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Abstract:



Both a Cu–26 wt % Ag (Fe-free) alloy and Cu–26 wt % Ag–0.1 wt % Fe (Fe-doping) alloy were subjected to different heat treatments. We studied the precipitation kinetics of Ag and Cu, microstructure evolution, magnetization, hardness, strength, and electrical resistivity of the two alloys. Fe addition was incapable of changing the precipitation kinetics of Ag and Cu; however, it decreased the size and spacing of rod-shaped Ag precipitates within a Cu matrix, because Fe might affect the elastic strain field and diffusion field, suppressing the nucleation of Ag precipitates. Magnetization curves showed that γ-Fe precipitates were precipitated out of the Cu matrix, along with Ag precipitates in Fe-doping alloy after heat treatments. The yield strength of the Fe-doping alloy was higher than that of the Fe-free alloy, and the maximum increment was about 41.3%. The electrical conductivity in the aged Fe-doping alloy was up to about 67% IACS (International Annealed Copper Standard). Hardness, strength, and electrical resistivity were intensively discussed, based on the microstructural characterization and solute contributions of both alloys. Our results demonstrated that an increasing fraction of nanoscale γ-Fe precipitates and decreasing spacing between Ag precipitates resulted in the increasing strength of the Fe-doping alloy.
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1. Introduction


High-strength, high-conductivity materials are required extensively in the construction of high-field magnets [1,2]. Cu and Cu–X alloys (X = Ag, Fe, Nb, Cr, etc.) have attracted considerable attention as winding conductors, owing to their superior combinations of strength and electrical conductivity [3,4,5,6]. Cu–Ag alloys have been widely involved in all of these materials [7,8,9,10]. The microstructure of a Cu–Ag alloy with more than 6 wt % Ag is composed of a Cu matrix, embedded by Ag precipitates and eutectic colonies [11]. The strength of the Cu–Ag alloy can be increased by refining Cu dendrites and Ag precipitates [10]. Zuo et al. [12] investigated the contributions of individual microstructures to the strength and electrical conductivity of Cu–28 wt % Ag composite, and revealed that the spacing of Ag precipitates took a dominant role in the two properties [12]. Ageing treatment caused Ag to precipitate out of the Cu matrix, resulting in precipitation hardening [2]. Optimization of Ag precipitates in a Cu matrix has been investigated by adjusting ageing [13,14,15], exploring the thermos-mechanical process [16,17], adding third elements [18,19], etc. These ways were effective at improving the properties of Cu–Ag alloy.



This Cu–Fe alloy also serves as a good candidate for conductive materials, because of the low costs of iron compared to other insoluble elements [6,20,21], as well as its excellent mechanical properties [22,23]. According to the Cu–Fe phase diagram [24], the maximum solubility of iron in copper is 4.1 wt %, and its minimum solid solubility at room temperature is significantly lower than 1 wt %. It is possible to precipitate Fe out of a Cu matrix, and enhance strength and electrical conductivity [21,25,26]. However, the application of the Cu–Fe alloys has been limited, because serious composition segregation takes place during solidification [27]. The relatively high solubility of iron in copper at high temperatures and the slow kinetics of iron precipitation at low temperature [28,29] restrict the precipitation of Fe out of the Cu matrix, thus keeping electrical conductivity at a lower level.



Some studies have paid attention to Cu–Ag–Fe systems because of the higher elastic modulus (211 GPa) of Fe compared to Cu (129.8 GPa) and Ag (82.7 GPa) [30]. Additionally, the co-deformation between the face-centered-cubic phase (Cu, Ag) and body-centered-cubic phase (Fe) may increase interface density, so as to increase interface strengthening. The introduction of Ag into Cu–Fe alloy refined the primary Fe dendrites [31,32], improved Fe precipitation [33,34,35], and enhanced the alloy’s strength and electrical conductivity [36,37]. However, the effects of Fe addition on precipitation kinetics and morphology of Ag precipitates are rarely reported. In this work, we choose minor Fe of about 0.1 wt % as a third element to add into a Cu–26 wt % Ag alloy, and investigate the effect of Fe addition on precipitation kinetics and microstructures of Ag precipitates. The relationship between microstructures, strength, and resistivity in both alloys was also discussed. It is of scientific interest to clarify the interaction between co-precipitations, and a diagram of their performances will be drawn in order to find other potential applications such as transmission lines.




2. Experimental Procedure


Both Cu–26 wt % Ag (Fe-free) ingots and Cu–26 wt % Ag–0.1 wt % Fe (Fe-doping) ingots (actual chemical compositions) were prepared in a vacuum-induction melting furnace. The as-cast ingots were homogenized at 760 °C for 24 h, and subsequently quenched in water at room temperature. The as-solid-solution samples were sectioned into several rectangular specimens (length of 120 mm and thickness of 2 mm). The samples were aged at temperatures of 200–550 °C for 2–16 h, and cooled in a furnace under an argon atmosphere.



