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a b s t r a c t 

In low-Ag Cu matrix alloys, the presence of coarse discontinuous precipitates may limit strength. We 

demonstrated that discontinuous precipitation was suppressed, and continuous precipitation was en- 

hanced by the doping of Cu-6 wt%Ag with Sc. A high-volume fraction of continuous precipitates, which 

nucleated on {111} planes, led to a 55 MPa increase in strength, with only a slight decrease in electri- 

cal conductivity. The addition of Sc inhibited the nucleation of discontinuous precipitates by causing the 

Sc and the Ag to co-segregate onto grain boundaries, thus forming a thin intermetallic compound layer 

between grains. After deformation, both discontinuous and continuous precipitates were drawn into Ag 

fibers. The combination of deformation strain and doping caused an increase in density and a decrease in 

the diameter of Ag fibers, resulting in about 205 MPa increase in doped samples when the deformation 

strain reached 4.9. The thinner, denser Ag fibers in the doped samples also caused higher electron scatter- 

ing at interfaces, leading to electrical conductivity that was 11% IACS lower than in non-doped samples. 

For reference, 100% IACS (International Annealed Copper Standard) is equivalent to 1.7241 μ� cm. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Cu-Ag alloys doped with different alloying elements are known 

or high strength and high conductivity and are widely used as 

onductors in high field magnets, as combustion chamber liners 

f liquid rocket engines, and as conductors for electronic compo- 

ents [1–7] . The materials in high-field magnets, which are fabri- 

ated into wires or disks, reach exceptionally high strength. This 

esults from a high density of Ag precipitates that lengthen into 

ong fibers [8–11] . The resulting multiplicity of Cu/Ag interfaces 

revents dislocation movement, thus increasing strength [12] . 

In Cu-Ag alloys, continuous precipitates (CPs) have smaller size 

nd spacing than discontinuous precipitates (DPs), leading to a 

igher density of Ag fibers after deformation, thus are more ef- 
∗ Corresponding author at: School of Metallurgy, Northeastern University, 

henyang 110819, China. 
∗∗ Corresponding author. 
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ective in preventing dislocation movement [ 10 , 13 ]. When Ag con- 

ent reaches 24 wt%, researchers observed that most of its Ag pre- 

ipitates are CPs rather than DPs [14] . Some researchers have at- 

empted to decrease the cost of conductors by decreasing Ag con- 

ent, but in the Cu-Ag with lower Ag content, the Ag may take the 

orm of DPs as well as CPs [ 13 , 15 ]. Because of the larger size and

pacing of DPs, their presence in large numbers limits the strength 

f the alloys [ 16 , 17 ]. Cu-6 wt%Ag, for example, has no CPs at all,

nly DPs [9] . Its strength is around 13% lower than that of Cu-24 

t%Ag after they were cold rolled to a total reduction of 94% with 

he same method [18] . 

Discontinuous precipitation is a solid-state precipitation reac- 

ion distinguished by a migrating reaction front that provides a 

onduit for faster transport [19] . The regions on both sides of the 

eaction front have different crystallographic zone axes and signifi- 

antly different solute concentrations. This feature does not appear 

n continuous precipitation [ 17 , 20 ]. It has been observed in many

lloys and generally has a deleterious effect on strength, as well as 

ther mechanical and physical properties [21] . Therefore, to sup- 

ress discontinuous precipitation, two methods have been found. 
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he first approach is to avoid high-energy grain boundaries be- 

ause they are usually the nucleation sites of DPs [ 22 , 23 ]. These

oundaries (e.g., with the energy of about 0.5 J/m 

2 [24] ) usually 

ave high angles, except for the ones with high coincident site 

attices (e.g., with 0.016 J/m 

2 for the twin boundaries of Cu-Ag 

olid solution [25] ). The second is doping with a suitable third el- 

ment [ 21 , 26 , 27 ]. An explanation, developed by Williams and But-

er, stated that doping with a third element caused strong grain 

oundary segregation [28] . The distribution of solutes at the grain 

oundary suppresses discontinuous precipitation because they lead 

o (1) lower grain boundary energy [29] , (2) lower grain boundary 

obility [30] , and (3) lower diffusion rate of solute atoms [31] . 

Because the energy of grain boundaries is very difficult to con- 

rol in Cu-Ag, extensive research focused on doping with a third 

lement. Fe, Cr, Nb, Zr, and certain rare-earth elements have been 

dded to Cu-Ag alloys [32–36] . Of these elements, only Nb and Zr 

ave been found to partially suppress discontinuous precipitation. 

ecently, we found that doping with Sc totally suppressed discon- 

inuous precipitation in Cu-3 wt%Ag, leaving the electrical conduc- 

ivity almost the same in doped and non-doped samples after de- 

ormation at a low level of strain [37] . There are two advantages 

f Sc for alloy casting. One is the melting point of Sc, which is ap-

roximately 300 °C lower than that of Zr and 928 °C lower than 

hat of Nb [38–40] . The other one is the solubility of Sc in Ag,

hich is significantly larger than that of Zr and Nb in Ag (for Sc 

n Ag at 900 °C: 10.3 wt%, for Zr in Ag at 900 °C: 0.08 wt%, for

b in Ag at 900 °C: extremely small), which is more beneficial for 

aster alloy fabrication [41–44] . 

In this work, we investigated the microstructure and proper- 

ies of Cu-6 wt%Ag (non-doped sample) and Cu-6 wt%Ag doping 

ith 0.05 wt%Sc, 0.10 wt%Sc, and 0.15 wt%Sc (doped samples) be- 

ore and after deformation, and would like to answer the following 

our questions: (1) In non-doped and doped samples, what funda- 

ental difference exists between DPs and CPs; (2) By what mech- 

nism does Sc suppress discontinuous precipitation. (3) What con- 

guration of Ag fibers occurs in non-doped and doped samples; (4) 

y what mechanism does each configuration affect tensile strength 

nd electrical conductivity. 

. Materials and methods 

We made one non-doped and three doped ingots (the low Sc 

ontent was used to avoid the formation of large intermetallic 

ompound particles [37] ) (see Appendix A). The eutectic compo- 

ent that formed during solidification had a lower melting point 

han the original alloy––as low as 779 °C [ 16 , 45 ]. To avoid un-

esirable melting, we removed the eutectic at the start of heat 

reatment. We did this by subjecting the four ingots to solution 

reatment in two steps: (1) they were heated under an argon 

tmosphere to 760 °C, held for 4 h at that temperature, then 

uenched in water; (2) they were reheated in the same furnace 

o 790 °C, held for 6 h, then quenched in water. This tempera- 

ure is sufficiently high to dissolve most Ag and Sc and is also the 

ighest one without overheating our alloys. Afterwards, samples 
Table 1 

Ag and Sc content in each ingot after solution tre

Ag 

wt% at%

Sample 

Cu-6 wt%Ag 5.83 ± 0.29 3.5

Cu-6 wt%Ag-0.05 wt%Sc 5.67 ± 0.10 3.4

Cu-6 wt%Ag-0.10 wt%Sc 5.61 ± 0.07 3.3

Cu-6 wt%Ag-0.15 wt%Sc 5.85 ± 0.22 3.5

∗ Ag content (the average value from at least fi

nification in FESEM. 

