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Abstract 
Separate modeling of the mechanical and electrical behaviors is proposed with dependence on the 
microstructure, volume fraction and the nature of phases in the AgCuPd ternary system. The objective is 
to assess trends in terms of performances for applications where combination of the mechanical 
strength and electrical conductivity is to be optimized. The two models are linked and compared to 
experimental measurements, to evaluate the mechanical-electrical couple on the performances and the 
limits. The analysis brings insight of the physical and microstructural parameters governing properties 
for a better understanding of the behavior. 

Keywords  
Mechanical strength, electrical conductivity, hard soft phases, AgCuPd, nanophase,  

Introduction 
Improving both high strength and high electrical conductivity of metallic alloys is one of the key 
challenges to gain in integrity of electric and electronic devices such as connectors, switches, lead 
frames, wires, and so on, used in transportation and aerospace, housing, communication, … Gliding 
contact for example must show good wear and plastic deformation resistance as well as good electrical 
conductivity for decreasing the working current density. However, evolution of these two properties is 
antagonist whatever most of the materials strategy adopted. Improving strength needs adding defects to 
the metal which limits dislocation displacements but produces also electron scattering then decreasing 
electrical conductivity (and vice versa). The two main strategies for strengthening consist in solid 
solution and precipitation hardening. The first one leads to a hyperbolic dependence of strength as a 
function of the electrical conductivity (corresponding to an initial low strengthening for a large 
degradation of conductivity) and the trend for the second strategy is a linear (negative) dependence [1, 
2]. In some cases, as for wires processed by drawing, fine-grained microstructure is formed. Additional 
Hall-Petch effect has to be considered and it has been observed a linear dependence similar to 
precipitation hardening for grain refinement [3], except for large fractions of nano-twin boundaries which 
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produce combined high strength and electrical conductivity [4]. Singularly, relevant combination in 
copper of fine grains and low volume fraction of Cr hard nano-precipitates is able to produce both 
desirable trends [5]. Over the domain of the alloy composition, two types of strategy are identified 
corresponding to two communities of users. A first one is concerning those who need predominantly 
high conductivity obtained with low alloyed metals and will attempt to strengthen them. Examples are 
the solid solution and the precipitation hardening (for example Cu 0.15 wt%Sc or Cu 0.15wt%Zr with 
300 MPa and 90% IACS)[6, 7]. The second is concerning those who need predominantly high 
mechanical strength obtained with concentrated alloys and will attempt to increase their electrical 
conductivity. An emblematic example is Cu 2 wt%Be (9 volume % of Be) which exhibits 1200 MPa and 
25% IACS [8, 9]. It is emphasizing here that the two communities are dealing with different objectives 
and then material design orientations.  

The work presented in this article concerns highly concentrated alloy composites formed by phase 
separation in the AgCuPd ternary system, leading to mixing of mechanically soft Ag-rich phase and hard 
CuPd-phase. In such a mixture plasticity occurs in the soft phase. For fine hard phase dispersion with a 
low volume fraction, the hard phase has the role of blocking the dislocations. Hardening then results 
from the bending of dislocations and ultimately a bypass of the precipitate (Orowan mechanism). In the 
case of mixing phases with comparable volume fraction and size, the mechanism is different. The 
plastic strain in the soft phase at a rigid front of a hard phase generates a strain gradient to which a 
back stress is associated, opposite to the direction of the applied stress. This effect has been analyzed 
by Ashby [10] and used to explain many cases of soft-hard phase effects (indentation, deformation of 
small objects ...). For instance, strain gradient allowed to analytically model the deformation in an 
aluminum - zirconium based metallic glass composites with micrometric microstructure sizes and to 
explain the variations in mechanical resistance with the volume fraction of phases [11]. As the AgCuPd 
alloy studied is processed by wire drawing, the Ag(Pd) and CuPd phases are nanometric. It was verified 
that the law derived by Perrière et al [11] does not satisfy the variations of experimental stresses 
measured with the volume fractions of nanometric phases. To explain these variations, an Hall-Petch 
type effect has been added. It is recalled that the Hall-Petch effect persists in metals up to largely 
submicron grain sizes (25 nm for Cu, 10 nm for Ni). A model for the electrical property is also proposed 
to evaluate trends in the combination of mechanical strength and electrical conductivity.   

