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A B S T R A C T   

The microstructure, precipitation kinetics, electrical conductivity, and mechanical properties of Cu-7.9 wt%Ag 
and Cu-5.8 wt%Ag doped with 0.6 wt%Nb were investigated. As-cast microstructure revealed both discontinuous 
and continuous precipitation of Ag in Cu matrix. Differential scanning calorimetry data indicated that continuous 
precipitation occurred at higher temperatures with higher activation energy. Both micro-sized and nano-sized Nb 
particles were observed in the Nb-doped Cu–Ag alloy. The doping of Nb significantly suppressed the growth of 
discontinuous Ag precipitates and consequently increased the activation energy and the volume fraction of 
continuous Ag precipitates. Because of larger volume fraction of finer-spaced continuous Ag precipitates, the Nb- 
doped alloy showed higher hardness and strength than the un-doped Cu–Ag. After cold-rolling, the strength of 
the Nb-doped alloy remained higher than that of the un-doped Cu–Ag.   

1. Introduction 

High-field magnets are powerful tools for research in such fields as 
materials science, chemistry, physics, and biology [1]. These magnets 
require conductors with both high strength and high electrical con
ductivity. High strength is required for resisting Lorentz forces, and high 
electrical conductivity for reducing Joule heat. 

Cu–Nb composite is a candidate for high-field magnet conductors 
[2–13]. In this composite, primary Nb dendrites that are formed during 
the casting become curled ribbons after severe plastic deformation. Nb 
has negligible solubility in Cu matrix, so it does not significantly 
decrease the electrical conductivity of Cu [14]. Previous work has 
indicated that Cu–Nb composites achieve strength of 1000 MPa when 
strain values reach about 8 [2]. Cu-20 wt%Nb has reached an ultimate 
tensile strength (UTS) up to 2.2 GPa at deformation strain of 12 [12,13]. 
Because of its high melting point, however, Cu–Nb is difficult to cast. 
Thus, researchers have instead used accumulative drawing and bundling 
or accumulative roll bonding to make filament or multilayered Cu–Nb 
nano-composites [15–17]. These approaches, however, require very 

large deformation strain (≥6), which makes the fabrication of large size 
conductors difficult and expensive. 

Compared to Cu–Nb, Cu–Ag composites can be cast at lower tem
perature and fabricated under smaller deformation strain [18–31]. Re
searchers who have studied composition and microstructure in Cu–Ag, 
however, have found that, when they increased Ag to 72 wt%, the 
strength of the composite increased gradually, but electrical conduc
tivity decreased substantially [22]. In order to maintain high conduc
tivity, researchers kept Ag content at 24 wt% or lower, which allowed 
them to achieve UTS of 1 GPa and electrical conductivity of 80% In
ternational Annealed Copper Standard (IACS) in wire fabricated at a 
deformation strain of 4.6 (i.e. reduction-in-area of 99%) [22]. For 
comparison, a conductor with 100% IACS would have electrical re
sistivity of 1.7241 mV cm. 

To increase conductivity and reduce the proportion of precious 
metal, researchers explored Cu–Ag composites that had even lower Ag 
content. The strength developed in these composites was attributed to 
work hardening, precipitation strengthening, solid-solution strength
ening, and grain boundary strengthening [26,32]. Among those factors, 
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precipitation strengthening from Ag was the most important strength
ening mechanism. Although solubility limitations at eutectic tempera
ture (779.1 ◦C) were as high as 8.8 wt% for Cu in Ag and 7.5 wt% for Ag 
in Cu, solubility was lower than 0.06 wt% at room temperature [33]. 
This provides a driving force to precipitate Ag out of supersaturated Cu 
matrix by a precipitation reaction with decreasing temperature. Re
searchers found both discontinuous precipitation (DP) and continuous 
precipitation (CP) of Ag, depending not only on Ag content in the 
composite but also on the temperature of heat treatment [33–39]. They 
found that the volume fraction of DP, which is often partially suppressed 
by high Ag content, was apparently raised by heat treatment even at low 
temperatures [39]. In composites with Ag content as low as 8 wt%, 
however, CP volume fraction was strongly favored by heat treatment at 
high temperature [40]. 