The aged samples were ground on SiC papers and polished, before examining scanning electron microscopy (SEM). SEM (ULTRA PLUS, Zeiss, Germany) was carried out using Zeiss field emission scanning electron microscopy (FESEM) operating at 20 kV. Thin foils for transmission electron microscopy (TEM) were prepared by grinding a 3-mm diameter disk to 30 μm in thickness, and ion-milling (PIPS II 695 Gatan, Pleasanton, CA, USA) with a voltage of 5 kV and a gun tilt angle of 5° at liquid nitrogen temperature. Morphology of precipitates was observed on an FEI-Tecnai G2 20 TEM (FEI, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray spectroscopy (EDS, FEI, Hillsboro, OR, USA) detector operating at 200 kV. Precipitation kinetics of the two as-solid-solution alloys were determined using differential scanning calorimetry (DSC, Netzsch–Proteus–61, NETZSCH (Shanghai) Machinery and Instruments Co., Ltd., Shanghai, China) with different heating rates (10–50 °C/min), from room temperature to 700 °C. Magnetic hysteresis loops were measured at room temperature, on the samples with 3 × 3 × 1 mm3. Hardness measurement was conducted with a load of 100 g and a dwelling time of 10 s. Tensile tests (AG-X 100 kN, Shimadzu, Chiyoda-ku, Tokyo, Japan) were carried out at room temperature, with an initial strain rate of 10−4 s−1.




3. Results


3.1. Precipitation Kinetics of Ag and Cu


DSC curves of the two as-solid-solution alloys show two exothermic reactions during heating up (Figure 1a,c). The temperature peaks of the curves shift toward higher temperatures with an increasing heating rate. Figure 1a shows that the first set of peaks is at temperatures between 367 °C and 425 °C, indicating the precipitation reaction of Ag out of the Cu matrix [13,38], and that the second set of peaks appears at temperatures between 538 °C and 600 °C, indicating the precipitation reaction of Cu out of the Ag matrix [39]. The comparison betweenFigure 1a and Figure 1c shows that the two sets of peak temperatures decreased by about 10–20 °C at each DSC curve after Fe-doping.


Figure 1. Differential scanning calorimetry (DSC) heating curves of as-solid-solution (a) Fe-free alloy and (c) Fe-doping alloy. (b,d) Show Kissinger plots for the activation energies of the reactions, from the first temperature peaks and the second temperature peaks.
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The activation energies (Ea) of Ag precipitates and Cu precipitates at various heating rates were calculated according to the DSC curve by the Kissinger equation [40]:


[image: ]



(1)




where v is the heating rate, C is a constant, Ea is the activation energy (kJ/mol), Tp is the temperature peak observed in the DSC curves, and R is the gas constant.



Equation (1) indicates that there is a linear relationship between ln (v/Tp2) and (1000/Tp). For the Fe-free alloy, the values of the activation energy of the first and the second set of peaks are estimated as 66.4 ± 6.4 kJ/mol and 125 ± 13.8 kJ/mol, respectively (Figure 1b), where the deviations resulted from the experimental errors of DSC facilities, weight measurement errors of the samples, and chemistry variations among the samples. The values of the activation energy of Ag precipitates out of the Cu matrix are consistent with those measured by DSC in Cu–28 wt % Ag alloy (55.3 ± 22.4 kJ/mol) [14], in Cu–8 wt % Ag alloy (63.7 ± 0.1 and 68.7 ± 2.3 kJ/mol) [13], and in Cu–7 wt % Ag alloy (95 ± 4.2 kJ/mol) [41]. The values of the activation energy of Cu precipitates out of the Ag matrix are comparable with those obtained by DSC in Ag–7.5 wt % Cu alloy (110 ± 8 kJ/mol) [42], and in Ag–8 wt % Cu alloy (109 ± 6.7 kJ/mol) [43]. For the Fe-doping alloy (Figure 1d), the values of the activation energy of the first and second set of peaks are estimated as 63.5 ± 3.2 kJ/mol and 129 ± 8.9 kJ/mol, respectively. Fe addition may slightly decrease the activation energies of Ag precipitates out of the Cu matrix, and marginally increase the activation energies of Cu precipitates out of the Ag matrix. The precipitation of Fe out of the Cu matrix in a Cu–4.4 wt % Fe alloy by DSC ranged from 450 °C to 600 °C [44]. In our Fe-doping alloy, because of the few Fe additions, the peak temperatures of exothermic heat flow from the precipitation of Fe out of the Cu matrix might overlap with the exothermic reactions from the precipitation of Cu out of the Ag matrix. It is hard to exclude the effect of Fe precipitation on the activation energies established from the second set of temperature peaks, which might be one of the reasons to marginally increase the activation energies by Fe-doping from 125 ± 13.8 kJ/mol to 129 ± 8.9 kJ/mol.




