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ABSTRACT  

In order to obtain the best compromise between high strength and low resistivity it was decided to 

introduce a controlled content of copper (Cu) large grains in copper-silver (Ag-Cu) composite wires. 

Composite powders are prepared by mixing of 1 vol. % Ag nanowires and bimodal Cu powder. The so-

obtained composites powders are consolidated into cylinders (8 mm in diameter and 30 mm long) by 
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Spark Plasma Sintering (SPS) at only 450 °C. The cylinders served as starting materials for room 

temperature wire-drawing (WD) for the preparation of fine wires (1-0.2 mm diameter). The 

microstructure of the cylinders and the wires was investigated by scanning electron microscopy imaging 

and electron backscattered diffraction analysis. The electrical resistivity and the tensile strength were 

measured at 293 K and 77 K. The electrical resistivity of the wires is the lowest when the large Cu grain 

content is the highest. Cu large grains greatly limit the electronic scattering, forming areas with few 

grain boundaries and no Ag/Cu interfaces and therefore can be considered as fast conduction channels. 

Conversely, the addition of Cu large grains leads to a moderate decrease in mechanical strength. By 

presenting a 12 % lower electrical resistivity and an equivalent ultimate tensile strength (UTS) wires 

with bimodal Cu matrix show a better compromise between low electrical resistivity and high UTS 

(0.45 μΩ.cm, 1082 MPa at 77 K) compared to wires with a fine-grained Cu matrix (0.51 μΩ.cm, 

1138 MPa at 77 K). 

KEYWORDS 

Coil Materials; Composites; Copper; Silver Nanowires; Spark Plasma Sintering; Wire-Drawing 

 

1 INTRODUCTION 

 

A very high energy of the order of several megajoules must be injected into an appropriate coil 

in order to generate non-destructive pulsed magnetic fields. The wires that make up the coil must have 

an electrical resistivity as close as possible to that of pure annealed Cu in order to maximize the duration 

of the pulse. Although they are immersed in liquid nitrogen in order to limit the heating due to the Joule 

effect, the pulse is limited to a short duration (i.e. few ms). Moreover, the conductors must show a very 

high mechanical strength in order to withstand the stresses caused by the Lorentz forces induced by the 

generation of the magnetic field (1 GPa at 60 T and higher than 2.2 GPa at 100 T [1]). Solutions have 

been proposed to prepare high-strength low-resistivity wires and they involve Cu-based alloys and/or 

Cu-based composites. Ag/Cu (6-24 wt. % Ag) alloy wires are prepared by metallurgy routes involving 

high temperatures (melting, solidification and drawing) [2-5]. They exhibit a high ultimate tensile 

strength (UTS) of 1160 MPa at 77 K, but the eutectic microstructure (a mixture of Cu-rich and Ag-rich 
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solid solutions) and a high Ag total content are responsible for a high electrical resistivity (2.10 to 

2.65 µΩ.cm at room temperature and about 0.80 µΩ.cm at 77 K). Thus, Ag/Cu alloy conductors are 

unsuitable for the winding of coils for non-destructive pulsed magnetic fields. Composite wires, i.e. pure 

Cu matrix reinforced by a second phase, have also been investigated [6-15]. The need to avoid alloying 

during both the design and process of the Ag-Cu composite wires has also been evidenced [15]. 

Moreover, it has been shown that Ag-Cu composite wires containing only 1 vol. % Ag offer the best 

combination of high UTS (1000 MPa at 77 K) and low electrical resistivity (0.44 μΩ cm at 77 K) over 

samples with 5 vol. % Ag (1300 MPa and 0.7 μΩ.cm at 77 K) [14]. Several studies [13-18] have 

indicated that a promising route to increase strength and ductility without increasing resistivity is to use 

a metallic sample with a bimodal grain size, because of a combination of Orowan strengthening, strain 

hardening and the presence of large channels for fast electron transport. Therefore, the aim of this work 

is to prepare and study 1 vol. % Ag-Cu composite wires with a Cu matrix showing a bimodal grain-size 

distribution. A schematic representation of the method and the expected microstructures of the samples 

is presented in Fig. 1. 