Processing, microstructure and measurements 
Specimens were prepared and processed into wire form to produce the microstructure and the phases 
as close as possible to those of the materials used in applications. High purity Ag, Cu, Pd were melted 
by radio frequency induction in an alumina crucible, under He atmosphere. The liquid alloys were 
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maintained at 1570°C during 15 minutes to insure a good mixing achieved by electromagnetic stirring. 
As prepared alloys were then laminated to produce bars, with size in the range of few centimeters and 

finally drawn to form wires with diameter in the range of 60 µm. Drawing is a repeated plastic 

deformation process and fine grain microstructure (at the submicrometer-scale) as well as high 
distortion levels (extreme strain hardening) are expected. AgCuPd ternary alloy is characterized by a 
complex phase diagram. 

Three phases with compositional fluctuation can be formed depending on thermal treatment: the Ag(Pd) 
solid solution, the Cu-Pd intermetallics disordered A1 (face centered cubic) and ordered B2 (simple 
cubic). 

The formation of the CuPd-B2 phase is desired for its far better electrical properties compared to CuPd-
A1 phase, which would improve the overall wire conductivity [12]. However, it is well known that the A1 
– B2 transformation is very slow and need long-lasting high temperature annealing [13]. Best 
compromise in term of annealing is rather tedious to define as such a process would reduce lattice 
distortion to improve ductility, keep small grain size for high strength and form the largest fraction of B2 
phase to improve electrical conductivity. The objective of this work is to analyze the combined effects of 
the microstructure and the phases on the mechanical and electrical properties and shed light on 
possible optimization or reasonably accessible conditions. For the A1 – B2 transformation study, the 
alloys were annealed under inert atmosphere at respectively 550°C during 3 months and 725°C during 
one month. For the analysis presented here, various thermal treatments on the wires, reported in the 
table 1, were applied to form the relevant microstructure and phases. Three alloys were prepared with 
composition (table 1) producing various fraction of Ag(Pd), CuPd A1 and B2 phases.  

 

Table 1 : alloys elemental composition, drawing and thermal treatment. 

Alloy 
(at %) 

 Ag Cu Pd Strain 
hardenning 
(rate %) 

Annealing 
Temperature 
(°C) 

 
Time (mins) 

1 37.5 ± 2.5 37.5 ± 2.5 27.5 ± 2.5 88 550 2 

2 45.5 ± 0.5 29.5 ± 0.5 24.5 ± 0.5 99.5 430 30 

3 59.5 ± 0.5 23.5 ± 0.5 16.5 ± 0.5 99.9 400 30 
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Figure 1 illustrates the microstructural characteristics of the three AgPdCu alloys, showing the presence 
of Ag(Pd) (initially Ag80Pd20) solid solution, and CuPd in the A1 and B2 forms. The average volume 
fraction are estimated, for alloy 1 (a) 53% Ag(Pd), 42% CuPd A1 and 5% CuPd B2. For alloy 2 (b) 70% 
Ag(Pd), 23 % CuPd A1 and 7% CuPd B2. For alloy 3 (c) 83% Ag(Pd), 17% CuPd A1 and CuPd B2 is 
not detected. Due to foils thickness and surface observations, larger fractions are overestimated and 
must be corrected using the Schwartz-Saltykov estimate in the range of 10% with additional 10% error 
[14].  

 

Figure 1. TEM-ACOM imaging of the three alloys reported in the table 1 (respectively a for 1, b for 2 and 
c for 3), with respectively grey for Ag(Pd) solid solution, blue for CuPd A1 phase and green for CuPd B2 
phase. The red lines are twin boundaries, about 5% of the grain boundaries.  