Both wire drawing [41–43] and rolling [7,24] have been found to 
form a filamentary microstructure in Cu–Ag composites by aligning Ag 
precipitates parallel to the deformation orientation. The size and dis
tribution of Ag precipitates in the initial state before deformation play an 
important role in controlling strength and electrical conductivity in the 
finished products. Strength varies with the percentage of Ag in the 
composites. To further improve strength, research is needed to under
stand the contributions made by precipitates (both DPs and CPs) under 
various conditions. 

To improve properties and reduce production cost, researchers have 
added certain third elements into the Cu–Ag alloy. They found that, 
because of reduced Ag diffusion rates along grain boundaries, the 
addition of more than 0.05 wt% Zr favored the formation of CPs in Cu 
matrix by suppressing the formation of DPs. After deformation at 
drawing strain up to 5.8, interspersed with heat treatment, tensile 
strength and electrical conductivity reached 1.4 GPa and 60%IACS, 
respectively, in Cu-7wt%Ag-0.05 wt%Zr [36,44–50]. Because of exten
sive research on Cu–Nb and Cu–Ag binary systems, Nb was chosen as 
another third-element [51–53]. Research was focused primarily on 
lowering the melting point of Cu–Ag–Nb to make casting easier. UTS of 
1840 MPa was achieved in Cu-8.2 wt%Ag-4wt%Nb wires drawn to a 
strain of 10.5 [14]. To analyze the reasons behind this very high 
strength, researchers investigated Nb dendrites, Nb filaments, and 
Ag–Cu or Cu–Nb interaction [51–56] but they did not include the pos
sibility of synergistic effects between Nb and Ag with respect to CP, DP, 
strength and conductivity. To study synergy, Nb content would have to 
be sufficiently low that strengthening effects could not be attributed to 
Ag or Nb alone. No studies of Cu–Ag–Nb so far, however, have addressed 
Nb content lower than 4 wt%. 

In this work, we studied the influence of Nb doping on the kinetics of 
Ag precipitation. We found that Nb doping had a disproportionate 
synergistic effect on the ratio of CPs to DPs, thus producing high strength 
at relatively low cost. 

2. Experimental procedure and calculations 

Both Cu-7.9 wt%Ag and Cu-5.8 wt%Ag-0.6 wt%Nb alloys were cast 
by ACI Alloys, Inc., USA. The chemistry of these alloys was measured by 
Energy Dispersive Spectrometer (EDS), (Table 1). The strengthening 
elements (Ag in the Cu–Ag alloy and Ag plus Nb in the Cu–Ag–Nb alloy) 
were intended to have the same weight percent, but, because of the high 
melting temperature of Nb, more Ag evaporated in the Cu–Ag–Nb alloy, 
so the Ag content in that alloy turned out to be lower than expected. We 

decided to continue nonetheless because, if the Cu–Ag–Nb alloy turned 
out to be stronger despite a lower percentage of strengthening element 
(Ag + Nb), we would be able to demonstrate synergy between Ag and 
Nb. We sectioned as-cast ingots, treated them at 760 ◦C for 25 h, and 
quenched them in water. 

Solution-treated samples were characterized during heating from 
100 ◦C to 500 ◦C under an argon atmosphere in a differential scanning 
calorimeter (DSC: Shimadzu DSC-60). The heating rates ranged from 
5 ◦C/min to 50 ◦C/min. Exothermic peaks were determined by calcu
lating the local maximum values, which were estimated at the temper
ature where the derivative of dQ/dt with respect to temperature was 
zero (i.e. d(dQ/dt)/dT = 0). We arrived at the onset temperatures of 
precipitation reactions using the intersection points of the extrapolated 
baselines and inflectional tangents at the beginning of precipitation. We 
calculated the baseline and the inflectional tangent from the 
temperature-dependent heat flow signal. 