 

 

Fig. 1. Schematic representation of the method and the expected microstructure of the powder, 

cylinder and wire samples. 

 

 

2 EXPERIMENTAL PROCEDURE 
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2.1 Powder preparation 

 

The fine Cu powder (Alfa Aesar, purity > 99 %) shows spherical micrometric particles about 

1 µm in diameter (d10 = 0.58 µm, d50 = 1.03 µm, d90 = 3.14 µm). This powder will be noted Cu1µm 

hereafter. The coarse Cu powder (purity > 99.95 %) was prepared by atomization [19] and shows 

spherical particles about 20 µm in diameter (d10 = 5.4 µm, d50 = 19.4 µm, d90 = 42.5 µm). This powder 

will be noted Cu20µm hereafter. The two Cu powders are mixed to obtain a homogeneous Cu powder 

with a bimodal particle size distribution. Two batches of 15 g were prepared, 50/50 and 75/25 in weight 

(Cu1µm/Cu20µm). Mixing is carried out with a three-dimensional tumbling mixer (Turbula) (2 h, 3 alumina 

cylinders, diameter 9 mm, length 10 mm, powder/cylinders weight ratio = 1). Ag-Cu composite powders 

(1 vol. % Ag) were prepared according to a protocol presented elsewhere [14]. The appropriate amount 

of bimodal Cu powder was added to a suspension of Ag nanowires (diameter 0.2 µm, length 30 µm, 

prepared in house [20]) in ethanol and stirred using an ultrasonic probe. Ethanol was removed using a 

rotary evaporator (80 °C). The 1 vol. % Ag-Cu composite powders are designated P50/50 and P75/25 

hereafter. In order to reduce any Cu oxide at the surface of the Cu particles, the powders were heated to 

230 °C (2.5 °C.min-1, 1 h) in a flow of H2 (15 L/h).  

2.2 Spark Plasma Sintering and wire-drawing 

 

The Ag-Cu composite powders were sintered into cylinders by Spark Plasma Sintering (SPS) 

(PNF2 Toulouse, Dr. Sinter 2080, SPS Syntex Inc., Japan) according to a procedure described elsewhere 

[14] [15]. The sample is heated at 25 °C.min-1 from room temperature to 450 °C and a 5 min dwell is 

applied. A uniaxial pressure (30 MPa) is applied gradually during the first minute of the dwell and is 

maintained for 4 min. As highlighted in a previous study, the sintering temperature should not be too 

high in order to avoid the formation of Ag/Cu alloys [15]. At 450 °C, the solubility of Ag in Cu is about 

0.3 vol. % Ag. For a 5 min dwell at 450 °C, the calculated length of diffusion of Ag in Cu is 16 nm. 

These values are in line with the hypotheses that 450 °C is a sintering temperature low enough to avoid 

the formation of Ag/Cu alloys. The so-obtained cylinders (diameter 8 mm and length 30 mm) are 

designated respectively C50/50 and C75/25 hereafter. The cylinders were deformed by wire-drawing (WD) 
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at room temperature through conical WC dies, in about 49 steps, to prepare wires with decreasing 

diameters down to 0.2 mm. Wire samples were typically 350 mm long. The wires are designated 

hereafter according to the starting cylinder: for example, wire W75/25 is a wire drawn from cylinder C75/25. 

The characterization of the microstructure of the wires was performed on sample with a diameter of 0.5 

mm. 