 

Mechanical strength of wires was evaluated by tensile test machine (INSTRON) with specific jaws for 
wires. Local hardness and elastic modulus of the various phases were obtained using nano-indentation 
(InForce 50 actuator from Nanomechanics-KLA). Electrical resistivity was measured by the 4-points 
method on the wires using a home-made test bench. X-ray diffraction (X’Pert Pro Multi purpose 
Diffractometer PaNalytical) was performed to identify phases and to evaluate grain size from 
Williamson-Hall and Halder-Wagner line broadening analyses. The microstructure and the phase 
distribution were imaged using transmission electron microscopy (MET FEG JEOL 2100F) and 
automated crystal orientation mapping (ACOM) procedure. Modelling of the mechanical strength and 
electrical conductivity are based on the knowledge of the phases, their distribution and sizes. 
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In the following, one denotes the soft phase Ag(Pd) solid solution with the subscript 𝑠𝑠 and the hard 

phase CuPd with the subscript ℎ. For the sake of simplicity, one keeps this notation for the electrical 
modeling. A linear combination weight by the fraction of A1 and B2 is used for calculation of properties 
of the CuPd “hard” phase.  

Models 
Mechanical strength 

The strength at the elasto-plastic transition is modelled as a function of the soft and hard phase fraction 
and the grain size. The mixing law gives the elastic shear deformation  𝛾𝛾 = 𝜒𝜒𝑠𝑠𝛾𝛾𝑠𝑠 + 𝜒𝜒ℎ𝛾𝛾ℎ with 

respectively the volume fractions and deformations of the soft 𝜒𝜒𝑠𝑠, 𝛾𝛾𝑠𝑠 51T and hard 𝜒𝜒ℎ, 𝛾𝛾ℎ phases. At the 
maximum of elastic deformation, elastic relaxation leading to macroscopic plasticity occurs nearly only 

in the soft phase and thus: 𝛾𝛾 ≈ 𝜒𝜒𝑠𝑠𝛾𝛾𝑠𝑠. In the elastic domain and until the onset of macroscopic plastic 
deformation, micro-plasticity occurrs in soft phase grains which leads to dislocation pile-up at the grain 
boundaries, at the basis of the Hall-Petch effect model (size effect on yield strength) [15]. Still relying on 
the Hall-Petch effect, the model predicts that the stress transmitted by the pile-up in an adjacent grain 
(activating a dislocation source giving rise to macro plasticity) is an amplification of the applied stress 𝜏𝜏, 

by the number of dislocations in the pile-up, i.e. 𝑛𝑛𝜏𝜏 (figure 2). 
At the elasto-plastic transition, the total elastic deformation in a grain has been relaxed with formation of 

𝑛𝑛 dislocations, which writes: 𝛾𝛾𝑠𝑠𝐷𝐷 = 𝑛𝑛𝑛𝑛, where 𝐷𝐷 is the grain size and 𝑛𝑛 is the dislocation Burgers 

vector. Using the Hook law with 𝐺𝐺51T the elastic modulus of the soft phase, the number of dislocations in a 

pile-up is given by 𝑛𝑛 = 𝜏𝜏𝐷𝐷 𝜒𝜒𝑠𝑠𝐺𝐺𝑛𝑛⁄  and therefore the stress transmitted in the adjacent grain is: 

𝑛𝑛𝜏𝜏 = 𝜏𝜏2𝐷𝐷
𝜒𝜒𝑠𝑠𝐺𝐺𝐺𝐺

   (1) 

At the rigid interface between soft and hard phases, the dislocation pile-up in the soft phase is unable to 
produce relaxation by dislocations emission in the adjacent hard phase and a back stress 𝜏𝜏𝐺𝐺 is 
generated, opposing the overall stress built in the soft phase. The back stress is given by the relation 
derived from the strain gradient model of Ashby [10]: 

�𝜏𝜏𝑏𝑏
𝜏𝜏0
�
2

= 𝑙𝑙0𝛾𝛾𝑠𝑠
𝐷𝐷

51T   (2) 

where respectively 𝜏𝜏0 and 𝑙𝑙0 are a stress and a length scale characteristics of the soft phase and 𝛾𝛾𝑚𝑚
𝐷𝐷

  is 

the strain gradient. 
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Figure 2: Schematic representation of a microstructural model explaining the mechanical resistance of 
hard and soft nanophases mixture. 
 