The quenched ingots were also machined into several samples with 
dimensions of 100 mm × 15 mm × 0.5 mm and isothermally aged at 
170 ◦C and 475 ◦C for times ranging from 0.5 h to 16 h. All the heat 
treatments were performed in an argon atmosphere. Additionally, two 
rectangular specimens sectioned from the two as-cast ingots (initial 
thickness of 5 mm) were cold rolled to a total reduction of 97.6% 
without any intermediate heat treatment (final thickness was about 
0.12 mm). The reduction is defined as 100 × (t0-t)/t0, where t0 is the 
initial specimen thickness and t is the thickness after cold rolling. 

Both as-cast and heat-treated samples were electrically polished in a 
solution of 30% phosphoric acid and 70% water, and examined in a field 
emission scanning electron microscopy (FESEM, Zeiss 1540 XB). Sam
ples for transmission electron microscopy (TEM) were prepared by 
grinding a 3-mm diameter disk to approximately 100 μm, and twin-jet 
polished in a solution of 50% nitric acid in water at − 30 ◦C with a 
voltage of 8 V in a Struers TenuPol 5. The foils were observed in a JEOL- 
2011 TEM operating at 200 kV. 

Microhardness tests were performed using a diamond indenter under 
a load of 0.3 kg for as-cast and heat-treated samples, and a load of 0.05 
kg for as-rolled samples with a dwelling time of 10 s. The hardness of 
heat-treated samples was measured on the longitudinal cross-sections. 
The hardness of as-rolled samples was measured on the rolling plane. 
In order to reduce the influence of fluctuation of temperature and ions, 
electrical resistivity was measured by standard four-point probe method 
in both deionized water at room temperature and in liquid nitrogen at 
− 196 ◦C. Tensile tests were carried out at room temperature using a 
Tytron 250 Microforce Testing System with an initial strain rate of 3 ×
10− 4 s− 1. The samples used for tensile tests were too small to allow strain 
to be measured by extensometer, so the digital image correlation (DIC) 
technique was used. For each experimental condition (as-cast, heat- 
treated, or as-rolled) at least three samples were used. 

3. Results 

3.1. As-cast microstructure 

In all the alloys that we studied, we found degenerated Cu–Ag eu
tectics embedded in the Cu matrix (Fig. 1a and c). High magnification 
images revealed the morphology of Ag precipitates within the Cu matrix 
of each composite. In the Cu–Ag–Nb alloy, Nb particles were also 
embedded (Fig. 1b, d, and 2). A high magnification image was necessary 
in order to reveal the ovoid morphology of Nb (Fig. 1b inset). In the Nb- 
doped alloy, the lower Ag content resulted in a 3% decrease in the 
volume fraction of degenerated eutectics (see Table 1). Both CPs and DPs 
appeared in SEM images of doped and undoped alloys (Fig. 1c and d). In 
the un-doped alloy, the volume fraction of CP was small. We could only 
examine its morphology in a selected area by using high-magnification 
images (Fig. 1c inset). In the doped alloy, the area of Ag precipitates 
(including DPs and CPs) was measured by metallographic point- 
counting at about 2/3, compared to approximately 1/3 in the un- 

Table 1 
Chemical analysis of as-received alloys utilizing EDS.   

Weight fraction (%) Calculated Volume fraction (%) 

Ag Nb Ag Nb 

Cu–Ag 7.9 ± 0.6 / 8.9 ± 0.7 / 
Cu–Ag–Nb 5.8 ± 0.7 0.6 ± 0.1 6.2 ± 0.8 0.6 ± 0.1  
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doped alloy, indicating that Nb addition increased the volume fraction 
of Ag precipitation. The spacing between DPs was almost same in the 
two alloys (approximately 400 nm), but the spacing between CPs was 
approximately 30 nm greater in the Nb-doped alloy (Table 2). The area 
percentage of CPs in the Nb-doped alloy was visibly higher than in the 
un-doped alloy. 

Rod-like Ag precipitates appeared in both bright-field and dark-field 
TEM images of as-cast Cu–Ag–Nb alloy. These precipitates showed up in 
contrast to the surrounding field, i.e., dark contrast in the bright-field 
image, bright contrast in the dark-field image (Fig. 2a and b). A par
tial selective area diffraction pattern (SADP) revealed diffraction spots 
of Nb between the spots of Ag and Cu, indicating that Nb is a distinct 
phase (Fig. 2c). The complete SADP revealed brighter diffraction spots 
from Ag than from Nb, indicating a large volume fraction of Ag pre
cipitates (Fig. 2c inset). We found a defined orientation relationship 
between Nb and Cu, indicating that Nb forms during the solid-state re
action. The nanoparticles were mainly from Nb in the dark-field image 
taken by (110)Nb diffraction (Fig. 2d). These very small nanoparticles 
were probably the result of precipitation reaction. 