3.2. Morphology of Alloys


3.2.1. Morphology of Eutectic Colonies


Figure 2 shows typical microstructures of both Fe-free and Fe-doping alloys. The microstructure consists of two phases: proeutectic Cu (dark contrasts) and eutectic components (light contrasts). The volume fraction of eutectic in the as-solid-solution Fe-free alloy is about 17.4%, which is lower than that of 19.1% for the as-solid-solution Fe-doping alloy. After ageing treatment at 550 °C, the volume fraction of both alloys increases to 25% and 26.2%, respectively.


Figure 2. Microstructure of eutectics in the Fe-free alloy: (a) as-solid-solution, (c) 550 °C-4 h, and in the Fe-doping alloy: (b) as-solid-solution, (d) 550 °C-4 h.
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3.2.2. Morphology of Ag Precipitates in the Cu Matrix


No Ag precipitate was found in the Cu matrix after water quenching by SEM (Figure 3a,b). Ageing at 450 °C caused continuous Ag precipitates to nucleate in both alloys, and large-scale Ag precipitates, with a diameter of 40–50 nm, dispersed uniformly in the Cu matrix (Figure 3c,d). After increasing the temperature to 500 °C (Figure 3e,f), the Ag precipitates in the two alloys grew slightly larger than those at 450 °C. The size of the Ag precipitates in the Fe-doping alloy was smaller compared with the Fe-free alloy, which can be seen in Figure 3b–f.


Figure 3. Microstructure of continuous Ag precipitates in the Cu matrix of solution-aged samples at various temperatures for 4 h. Fe-free alloy: (a) as-solid-solution, (c) 450 °C, (e) 500 °C, and Fe-doping alloy: (b) as-solid-solution, (d) 450 °C, and (f) 500 °C.
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The two post-quenched alloys showed small volume fractions of Ag precipitates out of the Cu matrix (Figure 4a,b). The Ag precipitates are needle-like structures with diameters of about 40 nm and lengths of 200 nm. After the Fe-free alloy was aged, the continuous rod-shaped Ag precipitates, with diameters of about 17 nm, were arrayed in parallel, and the spacing was less than 20 nm (Figure 4c,e). Two types of Ag precipitates were found in the Fe-doping alloy aged at 450 °C (Figure 4d,f). The first type was composed of a few large-sized Ag precipitates with diameters of 40 nm; however, the second type was finely distributed in the Cu matrix, and the size was lower than 10 nm. After ageing at 500 °C and 550 °C, the Ag precipitates (Figure 4g,i) in the Fe-free alloys grew with a larger size than the precipitates at 450 °C. In the aged Fe-doping alloys (Figure 4h,j), the diameter and length of continuous rod-shaped Ag particles decreased to about 10 nm and 25 nm, respectively. The spacing decreased to about 20 nm. The size distribution of Ag precipitates (Figure 5a–d) in the Cu matrix of both the Fe-free and Fe-doping alloys were analyzed. The size of Ag precipitates in the Fe-free alloy, with a diameter of ~17.5 nm, was larger than those in the Fe-doping alloy, with a diameter of 13 nm. The size of the Ag precipitates decreased by 23.5% with the Fe addition. In summary, Fe addition decreased both the size and the spacing of the Ag precipitates.


Figure 4. TEM images showing Ag precipitates in the Cu matrix at various temperatures for 4 h. Fe-free alloy: (a) as-solid-solution, (c) 450 °C and (e) dark field image of 450 °C, (g) 500 °C, (i) 550 °C; Fe-doping alloy: (b) as-solid-solution, (d) 450 °C and (f) dark field image of 450 °C, (h) 500 °C, (j) 550 °C.
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Figure 5. Histogram of the distribution of Ag precipitates in the Cu matrix at various temperatures for 4 h. Fe-free alloy: (a) 450 °C; (c) 500 °C; Fe-doping alloy: (b) 450 °C; (d) 500 °C.
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The solute concentration of Ag in the Cu matrix at various temperatures was determined by the EDS in the TEM microstructures of Figure 4. The results are summarized in Table 1. The measured solute concentration of Ag in the Cu matrix in the post-quenched Fe-free alloy is about 3.94 at % (6.49 wt %), which is lower than that of 5.72 at % (9.45 wt %) in the Fe-doping alloy. After ageing treatment, the solute concentration of Ag in the Cu matrix for both the Fe-free and Fe-doping alloys was reduced, because of the precipitation of Ag. In Fe-free aged samples, the Cu matrix had a lower solute concentration of Ag than the matrix in the Fe-doping aged samples. The volume fraction of the Ag precipitates of both of the aged samples was also calculated (shown in Table 1). Ageing at 450 °C, the volume fraction of Ag precipitates evidently increased. As ageing temperature was higher than 450 °C, the volume fraction of Ag precipitates slightly decreased, because of the dissolution of Ag into the Cu matrix. After ageing at 550 °C, the total concentration (both solute concentration and precipitates) of Ag (4.26 wt %) in the Cu matrix in Fe-free alloy was apparently lower than that in the Fe-doping alloy (4.96 wt %). Fe addition increased the solute concentration of Ag in the Cu matrix during ageing. Xie et al. [31] revealed that the presence of Ag inhibits the solubility of Fe in the Cu matrix at a high temperature, because Ag had priority to dissolve in Cu, compared with Fe, by first principle calculations. In other words, Fe precipitates in our experiments were promoted to precipitate out of the Cu matrix because of the presence of more trapped Ag.



