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Abstract: The effects of cold rolling and low-temperature annealing on the microstructure and 

mechanical properties of Cu-3Ag-0.5Zr alloy prepared by gas atomization and hot isostatic 

pressing (HIP) were investigated. The HIPed alloy provides a fine and homogeneous 

microstructure for the subsequent rolling. The high density of dislocations, the large number of 

ultrafine grains, and the interaction between dislocations and fine precipitates (nano-sized Ag and 

micro-sized Cu4AgZr) are responsible for the high hardness (193 Hv), excellent tensile strength 

(654 MPa), but relatively low elongation (5.6%). Low-temperature annealing achieves a desirable 

combination of high strength and moderate elongation. After annealing at 350 °C for 2 h, the 

tensile strength, yield strength and elongation are 584 MPa, 534 MPa and 13%, respectively. 

When annealed for 8 h, the tensile strength and yield strength decrease to 558 MPa and 504 MPa, 

respectively, while the elongation recovers to 16.5%. The increased elongation is mainly attributed 

to the recovery of dislocation-accumulation ability and the slight grain growth. 

Key words: Cu-3Ag-0.5Zr alloy; Rapid solidification; Cold rolling; Annealing; Microstructure; 
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1. Introduction 

Cu-Ag-Zr alloys are used extensively in the fields of electric railway, pulsed high field 

magnets and cooled combustion chamber applications owing to the good combination of 

strength, ductility and conductivity [1-4]. Among them, the Cu-3Ag-0.5Zr alloy (in weight 

percentage) is well developed for fabricating rocket engine combustion chambers which serve at 

high temperature and pressure. The high strength of this alloy is mainly attributed to the 

strengthening effect of Ag precipitates and Cu-Ag-Zr intermetallic compounds, while the high 

conductivity is ascribed to the low solubility of Ag and Zr in the Cu matrix at room temperature [5, 

6]. 

Plastic processing is a common method to improve the microstructural homogeneity and 

mechanical properties of the Cu-3Ag-0.5Zr alloy prepared by conventional casting. Krishna et al. 

[7] reported that an increment of 160% in yield strength was achieved by rolling at 500 °C 

compared with the solution-treated Cu-3Ag-0.5Zr alloy, and a good ductility of 23% was retained. 

Krishna et al. [8] also studied the effects of cold rolling and aging on the tensile properties of the 

Cu-3Ag-0.5Zr alloy, and they found that the tensile strength and yield strength increased with the 

amount of cold reduction and reached the maximum values of 529 and 523 MPa, respectively, at 

80% reduction. However, the ductility decreased from 47% of the solution-treated sample to 4.8%. 

After aging at 400 °C for 1 h, a recovered ductility of 12% was obtained at the expense of the 

slight decrease in yield strength. 

Cold rolling can significantly enhance the strength of most alloys, but a strength ceiling is 

easily reached because of the composition segregation and coarse grains in the initial materials 

prepared by conventional casting. Therefore, an attempt was made to prepare the initial 
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Cu-3Ag-0.5Zr alloy with fine and homogeneous microstructure by gas atomization and HIP, 

followed by cold rolling and low-temperature annealing. The effects of cold rolling and annealing 

on the microstructural characteristics and mechanical properties were investigated. 

2. Experiments 

Atomized Cu-3Ag-0.5Zr pre-alloyed powder (~200 mesh) used in this study was produced 

by vacuum melting-high pressure gas atomization and then filled into a mild steel capsule, 

followed by degassing and sealing. The details of powder atomization and degassing process are 

the same as the preparation of the Cu-3Ag-1Zr alloy shown elsewhere [9]. Hot isostatic pressing 

(HIP) treatment was used to consolidate the powder at 830 °C under 150 MPa for 2 h. The HIPed 

alloy, used as the initial material, was further rolled at room temperature, achieving 80% reduction 

in total thickness with a 10% reduction in each pass. The cold rolling (CR) samples were 

subsequently annealed under argon atmosphere at 350 °C for 0.5, 1, 2, 4, and 8 h, respectively. 