Our EDS results showed that Ag content in the Cu matrix of the Nb- 
doped alloy was lower than in the Cu–Ag alloy. The volume fraction of 
Nb particles in the dark-field image was 1.5%, as measured by metal
lographic point-counting (Fig. 2d). This value was much higher than the 
overall Nb content (see Table 1). This difference may have resulted from 
inaccurate measurement of sample thickness or from inaccurate iden
tification of some Ag particles as Nb particles. The (110)Nb and (111− )Ag 
diffraction spots from two separate phases appeared very close together 
in the partial SADP (Fig. 2c). Some of the bright contrast in the dark field 
image might be Ag precipitates rather than Nb precipitates (one of them 
is indicated by Nb/Ag precipitate in Fig. 2d), which would account for 
an artificially high volume fraction of Nb. 

The solubility of bulk Nb in Cu is negligible [14]. Our EDS results in 
SEM, however, indicated the presence of some Nb content (0.15 vol%) in 

the area of Cu matrix that did not have any visible particles, indicating 
the presence Nb (see Table 2). We estimated that, out of the overall 
volume fraction of 0.6 vol% Nb, 0.15 vol% constituted nanoparticles. 
We assumed that Ag accounted for 1.35 vol% of the 1.5 vol% of pre
cipitates that appeared in our dark field images. 

3.2. Precipitation behaviors of Nb-doped alloy 

3.2.1. Precipitation kinetics of Ag 
DSC curves of quenched Nb-doped alloy showed two exothermic 

peaks during heating (Fig. 3a). In samples subjected to higher heating 
rates, exothermic peaks shifted toward higher temperatures. These re
sults are consistent with previous work on Cu–Ag alloy [39]. The first set 
of peaks, those indicating DPs of Ag, appeared between 260 ◦C and 
370 ◦C, which were lower than that in un-doped alloy (300◦C-400 ◦C). 
The second set of peaks, those indicating CPs of Ag, appeared above 
450 ◦C. The onset temperature for the DP reaction was lower in 
Nb-doped alloy than in un-doped alloy at the same heating rate, but 
similar for CPs. 

According to the equation developed by Kissinger: 

ln
(

b
/

T2
p

)
= − Ea

/ (
RTp

)
+ C (1)  

where b is the heating rate, Tp is the peak temperature in the DSC curve, 
Ea is the activation energy, R is the universal gas constant, and C is a 
constant. We determined exothermic peaks by calculating local 
maximum values, estimated at the temperature where the derivative of 
dQ/dt respective to temperature was zero (i.e. d(dQ/dt)/dT = 0). The 
activation energy values for DP and CP reactions were calculated ac
cording to equation (1) as 63±5 kJ/mol and 125±12 kJ/mol, respec
tively (Fig. 3b). Activation energy value for DPs in Cu–Ag–Nb alloy was 
almost the same as in Cu–Ag alloy (63.7 kJ/mol) [42]. The activation 
energy value for CPs, however, was significantly higher in the doped 

Fig. 1. As-cast microstructure of Cu–Ag (a) and Cu–Ag–Nb (b), along with their respective magnified images (c, d).  
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than in the undoped alloy (68.7 kJ/mol) [39]. We speculated that this 
higher value might be the result of the addition of Nb to the system. 

3.2.2. Microstructural evolution 
We found very few Ag precipitates in solution-treated Cu–Ag–Nb 

alloy, indicating that Ag had almost completely dissolved in the Cu 
matrix (Fig. 4a). Solution treatment, however, had no influence on the 
morphology of the Nb particles, which remained ovoid in shape 
(Fig. 4b). 