81 
ere cut from each ingot and were aged at different temperatures. 

hey were used for electrical resistance testing, hardness testing, 

nd microstructure observation. The microstructure of as-cast and 

olution-treated samples is shown in Appendix B. 

All four solution-treated ingots were aged at 450 °C for 8 h and 

ir-cooled to room temperature. Afterwards, they were swaged into 

ods, which then were drawn into wires at room temperature. De- 

ormation strain ( ε) reached 4.9 ( ε = ln( C 0 / C ), where C 0 and C are

he initial and final cross-sectional area), and the average area re- 

uction for each drawing was around 20%. There was no interme- 

iate aging treatment during the whole deformation process. Sam- 

les were taken at different strains for electrical resistance testing, 

ardness testing, and microstructure observation. 

Electrical resistance was tested in deionized water (22 °C) 

nd liquid nitrogen (–196 °C), using a standard four-point probe 

ethod. Hardness was tested using a diamond indenter under 

 load of 0.3 kg for a dwelling time of 10 s. Tensile testing in

isplacement-controlled mode was carried out at room temper- 

ture using a Tytron 250 machine with an initial strain rate of 

 × 10 –4 s –1 . The strain was measured with a digital image cor- 

elation system (see Appendix C). 

X-ray diffraction (XRD) was performed using a Scintag reflection 

iffractometer with Cu K α radiation diffracted beam analyzer. The 

RD samples were prepared with Si powder (SRM 640e, provided 

y the National Institute of Standards & Technology), which was 

sed as an internal standard for the proper analysis of the lattice 

arameters. We mixed the Si powder with ethanol and dropped 

he mixture onto the surface of each sample. After the ethanol 

vaporated, it left a thin film of Si powder. Each sample was sub- 

ected, first, to fast scanning from 30 ° to 100 ° in a step of 0.02 °
nd subsequently to slow scanning in four ranges (from 41 ° to 45 °, 
6 ° to 52 °, 55 ° to 58 °, and 72 ° to 75 °) in a very small step size of 

.0025 ° All XRD curves were fitted according to the Pseudo–Voigt 

unction with the MDI Jade 6 program. All Cu peaks were cali- 

rated by Si peaks (see Appendix D). Lattice constants were cal- 

ulated by Cohen’s method, which can reduce the random errors 

nd systematic errors produced on the Bragg angle tests [46] . Veg- 

rd’s law was applied to subsequent analysis of the amount of Ag 

issolved in Cu [47] . 

Differential scanning calorimetry (DSC) data were collected us- 

ng a Shimadzu DSC-60. Solution-treated non-doped and doped 

amples were cut into 3.5 mm × 3.5 mm squares. Each square 

as ground down to a weight of around 20 mg, then sealed in 

n aluminum pan ( φ5 mm) and heated from room temperature to 

50 °C in an argon atmosphere. Groups of samples were subjected 

o different constant heating rates: 5 °C/min, 10 °C/min, 20 °C/min, 

0 °C/min, and 40 °C/min. 

Using Energy Dispersive X-ray Spectrometer (EDS) in Zeiss 1540 

B field emission scanning electron microscopy (FESEM), we mea- 

ured the content of Ag and Sc in each solution-treated ingot 

 Table 1 ). Ag precipitates were examined with FESEM after sam- 

les had been subjected to electropolishing in a solution of 30% 

 3 PO 4 and 70% deionized water with a voltage of 8 V and a cur-
atment ∗ . 

Sc 

 wt% at% 

2 ± 0.18 0 0 

2 ± 0.06 0.03 ± 0.03 0.04 ± 0.05 

8 ± 0.04 0.11 ± 0.06 0.16 ± 0.09 

3 ± 0.13 0.13 ± 0.07 0.19 ± 0.10 

ve areas) was tested with EDS at low mag- 
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Fig. 1. DSC results of non-doped samples and doped samples (0.15 wt% Sc). (a, c) DSC curves of non-doped and doped samples, respectively, at different heating rates. (b, 

d) Plots for estimation of the activation energy of the peaks. The activation energy was calculated according to the slope of each line. 
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ent of 4 A. Ag fibers were examined with FESEM after samples 

ere etched in a solution of 30% HNO 4 and 70% deionized water. 

sing JEOL-2011 transmission electron microscope (TEM) and JEM- 

RM200CF scanning transmission electron microscope (STEM), we 

xamined the microstructure of samples before and after deforma- 

ion. All TEM/STEM specimens were subjected to argon ion-milling 

t 5 kV at 7 °. 

. Results 

.1. DSC results 

DSC curves of exothermic reactions in non-doped samples 

howed two peaks, the first for discontinuous precipitation (be- 

ween 300 and 400 °C) and the second for continuous precipi- 

ation (above 450 °C). Similar results were found in Cu-8 wt%Ag 

13] . In samples doped with 0.15 wt% Sc, however, there was only 

ne peak, above 500 °C, for continuous precipitation. As the heat- 

ng rate increased, peaks in both doped and non-doped samples 

hifted toward higher temperatures ( Fig. 1 (a,c)). The following for- 

ula describes this shift for each peak [48] : 

n 

(
b 

T 2 p 

)
= − E a 

RT p 
+ C (1) 
82 
here T p represents the absolute temperature, b the heating rate, 

nd E a the activation energy. R is the universal gas constant and 

 is an arbitrary constant. For non-doped samples, the E a of con- 

inuous precipitation was higher than that of discontinuous pre- 

ipitation ( Fig. 1 (b)). Doping resulted in diminishing of the peak 

or discontinuous precipitation. The value of E a of continuous pre- 

ipitation (153 kJ/mol) in doped samples greatly exceeded that 

68 kJ/mol) of non-doped samples ( Fig. 1 (b, d)). 

.2. XRD results 

Non-doped and doped samples were both aged at 450 °C for 

 h and 16 h. They were then subjected to XRD testing. In all sam-

les, as aging time increased, Cu peaks moved slightly to the right 

nd a new (111) Ag peak appeared ( Fig. 2 (a–c)). Taking the move- 

ent of the Cu peaks into consideration, we calculated lattice con- 

tants of all samples and found that they all decreased after aging, 

ut doped samples always had larger lattice constants than non- 

oped samples both before and after aging treatment. The lattice 

onstant of non-doped samples decreased quickly within the first 

 h but very slowly after a longer aging time. The lattice constants 

f doped samples decreased more slowly than that of non-doped 

amples within the first 2 h but faster thereafter ( Fig. 2 (d)). The

issolved Ag in non-doped samples was then calculated by using 

he lattice constants ( Table 2 ). 
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Fig. 2. XRD results of non-doped and doped samples after solution treatment and after aging at 450 °C for 2 h and 16 h. (a, b) XRD spectra (between 30 ° and 100 °) for 

non-doped samples and doped samples (0.15 wt% Sc), respectively. (c) XRD spectra (between 71 ° and 75 °) showing a shift of the (220) Cu peak of non-doped samples after 

aging treatment. (d) Change in lattice constants with respect to aging times. 

Table 2 

Lattice constants and corresponding amounts of dissolved Ag in non-doped and doped 

samples. 