The microstructures were examined using field emission scanning electron microscopy 

(FESEM, Sirion200) operating at 20 kV equipped with energy dispersive spectroscopy (EDS), 

transmission electron microscopy (TEM, Tecnai G2 20) operating at 200 kV equipped with EDS, 

and electron backscatter diffraction (EBSD) system. The samples for SEM were mechanically 

ground and polished. Samples for TEM and EBSD were thinned to 50-80 µm, followed by 

twin-jet electro-polishing in a solution of 67 vol.% methanol + 33 vol.% nitric acid, at -30 °C and 

10 V. The average grain size was measured by EBSD method and linear intercept method based on 

ten TEM images of each sample, respectively. The phase identification and crystallographic 

structure were investigated by X-ray diffraction (XRD, D/max 2550) using Cu Kα radiation 

(λ=0.1541 nm) with a step size of 4°/min. The microhardness was measured on the well-polished 
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samples using a Vickers hardness tester (BUEHLER5104) under a load of 100 g for 15 s. The 

average hardness value was obtained from more than 8 indentations for each sample. The tensile 

testing at room temperature was performed in a test machine (MTS LANDMARK) at a strain rate 

of 2 mm/min. Dog-bone shaped samples for tensile tests were cut along the rolling direction with 

a gauge length of 25 mm and a cross section of 8 mm×2 mm. 

3. Results and discussion 

3.1 Microstructures before and after cold rolling 

Fig. 1(a) shows the EBSD orientation map of the initial material. The map illustrates that the 

HIPed alloy with nearly equiaxed grains has no crystal preferential orientation. The average grain 

size is approximately 5.6 µm. Fig. 1(b) shows the back-scattered electron image of the initial 

material. A large number of white particles with irregular shape ranging from 1 to 5 µm are 

observed in the matrix (as indicated by the arrows). The corresponding EDS spectrum (Fig. 1(e)) 

indicates that these irregularly shaped particles are coarse Ag-rich precipitates, which is the result 

of the segregation of supersaturated solid solution during the HIP process. Generally, these large 

sized Ag-rich particles have an unsatisfied strengthening effect on Cu-based alloys [10-12]. 

Besides, finer particles are also found in the back-scattered electron image. These finer particles 

can be clearly observed by secondary electron images in SEM at high magnification, as shown in 

Fig 1(c). It is apparent that the white particles approximately 1-3 µm are coarse Ag-rich particles, 

which are identical to the same particles with irregular shape in Fig. 1(b). In addition, many gray 

particles having the size smaller than 1 µm can also be observed in the secondary electron image, 

as indicated by the black arrows. The corresponding EDS qualitative analysis in Fig. 1(f) 

demonstrates that the gray particles are Cu-Ag-Zr intermetallic. For the small size of the 
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Cu-Ag-Zr intermetallic particles, it is difficult to get exact atomic ratio by the SEM-EDS results. 

However, these intermetallic phases named Cu4AgZr have been reported in our previous research, 

which is one of the important strengthening phases in the Cu-Ag-Zr alloy [13]. Furthermore, 

high-density precipitates with a size approximately ~20 nm are distributed uniformly in the matrix 

(Fig. 1(d)), and the TEM and STEM-HAADF images of these precipitates are displayed in Fig. 2. 

The selected area diffraction pattern inserted in Fig 2(a) indicates that these nano-sized particles 

have a cube-on-cube relationship with the Cu matrix, demonstrating that they are continuous Ag 

precipitates [2, 4, 9]. 
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Fig. 1. (a) EBSD orientation map, (b) back-scattered electron image, (c, d) secondary electron 

images, (e) EDS of coarse Ag-rich particle, and (f) EDS of Cu4AgZr phase of the initial material. 

 

Fig. 2 (a) The TEM image and (b, c) STEM-HAADF images of the continuous Ag precipitates. 
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Fig. 3 shows the SEM micrographs of the alloy after cold rolling. The coarse Ag-rich 

particles in the initial material are broken down into nano-sized particles (white) and form banded 

structures distributing along the rolling direction (RD), and the microstructure is further refined by 

cold rolling. Furthermore, some gray particles (indicated by black arrows) with the size of 70-200 

nm and high density of continuous Ag precipitates are also observed in the matrix (Fig. 3(b)). It is 

reasonable to presume that the gray particles are Cu4AgZr phases, and they are formed by the 

crushed Cu4AgZr with a relative larger size in the initial alloy, and further verification is needed 

by TEM observation. While the size and density of the dispersed Ag precipitates do not change 

appreciably before and after cold rolling. 