 

2.3 Characterization 

 

The powders were observed by field-emission gun scanning electron microscopy (FEG-SEM, 

JEOL JSM 6700F). After a preparation by ion milling, using a cross section polisher (JEOL IB-

19510CP), the microstructure of the cylinders and wires was investigated by electron backscattered 

diffraction (EBSD) (NordlysNano, Oxford Instruments) combined with an energy dispersive X-ray 

spectrometer (EDS) (X-max 80mm², Oxford Instruments) on a FEG-SEM JEOL JSM 7100F TTLS LV. 

The density of the cylinders was measured by Archimedes’ method. Tensile tests (INSTRON 1195 

machine) were performed at 293 K and 77 K on 170 mm long wires. Precise stresses were measured by 

the stress gauge system (1000 N or 250 N, 1.6×10−5 m.s−1). The electrical resistivity of 350 mm long 

wires was measured at 293 K and 77 K using the four-probe method with a maximum current of 100 mA 

to avoid heating the wires. 

 

3  RESULTS AND DISCUSSION 

 

SEM images of powders P50/50 (Fig. 2a) and P75/25 (Fig. 2d) clearly reveal the Cu particles 

originating from the Cu1µm and Cu20µm powders. The Ag nanowires are mainly evenly distributed with 

the finer Cu particles but some are located on the surface of the large Cu particles. Higher magnification 

SEM images of the powders before (Fig. 2b, 2e) and after (Fig. 2c, 2f) the H2 reduction show that the 

Cu particles in the reduced samples have a smooth surface, which reflects the elimination of surface 

oxides. 
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Fig. 2. SEM image of P50/50 before reduction (a); higher magnification images of P50/50 before (b) and after (c) 

reduction; SEM image of P75/25 before reduction (d); higher magnification images of P75/25 before (e) and after (f) 

reduction. 

 

The relative density of cylinders C50/50 and C75/25 is 96.7 ± 1.0 % and 95.5 ± 1.0 %, respectively. 

Non-negligible residual porosity does facilitate the deformation, higher densifications hamper wire-

drawing. SEM images of transverse sections of the C50/50 and C75/25 (Fig. 3) cylinders clearly reveal the 

residual porosity (appearing black on the images) and the bimodal size of the Cu grains. The larger ones, 

originating from the Cu20µm powder present ∑3 twin boundaries. The smaller Cu grains, originating from 

the Cu1µm powder, are more difficult to distinguish. Nanoscale Ag (appearing white on the images) is 

observed, reflecting a good dispersion in the fine-grains areas, although some micrometer-sized 

agglomerates are detected. Very large Ag agglomerates several tens of micrometers long are 

occasionally observed at the interfaces between large grain and fine grain (indicated by an arrow in 

Fig. 3). 
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Fig. 3. Backscattered electrons SEM images (BSE) of transverse sections of the (a) C50/50 and (b) C75/25 cylinders. 

Ag appears white, Cu grey and pores black on the images. 
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Fig. 4. Grain size distribution maps obtained by EBSD of the transverse section and the corresponding Cu and 

Ag grain size distributions for the C50/50 (a) and C75/25 (b) cylinders. Color code on the images, Ag : red, Cu : 

shades of green depending on the grain size calculated from equivalent circle diameter measurements (grains 

colored in white are larger than 4 µm), grain boundaries : black, ∑3 twin boundaries : grey and pores : black 

areas. 

 

Cross sections of C50/50 (Fig. 4a) and C75/25 (Fig. 4b) were analysed by EBSD to determine the 

Cu and Ag grain size distributions. For the EBSD analysis, the size of the recorded maps is about 80 x 

60 µm² while the largest grains from Cu20µm can reach 50 µm. The grain size distribution maps of the 

transverse section of C50/50 (Fig. 4a) and C75/25 (Fig. 4b) clearly reveal the bimodal size of the Cu grains. 