Lattice constant (nm) Amount of Ag in Cu (at%) 

Sample 

Cu-6Ag 0.363372 3.97 ∗

Cu-6Ag + 450 °C/2 h 0.362194 1.47 

Cu-6Ag + 450 °C/16 h 0.361848 0.74 

Cu-6Ag-0.15Sc 0.363501 N/A ∗∗

Cu-6Ag-0.15Sc + 450 °C/2 h 0.363166 N/A ∗∗

Cu-6Ag-0.15Sc + 450 °C/16 h 0.362343 N/A ∗∗

∗ The estimated dissolved Ag content in solution-treated non-doped samples is 

higher than the quantity added. This was also found in Piyawit’s research [49] . 
∗∗ The dissolved Ag content in Cu-Ag-Sc cannot be calculated using Vegard’s law due 

to two variables. 
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.3. Microstructure and properties of samples after isochronal aging 

reatment 

.3.1. Microstructure of samples after aging for 2 h 

When we compared non-doped with doped samples (0.15 wt% 

c), we found that the distribution and type of Ag precipitates var- 

ed after 2 h of aging treatment, depending on whether the sam- 

les were treated at 400 °C, 450 °C, or 500 °C. In non-doped sam- 

les, only DPs, which nucleated on grain boundaries, formed after 

ging treatment, regardless of aging temperature. After treatment 

t 400 °C, DPs were randomly distributed throughout the sample, 

ut after treatment at 450 °C and 500 °C, the DPs begin to grow 

arger and coarser ( Fig. 3 (a–c)). After treatment of doped samples 

t 400 °C, we found no Ag precipitates at low magnification (SEM), 

ut after treatment at 450 °C and 500 °C, we found both DPs and

Ps, with CPs occupying most areas of the samples ( Fig. 3 (d–f)). 
83 
nder TEM, samples revealed very fine CPs arranged in lines in- 

ide grains ( Fig. 4 (a, b)). We also found that both Ag and Sc con-

entrated at grain boundaries in doped samples aged at 400 °C 

ut none in solution-treated samples ( Figs. 4 (c, d) and 5 ). In some

ases, thin intermetallic compound layers (Cu 3 AgSc) had formed 

etween adjacent grains ( Fig. 4 (c, d)). 

The arrangement of CPs was different in different directions 

 Fig. 6 ). To clarify the distribution of precipitates, we focused on 

wo Ag lines and tilted the sample approximately 56 ° from [ ̄1 12] 

one axis to [ ̄1 10] zone axis. As we did this, the lines gradually 

roadened to stripes ( Fig. 7 ). We then built a 3-D model to link

he lines with the stripes, using the 2-D images taken by TEM in 

ifferent orientations. We found that most CPs in doped samples 

ay on {111} planes ( Fig. 8 ). This was in contrast to the CPs in Cu-

4wt%Ag, which lay on {001} planes [14] . The CPs in doped sam- 

les nucleated at dislocation and stacking faults to reduce the in- 
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Fig. 3. SEM images of non-doped and doped samples aged for 2 h at 400 °C, 450 °C, and 500 °C, respectively. (a–c) Images showing DPs in non-doped samples. White 

arrows indicate discontinuous coarsening. Insets show high magnification images of the same DPs in (a), (b), and (c), respectively. The dark area in (c) shows the Cu matrix 

exposed between coarse DPs. (d–f) Images showing microstructure in doped samples. Insets show high magnification images of CPs in (d), (e), and (f), respectively. No Ag 

precipitates appear in (d). 
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Table 3 

Tensile properties of non-doped and doped samples ∗ . 

σ (0.2) (MPa) σ U (MPa) Elongation (%) 

Sample 

Cu-6Ag 143 ± 8 186 ± 9 13.3 ± 3.1% 

Cu-6Ag + 450 °C/2 h 200 ± 14 259 ± 4 13.3 ± 2.3% 

Cu-6Ag - 0.15Sc 155 ± 4 201 ± 10 12.3 ± 2.5% 

Cu-6Ag-0.15Sc + 450 °C /2 h 309 ± 20 314 ± 22 2.2 ± 0.7% 

∗ σ (0.2) : Strength at ε = 0.002, σ U : Ultimate tensile strength. 

d

b

t

1

a

d

n  

T

3

3

0

t

w

o

v

f

(  
erface energy in a unit area between Cu and Ag. The dislocations 

lided on {111} planes, and the stacking faults expanded on {111} 

lanes, resulting in CPs distributed on the {111} planes [20] . Since 

he CPs in Cu-24wt%Ag have higher Ag content and thus higher 

riving force for the formation of CPs, it is unnecessary for CPs to 

eep on {111} planes [ 8 , 50–52 ]. We also found some Sc-rich pre-

ipitates in areas with CPs. The analysis is shown in Appendix E. 

.3.2. Properties of samples after aging for 2 h 

We tested the electrical conductivity of both non-doped and 

oped samples that had been aged at various temperatures. After 

ging at 400 °C, the non-doped samples had an increase of 6.4% 

ACS in electrical conductivity while the doped samples remained 

nchanged. After aging at 450 °C, the non-doped samples reached 

 maximum electrical conductivity value of 92.5% IACS, while the 

onductivity of the doped samples did not reach its maximum 

ntil the aging temperature increased to 475 °C. The conductiv- 

ty values of doped samples were around 85% IACS, slightly lower 

han the maximum reached by non-doped samples ( Fig. 9 (a)). The 

esidual Resistivity Ratio (RRR) was determined by comparing each 

ample’s resistivity in deionized water and in liquid nitrogen. Our 

ata showed that the doped samples had a lower RRR than the 

on-doped samples ( Fig. 9 (b)). 

We tested hardness in both non-doped and doped samples. 

fter aging at 400 °C, the hardness of the non-doped samples 

eached a maximum value of 92 HV, while the hardness of the 

oped samples was nearly unchanged. After aging at 450 °C, how- 

ver, all the doped samples surpassed the non-doped samples. At 

his point, the samples with higher levels of doping, 0.10 wt% Sc 

nd 0.15 wt% Sc , reached their maximum hardness of 129 HV and 

33 HV, respectively ( Fig. 9 (c)). 
84 
After solution treatment, tensile testing was performed on non- 

oped samples and on doped samples (0.15 wt% Sc). At this point, 

ecause of the solution hardening of Sc, the doped, solution- 

reated samples had an ultimate tensile strength (UTS) that was 

5 MPa higher than that of the non-doped samples. After aging 

t 450 °C for 2 h, the UTS increased for both doped and non- 

oped samples, but more in the doped samples, with average UTS 

ow 55 MPa higher than that of the non-doped samples ( Fig. 9 (d),

able 3 ). 

