crystal structure and its atomic 

radius is slightly smaller than that of face-centred cubic (fcc) palladium. At 

concentrations below 15 at.% tungsten, however, the palladium-based solid 

solution is expected to be fcc and comparison of the Goldschmidt radii (CN12), 

rather than the atomic radii, of palladium and tungsten is appropriate in this 

composition range. On this basis the tungsten srilute atoms are slightly larger 

than those of palladiumllS, and .it should be noted that under such conditions a 

disordered solid solution is expected to exhibit an increasing lattice parameter 

with increasing solute concentration. The lattice parameter of palladium

tungsten, however, decreases to a minimum at 10 at.% tungsten, increasing 

only with higher solute concentration. At all compositions below 15 at.% 

tungsten, the lattice parameter of palladium-tungsten is smaller than that of 
palladiuml29,130,133. The unexpected behaviour of the lattice parameter of 

palladium-tungsten led Babanova et aP36 to investigate the possibility of short

range order, for alloys in the concentration range 2 at.%- 12.7 at.% tungsten. 

An earlier work by Alimov and Katsnel'son137 had identified short-range order 

in palladium 11.3 at.% tungsten on the basis of an increase in the intensity of a 
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diffuse X-ray scattering peak after annealing. Table 2.1 shows the short-range 
order parameters, assigned by Babanova136 on the basis of X-ray diffraction 
data, of palladium-tungsten alloys after annealing for one hour at 900• C (note: 
see Appendix). The parameters ai are negative in the first co-ordination 
sphere, indicating the presence of short-range order. 

Table 2.1: Values of short-range order parameters ai determined from the 
diffuse X-ray scattering intensity of alloys Pdt-xWx (after ,, 
Babanova et al136) 

Parameters X 
Qj 

0.026 0.062 0.077 0.093 0.127 

ao 0.01 0.02 0.01 0.008 0.08 

a1 -0.02 -0.07 -0.07 -0.122 -0.17 

a2 0 -0.07 -0.06 -0.09 -0.15 

a3 0 0.01 0.02 0.02 0.08 

almax 0.03 0.066 0.083 0.101 0.145 

23.4 THE PALlADIUM-TUNGS1EN SYS1EM: PROPERTIES 

The addition of tungsten to palladium results in a significant decrease in 
magnetic susceptibility with solute concentration116.138. Khan and Raub139 
measured the magnetic susceptibility of palladium-tungsten over a wide 
concentration range, reporting a minimum in magnetic susceptibility at 
12 at.% tungsten, as shown in fig. 2.9. The subsequent increase appears to 
decrease in slope at approximately 15 at.% tungsten, the boundary of the 
single-phase region. Klyuyeva et al133 reported a slight decrease in the 
magnetic susceptibility of cold-worked palladium-tungsten after heat treatment 
at 9oo·c. 
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Figure 2.9: Graph of magnetic susceptibility vs. concentration for palladium

tungsten: filled circles denote cold-worked specimens (after 

Khan and Raub139). 

The electrical resistivity of palladium-tungsten increases by an order of 

magnitude in the concentration range 0 at.% - 12 at.% tungsten93·133; the 

temperature coefficient of resistivity shows a decrease with increasing 

concentration in this range133• In terms of the rigid-band formalism tungsten, of 

valence six, might be expected to contribute sufficient electrons to fill the d

band of palladium at a concentration of about 6 at.% tungsten. However, the 

published resistance data are insufficient to determine any change in the 

dependence of resistivity on solute concentration in this composition range. 

Mes'kin et a}t40 investigated the effect of annealing on palladium-tungsten 

alloys and reported the formation of a "k-state": after annealing at 1oo•c for 

one hour, alloys in the 8 at.%- 12 at.% tungsten concentration range showed 

an increase in resistance and a decrease in temperature coefficient of 

resistivity. (Khan and Raub130 also noted a change in the slope of resistivity vs. 

temperature at about 1oo·c in palladium 15 at.% tungsten, but no data was 

presented). Mes'kin et a}t40 concluded that the "k-state" resulted from the 

development of short-range order and the effect of this changed atomic 

configuration on the electronic structure of the atoms. Fig. 2.10 shows the· 

effect of annealing at 1oo•c on the resistivity and temperature coefficient of 
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resistivity of palladium-tungsten alloys, as a function of composition. The 

change in these electrical properties is observed to reach a maximum at around 

10 at.% tungsten. 
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Graph of change in resistivity and temperature coefficient of 

resistivity due to annealing at 1oo•c, vs. tungsten concentration 

(after Mes'kin et a}l40). 

Klyuyeva et al133 measured the resistance of palladium-tungsten alloys during 

continuous heating followed by cooling at s•cjmin, as shown in fig. 2.11. The 

decrease in the temperature coefficient of resistivity which occurs during 

heating results, after cooling, in an increased room-temperature resistivity. A 

decrease in the slope of the resistance vs. temperature curve occurs between 

1oo·c and soo·c in alloys containing 9.3 at.% and 12.7 at.% tungsten; a 

further change in slope to a negative value may be observed above soo•c in 

the 12.7 at.% tungsten alloy. The authors noted that the increase in resistivity 

after annealing increased with increasing tungsten content133; and suggested 

that the presence of short-range order with a heterogeneous structure was 

responsible for the high resistivity of palladium-tungsten alloys. 
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Figure 2.11: Resistance vs. temperature curves for palladium-tungsten alloys 

(after Klyuyeva et aJ133). 

The absolute thermoelectric power (thermo-emf) of palladium-tungsten alloys, 

shown in fig. 2.12, has been measured by Tylkina et al128 and by Mes'kin et al140• 

The negative thermo-emf of palladium is decreased by the addition of tungsten, 

reaching zero at a concentration of approximately 4 at.% tungsten. At higher 

solute concentrations an increase in positive thermo-emf is seen to reach a 

maximum at about 9 at.% tungsten, subsequently decreasing slowly to a small 

positive value at 20 at.% tungsten. Mes'kin et al140 report that the thermo-emf 

of palladium-tungsten, in the range 8 at.% - 12 at.% tungsten, increases after 

annealing at 7oo•c; and note that this is roughly the concentration range in 

which an increase in resistivity is observed after annealing. 



Chapter Two 38 

- 5 -
6 • • . 

I \ ~ -
LL ··-··-· • • 
~ 

I 1 •, 
Ll;J 0 
0 
~ 
a: 

' w 
I i ..... 

-5 

If 
1 I I I 

Pd 20 40 60 80 w 

TUNGSTEN (at.%) 

Figure 2.12: Graph of thermo-emf vs. concentration ·for palladium-tungsten 

(after Tylkina et al128). 

The hardness and strength of palladium are reported to be greatly enhanced by 

the addition of tungsten93,128,129, The hardness of palladium-tungsten up to 20 

at.% tungsten, measured by Goetz and Brophy129 and shown in fig. 2.13, 

increases with increasing solute concentration up to 

5 at% tungsten, little further increase occurring up to the limit of the a-solid 

solution at 15 at.%. A steep linear increase in microhardness with tungsten 

concentration in the solid solution range has been measured by Tylkina et a1us. 

Savitskii et al93 report an increase in strength with tungsten concentration, with 

cold drawing and rolling properties remaining unaffected up to 15 at% 

tungsten. Meskin et al140 investigated the effect of annealing on the 

microhardness of palladium 12 at% tungsten; the results show a small increase 

in hardness to occur after annealing in the range 6oo·c -7oo•c. 
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Figure 2.13: Graph of hardness vs. concentration for palladium-tungsten 
(after Goetz and Brophy129). 
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2.35 TIIEPALIADIUM-MOLYBDENUMSYSTEM: PHASE 
EQUILIBRIA AND STRUCIURE 

40 

The equilibrium phase diagram of the palladium-molyb~enum system, 

published in complete form by Savitskii et al141 and shown in fig. 2.14, is of the 

peritectic type with two terminal solid solutions and a single intermetallic 

compound14t,t42,143. The solubility limit of molybdenum· in palladium lies above 

30 at.% molybdenum at 1000°C, decreasing slightly as temperature is reduced. 
I I 

The solubility limit of palladium in molybdenum at 1000°C is far smaller, lying 

at 4 at.% palladium. A hexagonal close-packed (hcp) £-phase, stable above 

1400oc, appears in the concentration range 40 at.% - 60 at.% molybdenum. 
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Figure 2.14: Equilibrium phase diagram of palladium-molybdenum (after 
Savitskii et al141). 
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Mostafa and Ardell144 reported the formation under proton irradiation of the 
tetragonal ordered phase PdsMo, crystallographically identical to PdsW (D174b), 
at compositions of 10 at.% molybdenum and 18 at.% molybdenum. Cheng et 
al145 reported this phase to be stable below 43o•c in the 10 at.% alloy and 
below 6oo·c in the 18 at.% alloy, and suggested that this thermodynamic 
stability indicates that PdsMo may be an equilibrium phase whose formation is 

accelerated by irradiation, although lengthy heat treatments have failed to 
produce it in unirradiated specimens. 

II 

The lattice parameter of palladium-molybdenum alloys, shown in fig. 2.15, 

shows a similar dependence on concentration to that of palladium-tungsten, 
exhibiting a minimum at 10 at.% molybdenumt04,t42,t46. A comparison of the 

Goldschmidt radii (CN12) of palladium and molybdenum shows molybdenum 
to be an oversized solute in the face-centred cubic palladium-based solid 
solution135; an increase in lattice parameter with the addition of molybdenum 

to palladium is accordingly expected. An increase in lattice parameter with 

increasing concentration is however only observed at concentrations above 10 

at.% molybdenum. 
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Figure 2.15: Graph of lattice parameter vs. concentration for palladium
molybdenum (after Raub146). 
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2.3.6 TIIE PAllADIUM-MOLYBDENUM SYSTEM: PROPERTIES 

The magnetic susceptibility of palladium-molybdenum decreases significantly 
with increasing molybdenum concentration116.138,147. Kudielka-Artner and 

Argent104 and Koster and Hagmann117 report a minimum at 

10 at.% molybdenum followed by a very small increase in susceptibility, as 

shown in fig. 2.16, suggesting a trend in concentration dependence similar to 

that exhibited by palladium-tungsten. 
I I 
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Figure 2.16: Graph of magnetic susceptibility vs. concentration for palladium
molybdenum (after Koster and Hagmann 111). 

The addition of molybdenum to palladium results in a steep increase in 
electrical resistivity104,117,119,141. Resistivity measurements in the concentration 

range 1 at.%- 10 at.% molybdenum, made by Kudielka-Artner and Argent104 

and shown in fig. 2.17, show a steep linear increase in resistivity with increasing 

molybdenum concentration. These results show no evidence of a significant 
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deviation from linearity in the dependence of resistivity on solute concentration 
in this concentration range; Kudielka-Artner and Argent suggest that this 

indicates that the d-band is still incomplete. The temperature coefficient of 
resistivity of palladium-molybdenum decreases with the addition of 
molybdenum104·119, to a very small value at about 10 at.% molybdenum141• 

Kudielka-Artner and Argent104 measured a large decrease in dp/dT between 6 
at.% and 10 at.% molybdenum as shown in fig. 2.17, suggesting that this 

reflects a decrease in the density of states in the d-band ,\fith increasing solute 
concentration, as occupation of the d-band increases. 
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Graph showing dependence of resistivity • and temperature 
coefficient. of resistivity .A on molybdenum concentration (after 
Kudielka-Artner and Argentt04). 

Mes'kin et a}t40 reported that the resistivity of palladium-molybdenum 
increases, and the temperature coefficient of resistivity decreases, after 
annealing at 100• C for concentrations between 6 at.% molybdenum and 12 

at.% molybdenum, as shown in fig. 218. The development of a "k-state" is 
suggested as a probable cause140, as for palladium-tungsten (section 23.4); as 
observed in palladium tungsten, a maximum change is shown at around 10 at.% 

molybdenum. 



12 

10 

8 

6 

4 

-- 2 
~ ._, 0 
~ 

<l 
-2 

-4 

-6 

-8 

0 

Chapter Two 44 

12 

10 

8 

6 

4 

'2 

0 

-2 

-4 

-6 

• Ap .A. ArJ. -8 

-4-0 . . 
1 2 3 4 5 6 7 8 9 10 

at.% MOLYBDENUM 

Fig. 2.18: Graph of change in resistivity and temperature coefficient of 

resistivity, due to annealing at 7oo•c, as a function of composition (after 
Mes'kin et a}l40). 

The negative thermo-emf of palladium decreases with the addition of 
molybdenum, reaching zero at a concentration of 5 at% molybdenum117,119; the 
subsequent increase reaches a maximum at about 8 at% molybdenumt40,t4t. 

This dramatic variation in thermo-emf is shown in fig. 2.19 to be limited to the 
palladium-based solid solution, smaller variations occurring above 35 at.% 
molybdenum. Mes'kin et al140 reported an increase in the thermo-emf of cold

worked palladium-molybdenum, in the concentration range 5 at.% - 12 at. % 
molybdenum after annealing at 7oo•c. As noted for palladium-tungsten alloys, 
this is roughly the concentration range in which an increase in resistivity is 

observed after annealing. 
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Figure 2.19: Graph of thermo-emf vs. concentration for palladium
molybdenum (after Savitskii et a}t4t). 

The mechanical properties of palladium-molybdenum alloys have been 
measured by Savitskii et a}t4t, by Raub146 and by Zwingmann119. The tensile 

strength and microhardness of palladium are reported to be greatly enhanced 
by the addition of molybdenum up to 22 at% molybdenum, with a reduction in 
elongation. Figure 220 shows the microhardness of as--cast palladium
molybdenum141. 
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Figure 2.20: Graph of microhardness vs. concentration for as-cast palladium

molybdenum (after Savitskii et a}t4t). 
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2.4 OVERVIEW 

The electronic structure and electrical resistivity of pure palladium are well 
understood; a number of theoretical analyses, made using the more complex 
formalisms required for transition metals, are consistent with experimental 
results. The effect of alloying additions on the structure and properties of 

palladium, including electrical resistivity, may be theoretically calculated at a 
. I I 

cost of lengthy computation; however, the contribution to the residual 
resistivity of additional factors such as lattice defects and ordering presents 
some difficulty. The effect of cold work on resistivity in pure metals has been 

extensively investigated and some successful theories presented; however, little 
attention has been paid to this effect in alloys. Similarly, analyses of the effect 

of structural order on resistivity in alloys of simple metals are not necessarily 
appropriate to alloys of transition metals, which may require more 

sophisticated techniques. Experimentally, the resistivity of a large number of 
palladium alloys has been determined but far less data is available concerning 
the effect on resistivity of either cold work or ordering, although many 
palladium alloys form ordered phases. 

The properties of the palladium-tungsten and palladium-molybdenum systems 

exhibit a number of unusual features. Of primary interest is the increase in 
resistivity of these alloys after annealing, which may be due to the development 
of short-range order at elevated temperatures; for an annealing temperature of 
7oo•c, this effect is reported to reach a maximum at around 10 at.% solute 
concentration. Other properties of these two systems show singularities in their 
dependence on solute concentration at around 10 at.% solute concentration: 
lattice parameter shows an unexpected minimum, while thermo-emf exhibits a 

maximum. In this respect the appearance, after irradiation, of the stable long
range ordered forms Pds W and PdsMo is of interest since the stoichiometric 
concentration for this structure lies at 11.1 at.% solute. The properties of 
palladium-tungsten and palladium-molybdenum are thus sensitive to solute 
concentration in the composition range of interest; and are also sensitively 
dependent on heat treatment condition. 
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CHAPTER3 

EXPERIMENTAL PROCEDURES 

The purpose of the experimental programme was to investigate the relationship 

between electrical resistivity and structure in selected palladium alloys. The initial aim 

was therefore to prepare specimens, suitable for resistivity determination and 

microstructural. investigation, which exhibited a wide range of microstructures. The 

preparation of severely cold-worked specimens is described in section 3.2. A range of 

microstructures was achieved by systematic annealing of these specimens, as described 
in section 3.3. 

-· 
In order to determine the change in resistivity associated with microstructural changes 

brought about by cold work and annealing, a sensitive resistance measurement 

apparatus was designed and constructed, the details of which are presented in section 

3.4. Microhardness was assessed (section 35) and microstructures examined using 

optical and electron microscopy, described in section 3.6. 

The experimental sequence for each material commenced with the measurement of 

electrical resistance and assessment of microstructure of specimens in the cold-worked 

condition. Specimens were then annealed at successively higher temperatures, 

resistance being measured after each heat treatment. Specimens representative of each 

annealing condition were used to assess changes in microhardness, microstructure and 

crystal structure. 
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3.1 MATERIAL SELECTION 

In addition to pure palladium, alloys of palladium with tungsten and 

molybdenum were selected for investigation. The solubility limit of tungsten in 

palladium is 15 at.%; that of molybdenum in palladium 1S 

30 at.%. In order to facilitate comparison of the two alloy systems, it was 

necessary to select solute concentrations in a similar range for both alloys. The 

survey of published data regarding these systems shows a number of properties 

to exhibit maxima or minima at concentrations of ~ound 10 at.% solute 

concentration in both systems; the long-range ordered forms Pds W and PdsMo 

are also reported to be stable at 10 at.% solute. Accordingly, three 

compositions in each alloy system, in a range containing 10 at.% solute 

concentration, were selected. Alloy preparation was not without difficulty, 

since the melting points of both tungsten and molybdenum are above the 

vaporisation temperature of palladium. The concentrations investigated, 

determined by electron microprobe analysis and shown in Table 3.1, are hence 

not identical for the two alloy systems, although they fall within the same range. 

TABLE 3.1: Composition of materials selected. 