For practical reasons, the observed area is not large enough to provide relevant information on the Cu 

large grains fraction. The size distribution (obtained from EBSD analyses) of the smaller Cu grains is 

d10=0.33 µm, d50=0.68 µm, d90=1.44 µm (5282 grains) for C50/50 and d10 = 0.35 µm, d50 = 0.90 µm, 
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d90 = 2.04 µm (2972 grains) for C75/25. This is similar to the Cu1µm powder (cf 2.1) and reflects the absence 

of grain growth during sintering at 450 °C with a short dwell time of 5 min. Moreover, the Cu grain size 

distribution is equivalent to that observed in C100 (d10 = 0.35 µm, d50 = 0.91 µm, d90 = 1.88 µm), an earlier 

sample prepared with Cu1µm only and sintered at 400 °C (5 min, 25 MPa) [15]. Nanoscale Ag is dispersed 

in the Cu fine-grains areas. Micrometric grains of Ag are localized in very large Ag agglomerates. For 

the Ag grains, d50 is equal to 0.35 and 0.31 µm for C50/50 and C75/25, respectively. This is higher than the 

value (0.17 µm) found for C100 [15]. By SPS sintering (427 °C, 5 min, 30 MPa) of a nanometric pure 

Ag powder, an increase in grain size from 86 to 500 nm has already been demonstrated [21]. Thus, the 

presence of large Cu grains which favour the agglomeration of Ag and the sintering temperature of 

450 °C make possible the growth of Ag grains present in micrometer-sized agglomerates. The EBSD 

inverse pole figure maps according to the uniaxial pressing direction (WD) for C50/50 and C75/25 show no 

evidence of texturing after SPS sintering (Fig. 5), in line with previous studies [12] [14]. 

Crystallographic orientations moreover indicate that the “so-called” large Cu grains (originating from 

the Cu20µm powder) are polycrystalline aggregates. 

 

 

Fig. 5. EBSD inverse pole figure maps along the uniaxial pressing direction (WD) for the C50/50 (a) and C75/25 (b) 

cylinders. 
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Fig. 6. Backscattered electrons SEM images (BSE) of the transversal section the W50/50 (a) and W75/25 (b) wires 

(Ø = 0.5 mm). Grain size distribution of the transversal section and the corresponding Cu and Ag grain size 

distribution for the W50/50 (c) and W75/25 (d) wires (Ø = 0.5 mm). Color code on the images. Ag: red. Cu: shades 

of green depending on the grain size calculated from equivalent circle diameter measurements (grains colored in 

white are larger than 0.4 µm). grain boundaries: black. ∑3 twin boundaries: grey and pores: black areas.  

 

Increasingly finer wires are prepared by wire-drawing the cylinders at room temperature. The 4 

mm in diameter wires are 98 % dense. For finer wires, the density is probably higher but the uncertainty 

is too high to give meaningful figures. SEM images of transverse sections of the W50/50 and W75/25 (Fig. 6) 

reveal the presence of a slight nanometric porosity (appearing black on the images) and the bimodal size 

of the Cu grains. Nanoscale Ag (appearing white on the images) is observed. The microstructure of 

W50/50 and W75/25, 0.5 mm in diameter, was investigated by EBSD (Fig. 6 and Fig. 7) to determine the Cu 

and Ag grain size distributions. Assuming a homothetic wire-drawing deformation of the wires and the 

Cu grains, for a wire with a diameter of 0.5 mm, a Cu grain width of 0.4 µm is the result of the 

deformation of a Cu grain with an initial diameter approximately 6 µm. This value (6 µm) was chosen 

because Cu grains of this size are among the largest observed for Cu1μm and among the smallest observed 
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for Cu20μm. Subsequently, grains resulting from the deformation of a Cu1μm powder will be called ex-

Cu1μm. They will be called ex-Cu20μm if they come from the deformation of a Cu20μm powder. The bimodal 

size of the Cu grains is observed for W50/50 (Fig. 6c) and W75/25 (Fig. 6d). The diameter of the ex-Cu20µm 

grains is in the range 0.4-2 µm. This large Cu grains are observed in higher proportion in W50/50 (Fig. 