Perrière and Champion showed that equating this back stress with relation (1) gives a good evaluation 
of the strength variation with the phase volume fraction of the mixing of soft (aluminum) and hard (Zr 
based metallic glass) with micrometer grain size [11]. However, a large discrepancy is observed when 
applying this relation to AgCuPd alloys, naturally ascribed to the nanoscale grain size. To take that into 
account, coupling between soft grains localized in-between successive hard phase grains has been 
considered. It is assumed that a pile-up of n dislocations in a grain is described by a "super-dislocation" 
and whose stacking again generates an amplification effect producing at the head a resulting stress 
𝑘𝑘𝑛𝑛𝜏𝜏. 𝑘𝑘 is the number of "super-dislocations" in such a secondary pile-up, which is also the number of 

soft phase grains between two consecutive hard grains. With  𝑙𝑙 ̅ the average distance between two hard 

phase grains, 𝑘𝑘 = 𝑙𝑙  ̅ 𝐷𝐷⁄ . The average distance between two phase grains in a random distribution was 
calculated by Perrière [11] : 

 𝑙𝑙 ̅ =  𝐷𝐷𝑑𝑑
2
�(8 + 1

𝜒𝜒ℎ
)1 3⁄ − 2�. 

One thus obtains, assuming the hard and soft phase sizes of the same order of magnitude: 
 

𝑘𝑘𝑛𝑛𝜏𝜏 =
𝜏𝜏2𝐷𝐷�(8+ 1

𝜒𝜒ℎ
)1 3⁄ −2�

2𝜒𝜒𝑠𝑠𝐺𝐺𝐺𝐺
   (3) 

At the elastoplastic transition, the stress defined by the relation (2) is balanced with the back stress at 
the hard-soft phases interface: 𝑘𝑘𝑛𝑛𝜏𝜏 = 𝜏𝜏𝐺𝐺 and then, combining with (1) and (2) the mechanical strength 
of the phase mixture is obtained: 
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𝜏𝜏 = (𝜏𝜏0
2𝑙𝑙0𝐺𝐺𝑛𝑛2)1 3⁄ × (4𝜒𝜒𝑠𝑠)1 3⁄

�(8+ 1
1−𝜒𝜒𝑠𝑠

)1 3⁄ −2�
2 3⁄ × 1

𝐷𝐷
  (4) 

To this relation must be added a hypothetical threshold stress,𝜏𝜏𝑠𝑠 which would correspond to the 

extrapolation of the stress for 𝜒𝜒𝑠𝑠 → 1. 
 

𝜏𝜏𝑒𝑒 = 𝜏𝜏 + 𝜏𝜏𝑠𝑠  (5) 

Electrical conductivity 

Many approaches have already been developed to predict the effective conductivity of multi-phased 
systems: boundary-based approaches (such as the well-known "best-bounds approach" proposed by 
Hashin & Shtrikman [16]), self-consistent approximation methods, or more empirical approaches that 
take into account the geometric specificities of the systems under study (percolation, anisotropy, 
scattering at interfaces,...) [17-20]. Most of these linear approaches combine the individual properties of 
the constituent phases with their volume fractions. However, none of them are universal as they all rely 
on strong assumptions related to the geometry of the considered system. Accordingly, the present study 
proposes to model the AgCuPd system as a 3-dimensional checkerboard structure (3D extension of the 
2D-checkerboard approach [21], figure 3a) with a percolated phase (the most conductive one), while 
scattering at grain boundaries is neglected. An elementary component, reproducing the overall alloy 
structure by translation, is shown in projection in figure 3b. For the alloy composition considered, the 
Ag(Pd) (grey) phase is always more than 50% in volume fraction and therefore always percolated. To 
follow the notation used in the mechanical model, Ag(Pd) is denoted 𝑠𝑠 and the CuPd ℎ. 
 