PALLADIUM TUNGSTEN MOLYBDENUM 

at.% at.% at.% 

99.5 - -
95.9 4.1 -
89.7 10.3 -
88.4 11.6 -

94.7 - 5.3 

90.3 - 9.7 

84.0 - 16.0 
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3.2 SPECIMEN PREPARATION 

Samples were received from MIN1EK in the form of arc-melted buttons of 

approximately 5mm thickness and 8mm diameter. The as-cast buttons were 

cold-rolled into sheet in a Dinkel laboratory rolling mill, prior to final 

specimen preparation. The following rolling methods were assessed in order to 

optimise specimen preparation. 
II 

(i) Vacuum inter-anneal: specimens were reduced in steps of 100 pm or less, 

and were passed through the rollers several times at each roller displacement. 

After a total reduction of 20%, specimens were annealed under vacuum at 

tooo·c for times varying between one and eight hours. This process was 

repeated until a specimen thickness of 300 pm or less was achieved. Although 

time-consuming, this method was satisfactory for palladium and the alloys of 

lowest solute concentration; but buckling of the specimen in the final stages of 

rolling was not uncommon. The alloys of higher concentrations, however, 

tended to fail by cracking at an early stage of the rolling process. Energy

dispersive spectroscopy (EDS) of failed specimens showed some to contain 

undissolved solute inclusions. 

(ii) Flame inter-anneal: specimens were reduced in steps of up to 250 pm, and 

passed through the rollers twice for each roller displacement. After a 

cumulative reduction of 50%, specimens were annealed in the flame of an oxy

acetylene torch until red-hot and quenched in water. The process was repeated 

until the desired thickness was reached. This method gave improved results for 

all materials. In particular, undissolved solute inclusions became visible due to 

oxidation during the flame anneal: this allowed the sections surrounding 

inclusions to be cut away and discarded. 

(iii) Cold rolling without inter-anneal: specimens were reduced in large steps 

of up to 500 pm at the outset, decreasing with specimen thickness. No 

annealing was performed. This method was, somewhat surprisingly, successful 

for all but the most inhomogeneous of alloy samples, which were discarded. 

Where small inhomogeneous regions existed, the large reductions caused 

either local blistering of the surface or exposure to the atmosphere of the 



Chapter Three 51 

inclusion, which then oxidised rapidly. In both cases inhomogeneous parts of 
the material were identified and discarded as in method (ii). Minor cracking 
tended to occur at the edges of the alloys of high concentrations; where this 

occurred, the specimen edge was ground on 100 grit paper to beneath the crack 
tip. Careful inspection after each pass through the rollers allowed the early 
identification of cracking, and material loss due to grinding was hence minimal. 

Method (iii) was selected for initial preparation of all specimens, since the ,, . 
absence of annealing provided the maximum degree of cold deformation. 

3.2.1 RESISTANCE SPECIMENS 

The determination of the electrical resistivity of a material requires 
measurement of both the dimensions and the electrical resistance of a 

specimen. Where a value for resistivity was required, specimen dimensions 

were measured in several locations and an average taken. Where comparitive 

resistance measurements are to be made using the same specimen however, the 
precise specimen dimensions are unimportant since the relationship between 

resistivity and resistance is linear: 

p = RA/L where p = resistivity 
R = resistance 
A = cross-sectional area of specimen 

L = length of specimen or distance 

between potentiometric contacts 

It is clear that determination of resistivity may be optimised by selection of a 
suitable specimen geometry. A large ratio of length to cross-sectional area will 
thus serve to produce a magnified resistance change in the specimen relative to 
the resistivity change in the specimen material. Taking into account the 
constraints imposed by the expense of the materials used, and hence their 
availability, small specimen dimensions of 90mm length and 3mm width were 
selected and standardised. Thickness was determined by the maximum 
reduction possible for each material, but was in all cases less than 300 11m. 

In order to avoid the local distortion and poor finish produced by cutting the 
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rolled sheet to the required dimensions, resistance specimens were produced 

by clamping the sheet and machining the material to the required dimensions. 

3.2.2 METALWGRAPHY AND MICROHARDNESS SPECIMENS 

Small offcuts of rolled material were subjected to the same annealing 

experiments as the resistance specimens. These small specimens were 

mounted in resin and polished for microhardness measurements and optical 
I I 

microscopy. Since the material thickness was less· than 300 p.m, specimens were 

mounted at an oblique angle in Araldite resin in order to prevent them from 

breaking free of the mounting during polishing. The procedure, shown in fig. 

3.1, is as follows: a specimen is placed on an angled base in a mould, which is 

partially filled with resin (a); after hardening of the resin the mounted 

specimen is inverted and replaced in the mould, which is filled with resin (b); 

the specimen is thus contained within the resin at an oblique angle, and the 

resin may be removed from one side by successive turning and grinding until a 

tapered section of the specimen is exposed (c). 

(a) 

MOUNTING 
DIE 

MOUNTING 
COMPOUND 

TAPERED MOUNT 

(b) 

MOUNTING COMPOUND AND 
SPECIMEN EDGE TO BE 
REMOVED BY TURNING AND 
GRINDING 

(c) 

Figure 3.1: Procedure for oblique mounting of thin specimens. 

Palladium and its alloys are relatively soft materials, and mechanical grinding 

on 1000 grit paper proved adequate to remove surface scratches. Mechanical 

polishing then commenced with 3 p.m diamond paste, progressing to a 0.25 p.m 

finish. 



Chapter Three 53 

3.2.3 TRANSMISSION ELECIRON MICROSCOPE FOILS 

Three mi11imeter disks for transmission electron microscopy (TEM) were 

spark-eroded using a Materials Science spark-erosion apparatus. A low voltage 

was used, but difficulty was experienced in obtaining even erosion of material 

around the circumference of the disk. This resulted in part of the 

circumference perforating while the remainder was relatively uneroded; at this 

point the disks showed a tendency to bend upward, undergoing accelerated 

erosion and becoming lozenge-shaped. This prob~em w~ 
1 

resolved by attaching 

the material to a thick backing sheet of aluminium by means of a contact 

adhesive, thus maintaining a flat surface and preventing lifting of the disk 

during erosion. The disks, once the full circumference had perforated, were 

removed from the backing by immersion in acetone, which dissolved the 

contact adhesive. The length of time for spark-erosion of disks 150 ~m - 300 

~m in thickness was 30-60 minutes. Disks were then mechanically ground to a 

thickness of 100 ~rn. 

Palladium and palladium-rich alloys do not lend themselves easily to 

electrochemical polishing since they are relatively chemically inert under 

ordinary conditions. A Struers Tenupol twin-jet polishing apparatus was used, 

at a potential of 42V, current of 30mA and a low flow rate; the polishing 

solution consisted of 4% perchloric acid, 70% acetic acid, 

18% glycerol and 8% 2-butoxyethanol, maintained at a temperature of 6•C148• 

Perforation of the foils occurred after approxim~tely 20 - 30 minutes, initially 

near the rim of the specimen but growing rapidly towards the centre. For this 

reason the photoelectric cell in the polishing apparatus, which cuts off current 

when a central perforation is detected, was dispensed with. The specimen was 

instead kept under visual observation and the specimen holder removed from 

the apparatus and immersed in methanol immediately after perforation. 

Lowering the voltage to 20-30V, while maintaining other polishing conditions, 

resulted in a more central perforation and an increased polishing time of 40 -

60 minutes; however, the quality of the polish was erratic. Specimens were 

immersed in acetone for 15 minutes prior to final rinsing in methanol. 
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3.3 ANNEALING EXPERIMENTS 

The conditions under which specimens were annealed were selected on the 
basis of reported results in the open literature and on preliminary testing. It 
was necessary to select a single material for these preliminary tests in view of 
the limited availability of material. The information in the published literature 
concerning the electrical resistance of the alloys under investigation suggests 
that palladium-tungsten alloys in the solute concentration range 8 at.% - 13 

I 1 

at.% tungsten exhibits the greatest variation in resistance due to 
annealing133,140. Significant increases in the resistance of alloys in this 

composition range have been reported after annealing at 700•C140 and 
1200•Ct33. Palladium 10.3 at.% tungsten was accordingly selected for 
preliminary annealing experiments. 

The results of the first preliminary test are presented in fig. 3.2, which shows 
the cumulative effect on electrical resistance of successively annealing 
palladium 10.3 at.% tungsten at temperatures from zoo·c- 1ooo·c. The time 

at each temperature was one hour; specimens were cooled to room 
temperature and the resistance measured after each heat treatment. 
Successive annealing experiments in the range zoo·c- 4oo•c were observed to 
result in a change in resistance of less than one per cent. Annealing the the 
temperature range soo·c- soo·c resulted in an increase in resistance after 
each heat treatment; annealing at temperatures above soo·c, however, 
resulted in very little further variation in resistance. Since annealing at zoo·c-
4oo·c produced a very sman increase in resistance, a temperature range of 
soo·c- 1ooo·c was selected for annealing experiments on palladium alloys. 
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Figure 3.2: Graph of percentage change in resistance of palladium 10.3 at.% 

tungsten vs. annealing temperature. 

A further series of preliminary annealing experiments was performed at 5oo•c, 
6oo•c and 7oo•c for annealing times varying from one to twenty-four hours, as 

shown in fig. 3.3. The results show a general increase in resistance with 
increasing time at temperature. At each of the annealing temperatures 

evaluated, there is a steep increase in resistance after the first hour, followed 

by a smaller increase after six hours. For annealing times greater than six 

hours, the response of resistance to annealing time shows a wide variation 
between annealing temperatures; it should be emphasised however that fig. 3.3 

shows the results of a single series of preliminary tests, limited by availability of 

material, and that each data point represents a single heat treatment. 
Nevertheless, an annealing time of one hour consistently produces a significant 
increase in resistance, reported as development of the "k-state" in this and 

other transition metal alloy systems. A standard annealing time of one hour 

was accordingly selected for all annealing experiments. 
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Figure 33: Graph of percentage change in resistance of palladium 103 at.% 
tungsten vs. time at temperature. 

All annealing experiments were carried out in a vertically supported platinum
rhodium winding furnace equipped with a vacuum pumping system. Specimens 

were heated in a vacuum of 1~3 Pa after flushing the furnace tube with argon. 
Heat treatments were standardised at a duration of one hour at temperature. 
Specimens were cooled by switching off the furnace, which resulted in an 
average cooling rate of 10.C/minute. 

As far as possible resistance specimens were annealed simultaneously with 
microhardness and metallography specimens and TEM disks, in order that the 
microstructures examined in the latter be as representative as possible of the 
condition of the resistance specimens. TEM disks were annealed subsequent 
to spark erosion and mechanical thinning. 
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3.4 RESISTANCE MEASUREMENTS 

Resistance was measured at room temperature after each annealing 

experiment. Resistance measurements were carried out using the experimental 
apparatus shown in fig. 3.4, specifically constructed for the experimental 

procedure and specimen geometry selected lbe current-carrying contacts 

consisted of brass disks clamping the specimen ends, whereas the 

potentiometric inner contacts were brass point contactors, spring-loaded to 
I 1 

ensure consistent contact pressure throughout each test series. Extensive initial 

testing showed the effect on resistance of careful removal and replacement of 

the specimen to be negligible. 

BRASS CLAMPS BRASS POINT CONTACTORS 

TEST PIECE STANDARD 

Figure 3.4: Schematic diagram of experimental apparatus. 

Resistance measurements were performed using the purpose-designed circuit 

shown in fig. 3.5 and fig. 3.6. In order accurately to determine changes in 

resistance it is necessary to measure the resistance of a test specimen with 

respect to the resistance of a standard For all tests, the standard used was of 

the same material and dimensions as the test specimen. 

For electrical connection of standard and test specimens a series configuration 

was selected, which has the advantage of cancelling out variations in potential 

drive since the current is the same through both standard and test piece. An 

alternating current is used; hence the resistive voltage drop is an AC signal 

which is easily distinguished from drift and thermal contact potentials. A 
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frequency of 230 Hz for the AC signal was selected in order to avoid mains 

interference; at the same time this frequency is sufficiently low to avoid skin 

effect artefacts. A modified four-terminal technique, with separate contacts to 

the specimens for current supply and to measure the potential drop, ensures 

that potential drop due to contact resistance at the ( current-carryng) outer 

contacts does not contribute to the potential measured by the inner pairs of 

contacts. The inner contacts are connected to circuitry of sufficiently high 

impedance that contact resistance is negligible. At the point of contact 
I I 

between the specimens the circuit is grounded; hence the signal in each 

specimen, relative to the centre, is opposite in sign to the other. Differences 

may thus be detected with a summing amplifier. · 

The difference in potential between the two specimens is thus an AC signal, 

which may be extremely small. In amplifying such a signal, it is important to 

minimise the effect of noise. The method used for the minimisation of the 

effect of noise is synchronous detection, whereby the amplified signal is 

inverted synchronously with the driving signal. This method is analogous to 

lock-in amplification. The resultant product is then low-pass filtered, so that 

the component caused by the potential drive results in a DC signal, while other 

unwanted components result in an AC signal which is attenuated by the filter. 

In building the above circuitry, 1% accuracy components were used, and in 

some cases (for example the differential measurement) were matched by direct 

measurement. The intention was to measure changes in the resistance 

difference to an accuracy of 0.1% at room temperature, and this was 

satisfactorily achieved for palladium alloys. The only component which was 

susceptible to drift over time and temperature was the diode D1 (fig. 35 (b)) in 

the automatic gain control circuit and this drift was nullified by resetting the 

current in the automatic gain control circuit manually at suitable intervals. The 

current was monitored continuously during measurement, so that drift could 

not occur unnoticed. The apparatus as a whole was sited in an internal, 

ground-floor room offering an airconditioned and thermostatically controlled 

environment. Room temperature was 22 • C + /- 0.5 • C and was monitored 

throughout the test period. 