DSC is often used to determine the aging temperature for non- 
isothermal precipitation, usually 50 ◦C to 100 ◦C higher than for 
isothermal precipitation. For our isothermal aging temperature, we 
selected 170 ◦C, a value within the range suggested by our DSC results. 
At this temperature, SEM images showed spherical Ag precipitates, 
mostly small in diameter, in both types of samples (as indicated by white 
arrows in Fig. 5). In Cu–Ag samples aged isothermally at 170 ◦C, a small 

number of Ag precipitates appeared (Fig. 5a, b, 5c). We subjected our 
samples to several aging times in order to investigate the effect on 
precipitation reaction at 170 ◦C. In general, volume fraction of precip
itation (Cu with Ag precipitates) was higher in doped than in undoped 
samples, especially after prolonged heat treatment (compare Fig. 5c to 
f). That said, prolonging aging time introduced almost no change in the 
volume fraction of Ag precipitates in undoped samples but considerable 
change in doped samples. Volume fraction of precipitation in doped 

Fig. 2. TEM bright-field image (a) with corresponding SAD patterns (c) and dark field image (b, d) of an as-cast Cu–Ag–Nb alloy.  

Table 2 
Summary of microstructural characterizations in as-cast Cu–Ag and Cu–Ag–Nb 
alloys.  

Description Cu–Ag Cu–Ag–Nb 

volume fraction of degenerated eutectics 4.5% 1.5% 
spacing between DPs (nm) 400 ± 20 400 ± 10 
average diameter of DPs (nm) 124 ± 50 116 ± 30 
spacing between CP rows (nm) 198 ± 68 228 ± 59 
spacing between CPs (nm) 74 ± 17 103 ± 13 
size of CPs (nm) 53 ± 6 75 ± 17 
Ag content in Cu matrix from SEM-EDS (wt%) 5.8 ± 0.3% 4.1 ± 0.6% 
Nb content in Cu matrix from SEM-EDS (wt%) – 0.15%  

Fig. 3. DSC curves of Cu–Ag–Nb samples subjected to different heating rates 
(a) and Kissinger plot for calculating activation energies of two distinct 
exothermic reactions (b). 
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samples increased about 0.76% in the sample treated for 0.5 h and 1.7% 
in the sample treated for 16 h. In undoped samples, however, while 
volume fraction of precipitation was about 0.4% in the sample treated 
for 0.5 h, it was only about 0.55% in the sample treated for 16 h. In 
doped samples, high-magnification images showed the presence of rod- 
shaped precipitates (see Fig. 5f inset). We speculate that precipitation 
reaction may have occurred at a much lower temperature in the doped 
samples that had been subjected to prolonged heat treatment. This is 
consistent with our DSC results. 

For a second aging temperature, we selected 475 ◦C because we 
found that both strength and electrical conductivity reach their best 
values in Cu–Ag alloy at that temperature [39]. In doped samples 
heat-treated at 475 ◦C, both DPs and CPs of Ag appeared in large 
quantity (Fig. 6). The volume fraction of Ag precipitation was signifi
cantly higher than in samples treated at 170 ◦C. In the as-cast condition 
or during the early stages of aging, the spacing of DPs was almost 
identical in doped and undoped samples. In undoped samples, 
increasing treatment time from 0.5 h to 1 h resulted in a 35% increase in 
spacing. The t-test results showed significant difference, with a confi
dence level of 90%. Spacing in the doped sample treated for 1 h, how
ever, was not significantly different from spacing in the sample treated 
for 0.5 h (Fig. 7a). This demonstrates that heat treatment time had a 
greater influence on the undoped samples. We also measured the 
average diameter of DPs in doped and undoped samples after different 
aging times. This diameter was larger in doped than in undoped samples 
treated for 0.5 h, (Fig. 7b). With increasing aging time, this diameter 
increased substantially in undoped samples but showed no significant 
change in doped samples. Consequently, this diameter was much smaller 
in the doped sample treated for 16 h. 

3.2.3. Hardness and electrical resistivity 
The hardness of aged Nb-doped samples increased as aging time 

increased, reaching a peak value of 120 HV after 1 h and remaining 
relatively high thereafter (Fig. 8a). The hardness of aged, undoped 
Cu–Ag samples also increased as aging time increased, but it reached a 
peak value of only 108 HV after 1 h and fell rapidly thereafter. After 
aging for 1 h, hardness values for doped samples were 16% higher; after 
aging for 16 h, they were 63% higher. The hardness difference between 
doped and undoped samples is significant with 95% confidence level, 
according to t-test results. 