.4. Microstructure and properties of samples after deformation 

.4.1. Microstructure of samples after deformation 

All four ingots (Cu-6wt%Ag, Cu-6wt%Ag-0.05wt%Sc, Cu-6wt%Ag- 

.10wt%Sc, and Cu-6wt%Ag-0.15wt%Sc) were aged at 450 °C for 8 h 

o increase electrical conductivity, and they were then drawn into 

ires. When ε was at 4.9, both CPs and DPs had taken the shape 

f fibers ( Figs. 10 (a) and 11 (a)). In non-doped samples, the trans- 

erse cross-sectional images showed all Ag fibers that had evolved 

rom DPs (FDPs) were distributed uniformly, with volume fraction 

 f Ag ) and diameter ( d Ag ) of 4.7% ± 1.2% and 3.2 ± 0.7 nm, respec-
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Fig. 4. TEM/STEM data for a doped sample (0.15 wt% Sc, aged at 400 °C for 2 h). (a) TEM bright field of CPs (in black lines). (b) High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of CPs. (c) TEM bright-field image of the boundary between a dark and a light grain. The zone axis of the dark grain 

is [011], of the light grain, near [1 ̄1 2]. The inset shows the selected area diffraction pattern (SADP) of the two grains and the boundary, with circles marking the spots from 

the dark grain, squares marking the spots from the light grain, and triangles marking the spots from the intermetallic compound at the grain boundary. (d) TEM dark field 

image of the same grain boundary area, using the intermetallic spot marked by a small white arrow in the previous inset. 
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ively ( Fig. 10 (c)). In the doped samples (0.15 wt% Sc ), SEM images

howed Ag fibers only near grain boundaries ( Fig. 11 (b, c)). We as-

umed that these fibers had evolved from DPs because DPs in the 

oped samples were known to be arranged around grain bound- 

ries ( Fig. 3 (e,f)). TEM images at higher magnification showed that 

he Ag fibers that had evolved from CPs (FCPs) were arranged in 

he doped samples as interleaved lines within the grains ( Fig. 11 (d, 

)). Their f Ag and d Ag were 4.6% ± 0.9% and 1.8 ± 0.2 nm. The 

ean random edge-to-edge distance ( λf ) of FDPs and FCPs was cal- 

ulated with Fullman’s equation [53] . They were 43.3 ± 2.1 nm and 

5.9 ± 5.1 nm, respectively. Therefore, the λf of FCPs was less than 

hat of FDPs. 

In both types of samples, transverse cross-sectional images 

how misfit dislocations on Cu/Ag interfaces even though the di- 

meter of fibers was only about 1.8 nm ( Fig. 10 (d, f)). Some longi-

udinal cross-sectional images of doped samples, however, did not 

how any misfit dislocations on Cu/Ag interfaces when the fiber 

iameter was about 2.5 nm ( Fig. 13 ). Some deformation twins (as 

hin as 2 nm) appeared in the doped samples ( Fig. 13 (b, c)). In

he non-doped samples, recrystallized Cu grains and coarsened Ag 

articles appeared in local areas, but none appeared in the doped 
h

85 
amples ( Figs. 10 (c) and 11 (d)). Instead, there were many subgrains 

n the doped sample with numerous FCPs diffused along their 

oundaries ( Fig. 12 ). 

.4.2. Properties of samples after deformation 

We tested the electrical conductivity, RRR, and hardness of sam- 

les deformed to different strain values. As ε increased, electri- 

al conductivity and RRR decreased in both doped and non-doped 

amples. When ε increased to 4.9, electrical conductivity in doped 

nd non-doped samples decreased to around 66% IACS and 77% 

ACS, respectively, and the RRR decreased to around 2.5 and 3.2 

 Fig. 14 (a, b)). The hardness of both doped and non-doped samples 

ncreased as ε increased. At ε = 4.9, hardness values in doped and 

on-doped samples were around 290 HV and 249 HV, respectively. 

he hardening rate for doped samples was around 35 HV per unit 

f strain, higher than the rate for non-doped samples (31 HV per 

nit of strain). 

We performed tensile testing on both non-doped and doped 

amples that had been deformed to a strain of 4.9 ( Fig. 14 (d)).

ll doped samples had UTS of around 1070 MPa, about 205 MPa 

igher than the average UTS of non-doped samples ( Table 4 ). We 
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Fig. 5. HAADF-STEM images and EDS maps of grain boundaries in doped samples (0.15 wt% Sc). (a, e) Images of the grain boundaries in solution-treated sample and sample 

aged at 400 °C for 2 h. The rectangular outlines indicate the EDS-mapped areas. (b, c, and d) Element mapping images of Cu, Sc, and Ag, respectively, in (a). (f, g, and h) 

Element mapping images of Cu, Sc, and Ag, respectively, in (e). From the mapping, the atomic ratio among Cu : Ag : Sc is close to 60 : 20 : 20. 

Table 4 

Tensile properties and electrical conductivity of non-doped and doped 

samples at ε = 4.9 ∗ . 

σ (0.2) (MPa) σ U (MPa) Conductivity (% IACS) 

Sample 

Cu-6Ag 844 ± 10 865 ± 19 77.2 

Cu-6Ag-0.05Sc 1022 1065 67.9 

Cu-6Ag - 0.10Sc 1034 ± 3 1072 ± 3 64.6 

Cu-6Ag-0.15Sc 1014 ± 69 1073 ± 45 66.2 

∗ E : Young’s modulus, σ (0.2) : Yield Strength, σ U : Ultimate tensile 

strength. 
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lso tested the properties of deformed samples ( ε = 4.9) aged at 

00 °C for various time intervals (see Appendix F). The UTS of sam- 

les aged for 1 h was marginally lower than that of unaged sam- 

les, while conductivity was higher by about 6.3% IACS (Table F1). 

. Discussion 

.1. Differences between discontinuous and continuous precipitation 

DPs began to form at lower aging temperatures and after 

horter aging times than CPs. The main reason was the difference 

n their nucleation sites: DPs nucleated at grain boundaries, and 

Ps nucleated inside grains. After nucleation, growth occurred in 
86 
Ps as atoms migrated either through interfaces or grain bound- 

ries, both of which provide conduits for faster transport of solute 

21] . In other words, discontinuous precipitation was related to a 

igher diffusion rate of Ag than did continuous precipitation. This 

as reflected by lower activation energy (67.8 kJ/mol) for discon- 

inuous precipitation and higher activation energy (79 kJ/mol) for 

ontinuous precipitation for non-doped samples. For doped sam- 

les, the CPs occurred at a higher temperature. We deduced that, 

t the same temperature, they would have formed at a lower 

ate than CPs in non-doped samples. This was also reflected by 

igher activation energy (153 KJ/mol) for CPs in doped than that 

79 KJ/mol) in non-doped samples. The presence of Sc led to a 

maller number of Ag atoms to overcome the activation energy 

arrier for CPs. 

The different diffusion rate of Ag was confirmed by the lattice 

onstants of undeformed non-doped and doped samples. Dissolved 

g in non-doped samples decreases sharply from 3.52 at% to 1.47 

t% after aging for 2 h at 450 °C, but it decreases only slightly with

dditional aging time, from 1.47 at% to 0.74 at% ( Table 2 ). In other

ords, most of the dissolved Ag in the non-doped samples must 

ave precipitated from the Cu matrix in the first 2 h of aging. Dis- 

olved Ag in the doped samples could not be calculated using Ve- 

ard’s law because of the presence of Sc, but we were able to use 

attice constants to estimate the amount of Ag plus Sc. Lattice con- 

tants decreased more slowly in doped than in non-doped samples 
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Fig. 6. TEM data showing CPs in a doped sample (0.15 wt%Sc, aged at 450 °C for 2 h). (a, b, and c) Bright-field images of CPs at [001], [ ̄1 11], and [011] zone axis, respectively. 