 

 



8 
 

 
Figure 3: Electric model of the two-phase mixture (more conductive in grey). (a) 3D checkerboard 
structure with percolation of the most conductive phase. (b) Projection view of the structure with the 
structural parameters of the modeling. (c) Equivalent electrical circuit. 
 
The average conductivity 𝜎𝜎51T depends only on the resistivity 𝜌𝜌ℎ,𝜌𝜌𝑠𝑠 51T, and the volume fractions of the 
phases. The model in figure 3b is described by an equivalent electric circuit depicted in the figure 3c 
from which the average conductivity is easily calculated. The characteristic dimensions of each 
component necessary for calculating the resistance of the circuit in figure 3c are shown in figure 3b (the 
size of the phase CuPd, 𝐷𝐷ℎ 51T and of the spacing between phases CuPd, 𝛿𝛿51T). The average resistivity of 
the circuit is obtained dividing the resistance by the section of the elementary domain (figure 3b). The 
calculation is of no particular difficulty. The fraction of one of the phases (arbitrarily CuPd) is introduced 

in the relation, noting that: �2𝜒𝜒ℎ
3 = 1 (⁄ 𝛿𝛿

𝐷𝐷ℎ� + 1). 

The resistivity and therefore the conductivity is given by: 
 

𝜎𝜎 = 1
𝜌𝜌

= 𝐴𝐴 �1−(2𝜒𝜒ℎ)2 3⁄

𝜌𝜌𝑠𝑠
+ 2(2𝜒𝜒ℎ)1 3⁄

𝜌𝜌ℎ+𝜌𝜌𝑠𝑠( 2
(2𝜒𝜒ℎ)1 3⁄ −1)

� (6) 

This agrees with 𝜌𝜌 → 𝜌𝜌𝑠𝑠 for 𝜒𝜒ℎ → 0. 𝐴𝐴 is a geometric constant, added to account for the difference 
between the ideal structure in Figure 3a and the actual structure, with a random distribution of phases, 
their shape and size distribution as observed in Figure 1. 

In such mean field geometric model, resistivity of an interface or grain boundaries is easily integrated by 
adding the corresponding resistances to the two relevant branches in the circuit. However, these 
contributions were not taken into account, noting that the mean free paths of electrons in the different 
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phases are smaller than the phase and grain sizes. It is roughly evaluated that the mean free path is of 
the order of 20 nm for CuPd (B2),10 nm for Ag(Pd) and below 5 nm for CuPd(A1) [22]. The electrical 
conductivities vary according to the annealing conditions and the phase formation. The conductivity of 
the Ag phase will vary depending on its Pd content, and the CuPd phase will vary depending on the rate 
of B2 formation. Nevertheless, the model considers weak fluctuation in composition and therefore on 
electrical conductivity.  
 

Experimental comparisons 
Mechanical strength 

Three alloys were prepared; the volume fraction of Ag(Pd) soft phase and the grain sizes are reported in 
table 2.  

 

Table 2 : volume fractions are corrected by the TEM foil thickness effect according to [14]. 