Chapter Three 59 

MAINS POWER 
~~~--~c~'-o~~~c~~~--~ 

+19V 

u.. 
c: c.o CSl :.:: 

CSl u r') CSl 4 5 a: CSl 
~ 

IC4 

ICL80.38 
11 

Figure 3.5: 

c 
c 
w 

LM.35.3N 

s 

(a) 

LF353N 

IC5:8 

(b) 

r') 

C'-1 

u 

LM7912 

100K 

I I 

-=- GND 

-12V 

C10 

2200u 

c 
w 

T1 

FX22 

Circuit diagram showing the power supplies of conventional 

design (a) and sine-wave generator and power amplifier (b). The 

power amplifier drives a transformer Tl through which an AC 

wave is applied to the specimens (see fig. 3.6); the automatic gain 

control circuitry is also shown. 



T1 

Out 

R10 

Figure 3.6: 

Chapter Three 60 

+12V 

f 

Circuit diagram showing the transformer (Tl) drive to the 
specimens, precision differential amplifier, and synchronous 
detection to provide a DC level output (V out = lOOAR or lOOOAR 

for Sl closed or open). S3 offers two options for recovering the 
original synchronous signal: the switch position shown is most 

often used. 
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The amplified DC difference in potential between specimen and standard was 
measured using a Fluke four and a half digit multimeter. Current was 
measured to the nearest milliamp using an Escort three and a half digit 
multimeter. In addition to DC readings of the difference in voltage across 
standard and test piece, measurements were made of absolute AC potential 
drop across each specimen, using the Fluke multimeter, in order to determine 

specimen resistance and to confirm the sign of resistance changes. 

I I 

For each test series, a cold-worked test specimen was clamped to the apparatus 
in contact with the standard. After allowing for warming up and stabilisation of 
the measuring circuitry, twenty readings of potential and current were taken 
over a period of an hour. Measurements taken regularly over a period of 
several days showed no evidence of long-term fluctuations. The test specimen 
was then removed, annealed and replaced in the apparatus for further 
measurements, this cycle being repeated until the series of annealing 
experiments was complete. 

3.5 MICROHARDNESS TESTING 

Microhardness tests were carried out in order to assess changes in mechanical 
properties brought about by annealing experiments. A Shimadzu 
microhardness tester was used, with a Vickers diamond pyramid. In the cold
worked condition, a lOOgf load was used for both palladium and palladium 

alloys; however, after annealing the indentation size for this load became 
rather large in pure palladium, and a 50gf load was used. 

3.6 MICROSCOPY 

3.6.1 OPTICAL METALLOGRAPHY 

Polished specimens were chemically etched in order to determine the evolution 
of grain structure with succ~ssive annealing. The etchants used are shown in 
Table 3.2. Etched specimens were examined and photographed in a Reichert 
MeF2 metallograph in bright-field mode. 
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TABLE 3.2: Chemical etchants for optical metallography specimens. 

MATERIAL COMPOSffiON CONDffiONS 

Palladium 60mlHCl 
40mlHN03 1o·c one minute 

Pd alloys HN~ 1o·c 5-110 seconds 

3.6.2 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy was carried out ·on a Cambridge S200 SEM 
equipped with a TRACOR 1N5400 energy dispersive analytical facility (EDS), 
in order to assess the chemical homogeneity of the palladium alloys. 

3.6.3 TRANSMISSION ELECTRON MICROSCOPY 

Transmission electron microscopy was carried out on a JEOL 200CX at an 
accelerating voltage of 200 Ke V, using a double-tilt specimen holder. A variety 
of diffraction contrast techniques was used for assessment of dislocation 
density, grain size and the presence of twins and stacking faults. 

Selected area diffraction, with a fully spread beam to provide parallel 
illumination, was used to detect the presence of scattering in the background of 
electron diffraction patterns since the presence, and location relative to zone 
axis lattice reflections, of scattering may provide information regarding the 
presence of structural order. By means of controlled tilting of the specimens, 
the high symmetry [001], [110], [111] and [112] zone axis diffraction patterns 
were examined. Diffuse scattering is however not necessary clearly visible 
either in the microscope or in normally exposed diffraction patterns. 
Accordingly, zone axis diffraction patterns, using a fully spread beam, were 
photographed at exposure times of up to 30 minutes. 
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CHAPTER4 

RESULTS 

I 1 

The initial aim of the experimental programme was to establish the conditions under 
which changes in electrical resistance occur in palladium-tungsten and palladium
molybdenum alloys, and the magnitude of these changes. Experimental data regarding 
electrical resistance are accordingly presented first, in section 4.1 of this chapter: in 
section 4.1.1 the results of experiments to determine the effect of annealing on 
electrical resistance are presented, followed in section 4.12 by an evaluation of the 
dependence of resistance on solute concentration for alloys in both the cold-worked and 
annealed condition. An investigation of the effect of annealing on crystal structure by 
means of selected area electron diffraction is presented in section 42; transmission 
electron micrographs showing the evolution of microstructure due to annealing follow 
in section 4.3. Measurements to determine the effect of annealing and solute 
concentration on microhardness are presented in section 4.4.1 and 4.4.2. A summary of 
the effect of annealing on the structure and properties of each material is presented in 
section45. 

The changes in resistance and microhardness due to annealing are presented in 
graphical form. It should be emphasised that annealing experiments were carried out at 
successively higher temperatures in 1oo·c intervals for each specimen, in the range 
soo·c - tooo·c for palladium alloys. Pure palladium specimens were annealed 
successively in lower temperature range of 3oo•c - soo·c. Accordingly, properties 
measured "after annealing at" a particular temperature pertain to the state of the 
specimen after successive heat treatments in the temperature range selected for the 
material, up to the stated temperature. It should also be noted that constraints imposed 
by the availability of material placed a limit on the number of resistance specimens 
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prepared from each alloy. In the graphs which follow, the resistance data points 
represent an average of the data from at least three specimens; the bars show the range 
of resistance measurements. Graphs of microhardness show the average 
microhardness, with bars showing the standard deviation. 

4.1 ELECTRICAL RESISTANCE 

I 1 

The magnitude of a change in electrical resistance is dependent on both the 
resistivity change and on specimen geometry. Although the length and width of 
specimens was standardised, there was an unavoidable variation in the 
thickness of specimens. The resistance changes measured were therefore 
evaluated, and are presented, as a percentage of initial (cold-worked) 
resistance to facilitate comparison of materials. Since in this way specimen 
geometry effects are excluded, the percentage resistance change is equivalent 
to the percentage resistivity change. 
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4.1.1 ELECTRICAL RESISTANCE CHANGES DUE TO ANNEALING 

Palladium 

The electrical resistivity of the cold-worked palladium specimens was 

12.9 pO-em at 22•c. This is somewhat higher than the published value of 10.9 
pO-cmtoo, probably as a result of the presence of impurities (see Table 3.1). 

The measured variation in electrical resistance due to annealing in the 
I I 

temperature range 3oo·c- soo·c is shown in fig. 4.1. The resistance does not 

show a monotonic relationship with annealing temperature; however, the 

resistance changes measured are at the limit of the accuracy of the measuring 

apparatus. No definite trend can therefore be identified, beyond placing an 

upper limit on changes in the resistance of pure palladium brought about by 

annealing in the temperature range shown. 
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Figure 4.1: Graph of percentage change in resistance of pure palladium vs. 

annealing temperature. 
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Palladium-tungsten 

The electrical resistivity of cold-worked palladium 4.1 at.% tungsten was 
36 pO-em at 22 • C, which is consistent with the measurements of Klyuyeva et 
alt33. The effect of annealing on electrical resistance is shown in fig. 4.2. In the 

range soo· c - soo· c the resistance is observed to decrease after successive 

annealing. The largest decrease, to a value more than 8 per cent lower than 
the cold-worked resistance, occurs after annealing at 7oo•c. Mes'kin et al140 

I I 

reported a similar decrease after annealing at this temperature (fig.2.10). After 
annealing at 9oo•c, however, an increase in resistance occurs which is not 

significantly affected by subsequent annealing at tooo·c. 

I I I I 
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Figure 4.2: Graph of percentage change in resistance of palladium 
4.1 at.% tungsten vs. annealing temperature. 
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The electrical resistivity of cold-worked palladium 10.3 at.% tungsten was 104 

pO-em at 22• C; this value is slightly higher than Klyuyeva et al's133 figure of less 

than 100 pO-em for palladium 12.7 at% tungsten. The effect of annealing on 

resistance is shown in fig. 4.3. Annealing at temperatures up to 6oo·c results 

in a cumulative increase in resistance of three per cent; a much larger increase 

in resistance is observed after annealing at 1oo·c. The maximum change in 

resistance, approximately eight per cent, is reached after annealing at soo·c; 
I 1 

this is considerably lower than Meskin et al's140 figure of more than eighteen 

per cent (fig. 2.10). Higher temperature heat treatments have little effect on 

this value; a decrease in resistance was however observed in one specimen after 

annealing at tooo·c. 
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Figure 4.3: Graph of percentage change in resistance of palladium 

10.3 at.% tungsten vs. annealing temperature. 
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The electrical resistivity of cold-worked palladium 11.6 at.% tungsten was 127 
pO-em at 22·c. The change in resistance due to annealing is shown in fig. 4.4. 

An increase in resistance of approximately four per cent is observed after 

annealing successively at soo·c and 6oo·c. Annealing at 1oo·c and soo·c 
produces large increases in resistance, followed after annealing at 9oo•c ~d 
1ooo•c by smaller increases to a maximum resistance fourteen per cent greater 

I I 

than the resistance of the cold-worked specimen. 
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Figure 4.4: Graph of percentage change in resistance of palladium 

11.6 at.% tungsten vs. annealing temperature. 
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Pa11adium-molybdenum 

The electrical resistivity of cold-worked palladium 5.3 at.% molybdenum at 
22 • C was 33 pO-em; this figure compares well with Kudielka-Artner and 
Argent'st04 measurement of 34.4 pO-em for palladium 5 at.% molybdenum. 

Figure 45 shows the effect of annealing on electrical resistance. Successive 
annealing at temperatures up to 7oo·c is observed to result in a steady 
decrease in resistance, to a maximum resistance change of approximately four 

I I 

per cent; this is consistent with Mes'kin et al's140 measured decrease of about 
three per cent (fig. 2.10). Annealing at temperatures above 1oo•c, however, 
increases the resistance to a final value, after annealing at 1ooo•c, approaching 

the resistance of the cold-worked specimen. 

t 
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Figure 45: Graph of percentage change in resistance of palladium 
5.3 at.% molybdenum vs. annealing temperature. 
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The electrical resistivity of cold-worked palladium 9.7 at.% molybdenum was 
85 pO-em at 22•c, which is consistent with Kudielka-Artner and Argent's 
figure of 87.9 pO-em for palladium 10.4 at.% molybdenum104• The change in 
resistance due to annealing is shown in fig. 4.6. The resistance is observed to 
increase after each annealing experiment, the largest change occurring after 
heat treatment at 100• C, to a value twelve per cent greater than the cold
worked resistance. Mes'kin et al140 measured an increase in resistance of 

I I 

eleven per cent for an alloy of similar composition. Smaller changes are 
observed after annealing at higher temperatures; the total cumulative 
resistance increase after annealing at tooo·c is approximately thirteen per 
cent. 
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Figure 4.6: Graph of percentage change in resistance of palladium 
9. 7 at.% molybdenum vs. annealing temperature. 
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The electrical resistivity of cold-worked palladium 16.0 at.% molybdenum at 

22•c was 138 pO-em, ten times as great as that of cold-worked pure palladium. 

The effect of annealing on resistance is shown in fig. 4.7. A substantial increase 

in resistance is observed due to annealing at 60Q•c and 7oo•c, resulting in a 

cumulative increase in resistance of seven per cent. Heat treatments at higher 

temperatures produce no significant change in resistance. 
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Figure 4.7: Graph of percentage change in resistance of palladium 

16.0 at.% molybdenum vs. annealing temperature. 
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4.1.2 TIIE EFFECf OF SOLUTE CONCEN1RATION ON 
ELECI'RICAL RESISTIVITY 

72 

The results of the present work show the electrical resistivity of palladium to 

increase significantly with the addition of tungsten or molybdenum, by an order 

of magnitude in the composition ranges investigated. Figure 4.8 shows the 

measured resistivity of cold-worked palladium-tungsten and palladium

molybdenum at 22 • C as a function of solute concentration. 
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Figure 4.8: Graph of resistivity vs. solute concentration for cold-worked 

palladium-tungsten and palladium-molybdenum. 

In all palladium-tungsten alloys a marked change in resistance is observed after 

annealing at temperatures up to 7oo•c. This change is negative for palladium 

4.1 at.% tungsten; however, the magnitude of the decrease is larger than might 

be expected to occur due to a decrease in dislocation density during recovery. 

Both palladium 10.3 at.% tungsten and palladium 11.6 at.% tungsten exhibit an 
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increase in resistance after annealing at 7oo•c, the magnitude of the increase 
being greater for the higher solute concentration. The change in resistance of 
palladium-molybdenum alloys due to annealing follows a similar trend to 
palladium-tungsten alloys. After annealing at temperatures up to 1oo•c, 
palladium 5.3 at.% molybdenum shows a decrease in resistance, whereas 
palladium 9.7 at.% molybdenum and palladium 16.0 at.% molybdenum show 
an increase in resistance; the percentage increase in resistance after annealing 
at 1oo·c is larger for palladium 9.7 at.% molybdenum than for palladium 16.0 

I I 

at.% molybdenum. Figure 4.9 shows the dependence on composition of the 
resistivity change after annealing at 1oo·c for palladium-tungsten and 
palladium-molybdenum. These results are in general consistent with those of 
Mes'kin et al140, although the latter suggest the existence of a maximum in the 
resistance increase between 10 at.% tungsten and 12 at.% tungsten. 
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Figure 4.9: Graph of percentage change in resistance after annealing at 
1oo·c vs. solute concentration for palladium-tungsten and 
palladium-molybdenum. 
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42 CRYSTAL STRUCfURE 

Selected area zone-axis electron diffraction patterns from all the materials, in 
the cold-worked and annealed conditions, were investigated for evidence of 

changes due to annealing. Electron diffraction patterns of the high symmetry 

[001 ], [110], [111] and [112) zone axes, at exposure times of up to 30 minutes, 

were taken in each case. Obtaining diffraction patterns from materials in the 

cold-worked condition presented some difficulty, ·since foil regions which were 
I I 

sufficiently thin for electron diffraction exhibited local bending due to the high 

dislocation density. With the exception of some split matrix reflections as a 

result of this, diffraction patterns of all the cold-worked alloys reveal a normal 

fcc crystal structure with no unexpected features. A set of zone-axis electron 

diffraction patterns for palladium 10.3 at.% tungsten, shown in figs. 4.10 and 

4.11, is representative of alloys in the cold-worked condition. 

(a) (b) 

Figure 4.10: Electron diffraction patterns from palladium 10.3 at.% tungsten 

in the cold-worked condition: (a) [001] zone axis (b) [110] zone 

axiS. 
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(a) (b) 

Figure 4.11 Electron diffraction patterns from palladium 10.3 at.% tungsten 

in the cold-worked condition: (a) [111] zone axis (b) [112] zone 
axis. 

Figures 4.12 and 4.13 show zone axis electron diffraction patterns of palladium 
5.3 at.% molybdenum after annealing at 1oo·c. Sharp additional reflections 

are observed in the [111] and [112] zone axis diffraction patterns, at the 1/~2-

type and 1/2131-type positions respectively, as shown in fig. 4.13. (The 

convention 1/~2 or 112131 is used to signify a position in reciprocal space with 

particular reference to the fcc structure). In order to determine the 

microstructural features from which these additional reflections arise, dark

field images were recorded with the objective aperture placed over the 
centered additional reflection. Figure 4.14 shows a bright-field image and a 

dark-field image obtained by using the 1/~2-type reflection arrowed in fig. 
4.13 (a). The region shown in the bright-field image, fig. 4.14 (a), is observed in 

the dark-field image to contain precipitate-like features, as shown in fig. 4.14 

(b). Figure 4.15 shows a bright-field image and a dark-field image obtained by 

using the 1/2131-type reflection arrowed in fig. 4.13 (b). A bright-field image 
containing precipitate-like features is shown in fig. 4.15 (a); in the dark-field 

image, shown in fig. 4.15 (b), a distribution of fine precipitates is brought into 

contrast. 
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• • 
(b) 

Figure 4.12: Electron diffraction patterns from palladium 5.3 at.% 

molybdenum after annealing at 7oo•c: (a) [001] zone axis (b) 
[110] zone axis. 

(a) (b) 

Figure 4.13: Electron diffraction patterns from palladium 5.3 at.% 
molybdenum after annealing at 7oo·c: (a) [111] zone axis 

showing additional reflections at 1/~2-type positions (b) [112] 

zone axis, showing additional reflections at 1/2131-type positions . 
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(a) 

(b) 

Figure 4.14: Palladium 53 at.% molybdenum after annealing at 7oo·c: (a) 

bright-field image (b) dark-field image using 1/J242-type 

reflection arrowed in fig. 4.13 (a), showing precipitates. 
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(a) 

(b) 

Figure 4.15: Palladium 53 at.% molybdenum after annealing at 7oo•c: (a) 

bright-field image (b) dark-field image using 1/2131-type 

reflection arrowed in fig. 4.13 (b), showing distribution of 

precipitates. 
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The presence of sharp additional reflections in zone axis electron diffraction 
patterns after annealing at 1oo·c is observed . only in palladium 5.3 at.% 
molybdenum. However, in the remaining five alloys faint or diffuse reflections 
are visible at 1/~2-type positions in [111] zone axis electron diffraction 
patterns, and at 1/2131-type positions in [112] zone axis electron diffraction 
patterns. These reflections remain visible after further annealing at 

temperatures up to l()()()•C. After annealing palladium 53 at.% molybdenum 

at temperatures up to 1ooo·c, the sharp additional reflections observed in 
I I 

[111] and [112] zone axis electron diffraction patterns after annealing at 1oo·c 

(fig. 4.13) have become fainter and more diffuse. In all alloys after annealing 

at 10000C then, reflections at 1/J242-type positions in [111] zone axis electron 

diffraction patterns and at 1/2131-type positions in [112] zone axis electron 
diffraction patterns are observed. 

Figure 4.16 shows the high symmetry [001], [110], [111] and [112] zone-axis 

electron diffraction patterns of pure palladium after annealing at soo·c. The 

zone axis diffraction patterns reveal no features additional to the fundamental 

fcc lattice reflections. Figures 4.17 - 4.22 show the high symmetry zone axis 

diffraction patterns of the alloys investigated, after annealing at 1ooo•c. 
Electron diffraction patterns of [001] and [110] zone axes do not contain 

reflections other than the fundamental fcc lattice reflections. Long exposure 

times are required in order to record the faint additional reflections in [111] 

and [112] zone axis electron diffraction patterns referred to above. It is not 

always possible to print diffraction patterns in such a way as to make clear the 

information contained in the negative, since the additional reflections are faint 
with respect to the fundamental fcc lattice reflections on the negative. 
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(a) (b) 