6c) than in W75/25 (Fig. 6d). The diameter of the fine Cu grains is in the range 0.1-0.4 µm. The Cu grain 

size distribution is d10 = 0.14 µm, d50 = 0.20 µm, d90 = 0.40 µm for W50/50 and d10 = 0.14 µm, d50 = 

0.20 µm, d90 = 0.33 µm for W75/25. Both are close to that for W100 (d10 = 0.14 µm, d50 = 0.20 µm, 

d90 = 0.32 µm) [15]. Nanoscale Ag is dispersed in fine Cu fine-grains areas. Some large agglomerates 

(about 1 µm) are occasionally observed in agreement with the observations made on the cylinders. For 

both wires, the Ag grain size is about 0.16 µm, highlighting the grain refinement by wire-drawing. The 

Cu and Ag grain refinement in the transverse direction is accompanied by grains elongation in the 

drawing direction. Under the effect of successive drawing passes, Cu and Ag grains composing W50/50 

(Fig. 7a) and W75/25 (Fig. 7b) are strongly elongated along the drawing axis as shown by their size 

distribution maps. The most part of ex-Cu20µm grains are several tens of micrometers long (indicated by 

an arrow in Fig. 7a and 7b). The fine nanometric grains of Cu and Ag are elongated by a few 

micrometers. From the transverse and longitudinal observations of the wires it is possible to consider 

that the large grains (ex-Cu20µm) can be fast channels for electron transport because they form large and 

long areas with few grain boundaries and without Ag. 
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Fig. 7. Grain size distribution maps obtained by EBSD of the longitudinal section the W50/50 (a) and W75/25 

(b) wires (Ø = 0.5 mm). Color code on the images. Ag: red. Cu: shades of green depending on the grain size 

(grains colored in white are larger than 0.4 µm). grain boundaries: black. ∑3 twin boundaries: grey and pores: 

black areas. 

 

 

The EBSD inverse pole figure maps of cross-section of W50/50 and W75/25 in the direction of wire 

drawing (WD) are presented in Figure 8. For W50/50 (Fig 8a), the grains are mostly oriented along <111> 

and <100> directions in the wire-drawing axis, which corresponds to the drawing texture of face-

centred-cubic metals but it is important to note that some grains with a diameter higher than 0.4 μm 

(Fig 8b) present different orientations, which may reflect that the texturing of these grains is still 

ongoing.  For W50/50 the <100> and <111> orientations represent 49 % and 9 % of the image surface 

area, respectively. By contrast, W75/25 is almost exclusively made up of grains oriented <111> and <100> 

(78 % and 12 % of the image surface area, respectively) (Fig. 8c) as could also be observed for W100 

[15]. 
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Fig. 8. EBSD inverse pole figure maps along the drawing direction for the W50/50 wire (Ø = 0.5 mm) (a), same 

image showing only grains oriented along <111> and <001> directions with an angle tolerance of 10° (Other 

orientations are presented in grey) (b). EBSD inverse pole figure maps along the drawing direction for the W75/25 

wire (Ø = 0.5 mm) (c). 

 

3.1 Mechanical properties and electrical resistivity 

 

The Vickers microhardness was measured along the diameter of a cross-section of C50/50 (Fig. 9). 

The values are close to either 75 HV0.2 or 110 HV0.2, which could reflect measurements performed in 

areas made up of grains originating from the Cu20µm powder or from the Cu1µm powder, respectively. 

Indeed, the Vickers microhardness of C100 is about 119 HV0.2 (Fig. 9) [15] and about 45-50 HV for pure 

annealed Cu with a grain size between 10 and 20 µm. 

 

Fig. 9. Vickers microhardness along the diameter of a cross-section of the present C50/50 () and C100 () [15]. 
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Fig. 10. Stress-strain curves at 293 K (a) and 77 K (b) for the 0.5 mm diameter wires: W
50/50

 (─), W
75/25

 (─) and 

W
100

 (─) [15]. 