SADPs are shown in the insets. (d) Dark field of (a), where the ( ̄2 20) Ag spot was used to display Ag precipitates. These precipitates are arranged in a checkerboard pattern of 

perpendicular stripes. (e) Dark field of (b), where the (220) Ag spot was used to display Ag precipitates, some of which are arranged as interleaved lines at an angle of about 

65 °, while others are gathered in puddle-like areas. (f) Dark field of (c), where the (11 ̄1 ) Ag spot was used to display Ag precipitates, which are arranged in stripes. 
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uring the first 2 h of aging at 450 °C and more rapidly thereafter, 

rom 2 to 16 h ( Table 2 , Fig. 2 (d)). We speculated that the initial

low decrease of lattice constants was the result of slow Ag diffu- 

ion rates during the first 2 h when most of the Sc was concen- 

rated at grain boundaries, forming intermetallic compounds with 

g. 

In non-doped samples, because of its nucleation site and the 

igher diffusion rate, DPs nucleated earlier than CPs and grew 

t a high speed, thus consuming most of the available energy 

nd decreasing the saturation of Ag. Consequently, less energy 

nd dissolved Ag remained for later nucleation of CPs, so only 

Ps were found in non-doped samples. If these non-doped sam- 

les had higher Ag content or had been aged at higher tem- 

eratures, enough supersaturated Ag and enough available energy 

ould have remained to allow for nucleation of CPs as well [13] . 

.2. Microstructure of deformed samples 

Cu/Ag interfaces are typically semi-coherent with multiple mis- 

t dislocations generated by the difference between the lattice 

arameters of Cu and Ag [54] . When the diameter of Ag fibers 

s small, some of the lattice plane distances for Ag are so sim- 

lar to those for Cu that misfit dislocations may appear or dis- 

ppear at certain zone axes in atomic resolution images. In lon- 

itudinal cross-sectional images of the interfaces between the Cu 

atrix and FCPs whose diameter was as small as 2.5 nm in our 

oped samples, we found no misfit dislocations in the [011] zone 

xes perpendicular to the fiber axis ( Fig. 13 (c)). In transverse cross- 

ectional images, however, we were able to observe misfit disloca- 

ions even though the fiber diameter is only 1.8 nm ( Fig. 11 (f)).

n other words, in the direction parallel to the fiber axis, Cu was 

n tension and Ag was in compression, whereas in the direction 
87 
erpendicular to the fiber axis, the opposite was true, leading to 

etragonal lattice distortion in both Cu and Ag [55] . 

In both non-doped and doped samples, plastic deformation pro- 

uces stored energy, but only in non-doped samples did this lead 

o recrystallization of Cu and coarsening of Ag fibers ( Fig. 10 (c)). In

he doped samples (0.15 wt% Sc), however, we observed an emer- 

ence of subgrain boundaries, which is a sign of recovery instead 

f recrystallization ( Fig. 12 ). This may have occurred because the 

issolved Sc, whose atom radius is much greater than that of Cu, 

ncreased the recrystallization temperature in the doped samples 

56] . 

.3. Mechanism for suppression of discontinuous precipitation 

High-energy grain boundaries are particularly effective nucle- 

tion sites for DPs because the higher the energy of the grain 

oundaries, the lower the nucleation energy needs [ 22 , 23 ]. Criti- 

al nucleation energy ( W 

∗) on grain boundaries can be expressed 

s follows [57] : 

 

∗ = 

4 

27 

( bγAB − aγAA ) 
3 

c 2 	 f 2 v 

(2) 

here γAB is the interfacial energy between Cu matrix and DPs, 

AA is the grain boundary energy, 	 f v is the driving force for nu- 

leation [58] . The coefficients a, b , and c correspond to various 

ypes of grain junctions [57] . 

In doped samples aged for 2 h at 400 °C, we found only CPs. 

e speculated that the formation of DPs was inhibited by the 

rain boundary segregation of Sc (Our estimation indicated that 

he segregated Sc could cover all the grain boundaries, seeing Ap- 

endix G). Some segregated Sc and Ag formed thin intermetallic 

ompound layers at grain boundaries ( Figs. 4 and 5 ). Thus, the γ
AA 
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Fig. 7. TEM data showing the changes in the arrangement of CPs that occur in a doped sample (0.15 wt% Sc, aged at 450 °C for 2 h) that is tilted to three different zone 

axes. (a, b, and c) Bright-field images of CPs at [ ̄1 12], [ ̄1 11], and [ ̄1 10] zone axis, respectively. SADPs are shown in the insets. (d) Dark field image of Fig. (a), where the 

(1 ̄1 1) Ag spot was used to display CPs that are arranged in two straight lines with a width of 15.0 ± 1.5 nm. (e) Dark field of (b), where the (220) Ag spot was used to display 

CPs that are arranged in two stripes with a width of 43.6 ± 2.7 nm. (f) Dark field of (c), where the (11 ̄1 ) Ag spot was used to display CPs in stripes that have widened to 

102.3 ± 5.9 nm. 

Fig. 8. 3-D model of CPs deduced from the TEM data for doped samples (0.15 wt% Sc, aged at 450 °C for 2 h). (a, b, c, and d) The arrangements of CPs along the [001] 

zone axis, the [ ̄1 12] zone axis, the [ ̄1 11] zone axis, and the [ ̄1 10] zone axis, respectively. The size of these precipitates, measured from images taken at the [ ̄1 11] zone axis, 

is φ15.0 × 42.0 nm ( Fig. 6 (b, e)). The distance between Ag lines is 194.8 nm, as measured from the images of [ ̄1 12] zone axis ( Fig. 7 (a, d)). 
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n Eq. (2) was replaced by the interface energy between a given 

u grain and the adjacent intermetallic compound ( γAC ). Because 

e did not find any DPs nucleated at the interface between the Cu 

nd the intermetallic compound ( Fig. 3 (d, e)), we assumed that the 

alue for γAC was lower than for γAA . Moreover, some segregated 

c atoms might not form the intermetallic compound but were free 
88 
t grain boundaries. This segregating solute is known to inhibit 

rain boundary diffusion and reduce γAA [ 29 , 31 ]. Consequently, Sc 

egregation at Cu grain boundaries would likely suppress nucle- 

tion of DPs by increasing W 

∗ and decreasing the diffusion rate of 

g. In addition, Sc-rich precipitates may provide nucleation sites 

or CPs, reducing the nucleation barrier. 
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Fig. 9. Properties of non-doped and doped samples aged for 2 h at various temperatures. (a) Electrical conductivity. (b) RRR. (c) Hardness. (d) Stress–strain curves. 

l

s

w

t

C  

h

a  

t  

t  

s

o

t

a

h

g

f

b

r

d

o

o

i

s

W

g

I

u

c

t

l  

m

a

c

u

4

l

σ

w

G  

e

c

d

t

h

a  

6

i  

t

s

s

P

y

e

y

l

σ

Grain boundary segregation ratio ( s ) can be expressed as fol- 

ows [59] : 

 = s 0 exp 

(−	H 

GB 
i 

RT 

)
(3) 

here s 0 is the pre-exponential factor, 	H 

GB 
i 

is the segregation en- 

halpy, R is the gas constant, and T is the absolute temperature. In 

u-Ag alloys, s is 25.9 after aging at 402 °C [59] . Previous research

as shown that lower bulk solubility leads to higher grain bound- 

ry segregation [ 60 , 61 ]. The solubility of Sc in Cu is much lower

han that of Ag in Cu (0.04 at% as opposed to 0.12 at% at room

emperature [ 38 , 45 ]). Thus, Sc has higher s than Ag, indicating that

egregated Sc in our doped samples may have reduced segregation 

f Ag at grain boundaries. 