Table 1. Microstructural characterization of Fe-free and Fe-doping alloys at various temperatures.







	
Alloy

	
Temperature

	
Mean Diameter d (nm)

	
Spacing λ (nm)

	
Measured Solute Ag Concentration in Cu, CM.Ag (at %, wt %)

	
Measured Volume Fraction of Ag Out of Cu, VM.f (%)






	
Fe-free

	
As-solid-solution

	
--

	
--

	
3.94 (6.49)

	
3.2




	

	
450 °C-4 h

	
17.5

	
35.7 ± 1.2

	
3.0 (4.98)

	
4.2




	

	
500 °C-4 h

	
17.4

	
15.8 ± 1.4

	
4.53 (7.46)

	
2.7




	

	
550 °C-4 h

	
17.6

	
29.6 ± 1.4

	
1.16 (1.96)

	
2.3




	
Fe-doping

	
As-solid-solution

	
--

	
--

	
5.72 (9.45)

	
1.4




	

	
450 °C-4 h

	
13.0

	
18.2 ± 0.2

	
5.08 (8.32)

	
2.7




	

	
500 °C-4 h

	
13.3

	
15.7 ± 1.4

	
4.83 (7.93)

	
2.6




	

	
550 °C-4 h

	
8.2

	
17.5 ± 1.5

	
1.64 (2.76)

	
2.2











3.2.3. Morphology of Fe Precipitates in the Cu Matrix


Fe precipitates with diameters of ~5 nm were observed after ageing at 550 °C in Fe-doping alloy (Figure 6a). Our previous result indicated that Fe precipitates and the Cu matrix had a cube-on-cube orientation relationship [21]. Magnetization curves of both the Fe-free alloy and the Fe-doping alloy after a heat treatment, aged at 550 °C for 4 h, are shown in Figure 6b. Slight magnetization is observed in the Fe-free alloy. In the Fe-doping sample, a hysteresis loop was observed. The magnetization is 21.53 × 10−3 emu/g, and the remanence is 3.8 × 10−3 emu/g. The magnetization in the Fe-doping sample might have been the result of the precipitation of γ-Fe precipitates. The solubility of Fe in Cu can be estimated by the magnetization. The saturation magnetization of Fe at room temperature is 274.6 μWbm/kg [45]. If all the Fe atoms in the Fe-doping (0.1 wt %) alloy are precipitated out of the Cu matrix, the magnetization is estimated at 0.2746 μWbm/kg. According to the measured magnetization value of Fe-doping alloy, the solubility of Fe in Cu is determined to be 0.09%. In other words, the fraction of precipitation of γ-Fe out of the Cu matrix is 0.01%.


Figure 6. (a) TEM bright field image showing γ-Fe precipitates in the Cu matrix of the Fe-doping alloy aged at 550 °C for 4 h, (b) Magnetization curves of the Fe-free and Fe-doping alloys aged at 550 °C for 4 h at room temperature. The inset is the high-magnification image showing the γ-Fe precipitates.
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3.3. Hardness and Tensile Strength of Alloys


As the ageing temperature increased to 450 °C (Figure 7a), the hardness of the Fe-free alloy evidently increased. A maximum value of about 134 HV was observed in the sample after ageing at the temperature of 450 °C, which was an increase of 89.4% compared to that of as-solid-solution sample. The increase of hardness of the Fe-free alloy is likely attributed to the continuous Ag precipitates out of the Cu matrix. The result of DSC (Figure 1) indicated that the range of precipitation temperature of Ag precipitates was between 367 °C and 425 °C. The ageing at this range triggers an Ag precipitation reaction, which leads to a rapidly increasing hardness in the Fe-free alloy. With further increasing of the ageing temperature, the hardness decreases slightly. This is caused by the growth and coarsening of Ag precipitates at high temperatures. With respect to the Fe-doping alloy, a similar tendency is found, and the maximum hardness value is about 144 HV in the sample aged at the temperature of 450 °C, which is a 76.1% increase compared to that of the as-solid-solution sample. The 0.1 wt % Fe addition in the Fe-doping alloy caused increased hardness after ageing at 450 °C by 7.6%. This could be attributed to the precipitation hardening of Fe precipitates, and may reduce the size and spacing of Ag precipitates in the Cu matrix. With ageing temperature over 450 °C, the hardness of both the Fe-free and Fe-doping alloys continued to decrease because of the dissolution of Ag precipitates into the Cu matrix. Ageing at 450 °C for different amounts of time (Figure 7b), the hardness of both alloys increases apparently, and reaches maximum values at an ageing time of 2 h. This indicated that the nucleation and growth of Ag precipitates had a similar tendency in both the Fe-free and Fe-doping alloys.