 

Typical stress-strain curves for the 0.5 mm wires at 293 K and 77 K are shown in Figures 10a and 

10b, respectively. During the tensile test, it was not possible to follow the strain with an extensometer 

due to the small diameter of wires and the testing itself being performed at 77 K. Strain was determined 

from crosshead displacement without any correction of the machine rigidity. Therefore, it is not possible 

to discuss strain values and only UTS values can be studied. The ultimate tensile strength of wires of 

decreasing diameter (1-0.2 mm) was measured at 293 K (Fig. 11a and Tab. 1) and at 77 K (Fig. 11b and 

Tab. 1). For the W50/50 wires, the UTS value is in the range 586-791 MPa at 293 K and in the range 727-

954 MPa at 77 K. For the W75/25 wires, the values are higher (632-879 MPa at 293 K and 786-1082 MPa 

at 77 K). The higher values at 77 K could reflect the lower mobility of the dislocations at the liquid N2 
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temperature. The UTS increase upon the decrease in wire diameter, reflecting the refinement of the 

microstructure. It is interesting to note that the present UTS are lower than those for W100 (689-914 MPa 

at 293 K and 805-1138 MPa at 77 K) [15], which contains only ex-Cu1µm grains. The decrease in the 

density of grain boundaries due to the presence of the large grains ex-Cu20µm decreases the density of 

obstacles opposing the movement of dislocations and could explain the progressively lower UTS for 

W75/25 and W50/50. UTS values of composite wires are higher than that obtained by the pure copper wires, 

thus reflecting the effect of mechanical reinforcement of the Ag as a discrete, nanometric, second phase. 

The Ag/Cu interfaces act as a brake on the movement of dislocations allowing an increase in mechanical 

strength of composite wires. 

 

Fig. 11. UTS vs wire diameter at 293 K (a) and 77 K (b) and electrical resistivity vs wire diameter at 293 K (c) 

and 77 K (d) the present W50/50 (◆) and W75/50 () and SPS Cu () and W100 () [15] wires. 
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Tab. 1. Electrical resistivity and ultimate tensile strength at 293 K and 77 K for different wires. 

Sample 
Wire 

diameter 

(mm) 

Electrical 

resistivity  

at 293 K 

(µΩ.cm) 

Electrical 

resistivity  

at 77 K 

(µΩ.cm) 

Ultimate 

tensile 

strength  

at 293 K 

(MPa) 

Ultimate 

tensile 

strength  

at 77 K 

(MPa) 

W
50/50

 

1.0 1.87 0.35 586 727 
0.6 1.89 0.36 648 837 
0.5 1.89 0.37 686 831 
0.4 1.90 0.37 645 846 
0.3 1.90 0.38 750 915 
0.2 1.91 0.40 791 954 

W
75/25

 

1.0 1.90 0.38 632 786 
0.8 1.94 0.39 647 828 
0.6 1.89 0.40 718 878 
0.5 1.93 0.41 746 919 
0.4 1.93 0.42 771 955 
0.3 1.95 0.43 803 1011 
0.2 1.94 0.45 879 1082 

W
100 

[15] 

1.0 1.78 0.38 689 805 
0.8 1.94 0.42 756 924 
0.6 1.97 0.44 795 981 
0.5 1.95 0.45 809 1006 
0.4 2.01 0.47 833 1038 
0.3 2.01 0.49 887 1109 
0.2 2.02 0.51 914 1138 

Cu  

[15] 

1.0 1.83 0.32  - 628 
0.8 1.83 0.32 508 660 
0.6 1.84 0.33 527 670 
0.5 1.81 0.33 571 714 
0.4 1.81 0.34 523 770 
0.3 1.83 0.36 611 807 
0.2 1.84 0.37 619 860 

 

 

The electrical resistivity (Fig. 11 – Tab. 1) is in the range 1.87-1.91 µΩ.cm at 293 K and in the 

range 0.35-0.40 µΩ.cm at 77 K for W50/50 and from 1.90 to 1.94 µΩ.cm at 293 K and from 0.38 to 

0.45 µΩ.cm at 77 K for W75/25 wires. The higher electrical resistivity of the finer wires is due to the 

increased density of grain boundaries, which act as scattering centers for conduction electrons. The 

lower values at 77 K can be explained by the negligible electron-phonon interactions at low temperature. 