 

Fig. 3. The secondary electron images of (a) banded structures and (b) nano-sized particles in the 

CR sample. 

Fig. 4 shows the TEM images of the CR sample. The severely deformed microstructure with 

high density of dislocations and deformation band (DB) is observed (Fig. 4(a)). However, no 

deformation twins are found, which is mainly attributed to the small initial grain size before cold 

rolling [14]. Besides, particles approximately 200 nm result in the pile-up of dislocations, as 

illustrated in Fig. 4(b). The EDS quantitative analysis indicates these micro-sized Cu-Ag-Zr 

intermetallic compounds contain 74.0 at.% Cu, 9.2 at.% Ag and 16.8 at.% Zr, confirming they are 
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Cu4AgZr phases, which is in agreement with several literatures [6, 15]. It implies that the gray 

particles in Fig. 3(b) are also Cu4AgZr phases. Furthermore, many dislocation cells occur in the 

matrix and are trapped by the high density of dispersed particles (Fig. 4(c)). The inserted selected 

area diffraction pattern (SAPD) in Fig. 4(d) demonstrates that these dispersed particles are 

continuous Ag precipitates, which can effectively accumulate dislocations [16, 17]. Moreover, the 

coarse Ag particles in the initial material have been crushed into small particles with a size less 

than 100 nm. This means that all Ag precipitates are in the nanometer range, which is helpful for 

achieving a significant strength improvement. 

 

Fig. 4. TEM images of (a) deformation band and ultrafine grains, (b) Cu4AgZr particles, (c) 

dislocation cells, and (d) nano-sized Ag precipitates in the CR sample. 



 

9 

 

3.2 Microstructure evolution during annealing 

Fig. 5(a) shows the XRD patterns of the CR sample after annealing at 350 °C for various 

durations. The intensity of the Cu peaks is much higher than that of the Ag peaks due to the low 

content of Ag in the alloy. In addition, the intensity of the Ag peaks increases gradually as with 

extending the annealing time due to the precipitation of Ag solutes. Fig. 5(b) shows the slight shift 

of the Cu (111) peak to high angles during annealing. The similar phenomenon is also observed by 

other researchers, which is associated with the decreased lattice parameter of the Cu matrix when 

the Ag solutes gradually precipitate out of the matrix [2, 18]. 

 

Fig. 5. (a) XRD patterns and (b) Cu (111) peaks of the CR samples annealed at 350 °C. 
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The SEM images of the CR sample after annealing at 350 °C for 0.5, 2, 4, and 8 h, 

respectively, are presented in Fig. 6. When annealed at 350 °C for 0.5 h, the microstructure of the 

sample under SEM shows insignificant change compared with that of the CR sample. The 

Cu4AgZr particles with a size smaller than 200 nm (indicated by the white arrows) and the banded 

structures consisting of crushed Ag particles are also observed in Fig. 6(a). With increasing the 

annealing time to 2 h, the banded structures disappear and the microstructure of the alloy is more 

homogeneous. However, the size of some Cu4AgZr particles (indicated by white arrows in Fig. 

6(b)) increases to 200-600 nm. When the sample is annealed for 4 or 8 h, no further coarsening of 

the Cu4AgZr particles is observed, as evident by the white arrows in Fig. 6(c) and (e). In addition, 

one can separate the SEM microstructure into two main regions when the CR sample is annealed 

for 4 or 8 h. In Region 1, the continuous Ag precipitates remain fine and stable. While in Region 2, 

some coarser precipitates can be observed. As depicted in the magnified images of Fig. 6(d) and 

(f), numerous discontinuous Ag precipitates with lamellar structure are confirmed in Region 2. 

The lamella thickness of these precipitates is approximately 60 nm, and the length is less than 600 

nm. The discontinuous Ag precipitates are commonly observed in the Cu-Ag and Cu-Ag-Zr alloys, 

and the discontinuously precipitated cells have a lower hardness than the continuously precipitated 

cells [3, 12, 17, 19-21]. The appearance of the discontinuous Ag precipitates when annealed for 

more than 4 h may also be related with the accelerated diffusion rate of solution atoms. The heavy 

cold rolling increases the number of lattice-level defects and improves the distortion energy, 

leaving the alloy in a state with high free energy, which improves the diffusion rate of solute 

atoms during annealing. 
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Fig. 6. Secondary electron images of CR samples annealed at 350 °C for (a) 0.5 h, (b) 2 h, (c, d) 4 

h, and (e, f) 8 h. 