Values for electrical resistivity, as measured at 25 ◦C (ρ25 ◦C) and at 
− 196 ◦C (ρ-196 ◦C), were almost the same for doped and undoped samples 
after up to 2 h of aging. After aging longer than 2 h, however, these 
values were somewhat higher in doped samples (Fig. 8b). For each 
sample, we estimated the residual resistivity ratio between readings 

taken at 25 ◦C and at − 196 ◦C, using the formula ρ25 ◦C/ρ-196 ◦C. Doped 
samples consistently had slightly lower ratios than undoped samples. In 
both cases, ratios increased significantly with increasing aging time up 
to 4 h, after which point additional aging time produced no significant 
increase. 

3.3. Anisotropy in tensile properties and electrical resistivity 

In deformed sheets of doped and undoped Cu–Ag, both tensile 
strength and electrical resistivity showed anisotropy. Ultimate tensile 
strength (UTS) and yield strength (YS) were approximately 3–6% higher 
in transverse section (TS) than in longitudinal section (LS) (see Table 3). 
In doped sheets, UTS was higher by 5% and YS by 6%. Nb doping had no 
appreciable impact on elongation, which remained greater in LS than in 
TS. Electrical resistivity in doped sheets was 5% higher in LS and 4% 
higher in TS. 

4. Discussion 

4.1. Influence of Nb doping on Ag precipitation 

By influencing the kinetics of Ag precipitation, Nb doping enhances 
the mechanical strength of Cu–Ag composites. In our doped, as-cast 
samples, large Ag precipitates predominated, while in undoped sam
ples, Ag precipitates remained small and few. During casting, both 
doped and undoped samples had been exposed to same high tempera
ture, but the resulting precipitation was clearly greater in doped 
samples. 

For undoped samples, high temperature aging resulted in coarsening 
of DPs, but when doped samples were kept at a high temperature for up 
to 16 h of isothermal aging, the size and spacing of DPs remained almost 
the same (Fig. 7). 

The Ostwald coarsening equation, which could be used to describe 
the un-doped alloy, could not be applied to Nb-doped composite aged for 
0.5 h–16 h. The discrepancy can be illustrated as follows: 

r3 − r3
0 =

8DCeγV2
m

9RT
⋅t (2)  

where r is the precipitate radius at time t and r0 is the precipitate radius 
at time zero. D is the diffusivity of the elements, Ce is the equilibrium 
solubility at a given temperature, γ is the interfacial energy, Vm is the 
molar volume of the precipitate. Using our measured minimum Ag 
precipitate radius of 25 nm as r0, 8DCeγV2

m
9RT was estimated to be 3.8 × 104 

nm3/h. The measured data showed that Nb-doped Cu–Ag had a 

Fig. 4. (a) TEM image within Cu-matrix zone and (b) morphology of one Nb particle in quenched Cu-5.8 wt%Ag-0.6 wt%Nb alloy. The inset in (b) is the indexed 
SADP of the Nb particle. 
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surprisingly low value for 8DCeγV2
m

9RT . Furthermore, the precipitate radius in 
samples subjected to 16 h of isothermal heat treatment was smaller for 
Nb-doped Cu–Ag than for un-doped Cu–Ag. Nb may have reduced the 
values for D, Ce, and/or γ. Furthermore, the molar volume of Ag (Vm in 
Equation (2)) in Nb-doped Cu–Ag was 36% smaller than un-doped. 