(c) (d) 

Figure 4.16: Electron diffraction patterns from palladium after annealing at 

soo·c: (a) [001] zone axis (b) [110] zone axis (c) [111] zone 

axis (d) [112] zone axis. 
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(a) (b) 

(c) (d) 

Figure 4.17: Electron diffraction patterns from palladium 4.1 at.% tungsten 

after annealing at 1ooo•c: (a) [001] zone axis (b) [110] zone 

axis (c) [111] zone axis, showing faint reflections at 1/~2-type 

positions (d) [112] zone axis, showing faint reflections at 1/2131-

type positions. 
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(a) (b) 

(c) (d) 

Figure 4.18: Electron diffraction patterns from palladium 10.3 at.% tungsten 

after annealing at 1ooo•c: (a) [001] zone axis (b) [110] zone 

axis (c) [111] zone axis, showing reflections at ttJ242-type 

positions, faint with respect to fundamental fcc reflections (d) 

[112] zone axis, showing diffuse reflections at tt2131-type 

positions. 
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(a) (b) 

(c) (d) 

Figure 4.19: Electron diffraction patterns from palladium 11.6 at.% tungsten 

after annealing at 1ooo·c: (a) [001] zone axis (b) [110] zone 
axis (c) [111] zone axis, showing diffuse reflections at 1/~2-type 

positions (d) [112] zone axis, showing diffuse reflections at 
1/2131-type positions. 
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(a) (b) 

(c) (d) 

Figure 420: Electron diffraction patterns from palladium 53 at.% 
molybdenum after annealing at 1ooo•c: (a) [001] zone axis (b) 

[110] zone axis (c) [111] zone axis, showing reflections at 1/~42-
type positions, faint with respect to fundamental fcc lattice 

reflections (d) [112] zone axis, showing diffuse reflections at 

1/2131-type positions. 
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(b) 

(d) 

Figure 421: Electron diffraction patterns from palladium 9.7 at.% 

molybdenum after annealing at 1ooo·c: (a) [001] zone axis (b) 

[110] zone axis (c) [111] zone axis, showing diffuse reflections at 

1/)24-2-type positions (d) [112) zone axis, showing diffuse 

reflections at 1/2131-type positions . 
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(a) (b) 

(c) (d) 

Figure 4.22: Electron diffraction patterns from ·palladium 16.0 at% 

molybdenum after annealing at 1ooo•c: (a) [001] zone axis (b) 

[110] zone axis (c) [111] zone axis, showing faint reflections at 

1/~42-type positions (d) [112] zone axis; very diffuse reflections 

at t/zl31-type positions on the negative are not visible in the 

print. 
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4.3 MICROSTRUCTURE 

4.3.1 1RANSMISSION ELECfRON MICROSCOPY 

Palladium 

Transmission electron micrographs of pure palladium before and after 

annealing are shown in figs. 4.23 - 4.25. In the cold-worked condition, shown in ,, 
fig. 4.23, a high dislocation density is observed, as expected due to the high 

degree of deformation associated with the cold-rolling process; a cellular 

dislocation structure is evident After annealing at 3oo•c, the nucleation of 

recrystallised grains is observed, as shown in fig. 424. Recrystallisation is 

complete after annealing at soo·c; isolated dislocations are observed in the 

recrystallised grains, as shown in fig. 4.25. 

Figure 4.23: Bright-field transmission electron micrograph of palladium in the 

cold-worked condition, showing dislocation cells. 
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Figure 424: Bright-field transmission electron micrograph of palladium after 

annealing at 3oo·c, showing recrystallised grains surrounded by 
dislocations. 

Figure 425: Bright-field transmission electron micrograph of palladium after 
annealing at soo·c, showing fully recrystallised microstructure 

containing isolated dislocations. 
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Palladium-tun~ten 

Figures 426 - 429 show transmission electron micrographs of palladium 
4.1 at.% tungsten before and after annealing. Figure 426 illustrates the 

microstructure of the deformed alloy before· annealing. Annealing at 

temperatures up to 7oo•c, the temperature at which nucleation of 

recrystallised grains occurs, does not result in a significant decrease in 

dislocation density; however some rearrangement of dislocations into low-angle 
I I 

boundary arrays is observed, as shown in figs. 427 (a) and (b). Annealing at 

soo·c results in the growth of recrystallised grains into the surrounding regions 

of high dislocation density; the microstructure is fully recrystallised after 

annealing at 900 • C. The fully recrystallised microstructure is characterised by 

the presence of annealing twins, as illustrated in fig. 428. 

0.5 p,m 

Figure 426: Bright-field transmission electron ~crograph of palladium 4.1 
at.% tungsten in the cold-worked condition. 
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(a) 

Figure 427: Bright-field transmission electron micrograph of palladium 4.1 

at.% tungsten after annealing at 1oo·c: (a) showing evidence of 

low-angle boundary formation; (b) showing detail of dislocation 

structure. 
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Figure 4.28: Bright-field transmission electron micrograph of palladium 4.1 

at.% tungsten after annealing at 1ooo·c, showing a recrystallised 

grain containing a twin boundary. 
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Transmission electron micrographs of palladium 10.3 at.% tungsten before and 

after annealing are shown in figs. 429- 4.31. In· the cold-worked condition, a 

high dislocation density is observed, as shown in fig. 429. After annealing at 

6oo·c nucleation of recrystallised grains has occurred, as shown in fig. 4.30; 

some rearrangement of dislocations in the regions surrounding the 

recrystallised grains is observed. Annealing at 1oo·c results in growth of the 
I I 

recrystallised grains into the surrounding regions of high dislocation density; 

recrystallisation is complete after annealing at soo·c. After annealing at 

1ooo·c the material exhibits a strain-free microstructure, illustrated in fig. 4.31, 

containing numerous annealing twins and few dislocations. 

Figure 429: Bright-field transmission electron Iiricrograph of palladium 10.3 

at.% tungsten in the cold-worked condition. 
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Figure 4.30: Bright-field transmission electron micrograph of palladium 10.3 
at% tungsten after annealing at 600•c, showing recrystallised 
grains. 

lpm 

• • 
Figure 4.31: Bright-field transmission electron micrograph of palladium 10.3 

at.% tungsten after annealing at 1ooo•c, showing a fully 
recrystallised microstructure containing annealing twins and 
isolated dislocations. 
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Figures 429 - 4.31 illustrate the effect of annealing on the microstructure of 

palladium 11.6 at.% tungsten. In the cold-worked condition, shown in 4.32, a 

high dislocation density is observed. No significant recovery takes place as a 

result of annealing at temperatures up to 7oo·c: dislocation density remains 

high, as shown in fig. 4.33. The nucleation of recrystallised grains has occurred 

after annealing at soo·c, and recrystallisation is complete after annealing at 

9oo·c. The fully recrystallised condition, illustrated in fig. 4.34, is 
I I 

characterised by the presence of annealing twins. 

Figure 4.32: Bright-field transmission electron micrograph of palladium 11.6 

at.% tungsten in the cold-worked condition. 
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Figure 433: Bright-field transmission electron micrograph of palladium 11.6 

at.% tungsten after annealing at 7oo•c, showing no significant 

decrease in dislocation density due to annealing. 

lJ.Lm 
... 4 

Figure 4.34: Bright-field transmission electron micrograph of palladium 11.6 
at.% tungsten after annealing at tooo•c, showing a fully 
recrystallised microstructure containing a twinned region. 
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Palladium-molybdenum 

The microstructure of palladium 53 at% molybdenum after annealing is 

illustrated in figs. 435 - 437. Dislocation density is high after annealing at 

5oo·c, as shown in fig. 435; annealing at 6oo·c results in the nucleation of 

recrystailised grains in regions of high dislocation density. A fully recrystallised 

microstructure is observed after annealing at 1oo·c, containing small-scale 

precipitate-like features, as shown in fig. 436. Dark~fleld images of these 

features were presented in section 4.2. After annealing at tooo•c, these 

features are no longer visible even under high magnification, as shown in fig. 

437. 

Figure 435: Bright-field transmission electron micrograph of palladium 53 
at.% molybdenum after annealing at 5oo·c, showing no 

significant recovery prior to recrystallisation. 
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0.5 1-'ffi .. 
Figure 4.36: Bright-field transmission electron micrograph of palladium 

5.3 at.% molybdenum after annealing at 700°C, showing fine 

microstructural features in recrystallised grain. 

Figure 4.37: Bright-field transmission electron micrograph of palladium 

5.3 at.% molybdenum after annealing at l000°C, showing a 

recrystallised microstructure free of the features observed in fig. 

4.36. 
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The microstructure of palladium 9. 7 at.% molybdenum before and after 

annealing is shown in fig.s 438-4.40. Figure 438 shows the high dislocation 

density observed in the cold-worked condition. No significant recovery occurs 

as a result of annealing, and recrystallisation initiates after annealing at 6oo·c. 
Extensive recrystallised regions, containing numerous annealing twins, are 

evident after annealing at 7oo·c as shown in (ig. 439. Recrystallisation is 

complete after annealing at 8oo·c. The fully recrystallised microstructure, 
I I 

illustrated in fig. 4.40, is characterised by extensive twinning. 

,. 
0.5 p,m 

• ..... 
Figure 438: Bright-field transmission electron micrograph of palladium 

9.7 at.% molybdenum in the cold-worked condition. 
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Figure 439: Bright-field transmission electron micrograph of palladium 

9.7 at.% molybdenum after annealing at 7oo•c, showing 

recrystallised region containing annealing twins. 

Figure 4.40: Bright-field transmission electron micrograph of palladium 

9.7 at.% molybdenum after annealing at 1ooo·c, showing twin 

boundaries in a recrystallised grain. 
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The microstructure of palladium 16 at.% molybdenum before and after 
annealing is shown in figs. 4.41 - 4.43. No significant decrease in dislocation 

density relative to the cold-worked condition, shown in fig. 4.41, occurs as a 

result of annealing at soo·c. Recrystallisation initiates as a result of annealing 

at 6oo·c, and progresses rapidly during annealing at 1oo·c. Figure 4.42 shows 

a recrystallised region after annealing at 1oo·c, containing dislocations and 

numerous annealing twins. After annealing at 1ooo•c, dislocations remain 
I I 

present in a fully recrystallised and exensively twinned microstructure. 

Figure 4.41: Bright-field transmission electron micrograph of palladium 16.0 

at.% molybdenum in the cold-worked condition. 
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Figure 4.42: Bright-field transmission electron micrograph of palladium 16.0 

at.% molybdenum after annealing at 7oo•c, showing an 

extensively recrystallised region containing annealing twins. 

Jl.ID 
... ... 

Figure 4.43: Bright-field transmission electron micrograph of palladium 16.0 
at.% molybdenum after annealing at 1ooo·c, showing a fully 

recrystallised microstructure containing dislocations and twin 

boundaries. 



Chapter Four 102 

4.32 GRAIN SIZE 

The grain size of alloys after a full series of annealing experiments was 

determined by optical metallography and the mean intercept method. Pure 

palladium, which is fully recrystallised after annealing at 5oo·c, exhibits 

significant grain growth after annealing at temperatures up to soo·c. After 

annealing at 1ooo•c, palladium 4.1 at.% tungsten and palladium 5.3 at.% 

molybdenum have grain size of approximately 20 I'1U; a smaller grain size is 
I 1 

measured in the remaining alloys of higher solute concentration 

TABlE 4.1: Grain size of specimens after completion of annealing 

experiments in the temperature ranges 3oo·c - 8oo·c (pure 

palladium) and 5oo·c - 1ooo·c (palladium-tungsten and 

palladium-molybdenum). 

SPECIMEN GRAIN SIZE (I'm) 

Palladium 46.3 ± 10.6 

Palladium 4.1 at.% tungsten 22.1 ± 5.19 

Palladium 10.3 at.% tungsten 7.02 ± 0.59 

Palladium 11.7 at.% tungsten 13.7 ±3.41 

Palladium 5.3 at.% molybdenum 21.1±4.48 

Palladium 9.8 at.% molybdenum . 16.1 ± 2.34 

Palladium 16 at.% molybdenum 7.5 ± 0.69 
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4.3.3 THE EFFECT OF SOLUIE CONCENTRATION ON RECOVERY 

AND RECRYSTAILISATION 

The recrystallisation temperature of a pure metal decreases with increasing 

purity and with an increase in prior cold work. In the present work, the 

nucleation of recrystallised grains is observed in palladium by transmission 

electron microscopy after annealing at 3oo•c; since the samples used (99% 

pure) were not of high purity, the low recrystallisation temperature is probably 

due to the high degree of prior cold work due to the pr~paration of specimens 

by cold-rolling. The addition of tungsten or molybdenum to palladium 

increases the recrystallisation temperature, as might be expected in association 

with the increase in melting point due to these solute additions. 

Recrystallisation initiates in the palladium alloys under investigation after 

annealing at temperatures from 6oo·c- soo·c. Although the melting point 

increases with increasing solute concentration, in palladium 10.3 at.% tungsten 

recrystallisation initiates at a lower temperature· than in either palladium 4.1 

at.% tungsten or palladium 11.7 at.% tungsten. After recrystallisation, the 

microstructure of the alloys is characterised by the presence of annealing twins. 
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4.4 MICROHARDNESS 

4.4.1 MICROHARDNESS CHANGES DUE TO ANNEALING 

Palladium 

The effect of annealing on the microhardness (HV SOg) of pure palladium is 

shown in fig. 4.43. The 100gfmicrohardness of cold-worked palladium was 141 
I I 

HV 100g, showing little difference from the 50gf measurement. After annealing, 

however, microhardness indentations using a 100g load became large with 

respect to specimen thickness; a 50g load was accordingly selected for 

measurements of pure palladium. The microhardness is observed to decrease 

after each heat treatment in the range 3oo·c- soo·c, the greatest decrease 

occurring after annealing at soo·c. Annealing above this temperature 

produces little further change. 
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Figure 4.43: Graph of microhardness of pure palladium vs. annealing 

temperature. 
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Palladinm-tunisten 

The microhardness of palladium 4.1 at.% tungsten after annealing in the 

temperature range soo·c- 1000•c is shown in fig. 4.44. A gradual decrease 

from the cold-worked value of 247 HV tOOg occurs due to successive annealing 

from soo·c to 7oo·c. Larger decreases are observed after annealing at soo·c 
and 9oo•c, to a microhardness of 120 HV100g; annealing at 1ooo·c has little 

effect on this value. 
I I 
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Figure 4.44: Graph of microhardness of palladium 4.1 at.% tungsten vs. 

annealing temperature. 
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The microhardness of palladium 10.3 at.% tungsten, shown in fig. 4.45, shows 
little variation from the cold-worked value of 400 HV lOOg after successive 
annealing up to a temperature of 7oo•c. Large decreases in microhardness are 
observed after annealing at soo·c and 9oo·c, to a minimum value of 120 
HV100g; annealing at tooo•c produces no further change. 
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Figure 4.45: Graph of microhardness of palladium 10.3 at.% tungsten vs. 
annealing temperature. 
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The microhardness of palladium 11.6 at% tungsten after annealing is shown in 
fig. 4.46. Successive annealing at temperatures up to soo·c produces a 
cumulative decrease in microhardness of approximately 
50 HV lOOg- The largest change in microhardness occurs after annealing at 
9oo•c; annealing at 1ooo·c results in a decrease to approximately 220 HV100g. 

II 

450~------------------------------------------------~ 

n 
400= 

350 

300 

250 

! 
! 

200+----.---.----.----.---.----.---.----.---.,---~--~ 
0 100 200 300 400 500 600 700 800 900 1000 1100 

ANNEALING TEMPERATURE ec) 

Figure 4.46: Graph of microhardness of palladium 11.6 at.% tungsten vs. 

annealing temperature. 
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Palladium-molybdenum 

The microhardness of palladium 5.3 at.% molybdenum, shown in fig. 4.47, 

shows little change after annealing at 5oo·c. Aimealing at 6oo·c and 7oo•c 
results in a steady decrease in microhardness; however, annealing in the range 

soo· c -1000. c produces an unexpected increase in microhardness. The final 

microhardness after the full series of heat treatments, 190 HV 1rog, returns to 

the value produced by annealing at 600• C. 
I I 
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Figure 4.47: Graph of microhardness of palladium 5.3 at.% molybdenum vs. 

annealing temperature. 
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The effect of annealing on the m.icrohardness of palladium 9. 7 at.% 

molybdenum is shown in fig. 4.48. The microhardness decreases only slightly 

from the cold-worked value of 338 HV100g after annealing at soo·c and 60Q•c. 
Annealing at 100• C results in a large decrease; successive annealing at higher 

temperatures results in a small further decrease, to a final value of 178 HV lOOg· 
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Figure 4.48: Graph of m.icrohardness of palladium 9.7 at.% molybdenum vs. 

annealing temperature. 
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The microhardness of palladium 16.0 at.% molybdenum after annealing in the 

range 5oo·c- 1ooo·c is shown in fig. 4.49. little change in microhardness 

from the cold-worked value of 455 HV lOOg is observed after successive 

annealing at 500• C and 600• C. A large decrease occurs due to annealing at 

7oo•c, with a further decrease after annealing at 9oo•c. The microhardness 

after the full series of annealing experiments is 230 HV lOOg· 
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Figure 4.49: Graph of microhardness of palladium 16.0 at.% molybdenum vs. 

annealing temperature. 
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4.4.2 TIIE EFFECf OF SOLU1E CONCENTRATION ON 
MICRO HARDNESS 

111 

In the cold-worked condition, the microhardness of palladium increases steeply 

with the addition of tungsten or molybdenum in the concentration ranges 

investigated. Successive annealing of cold-worked palladium alloys in the 

range soo·c- tooo·c results in a nett decrease in m.icrohardness; with the 

exception of palladium 5.3 at.% molybdenum, m.icrohardness has reached a 
II 

minimum after the 9oo·c anneal, no significant change occurring after heat 

treatment at tooo·c. Figure 450 shows the microhardness of palladium

tungsten and palladium-molybdenum alloys in both the cold worked and fully 

recrystallised (looo•c annealed) condition. 
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Figure 450: Graph of microhardness vs. solute concentration for palladium

tungsten and palladium-molybdenum. 
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After annealing at 1000•c, there is little variation with solute concentration in 

the m.icrohardness of palladium-molybdenum alloys. Palladium 4.1 at.% 
tungsten and palladium 10.3 at.% tungsten have a similar m.icrohardness after 
annealing at 1ooo•c; the microhardness of palladium 11.6 at.% tungsten is 

however much greater. The dependence of m.icrohardness on solute 

concentration in annealed alloys is unexpected in view of the linear increase in 

m.icrohardness with concentration observed for alloys in the cold-worked 

condition, and suggests that a mechanism additional to recovery and 
I I 

recrystallisation occurs during annealing of these alloys. 
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4.5 THE EFFECI' OF ANNEALING ON STRUCTURE AND PROPERTIES 

The experimental results show a wide variation in the response of structure and 

properties to annealing; the dependence of this response on solute 

concentration has been assessed for each experimental procedure. In this 

section, the changes observed in structure and properties as a result of 

annealing are discussed and graphically consolidated for each material. 
I I 

Palladium 

Microhardness measurements of pure palladium show a decrease after each 

heat treatment in the range 3oo•c - soo·c. Subsequent annealing at 

temperatures above soo·c produces no significant change in microhardness, 

suggesting that no further decrease in dislocation density occurs. This is 

confirmed by examination of transmission electron micrographs of annealed 

palladium, which show the the onset of recrystallisation to occur after 

annealing at 3oo•c, and the material to be fully recrystallised after annealing 

at soo· c. The effect of annealing temperature on the electrical resistance of 

pure palladium was not accurately measurable by the apparatus used. A 