Alloy  𝝈𝝈𝒆𝒆 (GPa) 𝝌𝝌𝒔𝒔 (%) Ag(Pd) 𝑫𝑫𝒔𝒔 (nm) Ag(Pd) 𝑫𝑫𝒉𝒉 (nm) CuPd 

1 1.30 48 ± 5 80 ± 9 32 ± 8 

2 1.45 63 ± 6 43 ± 6 21 ± 2 

3 1.35 75 ± 7 47 ± 4 38 ± 3 

 

According to the Von Mises criterion, the experimental strength is related to the shear strength following, 

𝜎𝜎𝑒𝑒 = √3𝜏𝜏𝑒𝑒. The values are plotted as a function of a reduced stress,  𝜏𝜏𝑟𝑟 = 𝜏𝜏 (𝜏𝜏0
2𝑙𝑙0𝐺𝐺𝑛𝑛2)1 3⁄⁄  in 

figure 4 and a linear fitting expected according to relation 5 gives : 𝜎𝜎𝑒𝑒 = 3.94𝜏𝜏𝑟𝑟 + 1.0851T. 
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Figure 4: Experimental mechanical strength as a function of the modeled reduced shear strength. 
 
Value of the threshold stress of the order of 𝜎𝜎𝑒𝑒 ≈ 1 𝐺𝐺𝐺𝐺𝐺𝐺, is an extrapolation with no meaning, since it 
would be that of an hypothetical mixture formed of 100% of nanocrystalline Ag. Obviously the modelling 
is no longer relevant and diverges smoothly whilst the microstructure changes from soft-hard phases 
mixture to a dispersion of low fraction of hard particles (Orowan mechanism) and then reaches pure 
nanocrystalline Ag. Besides, a tensile yield strength for pure nanocrystalline Ag with an average grain 
size of 13.5 nm was measured of 265 MPa and the ultimate tensile strength is just below 400 MPa [23]. 

According to equation (4), the fitted slope of 3.94 equals √3(𝜏𝜏0
2𝑙𝑙0𝐺𝐺𝑛𝑛2)1 3⁄  which brings some insight 

on a length scale characterizing the strengthening mechanism. For the soft phase Ag(Pd), the Burgers 

vector is given by measuring the lattice parameter, of the order of 𝑛𝑛 = 0.285 nm (𝑛𝑛 = 1/2 <110>). The 

shear modulus is estimated as 𝐺𝐺 ≈ 35 𝐺𝐺𝐺𝐺𝐺𝐺 from nano-indentation measurements. The parameter 𝜏𝜏0  
can naturally be associated with a quantity characteristic of the soft phase where the strain gradient is 
formed. Assuming 𝜏𝜏0  of the order of the resistance of the soft phase confined between hard grains, the 

value is evaluated by the hardness measured using nano-indentation of the order of 2 𝐺𝐺𝐺𝐺𝐺𝐺. With 

Tabor's law 𝐻𝐻 = 3𝜎𝜎, it comes 𝜏𝜏0 = 𝐻𝐻 3√3⁄ ≈ 0.57 𝐺𝐺𝐺𝐺𝐺𝐺, which gives the length scale of the 

gradient of the order of 𝑙𝑙0 ≈ 13 nm. The physical meaning of this internal length scale is not fully 
understood. Nevertheless, it is interesting to note that the value evaluated here is close to that 
measured in other cases where 𝑙𝑙0 could be associated with the thickness of the zone where 

microplasticity occurs in the deformation gradient phenomenon [24]. In this work the values of 𝑙𝑙0 for the 
different alloys studied range from 5.2 to 8.7 nm, which is in reasonable agreement with our finding. 
 
Electrical conductivity 
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Relation (4) shows that the mechanical properties depend on the volume fraction of soft and hard 
phases and on the grain size. In contrast, the electrical properties are independent of the grain size, 
since the mean free path of electrons is lower. They depend on the phase fraction and on the phase 
composition which determines the electrical conductivity modulated by annealing. After drawing, the 
alloys are formed of a solid solution of Ag(Pd) with an electrical resistivity of Ag(Pd) (Ag80Pd20), 𝜌𝜌𝑠𝑠 =