In samples subjected for 0.5 h to 475 ◦C isothermal heat treatment, 
the diameter of DPs was larger in Nb-doped than in un-doped Cu–Ag, 
indicating that Nb promotes formation or nucleation of DPs. Similar 
promotion by Nb of DPs nucleation occurred in samples isothermally 
aged at 170 ◦C, in which the observed volume fraction of DPs was much 
greater in Nb-doped than in un-doped Cu–Ag. Doping with Nb increased 
the volume fraction of areas with CPs more than those with DPs. This 
appears to indicate that Nb addition affects CPs and DPs differently. This 
difference can sometimes be correlated to continuous reaction 

experiments. 
DSC was used to undertake this research. In Cu–Ag alloys, the acti

vation energy for CPs is slightly larger than for DPs [39]. Doping with Nb 
increases the activation energy of CPs. This indicates that Nb affects the 
kinetics of CPs more than of DPs. More work is required to correlate this 
to the isothermal kinetics of Ag precipitation in Nb-doped samples. 

4.2. Influence of Nb doping on maintaining hardness 

In our as-cast alloys, grain boundary strengthening and dislocation 
strengthening were negligible. Solution treatment maximized solid so
lution strengthening in both un-doped and doped samples. During 
isothermal ageing, however, the solid solution hardening effect 
decreased and precipitation hardening increased because the formation 
of both DPs and CPs reduced the solid solution present in Cu. During the 

Fig. 5. Microstructures of the 170 ◦C -treated Cu–Ag (a, b, c) and Cu–Ag–Nb (d, e, f) alloys after different time of aging: 0.5 h (a, d), 2 h (b, e), 16 h (c, f).  
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first hour of isothermal aging, because of the formation of both Ag DPs 
and Ag CPs, hardness increased at least 10% in un-doped and 20% in 
doped samples (Fig. 8). After 1 h of isothermal heat treatment, the 
hardness of doped samples changes little because Nb slows down the 
growth and coarsening of Ag DPs. Although the spacing between Ag DPs 
in doped samples was initially higher than in un-doped samples, it lev
eled off after the first hour of heat-treatment and did not increase 
thereafter. In un-doped samples, however, the spacing increased with 
increasing heat treatment time, up to as much as 16 h. Meanwhile, the 
precipitate spacing of CPs remained much smaller than that of DPs in 
both doped and un-doped samples. Any area of a sample that has greater 
density of Ag CP would have higher hardness. Thus, high volume frac
tion of CPs with fine spacing results in higher hardness in doped samples 
that have been treated for more than an hour. The hardness of these 

samples remains at a high level after prolonged heat-treatment because 
of the lower coarsening rate of Ag precipitates, both CPs and DPs. 

4.3. Influence of Nb doping on strengthening effect 

In as-cast Cu–Ag and Cu–Ag–Nb alloys, Ag solubility in Cu was 
calculated from resistivity. This calculation gave 0.8 wt% for Cu–Ag and 
0.7 wt% for Nb-doped Cu–Ag. Considering both solid solution 
strengthening and Ag precipitate strengthening, the strength values (σi, 
i = CP or DP) of Cu–Ag and Cu–Ag–Nb sheets can be calculated as fol
lows [7]: 

σi = σ0Cu + k
̅̅̅̅
xa

3

√

+ kCu/Agλ− 1/2
0 exp(ε / 4) (3) 

Fig. 6. Microstructure of Cu–Ag–Nb treated at 475 ◦C for 0.5 h (a), 1 h (b), 4 h (c), 16 h (d).  

Fig. 7. Comparison of heat-treated Cu–Ag and Cu–Ag–Nb by mean true spacing (a) and diameter (b) of DPs (Cu–Ag data from previous publication [39]).  
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where σ0Cu is the intrinsic friction stress of pure Cu, k is a function of the 
alloying element and the lattice parameter change due to element 
addition, xa is the atomic fraction of Ag dissolved in Cu, kCu/Ag is the 
strengthening coefficient for proeutectic Cu/Ag, λ0 is the initial scale of 
the Ag precipitates in Cu matrix, ε is the deformation strain. Using the 
same method as in our previous work [35], k was calculated as 0.0267 
for Cu–Ag and 0.0233 for Nb-doped Cu–Ag. The value for kCu/Ag was 
estimated to be 0.11 MPa

̅̅̅̅
m

√
[30]. The value for ε was 3.7 for our Cu–Ag 

sheets. Both CPs and DPs were observed in as-cast Nb-doped and 
un-doped Cu–Ag. Because of a difference in both size and spacing 
(Table 2), contributions from DPs and CPs were considered separately 
(σDP and σCP in Table 4). Our calculation results showed that the pre
cipitation strengthening of Ag precipitates played an important role in 

the overall strength, which was consistent with previous work [30]. 
Strengthening by CPs is much higher than by DPs because of smaller 
spacing (Table 4). The measured yield strength values of un-doped and 
Nb-doped Cu–Ag sheets were both in range of σDP and σCP. The higher 
percentage of CPs in as-cast Cu–Ag–Nb is responsible for the higher 
strength of Cu–Ag–Nb sheet. 