Figure 7. Hardness of aged alloys: (a) at different temperatures for 4 h, (b) at 450 °C for different times.
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Tensile tests for the Fe-free and Fe-doping alloys were carried out at room temperature on as-solid-solution and ageing-treated samples, as shown in Figure 8. The as-solid-solution samples exhibited very low tensile strength, yield strength and elongation, as shown in Table 2. For the Fe-free alloy, the tensile strength and yield strength were 180.4 MPa and 113.6 MPa, respectively. For Fe-doping alloy, the tensile strength and yield strength were 225.4 MPa and 126.1 MPa, respectively. The elongation for both alloys was 13.5% and 13.7%, respectively. Compared with the as-solid-solution samples, the tensile strength, yield strength and elongation of ageing-treated samples all increased after being aged at 450 °C for 2 h. The tensile strength and yield strength were 260.3 MPa and 201.1 MPa for the Fe-free alloy. For the Fe-doping alloys, tensile strength and yield strength were 21.3% and 41.3% higher, respectively, than those of the Fe-free alloy, as also shown in Table 2. With the ageing temperature increasing up to 550 °C, the tensile strength, yield strength and elongation of both alloys decreased. The tensile strength and yield strength of the Fe-free alloy decreased to 224.7 MPa and 187.3 MPa. For the Fe-doping alloy, the tensile strength and yield strength decreased to 293.6 MPa and 252.2 MPa, which is 30.7% and 34.7% higher, respectively, than those of the Fe-free alloy. The apparent decrease of tensile strength and yield strength for the Fe-free alloy was due to the Ag dissolved into the Cu matrix, which weakened the precipitation hardening of Ag precipitates. However, the few decreases of tensile strength and yield strength for the Fe-doping alloy were a result of the precipitation of Fe precipitates out of the Cu matrix, which caused the precipitation hardening.


Figure 8. Stress–strain curves of as-solid-solution and ageing-treated, Fe-free and Fe-doping alloys.
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Table 2. The strength and elongation of Fe-free and Fe-doping alloys.







	

	
Tensile Strength (MPa)

	
Yield Strength (MPa)

	
Elongation (%)






	
Fe-free alloy

	
As-solid-solution

	
180.4

	
113.6

	
13.5




	
450 °C-2 h

	
260.3

	
201.1

	
15.4




	
550 °C-4 h

	
224.7

	
187.3

	
14.2




	
Fe-doping alloy

	
As-solid-solution

	
225.4

	
126.1

	
13.7




	
450 °C-2 h

	
315.8

	
284.2

	
14.2




	
550 °C-4 h

	
293.6

	
252.2

	
13.9











3.4. Electrical Resistivity


Figure 9a shows the influence of the different ageing temperatures on the electrical resistivity for both the Fe-free and Fe-doping alloys. The resistivity of the as-solid-solution Fe-doping alloy was much higher than that of the Fe-free alloy. After ageing at 200 °C, the resistivity of both alloys began to increase slightly. The resistivity began to decrease with ageing temperatures over 200 °C for both alloys. At temperatures above 300 °C, the rate of resistivity appears to drop. The resistivity of the Fe-free alloy reached its lowest value around 450 °C. With ageing temperatures over 450 °C, the resistivity of the Fe-doping alloy continued to decrease, until ageing temperature 550 °C. The decrease of resistivity contributed to the Fe precipitates out of the Cu matrix, reducing the impurity scattering caused by Fe. Compared with the Fe-doping alloy, the resistivity of the Fe-free alloy started to increase slightly. The slight increase of resistivity was due to the dissolution of Ag into the Cu matrix. Figure 9b shows the resistivity of Fe-free and Fe-doping alloys aged at 450 °C as a function of ageing time. The electrical resistivity decreased with ageing time for both alloys. The resistivity of both alloys began to decrease sharply before ageing for 2 h. After prolonging the ageing time to 8 h, the resistivity of both alloys showed almost no change. At ageing time over 8 h, the resistivity of Fe-doping began to decrease rapidly. When the ageing time was 16 h, the electrical resistivity of the Fe-doping alloy was at its minimum, where the electrical conductivity was about 67% IACS (International Annealed Copper Standard). This means that the optimization of heat treatments will increase the electrical conductivity of Cu–Ag–Fe alloys.