decrease in residual resistivity is expected to occur after annealing a pure metal 

due to a decrease in the number of dislocations; the residual resistivity of a 

pure metal is, however, small in comparison to the temperature-dependent 

resistivity at room temperature (22 • C) and changes in residual resistivity are 

hence difficult to resolve. Although the measurements of the electrical 

resistance of palladium can not, therefore, supply quantitative information 

regarding the effect of annealing temperature on resistivity, the results show 

qualitatively that the transition from the cold-worked to the fully annealed 

condition results in a decrease in resistivity, of less than 130 nD-cm in 

magnitude. This is consistent with measurements of the change in residual 

resistivity of palladium due to plastic deformation by Rowlands and Woods99 

and Zwart and Schroederloo, who obtained a maximum value of 25 nD-cm. 
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Palladium alloys 

Figures 4.51 and 4.52 show the effect of annealing on the properties of the 

alloys under investigation. For each alloy, the temperature range in which 

recrystallisation is observed is indicated by an arrow, which extends from the 

temperature at which recrystallisation initiates to the maximum annealing 

temperature of 1000 o C. Although a significant decrease in dislocation density 

is not observed in any alloy prior to recrystallisation, an arrow marked 

"recovery" indicates the range of annealing temperatures in which a deformed 

microstructure is observed. The overlap of these arrows thus shows the 

temperature range in which recrystallised grains are observed in a deformed 

matrix. 

Palladium 4.1 at.% tungsten 

The effect of annealing on the properties of palladium 4.1 at.% tungsten is 

shown in fig. 4.51 (a). Microhardness measurements of palladium 4.1 at.% 

tungsten suggest that a decrease in dislocation density occurs after each 

annealing experiment in the range 500 o C - 900 ° C, with the largest decreases 

occurring after the 800" C and 900 o C heat treatments. Transmission electron 

microscope observations show little significant decrease in dislocation density 

up to 7000 C. Recrystallisation initiates after annealing at 800° C and is 

complete after annealing at 900 o C. The electrical resistance decreases after 

each annealing experiment in the range 5000 C - 7000 C, the largest decrease 

occurring after the 7000 C heat treatment; little further change in resistance 

occurs as a result of annealing at 800 o C. A decrease in resistance due to 

annealing is expected behaviour for metals and alloys as a consequence of 

decreasing dislocation density, although the magnitude of the total decrease for 

this alloy - nine per cent of the room temperature resistance - is larger than 

might be expected as a result of recovery and recrystallisation alone. 

The effect of annealing temperature on properties is nevertheless not entirely 

consistent with observed changes in dislocation density. Annealing at 700oC 

results in a large decrease in resistance concurrent with the onset of 

recrystallisation, but only a small decrease in microhardness is measured. 
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Conversely, the greatest decrease in microhardness occurs after the soo·c heat 

treatment with the growth of recrystalled grains, but little change in electrical 

resistance is observed. The results of annealing at 9oo•c show a further 
discrepancy: a small increase in electrical resistance is associated with a large 

decrease in microhardness accompanying complete recrystallisation of the 

material. Although the overall effect of the complete series of annealing 

experiments on structure and properties does not appear unusual then, the 

effect of annealing temperature on resistance may not be related to the 
I I 

evolution of microstructure in a simple manner. Selected area electron 

diffraction of this alloy after annealing from soo·c - 1ooo·c show faint 

additional reflections at t/J242-type positions in [111] and at t/2131-type 

positions in [112] zone-axis diffraction patterns, which suggests that the 

microstructure is no longer a homogeneous solid solution. 

Palladium 10.3 at.% tungsten 

The effect of annealing on the properties of p~adium 10.3 at.% tungsten is 

shown in fig. 451 (b). Microhardness measurements of palladium 10.3 at.% 

tungsten show little variation after annealing in the temperature range soo·c-
7oo·c; large decreases however occur after annealing at soo·c and goo·c. 
Transmission electron microscopy shows recrystallisation to initiate after 
annealing at 60Q•c, and to reach completion after annealing at 9oo·c. The 

observed decrease in dislocation density due to the early stages of 

recrystallisation after annealing at 6oo·c and 1oo·c is thus not reflected in 

microhardness measurements, although the progress to complete 
recrystallisation after annealing at soo·c and 9oo•c results in a large decrease 

in microhardness. 

The electrical resistance shows an increase after successive annealing in the 

range soo·c- soo·c, with the largest increase occurring after the 7oo•c heat 

treatment; the cumulative resistance increase due to annealing is 
approximately nine per cent of the resistance of the cold-worked specimen. 

Neither the direction nor the magnitude of the resistance changes measured 

may readily be associated with changes in dislocation density. The large 

increases in electrical resistance measured after annealing in the range soo·c-
7oo•c occur during recovery and the beginning of recrystallisation in the alloy; 
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the smaller changes in resistance after annealing in the range soo·c- 1ooo·c 
are concurrent with the completion of recrystallisation. Neither the 
microhardness nor the resistance measurements are thus consistent with the 
microstructures observed after annealing. Faint or diffuse reflections observed 
after annealing, at 1/~2-type positions in [111] and at 1/2131-type positions in 
[112] zone-axis diffraction patterns, suggest that a structural change has taken 
place which may influence the properties of annealed alloys. 

I I 

Palladium 11.6 at.% tun~ten 

The effect of annealing on the properties of palladium 11.6 at% tungsten is 
shown in fig. 451 (c). Little change in microhardness is observed after 
annealing at soo·c; a decrease after annealing in the temperature range 6oo·c 
- soo·c is followed by a steep decrease after annealing at 9oo•c and 1ooo•c. 
The effect of annealing temperature on the resistance of palladium 11.6 at.% 
tungsten shows a similar trend to palladium 10.3 at% tungsten: increases in 
resistance after annealing at soo·c and 6()()•c are followed by a large increase 

after annealing at 7oo•c. However, in palladium 11.6 at.% tungsten the 
resistance shows a further large increase after annealing at soo·c and 
continues to increase to a maximum, approximately fourteen per cent greater 
than the resistance of the cold-worked specimen, after annealing at 1ooo•c. 
Diffuse reflections are observed after annealing, at 1/:a42-type positions in 
[111] and at 1/2131-type positions in [112] zone-axis diffraction patterns, 
suggesting that a structural transformation has occurred. 
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Palladium 5.3 at.% molybdenum 

The effect of annealing on the properties of palladium 5.3 at.% molybdenum is 

shown in fig. 452 (a). The change in the microhardness of palladium 5.3 at.% 

molybdenum due to annealing appears normal up to an annealing temperature 

of 700•c: a decrease is observed after each anneating experiment. However, 

after annealing at higher temperatures, an unexpected increase in 

microhardness occurs. In this regard, the change in resiStance is of particular 

interest, since the trend followed appears to be the same: annealing in the 

temperature range 5oo·c- 7oo·c results in a steady decrease in resistance, as 

expected for normal metals and alloys as a result of a decrease in dislocation 

density due to annealing, but annealing at higher temperatures results in an 

increase in resistance. This distinct reversal of the sign of the resistance 

change, during the course of a series of annealing experiments, is also an 

unexpected phenomenon and was not observed in any of the other alloys under 

investigation, although there is a suggestion of similar behaviour in palladium 

4.1 at.% tungsten. 

Transmission electron microscopy shows the initiation of recrystallisation to 

occur due to annealing at 6oo·c, progressing to ~mpletion after annealing at 

7oo•c; both the resistance and microhardness measurements are thus 

consistent with observed changes in dislocation density due to annealing up to 

this temperature. However, annealing above 7oo•c results in no further 

decrease in dislocation density: that both resistance and microhardness show a 

significant increase suggests that a structural change occurs in the temperature 

range soo·c - 1ooo·c. Zone-axis electron diffraction patterns of this alloy 

after annealing at 7oo•c contain additional sharp reflections at 1/~2-type 

positions ([111] zone axis) and at 1/2131-type positions ([112] zone-axis) which 

may be used to produce dark-field images showing the presence of precipitates; 

after annealing at higher temperatures these reflections become faint and dark

field images are not obtainable. The decrease in resistance, dislocation density 

and microhardness up to an annealing temperature of 7oo•c is thus coincident 

with a structural transformation; the unexpected increase in resistance and 

m.icrohardness at higher temperatures is associated with a decrease in intensity 

of the additional reflections in zone-axis diffractio.n patterns. 
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Palladium 9.7 at.% molybdenum 

The effect of annealing on the properties of palladium 9.7 at.% molybdenum is 
shown in fig. 4.52 (b). The results of microhardness tests on palladium 9.7 at.% 
molybdenum show little decrease due to annealing at temperatures up 6oo·c; 
a large decrease occurs after annealing at 1oo·c. These microhardness 
measurements are consistent with transmission electron microscopy 

I I 

observations: little recovery of the material occurs after annealing at soo·c 
and 6oo·c, whereafter recrystallisation initiates after annealing at 7oo•c and 
progresses to completion with annealing at higher temperatures. An increase 
in resistance occurs after each annealing experiment in the range soo·c -
1ooo·c, with the largest increase occurring after the 1oo·c anneal. The 
appearance of diffuse reflections at 1/J242-type positions in [111] and at 1/2131-
type positions in [112] zone-axis diffraction patterns of the annealed alloy 
suggests that this unexpected behaviour has its origin in a structural 
transformation. 

Palladium 16.0 at.% molybdenum 

The effect of annealing on the properties of palladium 16.0 at.% molybdenum 
is shown in fig. 4.52 (c). The microhardness of palladium 16.0 at.% 
molybdenum does not change significantly after annealing at soo· C and 600• C; 
a large decrease however occurs after annealing at 1oo•c, coincident with 

recrystallisation of the alloys. Microhardness continues to decrease due to 
annealing at temperatures up to 1ooo·c. The effect on electrical resistance of 
annealing in the temperature range soo·c- 1ooo·c is similar to that observed 
in palladium 9.7 at.% molybdenum: annealing at temperatures up to 1oo·c 
results in large increases in resistance, whereas annealing at higher 
temperatures produces little further change. Faint additional reflections are 
observed after annealing, at 1/J242-type positions in [111] and at 1/2131-type 
positions in [112] zone-axis diffraction patterns, suggesting that a similar 
structural transformation takes place in this alloy due to annealing. 
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Figure 4.52: Graphs of properties vs. annealing temperature for palladium

molybdenum alloys. 
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Overview 

Microhardness measurements of palladium-tungsten and palladium
molybdenum after annealing in the range 5oo·c - 1ooo·c show a general 
decrease with increasing annealing temperature (with the exception of 
palladium 5.3 at.% molybdenum and palladium 4.1 at.% tungsten), as observed 
in pure palladium. However, the effect of annealing temperature on the 
microhardness of the alloys is not in all cases consistent with the effect of 

. I I 

annealing temperature on dislocation density as observed by means of 
transmission electron microscopy. 

In all the alloys tested, the first annealing experiment at 500 • C results in a 
small change in resistance; subsequent annealing at 6oo·c produces a greater 
change, and annealing at 100• C a large further change of up to six per cent of 
the resistance of the cold-worked specimens. The first three heat treatments, 
then, result in a similar trend in the magnitude of resistance changes for all the 
alloys. However, the resistance of alloys of lower solute concentration 
(palladium 4.1 at.% tungsten and palladium 5.3 at.% molybdenum) decreases as 
a result of these heat treatments whereas the resistance of alloys of higher 
solute concentration increases. Annealing at temperatures in the range soo·c -
1ooo·c results in an increase in the resistance of palladium 5.3 at.% 
molybdenum and palladium 4.1 at.% tungsten; the cumulative effect of 
annealing in the range 5oo·c- 1ooo·c is neverth~less a decrease in resistance. 
The four alloys of higher solute concentration show a smaller difference 
between the resistance after annealing at 1oo·c and the resistance after 
annealing in the range soo·c -1ooo·c. 

The expected relationship between microstructure, microhardness and 
electrical resistance - a decrease in dislocation density due to annealing leading 
to a decrease in both microhardness and resistance - is thus not evident in the 
alloy systems under investigation. The appearance of additional reflections at 
1/~2-type positions in [111] and at 1/2131-type positions in [112] zone-axis 
diffraction patterns as a result of annealing suggests that a structural 
transformation occurs at elevated temperatures, which may influence both 

resistance and microhardness. 
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CHAPTERS 

DISCUSSION 

I I 

The results of the present work show that palladium-tungsten and palladium

molybdenum alloys exhibit unusual changes in electrical resistance as a result of 

annealing. In the alloys containing more than 6 at.% solute, an increase in resistance 

has been measured after heat treatment although a decrease in resistance is normally to 

be expected as a result of recovery and recrystallisation processes. An increase of this 

nature is exhibited by many transition metal alloys due to the development at elevated 

temperatures of structural order (the "k-state"), which may result in a large increase in 

resistance. In the alloys containing less than 6 at.% solute however, a minimum in 

resistance with respect to annealing temperature has been observed, suggesting that 

additional influences on the resistivity are present. 

In section 5.1 of this chapter the electrical resistivity of the alloys under investigation is 
discussed. The experimental approach to resistivity measurement is reviewed in section 

5.1.1; in section 5.1.2, mechanisms whereby changes in resistance may occur in binary 

alloys are considered with reference to the alloys under Investigation. It is concluded 

that a change in the atomic configuration of the alloys is the only mechanism consistent 

with the experimental observations of the present work. The influence of short-range 

order on resistivity is then considered in sections 5.1.3 and 5.1.4. Section 5.2 concerns 
the development of structural order and its effects on the properties of the alloys. The 
electron diffraction investigation in the present work is considered in section 5.2.1; the 

presence of structural order in ~ealed alloys is discussed in section 5.2.2. In section 

5.3 the evolution of microstructure as a result of annealing after cold work is discussed. 
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Section 5.3.1 concerns the transmission electron microscope investigation; the evolution 

of microstructure and the development of short-range order are discussed in section 

5.3.2. Section 5.4 addresses the mechanical properties of the alloys under investigation, 

and the dependence of mechanical properties on microstructure and structural order. 

The effect of structural order on the properties of palladium-tungsten and palladium

molybdenum is discussed in section 5.5: alloys of low solute concentration are 

considered in section 5.5.1 and alloys of high solute concentration in section 5.5.2. On 
I I 

this basis, the type of short-range order present and its development during annealing is 

considered in section 5.5.3. The final section of this chapter comprises an overview of 

the issues discussed. 

5.1 ELECTRICAL RESISTIVI1Y 

5.1.1 RESISTANCE MEASUREMENTS 

In the present work, the purpose of the electrical resistance measurements was 

to detect changes in resistivity brought about by annealing, and to relate these 

changes to microstructure. The electrical resistivity of a metal is sensitive to 

microstructural changes, since any deviation from periodicity in the crystal 

lattice causes electron scattering. Although there is a number of factors which 

may influence resistivity (discussed in section 5.2), it was anticipated at the 

outset that the annealing experiments would bring about predominantly two 

processes: recovery /recrystallisation, and a change in atomic configuration. 

The residual resistivity Po is the resistivity in the absence of thermal vibrations, 

i.e. at T = 0 K. However if Po alone undergoes a change, the temperature 

dependence of resistivity remaining constant, the resistance measuring 

temperature Tm need not be restricted to low temperatures. For a given 

measuring temperature, the change in residual resistivity (Poe - POi) is given by 

the difference between final and initial measured resistivity, provided that the 

ideal resistivity p(Tm) remains constant: 

Pr - Pi = (Poe + p(T m)) - (POi + p(T m)) 

= Poe- POi (5.1) 
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Clearly, the accuracy of such measurements is dependent upon the capacity of 

the measuring apparatus to resolve the change in residual resistivity, which may 

be very small compared with the total resistivity. 

The presence of lattice defects, including dislocations, makes a positive 

contribution to the residual resistivity; a reduction in defect density due to 

annealing will consequently decrease this contribution. The presence of 
I I 

structural order in the lattice may make a positive or a negative contribution to 

the residual resistivity. The residual resistivity due to dislocations, however, is 

likely to be small in comparison to the ideal resistivity except at low 

temperatures; the contribution to resistivity of changing defect densities is thus 

difficult accurately to determine at ordinary temperatures. Furthermore, 

information regarding lattice defects is not directly obtainable from resistivity 

measurements; such information is more easily obtainable from electron 

microscopy. However, the measurement of -changes in resistivity is a favoured 

method of obtaining information regarding short-range order, because it offers 

experimental simplicity relative to alternative techniques. It is commonly 

assumed that the influence of ordering on the temperature coefficient of 

resistivity is negligible, so that the change in residual resistivity due to ordering 

is equal to the change in total resistivity at the measuring temperature (see fig. 

2.1). 

In transition metals, a change in local atomic configuration may lead to local 

alterations in band structure and hence to a change in the temperature 

coefficient of resistivity. Nevertheless, the contribution of short-range order to 

resistivity has been assessed on the basis of room-temperature resistance 

measurements, made before and after annealing, for many transition metal 
alloys including AgPdt13, AuPdt12 and CuPdus, PdEut~, and Ni-Fe-Mo-Cut49. 

This experimental procedure has been followed in the present work; the 

influence of structural order on the temperature coefficient of resistivity is 

however considered in section 5.1.3. 
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5.12 POSSffiLE CAUSES OF ANOMAI.DUS RESISTANCE EFFECI'S 

The unusual features observed in the present work are the sign (direction) and 
the magnitude of the measured changes in resistivity brought about by 
annealing. Resistance changes have been measured which are positive, and of 

the order of ten per cent of the room temperature resistance in magnitude. 
Given the high resistivity of the alloys under investigation, this represents a 

large change. A change in the room-temperature resistance of a specimen 
II 

after annealing may be brought about by a change in the residual resistivity 

alone, or by a change in both the residual resistivity and the temperature 
dependence of resistivity. Those factors contributing to the residual or the 

ideal resistivity which may be altered by heat treatment are therefore assessed 
below for the alloys under investigation, in order to determine mechanisms 
whereby the observed changes in resistance may come about. 

The heat treatment of a binary alloy may result in a change in defect density, 