On the other hand, it is widely recognized that the storage of dislo
cations in the interface can contribute to material strengthening [57]. In 
Cu–Ag–Nb sheet, the Nb particle was also deformed during the rolling, 
and formed an interface between Cu and Nb. It has been proved that the 
interfaces of Cu/Nb play an important role for dislocation pile-ups as the 
grain boundaries in traditional bulk materials in Cu–Nb multilayer 
composite. As a result, the interfaces of Cu/Nb in as-rolled Cu–Ag–Nb 
alloy might also responsible for the higher strength. 

5. Conclusions  

(1) Adding Nb to Cu–Ag not only strengthened the Cu matrix, but 
also enhanced the strengthening effect of Ag precipitates by a 
disproportionate synergistic effect on the ratio of CPs to DPs.  

(2) Both nano-sized Nb precipitates and spherical Nb particles (with 
an average diameter of 0.9 μm) were found in the Cu matrix of as- 
cast Nb-doped Cu–Ag.  

(3) The activation energy of CPs of Ag was higher in Nb-doped than 
in un-doped Cu–Ag. The activation energy value for the phase 
transition of DPs was lower than that of CPs in Nb-doped Cu–Ag.  

(4) In samples subjected to high ageing temperature (475 ◦C), the 
spacing of DPs in Nb-doped Cu–Ag was smaller than that of DPs in 
un-doped Cu–Ag. We attributed this not only to the presence of 
Nb but also to the lower initial Ag content in the doped samples.  

(5) The strength of as-rolled Cu–Ag composites was significantly 
increased not only by the presence Cu/Nb interfaces but also by a 
higher volume fraction of CPs.  

(6) Electrical conductivity in Cu–Ag was only marginally decreased 
by Nb-doping. 

CRediT authorship contribution statement 

Congcong Zhao: Conceptualization, Writing - original draft, Formal 

Fig. 8. Hardness and resistivity in 475◦C-treated Cu–Ag and Cu–Ag–Nb. Fig. 8a: Hardness as a function of heat treatment time. Zone I indicates the stage of 
nucleation and growth of Ag precipitates. Zone II indicates the stage of growth and coarsening of Ag precipitates. Fig. 8b: Resistivity and residual resistivity ratio 
(ρ25◦C/ρ-196◦C) as a function of heat treatment time. 

Table 3 
Summary of properties in Cu–Ag and Cu–Ag–Nb samples.  

Direction As-rolled Cu–Ag alloy As-rolled Cu–Ag–Nb alloy 

Longitudinal Short 
Transverse 

Longitudinal Short 
Transverse 

Resistivity 
(nΩm) 

23.0 22.7 24.1 23.6 

Yield strength 
(MPa) 

663 ± 10 683 ± 4 704 ± 4 723 ± 3 

UTS (MPa) 704 ± 9 738 ± 17 741 ± 6 788 ± 6 
Elong.% 4.7 ± 0.7 3.2 ± 0.3 4.1 ± 0.7 3.2 ± 0.2  

Table 4 
Individual contributions to the total strength of Cu–Ag and Cu–Ag–Nb sheets 
with a deformation strain of 3.7.  

σCu (MPa) Cu–Ag sheet Cu–Ag–Nb sheet 
33 33 

Ag solid solution 
hardening (MPa) 

103 96 

Ag precipitate 
hardening (MPa) 

DPs CPs DPs CPs 
450 752 450 681 

Strength (σDP or σCP, 
MPa) 

586 888 579 810 

Yield strength 
(measured, MPa) 

Longitudinal Transverse Longitudinal Transverse 
663 ± 10 683 ± 4 704 ± 4 723 ± 3  
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