Figure 9. Electrical resistivity of aged alloys: (a) at different temperature for 4 h, (b) at 450 °C for different time.
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4. Discussion


4.1. The Effect of Fe-Doping on the Precipitation of Ag Precipitates


The morphology of continuous precipitates is determined by the balance between interfacial energy and elastic strain energy during solid–solid transformation. The interfacial energy favors spherical small precipitate particles, while the elastic strain energy favors thin-sheet precipitates [46]. The interfacial energies of the (111) and (001) Cu/Ag interfaces are 0.23 and 0.53 J/m2, respectively [47]. Generally, Ag precipitates nucleate and grow along with {111} planes. The elongated shapes of the Ag precipitates are aligned on {111} planes, because of the large anisotropy in the Cu/Ag interfacial energy. In other words, the Ag precipitate adopts a rod shape because its total interfacial energy is smaller than the adjacent respective Ag precipitates, causing strain fields, which bring large strain energy. In addition, the sizes of precipitates are controlled by a soft impingement process, which affects the growth rate [48]. The effect of soft impingement on the overall precipitation reaction is only related to the degree of super-saturation, in the case of the diffusion-controlled growth model [49]. Fe addition reduces the numbers of continuous rod-shaped Ag particles with diameters of <10 nm and lengths in the order of 50 nm (Figure 4j). Because of the precipitation of Fe out of the Cu matrix, the Ag precipitates are adjacent to the Fe precipitates, which can overlap their elastic strain field. Soft impingement refers to the overlapping of diffusion fields around the adjacent growing precipitates, which inhibits the nucleation process. Therefore, the nucleation process of Ag precipitates aligned on {111} planes is inhibited by the overlapping of diffusion fields around the adjacent growing Fe precipitates, so that the size of continuous Ag precipitates is decreased compared to those from the Fe-free alloy.



The solubility limit of Ag in the Cu matrix is related to the size of Ag dispersoids, as expressed by the Gibbs–Thomson formula [50,51]:
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(2)




where d is the diameter of the initial Ag precipitates, T is the temperature of ageing (550 °C), c∞ (0.33 at %) and cd are the solute Ag concentrations in the Cu matrix, with Ag precipitates having large diameters and diameter d, respectively, R is the molar gas constant, Vm is the molar volume fraction of Ag (10−5 m3/mole), and ϒ is the interface energy between the Cu matrix and the Ag precipitates. The value of ϒ of the (111) and (001) Cu/Ag interfaces is 0.23 and 0.53 J/m2, respectively. According to the Equation (2), by using the value of the diameter of the Ag precipitates (shown in Table 1), the solute concentration of Ag in the Cu matrix of Fe-free and Fe-doping alloys, aged at 550 °C for 4 h, can be calculated to be 0.8 at % and 1.01 at %, respectively. The calculated values of both alloys are much lower than those values measured (shown in Table 1) using EDS. The equilibrium solubility limit of Ag in Cu [52] at the temperature of ageing of 550 °C is about 1.5 at %. The measured value of the solute concentration of Ag in Cu for the Fe-free alloy is 1.64 at %, which is higher than the equilibrium solubility limit (1.5 at %) of Ag in Cu. The higher solute concentration of Ag in the Cu matrix results from the nano-sized Ag precipitates and Fe precipitates precipitated during ageing. Kaptay et al. found that these nanostructured materials could enhance solubilities [53]. The nano-sized Ag precipitates and Fe precipitates caused large interface energy, which raises the free energy, and consequently the equilibrium solubility of Ag in the Cu matrix is enhanced.




4.2. The Effect of Fe-Doping on Strength


Both of ageing-treated Fe-free and Fe-doping alloys consisted of two components: a proeutectic Cu (Cu matrix) and a eutectic. The contribution of the two components to the strength τ can be described by the rule of mixture [10], as shown in Equation (3);
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(3)




where Veut is the volume fraction of the eutectic, τCu matrix is the strength of the Cu matrix, and τeut is the strength of the eutectic.



The strength of the eutectic (τeut) was determined by the pure Ag. The strength of pure Ag is 37 MPa [30]. The volume fraction of the eutectic in the Fe-free and Fe-doping alloys, after being aged at 550 °C for 4 h, was 25.0% and 26.2%, respectively. Consequently, the strength of the eutectic was calculated to be 9.25 MPa and 9.7 MPa for the Fe-free and Fe-doping alloys, respectively.



The strength of the Cu matrix (τCu matrix) was determined by the superposition of several strengthening partitions: solid solution hardening (τss), precipitation hardening (τPrecipitation), and grain boundary hardening (τGrain) [54]. The strength of the Cu matrix increased due to these individual contributions, which can be formulated by Equation (4):
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(4)




where τss,Ag and τss,Fe are the solid solution hardening of supersaturated Ag and Fe in the Cu matrix. τPre,Ag and τPre,Fe are the precipitation hardening of Ag precipitates and Fe precipitates out of the Cu matrix.