In the doped samples that had been aged at higher tempera- 

ures (450 °C, 500 °C), we observed some DPs near grain bound- 

ries. We attribute this phenomenon to (1) a lower value for s at 

igher temperature ( Eq. (3) ), indicating the presence of less Sc at 

rain boundaries, and (2) a higher moving speed of the reaction 

ront. The growth of DPs, however, might have been suppressed 

y the consumption of supersaturated Ag by CPs and the drag on 

eaction fronts introduced by the concentration of both CPs and 

issolved Sc at interface boundaries [ 26 , 27 , 62 ]. 

We assumed that when grain boundaries were occupied by 

ther species rather than whatever elements to form discontinu- 

us precipitates, the discontinuous precipitation would be inhib- 

ted. For example, discontinuous precipitates in Cu-25 wt%Ag were 

uppressed because eutectics occupied the grain boundaries [14] . 

hen some new grain boundaries formed in the Cu matrix by trig- 

ering recrystallization, discontinuous precipitates nucleated [14] . 

n Cu-7 wt%Ag, doping with 0.05 wt%Zr also inhibited discontin- 

ous precipitation [36] . Although the particular reason was not 

laimed by the authors, we suspected it was the Zr-segregation 

hat caused a decrease in grain boundary energy because Zr had 
89 
ittle solubility in Cu at room temperature [ 39 , 60 ]. This suppression

echanism was also discussed in multicomponent U-10Mo alloys 

nd NiAl-strengthened steels [ 26 , 63 ]. We believe this mechanism 

an help others to find the proper elements to suppress discontin- 

ous precipitation in other alloys. 

.4. Strengthening mechanisms 

Precipitation hardening ( σ p ) from DPs and CPs can be calcu- 

ated using the Orowan–Ashby equation [64] : 

p = 

0 . 84 M ( 1 . 2 G mix b Cu ) 

2 πλp 
ln 

r 

b Cu 

(4) 

here M is the Taylor factor for polycrystalline materials (3.0 [65] ), 

 mix is the shear modulus of Cu ( G Cu : 45 GPa), b Cu is the Burg-

rs vector of Cu (0.2556 nm [66] ), λp is the spacing between pre- 

ipitates in the slip planes ({111} for Cu), and r is the average ra- 

ius of precipitates. In the non-doped sample, we used the λp and 

he r obtained from SEM images because there was no particular 

abit plane for DPs [67] . In that case, λp was 160.0 ± 60.0 nm 

nd r was 15.1 ± 3.7 nm ( Fig. 3 (b)). In the doped sample, λp was

6.4 ± 19.0 nm, and r was 7.5 ± 0.8 nm, as measured from TEM 

mages taken at the [ ̄1 11] zone axis ( Fig. 6 (b, e)). We found that

he strength produced by CPs was 282 MPa, which is twice the 

trength produced by DPs (141 MPa). 

When ε was at 4.9, both DPs and CPs were drawn into fibers, 

ignificantly increasing the tensile strength of Cu-Ag. The Hall–

etch model [ 50 , 68–70 ], which is generally used to calculate the 

ield strength of polycrystalline single-phase metals and is often 

xtended to filamentary alloys, can also be used to calculate the 

ield strength of Cu-Ag alloys ( σCu −Ag ). It can be expressed as fol- 

ows: 

Cu −Ag = σ0 Cu + k Cu / Ag λ
−1 / 2 

f 
(5) 
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Fig. 10. Images showing FDPs in non-doped samples with ε = 4.9: (a, b) SEM images, (c, d) STEM images. (a) SEM image of FDPs in longitudinal cross-section. (b) SEM image 

of FDPs in transverse cross-section. (c) Bright-field STEM (BF-STEM) image of FDPs in transverse cross-section, showing coarsened FDPs (white arrows) among recrystallized 

Cu grains. (d) HAADF image of one Ag fiber (light contrast) in Cu matrix. Left-bottom inset is the FFT image, showing that the zone axis is [001]. Right-top inset is the 

Inverse Fast Fourier Transform (IFFT) image, showing the Ag fiber (outlined in black), surrounded by misfit dislocations (marked by red circles). 
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here σ0 Cu , which combines solid-solution hardening and grain- 

oundary hardening, is the yield stress of polycrystalline Cu. k Cu / Ag 

s the Hall–Petch constant of a deformed Cu-Ag alloy. 

As far as we know, the k Cu / Ag of deformed Cu-6 wt%Ag alloy 

as not yet been reported, so we explored whether the Hall–Petch 

odel, using a constant k Cu / Ag , could be effectively used to analyze 

he strength of Cu-6wt%Ag samples with different Ag fiber spacing. 

o do so, we calculated the k Cu / Ag of deformed Cu-24 wt%Ag from 

rommeyer’s data using Eq. (5) , assuming that the yield strength 

as the same as the ultimate tensile strength and omitting the 

0 Cu because of its small contribution [ 51 , 68 , 71 ]. When λf was

ore than 60 nm, the resulting k Cu / Ag was as high as 0.24 MPa 

 

1/2 . As λf continued to decrease, however, the k Cu / Ag also de- 

reased, reaching 0.16 MPa m 

1/2 when λf reached 13 nm ( Fig. 15 ). 

n other words, the Hall–Petch model failed to accurately calculate 

trength with a constant k Cu / Ag when λf fell below 60 nm in Cu- 

4 wt%Ag. The Hall–Petch model is based on two assumptions: (1) 

he spacing of obstacles is sufficiently large to allow dislocations to 

ile up before slipping past the obstacles, and (2) the strength of 

uch obstacles does not change even when their spacing decreases 

72] . Both assumptions, however, break down at nanometer scale. 

n small spaces, dislocation pileups are much less likely to occur 
b

90 
 73 , 74 ]. Moreover, the strength of the obstacles, i.e., their interface 

arrier strength, is no longer a constant at nanometer scale [72] . 

When our Cu-6wt%Ag samples reached maximum strain at 4.9, 

nterface spacing of non-doped and doped samples were only 

bout 43.3 nm and 25.6 nm, respectively, much lower than the 

ritical Ag fiber spacing in Cu-24 wt%Ag that rendered the k Cu / Ag 

seless for calculating strength. The fiber diameter of non-doped 

nd doped samples was about 3.2 nm and 1.8 nm, respectively, 

hich would change the spacing of misfit dislocations on Cu/Ag 

nterfaces enough to introduce an extra strengthening effect as the 

esult of internal stress [ 75 , 76 ]. 