10 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 and of CuPd (A1) 𝜌𝜌ℎ = 45 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 [25]. Low-temperature annealing below 550°C 
produces Pd enrichment of the Ag(Pd) phase and thus an increase in resistivity, while conversely, it 
induces some ordering of the CuPd A1 in B2 and thus a decrease in the resistivity of the overall CuPd 
phase. The resistivity of the pure B2 phase was measured as 𝜌𝜌𝐵𝐵2 = 5 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 [26]. As previously 
mentioned, B2 formation is characterized by a slow kinetics which makes necessary to perform 
annealing with long enough time for relevant data correlation between alloys having Ag(Pd) with the 
same Pd content and CuPd with the same fraction of B2. In the following, the electrical conductivity is 
expressed in % IACS, which is with respect to the international annealed copper standard, having a 
resistivity of 1.7 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐. With 𝜌𝜌𝑠𝑠 and 𝜌𝜌ℎ in 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐, this is obtained by multiplying relation (6) by 170.  

Experimental conductivities as a function of the CuPd volume fraction are plotted for the three alloys in 
the as-processed state and after long term annealing in figures 5a and 5b, respectively. Data fittings 
with relation (6) allow to obtain the three parameters, 𝐴𝐴,𝜌𝜌𝑠𝑠,𝜌𝜌ℎ on both curves. Alloys after wire drawing 
(as-processed) contain Ag(Pd) and CuPd(A1) phases and the fit of the data with relationship (6) (Figure 
5a), assuming from [25] that 𝜌𝜌𝑠𝑠 = 10 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 and of CuPd (A1) 𝜌𝜌ℎ = 45 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐, gives,  𝐴𝐴 = 

1.49±0.02 ≈ 3/2. As 𝐴𝐴 is the signature of the microstructure non-ideality (anisotropy shape factor, 
phase interconnectivity…) it should not change drastically during anneal, meaning it can be fixed for 
further fitting. So the fit of data of the annealed alloys (figure 5b) to  𝜌𝜌𝑠𝑠 = 12.7 ± 0.2 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 and of 

CuPd (A1+B2) 𝜌𝜌ℎ = 17.4 ± 0.4 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐. The model is a perfect periodic packing of the CuPd in 
Ag(Pd). Comparatively it is intuitively assumed that a random packing offers “short cuts” and higher 
electrical conductivity. Incidentally, one notices that the geometrical parameter is such that 
1 𝐴𝐴 ≈ 2 3 ⁄⁄ which is close to the random packing density. For the annealed alloys (figure 5b), as 
expected, the resistivity of Ag(Pd) increases slightly with the increase in Pd content while the resistivity 
of CuPd decreases, due to B2 formation at the expense of A1. Owing to a random packing, it is 
expected parallel contributions of A1 and B2 phases which allows evaluating the B2 fraction in the CuPd 
phase. Considering a mixing law, 1 𝜌𝜌ℎ⁄ = 𝜒𝜒𝐵𝐵2 𝜌𝜌𝐵𝐵2⁄ + (1 − 𝜒𝜒𝐵𝐵2) 𝜌𝜌𝐴𝐴1⁄ , B2 fraction is estimated in the 
range of 20% which is in remarkable agreement with TEM observations (figure 1) giving around 10 to 
23 %. 
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(a) (b) 

Figure 5 : Experimental electrical conductivity as a function of CuPd volume fraction for alloys (a) as-
drawn (b) after long term annealing. Solid lines are the fitting with the relation 6.  

 

Trends in mechanical and electrical properties  

From all these analyses and developments, it is now possible to calculate the main trends in electrical 
conductivity and mechanical strength for predictive purposes. Calculations are made for volume 
fractions of CuPd phase below 50% (as percolation of Ag(Pd) is necessary for the material to keep 
plastic ability) and for grain sizes of 20, 40 and 80 nm. Results for the long term annealing case (case 1) 
are plotted in figure 6a. The Ag(Pd) resistivity is taken to 𝜌𝜌𝑠𝑠 = 12.5 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 and that of CuPd (mixture 

A1 and B2) is 𝜌𝜌𝑑𝑑 = 17.15 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐, according to the above fittings. Data corresponding to 
experimental measurements with grain size of 50 nm and 45 nm (see table 2) are also added. Figure 6b 
reports the models calculated for an ideal CuPd phase in the B2 form only (case 2), with resistivities 
𝜌𝜌𝑠𝑠 = 12.5 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐 and 𝜌𝜌ℎ = 5 𝜇𝜇Ω. 𝑐𝑐𝑐𝑐. The opposite trends between the first and second cases 
should be emphasized, that is a decrease (respectively an increase) in conductivity with increasing 
mechanical strength which is related to the ratio of resistivity 𝜌𝜌𝑠𝑠 𝜌𝜌ℎ⁄  which is lower (respectively larger) 
than unity.  