Solid solution hardening (τss) can be calculated using Equation (5) [54,55]:
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(5)




where G is the shear modulus of the alloy, estimated according to the rules of mixture, δ is a factor of lattice change, η is the change of the shear modulus of alloying, and χa is the atomic fraction within the solid solution. In the Fe-doping alloy, the solid solution hardening includes both supersaturated Ag and Fe in the Cu matrix. Using the measured results of solute concentration of Ag and Fe in the Cu matrix, the solid solution hardening of supersaturated Ag and Fe was estimated. The χa,Ag was measured to be 1.16 at % and 1.64 at % for as-solid-solution Fe-free and Fe-doping alloys, respectively. The strength values resulting from the solid solution hardening of Ag were calculated to be 147.0 MPa and 176.1 MPa respectively for Fe-free and Fe-doping alloys aged at 550 °C. The χa,Fe was estimated at 0.14 at % for the Fe-doping alloy. The strength value resulting from the solid solution hardening of Fe was calculated as 52.1 MPa for the Fe-doping alloy aged at 550 °C. This indicated that solid solution hardening of Fe also plays a major role in the hardening of the Fe-doping alloy.



Precipitation hardening (τPre, Ag) can be estimated by the following Orowan–Ashby Equation (6) [55]:


[image: ]



(6)




where b is the Burgers vector (0.2556 nm for Cu), r is the particle radius, and f is volume fraction of Ag and Fe precipitates.



The r of Ag precipitates in 550 °C, 4 h-aged Fe-free and Fe-doping samples was 8.8 nm and 4.1 nm, respectively; the f for both samples was 2.3% and 2.2% (shown in Table 1). Thus, precipitation hardening of the Ag precipitates was calculated as 184 MPa and 393 MPa respectively for Fe-free and Fe-doping samples aged at 550 °C for 4 h.



The r of the Fe precipitates in 550 °C-4 h-aged Fe-doping samples was about 3.5 nm, and the volume fraction was estimated at 0.01%. Thus, precipitation hardening of Fe precipitates was calculated as 31.1 MPa for the Fe-doping alloy aged at 550 °C for 4 h.



We neglected the grain boundary hardening because of the large grain size in aged samples.



The total strength of the Cu matrix in both alloys was calculated to be 340.3 MPa and 662.0 MPa.



According to Equation (3), the total tensile strength of both alloys aged at 550 °C for 4 h was estimated at 340.3 MPa and 662.0 MPa, respectively, which deviated from the measured values of tensile strength. This might be attributed to the higher calculated precipitation hardening for both alloys. The Orowan–Ashby Equation (6) is based on the large spacing between two particle precipitates, where the spacing is far larger than the diameter of particle precipitates. In our results, the spacing of both alloys was not much larger than the diameters of precipitates. Therefore, the calculated values of precipitation hardening from precipitates are a bit high.



The individual contributions to the strength for both alloys summarized in Table 3 show that Ag precipitates play an important role in strengthening alloys. In addition, the presence of Fe also plays a dominant role in strengthening alloys. On the one hand, Fe promotes the dissolving of Ag into the Cu matrix, which enhances solid solution hardening; on the other hand, Fe precipitation out of the Cu matrix also causes precipitation hardening, especially when Fe precipitates can be precipitated much more from the Cu matrix.



Table 3. Individual contributions to the strength of both Fe-free and Fe-doping alloys aged at 550 °C for 4 h.







	

	
Fe-Free

	
Fe-Doping






	
Strength of the Cu matrix τCu matrix (MPa)

	
Solid solution hardening τss

	
Ag

	
147.0

	
176.1




	
Fe

	
--

	
52.1




	
precipitation hardening τPre

	
Ag

	
184

	
393




	
Fe

	
--

	
31.1




	
Strength of eutectic τeut (MPa)

	
9.3

	
9.7




	
Total strength τtotal (MPa)

	
340.3

	
662.0




	
Measured strength τmeasured (MPa)

	
224

	
293











4.3. The Effect of Fe-Doping on Electrical Resistivity


The resistivity of the aged Fe-free and Fe-doping alloys can be described by the contributions of four scattering mechanisms [3]:


[image: ]