.5. Electrical conductivity 

Matthiessen’s rule states that the resistivity of an alloy, such 

s Cu-Ag ( ρCu −Ag ), is a combination of phonon interactions ( ρpho ), 

efects ( ρdef ), and impurities ( ρimp ) [77] : 

Cu −Ag = ρpho + ρdef + ρimp (6) 

The value of ρpho is related to temperature. The value of ρdef is 

elated to the density of dislocations ( ρdis ), vacancies ( ρvac ), grain 

oundaries ( ρGB ), and interfaces ( ρint ). The value of ρimp is related 
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Fig. 11. Images of both FDPs and FCPs in doped samples (0.wt%Sc) with ε = 4.9: (a) SEM image of Ag fibers in longitudinal cross-section. The FDPs are marked by white 

arrows. (b) SEM image of Ag fibers in transverse cross-section. The FDPs are marked by white arrows. (c) High magnification SEM image of the Ag fibers from (b). We used 

STEM instead of SEM to reveal the detailed structure of FCPs because TEM/STEM has significantly high resolution and can provide more crystallographic information. (d) 

BF-STEM image in transverse cross-section of FCPs. (e) High-magnification HAADF-STEM image of FCPs in transverse cross-section, showing the FCPs arranged in lines. (f) 

HAADF-STEM image in transverse cross-section of one Ag fiber from FCPs. The white dots are the tops of the columns of Ag atoms. The left-bottom inset is the FFT image, 

showing that the zone axis is [001]. The right-top inset is the IFFT image, showing the Ag fiber outlined in black and surrounded by misfit dislocations (marked by red 

circles). The fiber diameter is around 1.8 nm. 

Table 5 

Calculated resistivity of non-doped and doped samples (0.15 wt% Sc) aged for 2 h 

at 450 °C at 22 °C and –196 °C. 

Non-doped samples ( μ� cm) Doped samples ( μ� cm) 

Resistivity 22 °C –196 °C 22 °C –196 °C 

ρimp 0.18 0.18 0.46 ∗ 0.39 ∗

ρpho 1.70 0.20 1.70 0.20 

Calculation 1.88 (91.7% IACS) 0.38 N/A N/A 

Experiment 1.85 (93.2% IACS) 0.35 2.16 (79.9% IACS) 0.59 

∗ ρimp in the doped samples was calculated with experimental data. 
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Table 6 

Mean free path of conduction electrons ( l 0 ) for pure Cu and Ag 

at 22 °C and –196 °C. 

l 0 for pure Cu (nm) l 0 for pure Ag (nm) 

Temperature 

22 °C 38.7 52.3 

–196 °C 328.7 280.8 
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o the fraction of solute in solid solution. In all samples before de- 

ormation, ρdef was not considered because in those samples, the 

ensity of ρdis , ρvac , ρGB , and ρint was insignificant. 

ρpho for a defect-free alloy in Cu-Ag, is a combination of the 

esistivity values of pure Cu and pure Ag. For calculation, we used 

he following parameters: ρpho of Cu at 22 °C and at –196 °C is 

qual to 1.70 μ� cm and 0.20 μ� cm, respectively; ρpho of Ag at 

2 °C and at –196 °C is equal to 1.61 μ� cm and 0.30 μ� cm, re-

pectively [ 78 , 79 ]. ρimp depends on the concentration of impurity, 

nd can be calculated as follows: 

imp = Nx a (7) 

here N is the Nordheim coefficient. It is 0.123 μ� cm/at.% for Ag 

n Cu [ 80 , 81 ]. 

The resistivity of both non-doped and doped samples aged at 

50 °C for 2 h was calculated at 22 °C and –196 °C ( Table 5 ).

hese calculated resistivity values were very similar to the resis- 

ivity value that we measured in the non-doped samples. Because 
91 
 a of the doped samples could not be calculated using XRD re- 

ults, ρimp was calculated using the measured resistivity values. 

he value for ρimp was higher in the doped samples than in the 

on-doped samples. There are three possible reasons for the dif- 

erence: (1) the lower diffusion rate of Ag in doped samples may 

ave caused more Ag to accumulate in the Cu matrix, (2) a very 

mall amount of Sc may have remained in the Cu matrix, or (3) 

he smaller size of the Ag particles in the doped samples may have 

llowed more Ag to dissolve into the Cu matrix (Gibbs–Thomson 

ffect [82] ). 

Since the deformation strain increased, the electrical conduc- 

ivity of both non-doped and doped samples decreased. The value 

or ρimp in the deformed samples was assumed to be the same as 

n the corresponding undeformed samples. Using Eq. (6) , we calcu- 

ated the ρimp of the non-doped and doped samples aged at 450 °C 

or 8 h as 0.16 μ� cm and 0.25 μ� cm, respectively ( ρCu −Ag of 

he non-doped and doped samples at 22 °C was 1.86 μ� cm and 

.95 μ�cm (94.2% IACS and 88.1% IACS as shown in Fig. 14 (a)), re-

pectively, and ρpho at 22 °C was 1.70 μ� cm). 
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Fig. 12. HAADF-STEM images in transverse cross-section of subgrain boundaries in doped samples (0.15 wt% Sc) with ε = 4.9: (a) Ag fibers (white dots) along the boundaries. 

(b) High-magnification image of the grains (A and B) next to a boundary. (c) FFT image of (b). (d) Enlargement of (c). The dots marked in A and B are the diffraction patterns 

of areas A and B in (b). 
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The density of dislocations increased considerably after defor- 

ation, but the effect of dislocations on resistivity was very small, 

nly around 2.8 × 10 –13 and 1.6 × 10 –13 μ� cm per dislocation 

ine/cm 

2 at 0 °C and –196 °C, respectively [ 83 , 84 ]. In previous

esearch, the dislocation density of Cu matrix in Cu-Nb compos- 

tes has maintained a saturated value around 4 × 10 10 cm 

–2 at 

trains ranging from 3.6 to 6.9 [ 85 , 86 ]. At this dislocation density,

dis would be only around 0.01 and 0.006 μ� cm at 0 °C and –

96 °C, respectively. We speculated that the dislocation density in 

ur samples would remain at a level of 4 × 10 10 cm 

–2 at a defor-

ation strain of 4.9, thus we omitted ρdis . The ρpho was the same 

n both undeformed and deformed samples. ρGB was very small 

nd was neglected here [ 85 , 87–89 ]. 

ρint increased considerably because Cu-Ag was divided into nu- 

erous Cu channels and Ag channels by Cu/Ag interfaces. The re- 

istivity produced by Cu/Ag interfaces ( ρint ) can be calculated with 

he Dingle model [ 80 , 90 , 91 ]: 

int = ρ0 ( 
( 1 − p ) 

( 1 + p ) 

l 0 
d Ch 

−1) , ( 
l 0 

d Ch 

� 1) (8) 

int = ρ0 ( 
3 

4 

(1 −p ) 
l 0 

d 
) , ( 

l 0 
d 

� 1) (9) 

Ch Ch 

92 
here ρ0 is the resistivity for Cu or Ag without defects, which is 

he same as the values of their ρpho . p is the probability of elastic

cattering at the phase boundary. The value for d Ch is the diameter 

f each phase channel. l 0 is equivalent to the mean free path of the 

onduction electrons. In Cu-Ag alloys, the values of p are 0.81 and 

.84 at 25 °C and –196 °C, respectively [ 87 , 88 ]). The diameter of

u channels is equivalent to the mean random edge-to-edge dis- 

ance of Ag fibers ( λf ). The diameter of Ag channels is equivalent 

o the diameter of Ag fibers ( d Ag ). The values for l 0 in Cu and in

g at 22 °C and at –196 °C were shown in Table 5 (The calculation

rocess was shown in Appendix H). 