which affects only the residual resistivity; or a phase transformation or a change 

in magnetic or structural order, which may affect both the residual and the 
temperature-dependent resistivity. An additional effect considered below is 

the decrease in temperature coefficient of resistivity reported to occur during 

the heating of highly resistive alloys. 

The effect of annealing on the electrical resistance of palladium-tungsten and 

palladium-molybdenum cannot directly be related to changes in residual 
resistivity due to changing defect densities, since in all the alloys investigated an 

increase in resistance has been measured after heat treatments which are 
observed to result in either a decrease or no significant change in dislocation 
density (sections 4.1.1, 4.3.1; figs. 4.51, 4.52). A decrease in the contribution of 

dislocations to the residual resistivity certainly occurs as a result of annealing; 
however, a simultaneous increase in the contribution to residual resistivity from 
other sources apparently more than compensates for this, resulting in an 

overall increase in resistivity. 

With respect to the possibility of a phase transformation, the solute 
concentrations of palladium-tungsten and palladium-molybdenum specimens 

investigated in the present work were selected as examples of single-phase 
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palladium-based solid solutions on the basis of published equilibrium phase 
diagramse.g.128,t4t. Examination of these alloys after annealing by means of 

scanning electron microscopy, including energy dispersive analysis, showed no 
evidence of the presence of an equilibrium second phase. 

It is also unlikely that magnetic effects are solely responsible for the observed 

variation in resistivity, since the addition of tungsten or molybdenum to 

palladium results in a significant decrease in magnetic susceptibility to almost ,, 
zero at 10 at.% solute concentratione.g.139,t04, the composition at which the 

resistance increase due to annealing is particularly large. Furthermore, the 
magnetic susceptibility of palladium-tungsten alloys is reported to decrease 

after annealing at temperatures which cause an increase in resistivity133. It is 

possible that magnetic effects may contribute to the resistivity of the alloys of 

less than 6 at.% solute concentration; this will be considered further in sections 

5.1.3 and 5.5. 

Mooij150 investigated the resistivity of a number of transition metal alloy 
systems and observed that, for highly resistive alloys, the temperature 
coefficient of resistivity tended to decrease with increasing resistivity. This was 

noted both when the resistivity of alloys increased as a function of increasing 

solute concentration, and when the resistivity increase occurred due to 

increased temperature for a particular alloy. It was suggested that this comes 

about owing to a decrease in the mean free path of conduction electrons, 

resulting in the contribution of phonon scattering to electrical resistivity 

becoming less dominant: under such circumstances a decrease in the 
temperature coefficient of resistance is to be expected150• Measurements of the 
temperature dependence of resistivity were not undertaken in the present 

work: in this regard, measurements of the resistivity of palladium-tungsten 

during continuous heating and cooling by Klyuyeva et al133 are of interest (fig. 

2.11): the alloys of highest resistivity (palladium 9.3 at.% tungsten and 

palladium 12.7 at.% tungsten) are reported to exhibit a decrease in the 
temperature coefficient of resistivity above 1oo·c. In this temperature range, 

palladium 12.7 at.% tungsten exhibits a negative temperature coefficient of 

resistivityt33; this is reported by Mooij to be characteristic of alloys of resistivity 

greater than 100 p{}-cmlSO. The reported reduction in the temperature 

coefficient of resistivity of palladium-tungsten is however not completely 



Chapter Five 127 

reversed on cooling, resulting in both a higher resistivity and a lower 

temperature coefficient of resistivity at room temperature than measured prior 

to heatingl33. The decrease in temperature coefficient of resistivity which 

occurs in the above alloys at high temperatures is thus brought about, at least 

in part, by some transformation which is not reversed by cooling, and not by an 

increase in resistivity due to thermal disorder alone. 

In summary, it is unlikely that an equilibrium phase separation or a significant 
I I 

change in the degree of magnetic order occurs due to annealing in all the alloys 

under consideration; a change in defect density certainly occurs as a result of 

annealing, but its effect on residual resistivity does not explain all the measured 

changes in resistance; and although the palladium-tungsten alloys of more than 

9 at.% solute concentration have a high resistivity, the decrease in temperature 

coefficient of resistivity reported to occur during heatingm is not restricted to 

elevated temperatures. The remaining possibility is that a structural 

transformation, occurring at elevated temperatures and not reversed by slow 

cooling, is responsible for the resistance changes observed after annealing of 

palladium-tungsten and palladium-molybdenum. Such a transformation may 

result in an increase in residual resistivity of greater magnitude than any 

resistivity decrease due to decreasing defect concentrations, and may also 

influence the temperature coefficient of resistivity. 

5.13 RESIDUAL RESIS11VITY DUE TO SHORT-RANGE ORDER 

The contribution of short-range order to the resistivity of a concentrated 

transition metal alloy is more complex than in simple metal alloys; the 

calculation of Psao (the residual resistivity due to short-range order) for 

transition metal alloys may be expected to present more difficulties as a 

consequence. It is of interest, therefore, that the simple-metal methods of both 

Asch and Hall46 and Rossiter and Wefls49 for calculation of Psao have been 

applied to transition metal alloys with some success. It should be noted in this 

regard that the addition of a second component to a transition metal may cause 

the Fermi surface to become more spherical, and hence closer to the 

simplifying approximations of the simple-metal calculations; it has also been 

suggested126 that the simple-metal calculations reflect the influence of short

range order on s-s scattering in transition metal alloys. 
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Asch and Hall's46 formalism requires a knowledge of the atomic fraction and 

atomic numbers of the alloy constituents, the lattice parameter, the short-range 

order parameters and the screening constant Q of the screened Coulomb 

potential given by: 

v(r) = Ze2exp(-Qr)/47rco r (5.2) 

Using Asch and Hall's method46, assuming a screening constant Q between 

4ro·1 and 5ro·1 (where ro is the Bohr radius), Katsnel'son et al obtained 

qualitative agreement with experimental results for equiatomic PdPt114 

containing heterogeneous or local order. Similar calculations for PdCo, using 

Q = 5ro·1 and Q = 10ro·1 were not successfu.l115• 

The method of Rossiter and Wells49 has been applied to transition metal alloys 

by, among others, Wagner et al54 for NiMn and Stanisz et al57 for NiCu. This 

method requires a knowledge of the Warren-Cowley parameters, the number 

of conduction electrons per atom (i.e. atomic fraction and valence of each 

atomic species), the lattice parameter and the scattering potential. Rossiter's 

expression49 for PsRo, the residual resistivity due to short-range order, is (see 

Chapter 2, section 2.2): 

(5.3) 

For the case of a random alloy, this becomes 

Pctis = C(cAes/k~) (5.4) 

The fractional change in resistivity due to the development of short-range 

order is then: 

(5.5) 

The Warren-Cowley parameters (WCP) assigned by Babanova et al136 to 

annealed palladium-tungsten alloys (see Table 2.1 and Appendix) are negative 
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in the first co-ordination sphere, indicating that short-range order is present; 
the magnitude increases with increasing solute concentration. Using these 

WCP, together with lattice parameter measurements made by the same 

workers133, the fractional change in resistivity of palladium-tungsten alloys due 

to short-range order may be calculated from equation (5.5). Following 
Rossiter and Wells'49 use of a screened Coulomb potential, with a screening 

parameter Q = 2.5kF, leads to a dependence on solute concentration of the 

ratio (Psao/ Pdis) as shown in fig. 5.1. (Q = 2.5kF is an approximation to the 
screening parameter, which for palladium alloys is close to 3kF using 

Q = Z1f3A-1 and kF = lA-1• However, Rossiter and Wells49 showed the integral 

Y not to be sensitive to the ratio Q/kF provided that Q/kF > 2. The same 

authors also showed that a difference in screening parameters between the 

constituents of an alloy has little effect on the integral Y.) 

0.15~-----------------------------------------~ 

0.1 
• 

• • 
0.05 • 

• 
0 ········-················· ··-···························· ····························-···············-·················· ································-··-·····-····························-·····-·········-············--····-··-·····-·-··-·-·---·----·· 

-o~o5 

-0.1+-----~-----~------~----~----~----~----~ 
0 2 4 6 8 10 12 

at% TUNGSTEN 

[=- calculated A. experimental 

Figure 5.1: Graph of calculated ratio PsRo/ Pclis, and experimental resistivity 
change Ap / p, vs. solute concentration for palladium-tungsten 
alloys annealed at 900 • C. 
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Figure 5.1 shows that, on the basis of Rossiter and Wells'49 simple-metal 

resistivity model, the presence of short-range order in palladium-tungsten 

alloys should lead to an increase in resistivity. Equation 5.5 may be seen 

correctly to predict an increase in resistivity due to the development of short

range order during annealing, for alloys containing more than 6 at.% solute. In 
terms of the rigid-band model, this is the composition range in which the d 

band is filled and s-s scattering predominates. The calculated resistivity values, 

which show the influence of short-range order on s-s scattering, may therefore 

be expected to reflect the observed change in resistivity r~asonably well. 

A maximum in the calculated resistivity is observed at around 10 at.% solute 

concentration, similar to the trend observed for palladium-molybdenum alloys 

(see figs. 4.9, 4.52); and the magnitude of Psao (around ten per cent of the 

resistivity of the disordered alloy) is similar to experimental values for 

palladium 10.3 and 11.6 at.% tungsten (see figs. 4.9, 4.51). However, it cannot 

be assumed that the cold-worked specimens are fully disordered; figures as low 

as a 50% decrease in short-range order due to cold work have been suggested 

·for palladium alloys125. The calculated resistivity due to short-range order, Psao, 

might therefore be expected to be considerably greater than the measured 

increase in resistivity due to annealing. Competing effects on residual 

resistivity are expected to be smaller: the contribution to Po· of a decrease in 

dislocation density due to annealing is expected to be relatively small, and the 

influence of magnetic effects in alloys above 6 at.% solute concentration is 

probably negligible. Static atomic displacements are also unlikely to make a 

large contribution because of the similarity of atomic radii between solvent and 

solute. The results of the calculation of PsRo, for alloys of more than 6 at.% 

solute concentration, are therefore qualitatively consistent with the measured 

increase in resistivity due to annealing. 

For the alloys containing less than 6 at% solute, equation (5.5) does not 

predict the decrease in resistance after annealing measured in the present work 

(figs. 4.51, 4.52) or by Mes'kin et al140 (figs. 2.10, 2.18). However, the 

measurements of Klyuyeva et al133 (fig. 2.11) show a small increase in the 

resistivity of alloys in this composition range, after continuous heating and 

cooling. This is consistent with Babanova et al's136 WCP values which show 

short-range order to be present136 in this concentration range. However, the 
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simple-metal approximations of equation (52) are inappropriate for these 

alloys, since only s-s scattering is assumed. In terms of the rigid-band model, 

the d-band of palladium is unfilled in this concentration range and s-d 

scattering predominates. The effect of short-range order on s-d scattering may 

be significant, arising from modifications to band structure brought about by 

changing atomic configurations, and may result in a decrease or an increase in 

resistivity. Although the contribution to residual resistivity of dislocations 

decreases as a result of annealing, this does not explain the large resistivity 
I I 

decrease of 8% measured for palladium 4.1 at.% tungsten. Annealing is also 

reported to influence the magnetic properties of palladium-tungsten alloys, 

resulting in a decrease the susceptibility133; the contribution of magnetic effects 

to the residual resistivity is thus also likely to decrease as a result of annealing. 

In the alloys containing more than 6 at.% solute then, an increase in residual 

resistivity due to the development of short-range order offers a qualitative 

explanation for the increase in resistivity observed after annealing. In the 

alloys containing less than 6 at.% solute however, a change in atomic 

configuration due to annealing may influence a number of other factors 

contributing to the residual resistivity; these will be considered in more detail 

in section 5.5.1. For all the alloys investigated, however, the additional 

influence on the measured resistivity of the temperature dependence must be 

considered before any conclusions may be drawn. 

5.1.4 THE EFFECT OF SHORT-RANGE ORDER ON IDEAL 
RESISTIVITY 

A decrease in the temperature coefficient of resistivity aP as a result of 

annealing was first reported by Thomas72 for alloys containing transition 

metals. The resistivity /temperature curves for palladium-tungsten alloys 

published by K.Iyuyeva et al133 during continuous heating and cooling (fig. 2.11) 

show a decrease in dp I dT (after cooling to room temperature) only for 

palladium 12.7 at.% tungsten. Mes'kin et al140, however, observed a change in 

aP for a range of palladium-tungsten and palladium-molybdenum alloys due to 

annealing at 700oC for one hour. A change in aP which occurs at elevated 

temperatures and is not reversed during cooling will have an effect on the 
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resistance measured at room temperature: the measured change in resistance 

will be smaller than the change in residual resistivity (extrapolating to OK), as 

shown in fig. 5.2. 
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Figure 5.2: Idealised schematic diagram showing the effect of change in aP 

during annealing on the measured change in resistivity for (1) a 

decrease in aP and (2) an increase in aP. 

Mes'kin et aP40 report a decrease in aP due to annealing of nearly forty per cent 

for palladium 10 at.% molybdenum, and between twenty and forty per cent for 

palladium containing 9 at.% - 12 at.% tungsten (figs. 2.18, 2.10). The 

temperature dependence of resistivity is very low for alloys in this composition 

range (e.g. dpjdT = 0.02 p.O-cm;oc for palladium 10.4 at.% molybdenum104) so 

that the absolute change in aP is not large. Nevertheless allowance must be 

made for the effect on measured resistance: the measured change in resistance 

will be smaller than the change in residual resistivity. For palladium

molybdenum alloys containing around 10 at.% solute, the results of Mes'kin et 

aP40 together with the data of Kudielka-Artner and Argent104 suggest that the 
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measured change in resistivity may underestimate the change in residual 
resistivity by as much as 5% of the room-temperature resistivity. For 
palladium-tungsten and palladium-molybdenum alloys up to 7 at% solute 
concentration, Mes'kin et al140 report an increase in a.P of around ten per cent. 
This will also result in a measured change in resistivity which is smaller than 
the change in residual resistivity; in this case, the change in measured resistivity 
is a decrease, so that a greater actual decrease in residual resistivity is 
indicated. The effect of the changes in a.P for all palladium-tungsten and 

I I 

palladium-molybdenum alloys is thus to reduce the measured change in 
resistivity relative to the change in residual resistivity. 

The measured resistivity at room temperature after annealing is thus affected 
by both Po and p(T). The development of structural order in the lattice as a 
result of annealing influences both Po and a.P' and is thus the dominant 
contributing factor to the changes in resistivity measured in palladium-tungsten 
and palladium-molybdenum. 

5.2 STRUCTURAL ORDER 

In both long-range and short-range ordered structures there is a tendency for 
like atoms to separate and unlike atoms to be neighbours; however, long-range 
order concerns correlations in the distribution of atoms on sublattices of the 
structure as a whole, whereas short-range order concerns correlations in the 
local environment of an atom. Short-range order and clustering (clustering is 
a localised tendency for like atoms to be neighbours) concern only the atomic 
distribution in the vicinity of an atom and are not measured in terms of the 
occupation of particular sites in particular directions, .but rather in terms of 
pairwise correlations which may vary with separation of the sites. The Warren
Cowley short-range order parameters flij may be expressed by50 

where 
and 

<CJiClj > 

flij = 0 

(5.6) 

is the average site occupation over all two-site pairs 
for random occupation, i + j. 
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H < UiUj > is negative and i and j are adjacent sites, then the number of unlike 
neighbours exceeds random probability, and short-range order is present 
Conversely, if < UiUj > is positive then the number of like neighbours exceeds 
the random probability, and clustering of like atoms is present. It is important 

to note that long-range or short-range ordering does not necessarily effect the 
locally averaged composition. 

X-ray diffraction may be used to detect the presence of short-range order, 
I 

which gives rise to maxima in diffuse X-ray intensities: the position of these 
maxima give the position of the superlattice reflections of the corresponding 

ordered lattice, and the relative intensity shows the degree of short-range order 
present. The short-range order parameters ai were defined by Cowley42 for 

convenience in considering X-ray diffraction effects, since the ai are the 

coefficients of the Fourier series expressing the scattering power due to short
range order as a function of the reciprocal lattice coordinates42. Alimov and 

Katsnel'son137 measured an increase in diffuse X-ray scattering intensity as a 
result of annealing palladium 11.3 at.% tungsten, which showed that the degree 
of short-range order increases after annealing. Babanova et al 136 investigated 
a wider range of palladium-tungsten compositions, showing that the degree of 

short-range order present after annealing increases with solute concentration, 

and suggested that the X-ray measurements showed a (100) superstructure 

peak (see Appendix). 

Ardell et aJ131,144 used electron diffraction to investigate palladium-tungsten and 

palladium-molybdenum alloys after proton irradiation, identifying the long
range ordered structures Pels W and PdsMo. Schematic zone-axis electron 
diffraction patterns of Pels W, simulated on the basis of the data of Cheng and 
Ardell132, are shown in figs. 5.3 and 5.4. It should be noted that there is no 

evidence of the (100) superstructure peak, suggested for the short-range 
ordered alloys136, in electron diffraction patterns of the long-range ordered 

structure. 
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5.2.1 ELECfRON DIFFRACI10N INVESTIGATIONS 

The presence of short-range order may result in additional scattering in 
electron diffraction patterns; the nature of this scattering is dependent on the 
type of short-range order from which it arises. A distinction may be drawn 
between heterogeneous short-range order, characterised by microdomains 
having a particular ordered structure, and homogeneous short-range order in 
which there is a statistical probability that atoms have unlike nearest 

I 

neighbours50• For heterogeneous short-range order, the presence of ordered 
microdomains in an alloy gives rise to additional scattering - discrete 
reflections or diffuse scattering - at superlattice reflection sites in electron 
diffraction patternse.g.tst. For homogeneous short-range order, two models 
have been proposed: a concentration wave approach, in which a series of static 
concentration waves characterises the local variation in the probability of 
finding a particular atomic type on a specific lattice sitets2; and a cluster 
variation approach based on cluster configurations of minority atomsts3. The 
concentration wave model152 provides a reciprocal-space representation in 

which each static concentration wave produces a superlattice reflection in 
electron diffraction patterns, the intensity of which is related to the amplitude 
of the concentration wave. 

The intensity of diffuse scattering due to short-range order may be calculated 