(7)




where ρpho is the resistivity contribution from phonon scattering, ρdis is dislocation scattering, ρint is the interface scattering, and ρimp is the impurity scattering, depending on the rules of mixture. For this equation, ρFe-free, pho = 1.64 μΩ·cm is determined upon the volume fraction of Cu (xCu = 0.734) and Ag (xAg = 0.266) on the basis of the value for pure Cu (ρCu = 1.667 μΩ·cm) and Ag (ρAg = 1.559 μΩ·cm) [30]. ρFe-doping, pho = 1.67 μΩ·cm is estimated from the volume fraction of Cu (xCu = 0.780), Ag (xAg = 0.219) and Fe (xFe = 0.001) on the basis of the value for pure Cu (ρCu = 1.667 μΩ·cm), Ag (ρAg = 1.559 μΩ·cm) and Fe (ρFe = 9.78 μΩ·cm). Gaganov et al. [19] found that ρdis = 0.000075 μΩ·cm without any deformation (the dislocation density is N = 5 × 109 m−2). Interface scattering in both aged alloys includes the grain and phase boundaries of both precipitates and eutectics. Resistivity is due to impurity scattering results from the supersaturated Ag and Fe in the Cu matrix. The resistivity increase per 1 at % Ag addition is 2.63 nΩ·m [30]. The resistivity increase per 1 wt % Fe addition is 9.2 μΩ·cm [28]. For the 550 °C-4 h-aged Fe-free alloy, the solubility of Ag in Cu was 1.64 at %. So ρFe-free imp is estimated at 0.0305 μΩ·cm. For the 550 °C-4 h-aged Fe-doping alloy, the solubility of Ag and Fe in Cu was 1.16 at % and 0.09 wt %, respectively. In addition, ρFe-doping imp was determined to be 0.9178 μΩ·cm.



The contributions from individual portions’ resistivity are summed up here. For the 550 °C-4 h aged Fe-free alloy, a ρFe-free = 1.671 μΩ·cm is found. For the Fe-doping alloy, ρFe-doping = 2.588 μΩ·cm (shown in Table 4). Both calculated values are slightly lower than that of measured values from experiments. The deviations are likely caused by the interface scattering resistivity, which is exclusive to our work.



Table 4. Individual contributions to the resistivity of both Fe-free and Fe-doping alloys aged at 550 °C for 4 h.







	

	
Phonon Scattering ρpho μΩ·cm

	
Dislocation Scattering ρdis μΩ·cm

	
Impurity Scattering ρimp μΩ·cm

	
Total Resistivity ρtotal μΩ·cm

	
Measured Resistivity ρmeasured μΩ·cm






	
Fe-free alloy

	
1.64

	
0.000075

	
Ag

	
0.0305

	
1.671

	
2.2875




	
Fe

	
--




	
Fe-doping alloy

	
1.67

	
0.000075

	
Ag

	
0.043

	
2.588

	
2.6801




	
Fe

	
0.8748










The individual contributions to the resistivity for both alloys, summarized in Table 4, shows that the impurity scattering caused by supersaturated Fe is the main reason for the high resistivity of the Fe-doping alloy.




4.4. The Diagram between Electrical Conductivity and Strength


The relationship between the hardness and electrical conductivity of the two alloys after various ageing treatments (Figure 10) shows that the Fe-doping alloys kept a lower level of electrical conductivity with 60% IACS compared with the Fe-free alloy; however, the hardness of the alloy with the Fe-addition increased noticeably. The maximum hardness value of the Fe-doping alloy can be reached at 151 HV, which is12.7% greater than the maximum of the Fe-free alloy. These data show that Cu–Ag–Fe alloy has a potential application in transmission lines.


Figure 10. The relationship of hardness and electrical conductivity of Fe-free and Fe-doping alloys.
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5. Conclusions


	(1)

	
In a Cu–26 wt % Ag alloy, the activation energy of Ag precipitated out of the Cu matrix was 66.4 ± 6.4 kJ/mol, and the activation energy of Cu precipitated out of the Ag matrix was 125 ± 13.8 kJ/mol. With respect to the Cu–26 wt % Ag–0.1 wt % Fe alloy, these two energies were 63.5 ± 3.2 kJ/mol and 129 ± 8.9 kJ/mol, respectively. Fe-doping had a negligible influence on the activation energies of Ag and Cu precipitates.




	(2)

	
The continuous rod-shaped Ag precipitates precipitated out of the Cu matrix of both the Fe-free alloy as well as the Fe-doping alloy after ageing treatments. The Fe addition decreased the size and the spacing of the continuous rod-shaped Ag precipitates, because the elastic strain field caused by the presence of the overlapped Fe diffusion field inhibited the nucleation of Ag precipitates.




	(3)

	
The electrical resistivity of the Fe-free alloy slightly increased after ageing at 550 °C, due to the dissolution of Ag into the Cu matrix. Fe-doping alloy aged at 550 °C-4 h indicated that γ-Fe did precipitate from the Cu matrix, and that the solubility of Fe in Cu was about 0.09%. Thus, the electrical resistivity of Fe-doping alloy decreased after ageing.







The strength and hardness of the Fe-doping alloy were higher than those of the Fe-free alloy. The uniformly dispersed nano-sized Ag and Fe precipitates were co-precipitated after heat treatments, resulting in the precipitation hardening.
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