In both non-doped and doped samples at ε = 4.9, the val- 

es of l 0 /d Ch of Cu and Ag phases were calculated and shown in

able 7 . They were not much less or greater than 1. Therefore, it 

as inaccurate to use the Eqs. (8) and (9) to calculate ρint . When 

.1 ≤ l 0 /d Ch ≤ 10 0 0, Sambles and Preist [91] proposed a model, 

hich was shown as follows: 

int = ρ0 α

(
l 0 

d Ch 

)n 

, (0 . 1 ≤ l 0 
d Ch 

≤ 10 0 0 ) (10) 
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Fig. 13. STEM images in longitudinal cross-section of Ag fibers in doped samples (0.15 wt% Sc) with ε = 4.9: (a) BF-STEM image of Ag fibers (indicated by small white 

arrows). (b) BF-STEM image of Ag fibers (white arrows) and twins (black arrows). (c) High magnification HAADF-STEM image of Ag fibers (one of which is indicated by a 

white arrow) and twin boundaries (black arrows). The fiber diameter is around 2.5 nm. (d) FFT image of the area from (c), showing twins in Cu matrix. Diffraction spots 

from the matrix are connected by solid black lines, from the twins by red dashed lines. 

Table 7 

l 0 /d Ch of Cu and Ag phase in non-doped and doped sam- 

ples (0.15 wt% Sc) at 22 °C and –196 °C when ε = 4.9. 

Cu channel Ag channel 

22 °C –196 °C 22 °C –196 °C 

Non-doped 0.89 7.59 16.34 87.75 

Doped 1.49 12.69 29.06 156.00 

w

d

t

T

r

l

w

i  

a

e

Table 8 

Interfacial scattering ( ρint ) for Cu and Ag in non-doped and 

doped samples (0.15 wt% Sc ) at 22 °C and –196 °C when ε = 4.9. 

Temperature Temperature 

22 °C –196 °C 

Non-doped 

sample 

ρdeformed Cu −Ag ( μ� cm) 2.18 0.68 

ρpho ( μ� cm) 1.70 0.20 

ρimp ( μ� cm) 0.16 0.16 

ρint ( μ� cm) 0.32 0.32 

Doped 

sample 

ρdeformed Cu −Ag ( μ� cm) 2.59 1.03 

ρpho ( μ� cm) 1.70 0.20 

ρimp ( μ� cm) 0.25 0.25 

ρint ( μ� cm) 0.64 0.58 

t

I

f

C

R

here α and n are functions of l 0 /d Ch . Their values, however, are 

ifferent in different small ranges of l 0 /d Ch , making it impossible 

o use Eq. (10) to calculate ρint . 

After deformation, Cu channels are aligned parallel to Ag fibers. 

hey can be treated as parallel-connected resistors. Therefore, the 

esistivity of Cu-Ag alloys ( ρdeformed Cu −Ag ) can be calculated as fol- 

ows [ 92 , 93 ]: 

1 

ρdeformed Cu −Ag 

= 

f Cu 

ρCu 

+ 

f Ag 

ρAg 

(11) 

here f Ag is the volume fraction of the Ag phase. The value for f Cu 

s equivalent to 1 − f Ag . The f Ag is only about 4.6% in non-doped

nd doped samples, which causes that the value of ρAg has a slight 

ffect on ρdeformed Cu −Ag (see Appendix I). Therefore, we omitted 
93 
he resistivity of ρAg and calculated the ρint with Eq. (6) ( Table 8 ). 

n doped samples, because of the thinner channels of Cu, the value 

or ρint in Cu was around 2 times the values in non-doped samples. 

onsequently, doped samples had lower electrical conductivity and 

RR. 
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Fig. 14. Effect of strain levels on the properties of non-doped and doped samples. (a) Electrical conductivity. (b) RRR. (c) Hardness. (d) Strain–stress curves of samples at 

ε = 4.9. 

Fig. 15. Calculated value of k Cu / Ag for deformed Cu-24 wt%Ag, derived from data 

collected by Frommeyer and Wassermann [71] . 

4

d

t

o

o

d

0

t  

o

r

a

p

d

h

s

5

(

(

(

(

(

.6. Comparison between our work and previous research 

We measured UTS and electrical conductivity in non-doped and 

oped samples deformed to a strain of 4.9. When we compared 

hese values to those reported by other researchers, we found that 

ur non-doped samples were similar to the Cu-6 wt%Ag samples 

f others. For a combination of UTS and electrical conductivity, our 

oped samples performed better than Cu-6 wt%Ag, Cu-6 wt%Ag- 

.5 wt%Cr, Cu-6 wt%Ag-RE, and Cu-6 wt%Ag-0.2 wt%Zr, similar to 

he properties of Cu-24 wt%Ag [ 8 , 33 , 34 , 94 ] ( Fig. 16 ). Some previ-

us researchers used intermediate aging treatments, which were 

eported to benefit strength and electrical conductivity [ 95 , 96 ]. We 

ssume that the properties of our samples could be further im- 

roved with appropriate intermediate aging treatments between 
94 
eformations. With the advantages of ingot fabrication and the 

igh strength and high conductivity, Cu-6 wt%Ag-Sc alloys can be 

ufficient to manufacture wires for high-field magnets. 

. Conclusion 

1) In non-doped samples, aging produced only discontinuous pre- 

cipitates, but in doped samples, most areas were filled with 

continuous precipitates after aging, although some discontin- 

uous precipitates remained, mostly near grain boundaries. We 

concluded that doping with Sc significantly suppressed discon- 

tinuous precipitates. 

2) Doping decreased electrical conductivity only slightly in aged 

samples, but because of the high-volume percentage of contin- 

uous precipitates, which were arranged on {111} plane, doping 

increased strength in aged samples by 55 MPa. 

3) In doped samples, Ag and Sc were concentrated at grain bound- 

aries, where they formed thin intermetallic compound layers, 

converting high-energy grain boundaries into low-energy inter- 

faces, thus erasing preferred nucleation sites for the discon- 

tinuous precipitates, which had previously depended on high- 

energy grain boundaries for a critical part of their nucleation 

energy. 

4) Discontinuous precipitates, which nucleated on grain bound- 

aries and thus required lower activation energy, were governed 

by Ag interface diffusion. Continuous precipitates, which nucle- 

ated inside grains and thus required higher activation energy, 

were governed by Ag volume diffusion. 

5) After deformation, the electrical conductivity of all samples de- 

creased, while the hardness increased. At a strain of 4.9, elec- 

trical conductivity decreased to around 66% IACS for doped and 

77% IACS for non-doped samples. The hardness increased to 

290 HV for doped and 249 HV for non-doped samples. The av- 
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Fig. 16. Comparison of data from our research and that of other’s [ 8 , 33 , 34 , 94 ]. Outlined symbols and solid symbols show the electrical conductivity and the UTS, respectively. 
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erage UTS of doped samples was 1080 MPa, 205 MPa higher 

than the average of non-doped samples. 

6) In doped samples subjected to a deformation strain of 4.9, 

we did not observe any misfit dislocations on the longitudinal 

cross-section, but we found numerous misfit dislocations on the 

transverse cross-section, indicating lattice distortion. 

7) In all samples, strength was attributable to the refinement of 

Ag fiber spacing after deformation. Narrower fiber spacing led 

to higher strength. Electrical conductivity decreased consider- 

ably because of an increase in interface scattering stemming 

from the narrowness of Ag fiber spacing and the thinness of 

Ag fibers. 
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