from the Warren-Cowley parameters of an alloy if kinematical scattering, as 
occurs in X-ray diffraction, is assumed. For electron diffraction, account must 
be taken of dynamical effects which may modify the relative intensities of 
diffuse scattering154•155• The foils used for electron diffraction in the present 
work were prepared with some difficulty and w~re of greater than optimum 
thickness; the diffraction conditions therefore cannot be assumed to be 
kinematical. A calculation to determine the relative diffuse intensities was 
therefore, under the experimental conditions, inappropriate. 

The purpose of the electron diffraction experiments in the present work was to 
investigate the presence of short-range order in annealed palladium-tungsten 
and palladium-molybdenum alloys, by means of a systematic investigation of 
high-symmetry zone-axis electron diffraction patterns. Long-exposure electron 
diffraction patterns were obtained for each alloy, in the cold-worked and in all 
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heat treatment conditions; and were inspected for scattering in the positions of 
the superlattice reflection sites of the long-range ordered structure Pds W (and 
PdsMo)131.144 and at the site of the (001) superstructure peak suggested by 

Babanova et al136. The results of this investigation showed that electron 
diffraction patterns do not exhibit scattering in the positions suggested by the 
works cited above. The only features noted, other than the fundamental fcc 
reflections, were the additional reflections observed at 1/~2-type positions in 
[111], and 1/2131-type positions in [112] zone axis diffraction patterns for all the 

I 

alloys after annealing (fig. 4.13). Such zone axis diffraction patterns are 

characteristic of the presence of hcp precipitates or twinning in face-centred 
cubic (fcc) crystals156• However, care was taken to use selected areas distant 

from visible twin interfaces for all electron diffraction patterns. In addition, 

both twinning and hcp precipitates are expected to give rise to additional 
reflections in [110] zone axis diffraction patterns; such reflections were not 
observed in the present work. 

The additional11~2 and 112131 reflections observed in [111] and [112] zone
axis electron diffraction patterns were sharpest for palladium 5.3 at.% 
molybdenum after annealing at 700C. Annealing this alloy at temperatures 

from soo·c- 1ooo·c caused the additional reflections to decrease in intensity 
relative to the fundamental fcc reflections (fig. 420 (c) and (d)). In palladium 

4.1 at.% tungsten, after annealing at temperatures from soo·c - 1ooo·c, 
reflections in the 1/:a42 and 112131 positions are observed to be diffuse (fig. 4.17 
(c) and (d)). In the remaining four annealed alloys (palladium 10.3 at.% 

tungsten, palladium 11.6 at.% tungsten, palladium 9. 7 at.% molybdenum and 
palladium 16 at.% molybdnenum), these reflections are visible only very 
faintly, if at all, in the electron microscope, requiring long exposure times 
before becoming visible in diffraction patterns (figs. 4.18, 4.19, 4.21, 422). 

In order to identify the features which give rise to the additional reflections 
observed in [111] and [112] zone-axis electron diffraction patterns, dark-field 
images were recorded by centering, and placing the objective aperture over, the 
diffracted beam of interest. In palladium 5.3 at.% molybdenum after annealing 
at 700 • C (the alloy and condition for which the strongest additional reflections 
were observed) this technique, using the reflections arrowed in figs. 4.13, 
brings into contrast a distribution of small features (figs 4.14 (b) and 4.15 (b)). 
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In this alloy in other heat treatment conditions and in the remaining alloys, this 

technique failed to produce dark-field images in which any features were 
discernible. 

The additional 1/~42 and 112131 reflections in [111] and [112] zone-axis 
electron diffraction patterns were observed in all the alloys after annealing, and 
in none of the alloys in the cold-worked condition. This suggests that the 
additional reflections are not the result of an artifact such as a surface film. 

I 

The consistency with which the reflections are observed, in [111] and [112] 
diffraction patterns for all annealed alloys, suggests that they arise from a 
microstructural feature of the annealed condition; however, the feature is not 
readily resolvable with the instrument used. 

5.2.2 STRUCIURAL ORDER IN PALlADIUM-TUNGSTEN AND 
PALlADIUM-MOLYBDENUM 

The systematic electron diffraction investigation described in section 5.2.1 
yields no direct evidence for the presence of short-range order in annealed 
palladium-tungsten and palladium-molybdenum. The work of Babanova 136 and 
Alimov and Katsnel'son137 on palladium-tungsten alloys thus remains the only 
direct investigation which shows short-range order to be present in either 
system: the presence of short-range order in palladium-molybdenum has been 
suggested140 but not previously investigated. However, the results of resistance 
measurements in the present work give strong indirect evidence for the 
presence of short-range order in annealed alloys of more than 6 at.% solute 
concentration, in both alloy systems (section 5.3). The resistivity behaviour of 
the alloys containing less than 6 at.% solute will be shown, in section 55, also 
to be consistent with the presence of structural order. 

Other indirect evidence for the presence of order after annealing may be 
obtained from published lattice parameter measurements . of palladium
tungsten and palladium-molybdenum, annealed at a variety of temperatures, 
both of which show an unusual dependence of lattice parameter on 
concentratione.g.139,146 (figs. 2.7 and 2.13). Figure 55 shows the atomic volume 

of palladium-tungsten alloys after annealing at tooo·c, together with the 
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expected atomic volume curves for co-ordination numbers ( CN) 8 and 12, as 

measured and calculated by Goetz and Brophy129• The measured decrease in 

atomic volume with the addition of up to 10 at.% tungsten, when solute 
additions are expected to bring about lattice dilation in a random solid 

solution, suggests that a non-random atomic configuration is present. Above 

10 at.% tungsten concentration, an increase in atomic volume with increasing 

solute concentration occurs; the atomic volume nevertheless remains smalier 

than that of pure palladium up to 15 at.% tungstenl29 (the limit of solid 
I 

solubilityl39), indicating that deviations from a random solid solution are also 

present in the concentration range 10 at.% - 15 at.% tungsten. The lattice 

parameter of palladium-molybdenum alloys shows the same minimum at 

around 10 at.% solute, and is smaller than that of pure palladium up to 20 at.% 

solute concentration (fig. 2.13). A non-random atomic configuration after 

annealing is thus probable in palladium-tungsten and palladium-molybdenum 

alloys of the concentration ranges investigated in the present work. 
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Figure 55: Measured and calculated atomic volume vs. solute concentration 

curves for palladium-tungsten (after Goetz and Brophy129). 

In a single-phase solid solution, a non-random atomic configuration may take 

the form of a localised preference for like nearest neighbours (clustering) or 

unlike nearest neighbours (short-range ordering). Either of these non-random 

configurations may bring about a decrease in lattice parameter relative to the 
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disordered alloy. However, it seems unlikely that clustering of the oversized 

tungsten or molybdenum solute atoms would bring about a decrease in lattice 

parameter; whereas the presence of a minimum (such as is exhibited by 

palladium-tungsten and palladium-molybdenum at around 10 at.% solute 

concentration) suggests the presence of short-range order. H the presence of 

short-range order results in a contraction of the lattice, this minimum might be 

expected to indicate the composition at which short-range order is present to 

the greatest degree. Of particular interest in this regard is the reported 
I 

formation, under proton irradiation at elevated temperatures, of the long-range 

ordered phases Pds W and PdsMo at 10 at.% solute concentrationl31,144. A 

solute concentration of 10 at.% is close to the stoichiometric composition (11.1 

at.% solute) for the long-range ordered structure; it appears that this is also a 
favourable composition for the development of short-range order. 

The Warren-Cowley parameters calculated by Babanova et al136, the increase 

in resistivity due to annealing measured in the present work, and the unusual 

dependence of lattice parameter on solute concentration exhibited by annealed 
palladium-tungsten and palladium-molybdenum alloyse.g139,146, are consistent 

with the development of short-range order as a result of annealing. 

5.3 MICROSTRUCTURE 

The development of structural order as a result of annealing cannot be viewed 

in isolation from the simultaneous evolution of microstructure. The 

introduction, movement, presence and annealing:.out of dislocations may have 

a significant effect on structural order in the alloys under investigation, and the 

relationship between microstructure and structural order accordingly requires 

consideration. 

5.3.1 1RANSMISSION ELECfRON MICROSCOPY 

The objective of the transmission electron microscope (TEM) investigation in 

the present work was to monitor the recovery and recrystallisation of cold

worked palladium-tungsten and palladium-molybdenum, in order to relate the 

changes in microstructure to the measured changes in electrical resistance. 
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Bright-field images were recorded for all alloys in the cold-worked and in all 
heat treatment conditions, allowing identification of the temperature ranges in 
which recovery and recrystallisation occur. 

In order to monitor recovery, it is desirable to determine dislocation densities 

as a function of annealing temperature. Although this was attempted in the 
present work, it proved impracticable; where foils were sufficiently thin, the 

high dislocation density caused local bending of the foil, making controlled 
I 

tilting to the required diffraction conditions difficult. Transmission electron 

microscopy was accordingly used qualitatively to assess cold work and recovery, 

and to determine the temperature ranges in which recrystallisation initiates and 

reaches completion. 

Materials with a high stacking-fault energy are characterised by homogeneous 
deformation and the formation of dislocation cell structures due to easy cross
slip157. The absence of cellular dislocation structures in cold-worked alloys, 

compared to pure palladium (fig.4.23), suggests that the stacking-fault energy 

(SFE) is lower in the alloys than in the host metal. A decrease in the SFE of 

palladium with the addition of tungsten or molybenum is consistent with the 

observation that a significant decrease in dislocation density does not occur 

prior to recrystallisation (e.g. fig. 4.33), a characteristic of materials having low 
SFE. Finally, the presence of annealing twins is a feature of the recrystallised 

microstructure of all the alloys (e.g. fig. 4.34), indicating a low twin fault energy 
and hence a low SFE. The ease with which twins may form in an fcc crystal is 

dependent on the energy difference between the hcp and fcc crystal 
structures157: the energy of each crystal structure type is dependent on the 

electronic structure of the alloy under consideration, and as a consequence may 

be expected to be sensitive to both solute concentration158 and atomic 
configurationt62 in transition metal alloys. 

5.3.2 MICROSTRUCIURE AND SHORT-RANGE ORDER 

An examination of the measured changes in resistivity, due to annealing of 

alloys containing more than 6 at.% solute, shows that the largest cumulative 

change in resistivity occurs as a result of annealing in the lower temperature 
range (5oo·c - 7oo•c); a far smaller change in resistivity is observed after 
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annealing in the temperature range soo·c- 1ooo·c. This suggests that the 

degree of short-range order increases rapidly during annealing in the lower 

temperature range. This is of interest, since a lesser degree of thermally

activated diffusion of atoms might be expected at the lower temperatures than 

at the higher temperatures. Khan and Raub139 report that homogenisation of 

as-cast palladium-tungsten alloys, of above 5 at.% solute concentration, at 

1oo·c required heat treatments of up to 1000 hours, indicating that the rate of 

atomic diffusion is extremely low. 

When the resistivity measurements are considered relative to the observed 

evolution of microstructure, however, the results show that resistivity increases 

rapidly prior to recrystallisation, suggesting that short-range order develops 

rapidly in a plastically deformed microstructure characterised by a high 

dislocation density. The development of short-range order is a diffusional 

process and may be expected to occur by vacancy migration in fcc alloys; the 

rate of ordering should therefore be proportional to the concentration of 

vacancies5s. The plastic deformation of a metal introduces a variety of defects, 

including dislocations, jogs, stacking faults, interstitials and vacancies. During 

subsequent annealing, the thermally-activated ~gration of vacancies to sinks 

(such as dislocations and grain boundaries) will serve to enhance the atomic 

rearrangement to a short-range ordered configuration. Gahn and Pitsch159, 

using a Monte Carlo simulation of short-range order reactions in binary fcc 

alloys, found that during vacancy migration, lattice sites in volumes of low SRO 

were preferentially visited by vacancies, enhancing the increase in SRO. Soltys 

et al160, studying the formation of short-range order in nickel 10 at.% 

molybdenum, concluded that the formation of short-range order is associated 

with the mobility of vacancies. It is also of interest to note that palladium

chromium, which forms long-range ordered structures with relative ease, is 

reported to have an anomalously high vacancy diffusion rate161. 

In palladium-tungsten and palladium-molybdenum alloys then, the presence of 

an excess of vacancies during annealing subsequent to cold work serves to 

enhance the development of short-range order. This bears comparison with 

the formation of the thermodynamically stable phases Pds W and PdsMo under 

conditions of enhanced vacancy concentration and diffusion brought about by 

proton irradiation131,132. 
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The short-range order developed during annealing of palladium-tungsten and 

palladium-molybdenum, however, may be considerably reduced by the 

subsequent introduction of dislocations by plastic deformation. Materials with 

a low stacking-fault energy are susceptible to planar slip and twin formation. 

During cold work, the passage of dislocations across a slip plane reduces the 

local order across this plane by about 20%162. The introduction of lattice 

defects, including large numbers of dislocations, into palladium-tungsten and 
I 

palladium-molybdenum by means of cold rolling may thus be expected 

considerably to reduce the degree of local order present in the lattice, but not 

to disorder the lattice completely. This is an important distinction, since the 

change in structural order due to cold work followed by annealing is therefore 

one of degree only, rather than a process of destruction and redevelopment of 

order. 

With regard to electrical resistivity, the scattering due to dislocations arises 

from electron scattering from the displaced atoms close to the dislocation core, 

and hence is confined to the immediate vicinity of the dislocationlS. Plastic 

deformation results in an increase in dislocation density and hence in a positive 

contribution to the residual resistivity. However, the passage of a dislocation 

through an ordered crystal results in a decrease in local order across the slip 

plane, and hence a reduction in scattering from a volume (dependent on the 

distance travelled by the dislocation) considerably larger than the volume 

containing the displaced atoms around the dislocation itself. If the presence of 

structural order enhances electron scattering considerably, then a decrease in 

structural order may be expected to result in a decrease in resistivity which is 

greater in magnitude than the increase in resistivity brought about by the 

presence of dislocations. 

In the alloys containing more than 6 at.% solute, a decrease in resistivity as a 

result of plastic deformation and an increase in resistivity during recovery are 

consistent with the interaction of dislocations, vacancies and local order 

described above. Although the microstructure of alloys of less than 6 at.% 

solute concentration follows a similar pattern of recovery and recrystallisation, 

the resistivity behaviour of these alloys suggests that different processes are at 

work; these will be discussed in section 5.5.1. 
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5.4 MECHANICAL PROPERTIES 

The electrical resistivity of palladium-tungsten and palladium-molybdenum 
alloys may be affected by a number of factors (section 5.1.2) not directly 
measured in the present work. The mechanical properties of a material may 
be affected by variations in microstructure (such as changing dislocation 

densities) or variations in the degree of structural order, or a combination of 

the two. The effect of plastic deformation and annealing on the mechanical 
I 

properties of palladium-tungsten and palladium-molybdenum was assessed by 
means of microhardness measurements; and the evolution of microstructure 
was observed by means of transmission electron microscopy. A comparison of 
the trends observed in each gives an insight into the development of structural 
order in these alloys. 

The effect of annealing on microhardness, for all the alloyS investigated, is a 
small decrease prior to recrystallisation. A large decrease in microhardness 

was measured after annealing experiments which resulted in recrystallisation, 

consistent with the observed decrease in dislocation density. However, the 
change in microhardness measured after completion of recrystallisation is not 
consistent with microstructural observations. Figure 4.52 shows that, for 
palladium 5.3 at.% molybdenum, microhardness increases significantly after 
annealing at soo·c- tooo·c. Annealing in this' temperature range produces 
no significant variation in dislocation density, since the material has already 

recrystallised. The measured increase in microhardness must therefore be the 

result of a change in the degree of order in the alloy. 

Mes'kin et al140 measured the influence of annealing temperature on the 
microhardness of palladium 12 at.% tungsten after 50% deformation, reporting 
a small increase in microhardness due to annealing at 1oo·c. Since the 
dislocation density, if it changes at all, may be assumed to decrease due to 
annealing, this suggests that the reported increase in microhardness is also 
brought about by an increase in the degree of order, which is known to occur in 
palladium-tungsten alloys in this concentration range136• It is thus probable 
that the reported increase in microhardness comes about as a result of an 
increase in short-range order. If an increase in the degree of short-range order 
makes a positive contribution to microhardness, then the effect of annealing on 
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microhardness will be the outcome of competition between the processes of 
ordering and of recovery /recrystallisation. After recrystallisation, further heat 

treatments have little effect on the microstructure of the alloys under 

investigation; any significant change observed in microhardness must then arise 

from a change in the degree of structural order, as observed for palladium 5.3 

at.% molybdenum. Conversely, the absence of significant changes in 

microhardness after completion of recrystallisation argues that there is no 

significant change in the degree of order. 

On the basis of the foregoing, for the alloys containing more than 6 at.% solute, 

no significant change in the degree of order occurs after recrystallisation is 

complete. This is consistent with resistance measurements, which also show 

little change after recrystallisation (figs. 451, 452). For palladium 5.3 at.% 

molybdenum, microhardness measurements suggest that a large increase in the 

degree of order occurs after annealing above 7oo·c; this is also reflected in 

resistance measurements, which show a large increase after annealing in this 

temperature range. 

Although an increase in the degree of order increases the microhardness of the 

alloys under investigation, the decrease in dislocation density during recovery 

and recrystallisation is accompanied by a decrease in microhardness. This 

suggests that, under the experimental conditions of the present work, the effect 

on microhardness of decreasing dislocation density outweighs any contribution 

from ordering effects, which may be observed only when dislocation density is 

constant after recrystallisation is complete. 

5.5 STRUCTURE/PROPERlY RELATIONSHIPS 

The results of all the experiments performed in the present work on palladium

tungsten and palladium-molybdenum alloys containing more than 6 at.% 