The electrical resistivity of W100 is between 1.94 and 2.02 µΩ.cm at 293 K and between 0.38 and 0.51 

µΩ.cm at 77 K. These results show that the addition of larger grains effectively decreases the density of 
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grain boundaries and allows a reduction in the electrical resistivity of the wires. Moreover, this decrease 

in resistivity is easily controlled by adjusting the proportion of larger grains in the starting powder. The 

electrical resistivity of composite wires is higher than that of pure copper wires [15]. This increase in 

electrical resistivity is a consequence of the presence of Ag/Cu interfaces which are diffusion centers 

for the conduction electrons. 

 

 

Fig. 12. (a) UTS (77K) for 1Ag-Cu wires of different diameters vs the proportion of Cu1µm and (b) electrical 

resistivity (77K) for wires of different diameters vs the proportion of Cu1µm. 

 

In order to study the effect of the grain-size distribution of the Cu matrix on the properties of 

the wires, the UTS and the electrical resistivity were plotted vs the initial Cu1µm proportion (Fig. 12) for 

all the wires studied. The proportion of fine Cu grains has a moderate effect on the UTS.  From 1 mm 

to 0.2 the increase of the UTS value is about 31 % for W50/50, it is about 37 % for W75/25 and 42 % for 
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W100. The slope of the different dote lines are not significantly different. For a given diameter, the change 

in the UTS value of a sample is simply due to the change in the number of grain boundaries, i.e. a change 

in the amount of obstacles blocking the movement of dislocations. Reducing the proportion of fine grains 

has a more pronounced effect on the electrical resistivity than on the UTS. Moreover, the slopes are 

increasingly steeper when the diameter decrease from 1.0 to 0.4 mm. This shows that the addition of 

large grains has a more significant effect on the electrical properties of the wires with smaller diameters 

(down to 0.4 mm). Then the slopes of the straight lines of 0.2, 0.3 and 0.4 mm wires are equal. This 

observation can be explained by the fact that an effect of size appears as soon as the dimensions of 

surface, interface or grains approach the electronic mean free path [22-24]. If the grain size is larger than 

the electron means free path, the electrical resistivity is expected to approach that of bulk Cu but if the 

dimensions of grains is smaller than the electron mean free path, grain boundary scattering dominates 

and hence contributing to the increase of the electrical resistivity. Effect of dimensions becomes non-

negligible when the distance between surfaces or interfaces is less than 3 times the electronic mean free 

path. At 77 K, for annealed copper, the electron mean free path is about 330 nm. This means that grains 

smaller than 1 µm overly contribute to the increase in the electrical resistivity of the wires. In the case 

of W50/50, we observe a very weak increase in resistivity between the diameter of 1 mm and 0.4 mm, 

reflecting the presence of large micrometer-sized grains that serve as large channels for rapid electronic 

conduction and help maintain low electrical resistivity. However, for the most important wire-drawing 

deformations, the size of the large grains reaches a size less than three times the mean free path, 

explaining the faster increase in the electrical resistivity for the diameters 0.3 and 0.2 mm. W75/25 

presents the same evolution of the resistivity but in a less marked way in agreement with the higher 

initial proportion of Cu1µm. For the W100 wires which are almost exclusively composed of ultra-thin 

grains, all the Cu grains contribute to the increase in electrical resistivity by size effect which has the 

effect that the electrical resistivity increases continuously when the diameter of W100 wires decreases. 