With the objective of improving electrical conductivity while maintaining the mechanical strength, case 1 
shows that the strategy is necessarily to decrease the volume fraction of CuPd phase. This would 
naturally induce a decrease of strength which might be compensated by the reduction of grain size. 
However, it arises that such a grain refinement should need to be substantial up to the range of 20 nm 
or less, which would be difficult to obtain by wire drawing. The trend indicates that the maximum 
possible electrical conductivity is of the order of 20% IACS for case 1. In contrast, the increase of CuPd 
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B2 phase volume fraction would allow to improve both mechanical strength and electrical conductivity 
up to a maximum of the order of 30 % IACS. Interestingly, increase in CuPd B2 is accompanied by 
increase in strength which would allow to increase the grain size to keep a constant strength. Hence, 
coarser grains would allow to revisit the wire drawing process towards lesser constrain conditions. 
These results show interesting perspective for the ternary AgCuPd. Nevertheless, it is recalled that 
whilst the first case is obtained for reasonable thermal (time/temperature) annealing, the second case 
demands most likely unrealistic long term thermal treatment to obtain the full transformation of CuPd 
from A1 to B2. 

(a) (b) 

Figure 6: Mechanical strength versus electrical conductivity % IACS modeled for different grain sizes 
(red 80 nm, blue 40 nm and black 20 nm) (a) for long term annealing, models for grain size of 50 nm, 
open dots and 45 nm green open dots are added with the 3 experimental data (squares) (b) hypothetical 
case with CuPd phase in the B2 form.  

 

Conclusion 

Complex ternary AgCuPd alloys are studied to evaluate their ability to combine mechanical strength and 
electrical conductivity for electric and electronic applications. These alloys are formed of Ag(Pd) solid 
solution and CuPd A1 and B2 phase, which volume fraction depends on thermal treatment. 
Phenomenological models are proposed to describe the variations of the mechanical strength and the 
electrical conductivity as a function of volume fraction of the various phases and the grain size. 
Electrical conductivity is obtained from an equivalent electric circuit describing the phase Ag(Pd) and 
CuPd arrangement in a 3 dimensional checkboard-like structure. A geometric parameter is added to 
take into account of the random phase distribution in the materials. Mechanical strength modelling was 
based on a previous analysis of mixing hard and soft phases. The Hall-Petch effect has to be added to 
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take into account the nanometric grain size and a concept of secondary dislocations pile up (“super 
dislocation”) is proposed. Modellings are fitted with experimental data of three alloys having different 
volume phase fractions and grain sizes. 

Combining the two models allows to assess trends in terms of mechanical strength and electrical 
conductivity for the AgCuPd ternary alloy with the following main conclusions: 

- Reasonable annealing condition (time / temperature) produces alloys with the ratio of Ag(Pd) – 
CuPd (A1+B2) resistivity 𝜌𝜌𝑠𝑠 𝜌𝜌ℎ⁄ < 1. Improving electrical conductivity with a maximum value of 
20% IACS can be obtained by decreasing CuPd content. This is accompanied by decreasing 
the mechanical strength partially compensable by grain refinement.  

- Appropriate long term annealing increasing CuPd B2 phase is able to turn 𝜌𝜌𝑠𝑠 𝜌𝜌ℎ⁄ > 1 and 
reversal trend is observed with simultaneous increase of the mechanical strength and electrical 
conductivity up to 30 % IACS at 50% volume fraction of B2. 
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