solute, show that an increase in short-range order occurs as a result of 

annealing; the presence of short-range order after annealing then has a 

significant effect on the properties of these alloys. However, the two alloys of 

less than 6 at.% solute concentration, palladium 4.1 at.% tungsten and 

palladium 5.3 at.% molydenum, do not fit this simple model. These lower 
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concentration alloys differ from the other alloys in other respects: the d-band 

is unfilled (in terms of the rigid-band model); and the magnitude of the 

magnetic susceptibility is not negligible. 

5.5.1 PALLADIUM 4.1 at.% TUNGS1EN AND PAlLADIUM 5.3 at.% 

MOLYBDENUM 

For both palladium 4.1 at.% tungsten and palladium 5.3 at.% molybdenum, a 
I 

minimum is observed in resistivity with respect to annealing temperature (fig. 

4.51, 4.52). For palladium 5.3 at.% molybdenum, a minimum is also observed 

in microhardness with respect to annealing temperature. If the subsequent 

increase in microhardness observed in this alloy is a result of an increasing 

degree of order, then the simultaneous increase in resistivity, due to annealing 

in a temperature range in which microstructure is unchanged, may also be 

attributed to an increase in structural order. An increase in electrical resistivity 

as a result of an increase in the degree of structural order is consistent with the 

results obtained for the alloys of higher solute concentration. However, for 

both palladium 4.1 at.% tungsten and palladium 5.3 at.% molybdenum, a 

decrease in resistivity occurs after annealing at temperatures below soo·c and 

this must be carefully considered. 

In these alloys, factors which influence resistivity and are also susceptible to 

change as a result of annealing include defect density, magnetic susceptibility 

and atomic configuration. The concentration of lattice defects decreases as a 

result of annealing below soo·c due to a certain degree of recovery and the 

onset of recrystallisation; a decrease in resistivity is therefore to be expected. 

However, the magnitude of the decrease in resistivity exhibited by palladium 

4.1 at.% tungsten and palladium 5.3 at.% molybdenum (eight per cent and four 

per cent respectively) is greater than may be expected to occur as a result of 

decreasing defect densities alone. Although the magnetic susceptibility of 

palladium decreases rapidly to almost zero with the addition of tungsten130 or 

molybdenumt04, the susceptibility at around 5 at.% solute is not negligible, and 

magnetic effects are likely to make a contribution to resistivity. Klyuyeva et 

al133 report that a decrease in magnetic susceptibility occurs in palladium

tungsten alloys as a result of annealing; a decrease in resistivity may be 

expected to occur as a result. The combined influence of a decrease in 
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dislocation density and a decrease in magnetic susceptibility might be sufficient 

to result in a decrease in resistivity, provided that any positive contribution to 

resistivity which may be present, such as structural order, remains small. 

The change in temperature coefficient of resistivity measured by Mes'kin et 

al140 in annealed palladium-tungsten and palladium-molybdenum alloys 

containing around 5 at.% solute concentration (figs. 2.10, 2.18) showed that a 

change in electronic structure - such as might occur in transition metal alloys as 

a result of a changed atomic configuration - had occurred. It therefore seems 

likely that some increase in the degree of structural. order does occur in 

palladium 4.1 at.% tungsten and palladium 5.3 at.% molybdenum as a result of 

annealing below 800; C, which has affected the band structure sufficiently to 

influence a.P. However, since there is little positive effect on resistivity, it 

appears that the increase in structural order is very small. Annealing above 

800oC - which brings about little further change in microstructure but a 

significant increase in resistivity and in microhardness (for palladium 5.3 at.% 

molybdenum) - appears to result iii a greater increase in the degree of order. 

Klyuyeva et aP33 noted an increased resistivity for palladium 2.6 at.% tungsten 

after heating to 1100°C, suggesting that structural order develops with greater 

ease at high temperatures. 

The results of experiments for the alloys of lower solute concentration are 

consistent with a small increase in the degree of structural order due to 

annealing below 800 ° C, followed by a larger increase in structural order due to 

annealing at 8000 C - 10000 C. Since the results of experiments for alloys 

containing more than 6 at.% solute show structural order to increase after 

annealing at 500°C, this suggests that the activation energy for vacancy 

diffusion may be greater in the alloys of low solute concentration, resulting in a 

significant increase in structural order only at higher temperatures. The 

possibility of a change in the nature of the ordering should not be ruled out. 

A small decrease in the thermo-emf of palladium-tungsten and palladium

molybdenum alloys containing up to 6 at.% solute, as a result of annealing at 

700°C, was reported by Mes'kin et aP40• The thermo-emf of a metal is related 

to the energy derivative of the density of states, and is consequently sensitive to 

variations in electronic structure. The reported change in thermo-emf is 
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therefore likely to arise from variations in band-structure in the early stages of 

ordering, which also result in a change in aP" 

55.2 PAllADIUM ALLOYS CONTAINING MORE THAN 6 at.% 

SOLUTE 

I 

Palladium alloys containing more than 6 at.% solute concentration show a 

dependence of resisitivity on annealing temperature which suggests that sort

range order develops rapidly in the temperature 'range 5oo·c- 7oo·c. little 

further change in resistivity occurs after annealing at higher temperatures, 

which suggests that there is no significant further increase in the degree of 

structural order. There is also no evidence of an increase in microhardness 

after annealing above 1oo·c such as is observed in palladium 5.3 at.% 

molybdenum. Since thermally activated diffusion may be expected to increase 

with increasing temperature, the degree of order present after annealing at 

1oo•c (the temperature at which the resistivity increase appears to saturate 

(figs. 4.51, 4.52)) appears to be close to the maximum attainable by annealing 

for the experimental specimens. 

After annealing at 1oo•c, the thermo-emf of palladium-tungsten and 

palladium-molydbenum alloys (above 6 at.% solute concentration) is reported 

to increaset40. In this concentration range and temperature, a significant 

increase in structural order has occurred and results in an increase in resistivity. 

Vigier and Pelletiers2 showed that the sign of thermo-emf changes due to the 

development of short-range order may be expected to be the same as the sign 

of resistivity changes; the reported increase in thermo-emf is thus qualitatively 

consistent with an increase in structural order (this free-electron analysis is 

inappropriate for alloys containing an unfilled d-band but may, in terms of the 

rigid-band model, describe the alloys of higher solute concentration reasonably 

well). 

5.5.3 THE TYPE OF STRUCfURAL ORDER PRESENT 

A distinction has been drawn between heterogeneous short-range order and 

homogeneous short-range order (section 5.2.1). Heterogeneous short-range 

order is characterised by long-range ordered microdomains, of dimensions 
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smaller than the coherence length of the probe used. The presence and 
structure type of such microdomains may nevertheless be detected by means of 
electron diffraction. The electron diffraction investigation in the present work 
shows no evidence for the presence of microdomains of a long-range ordered 
phase; in particular there is no evidence for the presence of the ordered 
structures Pels W or PdsMo. 

The experimental results show that annealing results in an increase in the 
degree of short-range order present, manifested as an increase in electrical 
resistivity. In the annealing temperature range investigated, there is no 
evidence for a decrease in the degree of order - such as a significant decrease 
in resistivity - due to annealing at high temperatures. A randomisation of 
atomic configuration was thus not produced by heat treatment. A decrease in 
the degree of order occurs as a result of plastic deformation; however, this is 
unlikely completely to destroy the structural order present. The experimental 
procedures of cold work followed by repeated annealing therefore appear only 
to achieve a variation in the degree of order. The nature of the short-range 
order present in these alloys is thus more likely to be homogeneous (statistical) 
than associated with the nucleation and growth of an ordered phase. 

This homogeneous short-range order may be a precursor to the long-range 
ordered phase Pels W (and PdsMo )131,144. This phase is thermodynamically 
stable but has only been produced under the accelerated diffusion conditions 
resulting from proton irratiation; it has not been produced under normal 
annealing conditions, suggesting extremely sluggish kinetics. Under ordinary 
circumstances, then, a short-range ordered configuration appears to be 
favourable for the alloys under investigation: both disorder and long-range 
order are achieved with difficulty, if at all. 

H a short-range ordered atomic configuration is generally energetically 
favourable, and a fully disordered structure is not normally present, then the 
presence of short-range order may contribute to many observed characteristics 
and measured properies in these alloys. Features such as low stacking-fault 
energy may, at least in part, be caused by the presence of short-range order. 
Since SFE affects the deformation mode of a crystal, short-range order may be 
seen to influence microstructure. Short-range order also contributes to the 
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high resistivity which makes these alloys attractive potentiometry materials. 

5.6 OVERVIEW 

The results of the present investigation show that the mechanisms affecting 

electrical and mechanical properties in palladium-tungsten and palladium-
~ 

molybdenum alloys are neither simple nor completely independent. Changing 

degrees of order and changing defect densities both influence the properties of 

the alloys investigated: resistivity is in general more sensitive to changing 

degrees of order, whereas microhardness is more sensitive to microstructural 

changes. The degree to which each process influences properties depends not 

only on the annealing temperature, but also on the solute concentration of the 

alloys. 

The introduction of dislocations into annealed alloys by cold deformation ha8 

the effect of reducing the structural order present; the simultaneous 

introduction of excess vacancies, however, serves to enhance the 

rearrangement of atoms to a short-range ordered configuration during 

subequent annealing. The presence of short-range order may in turn affect 

deformation processes by influencing the stacking-fault energy of the alloys. 

In alloys containing more than 6 at% solute, a significant increase in the 

degree of short-range order occurs after annealing in the temperature range 

soo·c -7oo·c. In alloys containing less than 6 at.% solute, the degree of order 

does not show a significant increase until after annealing at higher 

temperatures, suggesting a higher activation energy for diffusion. The result of 

this is a dominance of dislocation density-related effects at low annea.Iing 

temperatures, leading to a decrease in resistivity and microhardness; a more 

rapid increase at higher annealing temperatures in the degree of order leads to 

an increase resistivity and (in palladium 5.3 at.% molybdenum) microhardness. 

At no annealing temperature, however, is there evidence in any of the alloys 

investigated of a decrease in the degree of order as a result of annealing. A 

short-range ordered configuration thus appears to be stable in these alloys over 

a wide temperature range. 
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CHAPTER6 

SUMMARY AND CONCLUDING REMARKS 
I 

The recovery and rec:rystallisation of a formerly cold-worked metal or alloy results in a 

significant decrease in dislocation density; the consequent reduction in electron 

scattering from dislocations is expected to result in a reduced residual resistivity. 

Palladium-tungsten and palladium-molybdenum alloys, however, exhibit changes in 

electrical resistivity after annealing which are not consistent with a decrease in residual 

resistivity due to a decrease in defect concentration. The development of short-range 

order in an alloy at elevated temperatures may provide an additional contribution, 

either positive or negative, to both the residual and ideal resistivity. The presence of 

short-range order in annealed palladium-tungsten alloys has been reported; in addition, 

both palladium-tungsten and palladium-molybdenum alloys exhibit behaviour which is 

inconsistent with a random distribution of atoms, notably a contraction of the lattice 

when solute size considerations predict an expansion. The reported thermodynamic 

stability of the long-range ordered structures Pds W and PdsMo, produced under proton 

irradiation, suggests that an atomic configuration containing unlike nearest neighbours 

is energetically favourable in these alloys. A quantitative analysis of the contribution 

to resistivity of structural order in palladium alloys on the basis of theoretical 

considerations presents some difficulty, since transition metals and alloys have complex 

electronic structures and do not lend themselves to simplifying approximations and 

models. 

The results of the present work show that the electrical resistivity of palladium-tungsten 

and palladium-molybdenum alloys is sensitively dependent on annealing temperature; 

microhardness measurements and transmission electron microscopy of annealed alloys 

show that there is not a simple relationship between microhardness and 
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dislocation density. After consideration of other factors which may contribute to 
resistivity, it is concluded that an increase in the degree of short-range order during 
annealing is the only mechanism consistent with the experimental results. 

The observed changes in electrical resistivity due to annealing arise from the relative 

contributions to resistivity of variations in the degree of short-range order and 
I 

dislocation density; magnetic effects may also make a contribution in alloys of low 
solute concentration. The decrease in dislocation density as a result of annealing serves 
to decrease the residual resistivity; an increase in short-range order increases the 

residual resistivity, and also influences the ideal resistivity. 

In alloys containing more than 6 at.% solute, there is a significant increase in the degree 
of short-range order as a result of annealing experiments which result in recovery and 

recrystallisation. The outcome of the simultaneous increase in structural order and 
decrease in dislocation density is an increase in resistivity (which is more sensitive to 
structural order) but a decrease in microhardness (which iS more sensitive to dislocation 
density). Annealing above the recrystallisation temperature results in little further 
change in either resistivity or microhardness, suggesting that there is no further increase 
in the degree of order. 

In alloys containing less than 6 at% solute, there is little increase in the degree of short
range order as a result of annealing experiments which result in recovery and 

recrystallisation. The effect of decreasing dislocation density, together with a decrease 
in magnetic susceptibility, is therefore predominant in the lower annealing temperature 

range: a decrease in both resistivity and microhardness is observed. As a result of 
annealing above the recrystallisation temperature, there is a significant increase in the 
degree of short-range order but little change in microstructure. The effect of structural 
order is predominant in this temperature range, leading to an increase in both resistivity 
and microhardness. 

Under the enhanced diffusion conditions of proton irradiation, a long-range ordered 
structure is reported to be thermodynamically stable in a limited temperature range. 
The results of the present work show that under normal, thermally-activated diffusion 

conditions, a short-range ordered configuration is energetically favourable in 
palladium-tungsten and palladium-molybdenum over a wide temperature range. 
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6.1 FUTURE WORK 

The present work has shown that the measured properties of palladium

tungsten and palladium-molybdenum alloys exhibit a sensitive dependence on 

prior heat treatment. This is a result of the enhancement, at elevated 

temperatures, of short-range order. The properties may therefore be expected 
I 

to be sensitive to production and manufacturing processes; a knowledge of the 

influence of short-range order on properties of interest is thus a requirement 

for commercial application of these alloys. 

Temperature dependence 

The temperature dependence of properties such as resistivity and magnetic 

susceptibility, for a range of initial microstructural conditions, would provide an 

insight into the effect of short-range order on electronic structure in these 

alloys. 

Thermo-emf 

The thermo-emf of palladium alloys was not experimentally addressed in the 

present work. However, the reported variation in thermo-emf due to annealing 

and its sensitive dependence on solute concentration suggest that closer 

investigation of the effect of short-range order on this property, together with 
electrical resistivity, will provide information leading to an improved 

understanding of the effect of short-range order on electron transport 

properties in these alloys. 

Neutron diffraction 

The electron diffraction investigation in the present work was not successful in 

detecting scattering due to short-range order. An X-ray or neutron scattering 

investigation of these alloys in a range of microstructural conditions, correlated 

with measurement of properties of interest, wm 

structure /property relationhsips present. 
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Scannin~ Tunnelin~ Microscopy 

The recent development of scanning tunneling microscopy, with the associated 

technique of scanning tunneling potentiometry, offers a unique probe for the 

detailed examination of the influence of local microstructure on electrical 

properties. In the present work, the microstructure of alloys was investigated 
I 

by examination of thin foil specimens by means of transmission electron 

microscopy; electrical resistivity was measured using macroscopic resistance 
specimens. Scanning tunneling microscopy and scanning tunneling 
potentiometry techniques allow the investigation of both microstructure and 
resistivity, by providing the means to determine the resistance of precisely the 

same specimen region which is microscopically imaged. These techniques can 
be applied to thin foil TEM specimens without damage; together with (prior or 
subsequent) TEM and electron diffraction investigations, detailed information 

regarding the microstructure and its effect on the electrical resistivity of alloys 
may be obtained. 



155 

APPENDIX 

The only short-range order parameters cri published for either palladium-tungsten or 
palladium-molybdenum alloys are those of Babanova et al136, who investigated 
palladium-tungsten alloys using X-ray diffraction. These cri (see Table 2.1) were 
calculated from diffuse X-ray scattering intensities, which may be used to obtain values 

for 1Sd(q)f2 and hence cri. Conversely, 1Sd(q)f2 may be calculated from a;>o. The 
published cri were used in the present work to calculate Psao, the resistivity due to short
range order, by the method of Rossiter and WeJJ.s49 (see section 5.1.3). 

The published cri values suggest that a greater degree of short-range order is present in 
palladium 6.2 at% tungsten than in palladium 7.7 at% tungsten (see Table 2.1), which 
is counter to the observed trend of increasing short-range order with increasing 
concentration. This is also inconsistent with the published X-ray data of Babanova et 

al136, shown in fig. A1 (a), in which the diffuse X-ray scattering intensity from palladium 

62 at.% tungsten may be seen to be lower than that from palladium 7.7 at.% tungsten. 
Figure A1 (b) shows the results of a calculation of I Sd( q) f2, using the cri values of 

Babanova et al136. This calculation shows the published values of ai for palladium 62 
at.% tungsten and palladium 7.7 at% tungsten to be consistent with a higher diffuse 

scattering intensity from palladium 62 at% tungsten than from palladium 7.7 at.% 

tungsten. 

There is thus an inconsistency between the published diffuse X-ray scattering intensities 

and ai for palladium-tungsten alloys calculated by Babanova et al136. The cri should 
therefore be treated with some caution. It may be seen from fig. 5.1, for example, that 
use of the published cri to calculate resistivity leads to an unexpected decrease in 

resistivity at a composition of 7.7 at.%. 
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