From 1 mm to 0.2 mm the increase in electrical resistivity value is about 14 % for W50/50, it is about 

18 % for W75/25 and 38 % for W100. 
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The UTS vs. electrical resistivity plot at 77 K for 1Ag-Cu wires is shown in Figure 13. The slope 

for W50/50 and W75/25 is steeper compared to that for W100 according to Figure 12. For the 0.2 mm wires, 

W50/50 presents the lowest electrical resistivity but also the lowest UTS (0.40 µΩ.cm; 954 MPa), W100 

presents the highest UTS but also the highest electrical resistivity (0.51 µΩ.cm; 1138 MPa) and W75/25 

is a good compromise between high UTS and low resistivity (0.45 µΩ.cm; 1082 MPa). Thus, by adding 

large grains to the Cu matrix, the resistivity of the wires is greatly reduced. At equivalent UTS (about 

1100 MPa) the electrical resistivity of W75/25 is 12 % lower than that of W100. Thanks to an additional 

step that is simple to implement (adding large grains of copper during the preparation of the composite 

powder) it is possible to significantly improve the compromise between high UTS and low electrical 

resistivity. However, the proportion between fine and large Cu grains must be chosen carefully because 

although very effective in reducing electrical resistivity, the large grains content should not be too high 

at the risk of making the wire mechanically too weak.  

 

 

Fig. 13. UTS vs electrical resistivity at 77 K for wires with diameter from 1 mm to 0.2 mm for W50/50 (◆), 

W75/50 () and W100 () [15]. The dotted lines are used to indicate wires with a diameter of 1 mm and the 

0.2 mm wire in the case of W50/50.  
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4 CONCLUSIONS 

 

By a method combining powder metallurgy, SPS sintering and wire drawing, it is possible to 

prepare 1 vol. % Ag-Cu composite wires with a Cu matrix showing a bimodal grain-size distribution. It 

has been shown that the bimodal character of Cu is preserved after all the preparation steps, namely after 

the preparation of the powder, the SPS cylinders and the wires. The present wires are composed of Ag 

nanowires distributed at the boundaries of fine Cu grains whose size is close to that of a dislocation cell 

(0.2 µm) and large and long micrometric Cu grains. Because they form large areas with few grain 

boundaries micrometric Cu grains can be considered as fast channels for electron transport. Thus, at 77 

K, the electrical resistivity of 0.2 mm wires is 0.51 µΩ.cm for W100, 0.45 µΩ.cm for W75/25, 0.40 µΩ.cm 

for W50/50. Interestingly, the presence of the larger Cu grains allows to greatly reduce the electrical 

resistivity while having a more moderate effect on the UTS values of the wires. At 77 K, UTS value is 

1138 MPa for W100, 1082 MPa for W75/25 and 954 MPa for W50/50. The W75/25 wires offer the best 

combination of high tensile strength low electrical resistivity. It is thus demonstrated that it is possible 

to improve the low resistivity and high mechanical strength compromise by a simple modification of the 

initial composite powder. In addition, it is possible to adapt, if necessary, the properties of prepared 

wires by modifying the initial proportion of fine and coarse Cu grains. These results could provide 

important guidelines for the design and preparation of ultra-strong yet electrically conducting 

macroscopic wires.  
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HIGHLIGHTS 

• The larger copper grains act as channels for fast electron conduction thus allowing to maintain 

a low electrical resistivity (0.45 μΩ.cm, at 77 K). 

• Compared to wires with only fine-grained copper, this represents a 12 % lower electrical 

resistivity for an equivalent ultimate tensile strength (1082 MPa at 77 K), which is provided by 

the finer copper grains and the silver nanowires. 

• It is possible to improve the low resistivity - high ultimate tensile strength compromise of the 

composite wires by simply adding large grains of Cu during the composite powder preparation 

step. 

• The strength-resistivity trade-off can be fine-tuned simply by adjusting the large grain / fine 

grain proportion.  
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