TEM images of the CR sample after annealing at 350 °C for 0.5 and 2 h are presented in Fig. 

7. The tangled dislocations and ultrafine sub-grains are observed when the sample is annealed for 

0.5 h. However, only a small number of sub-grains have well-defined boundaries. The occurrence 

of sub-grains is attributed to the rearrangement of dislocations during a short-time annealing [22]. 

After annealing for 2 h, the dislocation density decreases and a large number of ultrafine grains 

with well-defined boundaries are observed, as indicated in Fig. 7(d). In addition, annealing twins 
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with a thickness of 100-150 nm are also observed. It is noted that the nucleation of annealing 

twins requires the migration of grain boundaries [23-25]. This means that the size of grains was 

changed during annealing, virtually a slight increment. Furthermore, the size and number density 

of the continuous Ag precipitates in Fig. 7(c) and (f) do not change appreciably in comparison 

with those in the CR sample as presented in Fig. 4(d). 

 

Fig. 7. TEM images of the CR sample annealed at 350 °C for (a-c) 0.5 h, and (d-f) 2 h. 

When the sample is annealed for 4 h, significant decreases in the number of ultrafine grains 

and the density of dislocation are observed in Fig. 8(a). In addition, the formation of discontinuous 

Ag precipitates with lamellar structure (indicated by dashed oval) and granular shape (indicated by 

arrows) are confirmed in Fig. 8(b). And these discontinuous Ag precipitates with larger size than 

that of the continuous Ag precipitates are also observed in Fig. 6(c) and (d). Meanwhile, the size 

and number density of the continuous Ag precipitates with a dispersed distribution in Fig. 8(c) 

have an obvious decrease in comparison with those of the sample annealed for 2 h in Fig. 7(f). 
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This phenomenon may be attributed to the transfer of solute Ag atoms from continuous 

precipitates with a smaller size to discontinuous precipitates with a coarser size. When further 

annealed for 8 h, more discontinuous precipitates are present in the matrix, as demonstrated in Fig. 

8(d) and (e). While the continuous Ag precipitates even disappear in some grains, and a 

heterogeneous distribution of the continuous precipitates between different grains is observed in 

Fig. 8(f). 

 

Fig. 8. TEM images of the CR sample annealed at 350 °C for (a-c) 4 h, and (d-f) 8 h. 

Figure 9 displays the grain misorientation maps of the CR sample annealed at 350 °C for 2, 4, 

and 8 h, respectively. The different colors represent different grain orientations depicted in the unit 

triangle. The microstructure of the annealed samples is dominated by large elongated grains, fine 

equiaxed grains and deformation band (DB). A large fraction of low angle boundaries (LABs) is 

existed in the deformation band interior. With the increasing of annealing time, more large-sized 

grains with high angle boundaries (HABs) are observed. 
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Fig. 9. Inverse pole figures (IPF) of the CR samples annealed at 350 °C for (a) 2 h, (b) 4 h, (c) 8 h. 

The black lines present HABs (misorientation angle above 15°), and white lines present LABs 

(misorientation angle between 2° and 15°). 

According to the XRD patterns of the annealed samples in Fig. 5, the micro strain (ε) and 

crystallite size (d) are roughly estimated by Williamson-Hall method [26, 27], which is given by: 

����� = �� 	⁄ + (4����) · �                    (1) 

Where β is the peak broadening, K is a constant (~0.9), λ is wave length of the Cu Kα 

radiation (0.1541 nm), and θ is the Bragg angle. The values of the micro strain (ε) and crystallite 

size (d) can be obtained from the slope and intercept of the fitting βcos� − 4sin�  plot, 

respectively. Then, the dislocation density (ρ) can be calculated by the following equation [27, 

28]: 

ρ = 2√3 · � (	�)�                                  (2) 

Where b is the Burgers vector, which calculated by � =  √2⁄  (  is the lattice parameter of 
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Cu, 0.3615 nm). The estimated dislocation density of the annealed samples is shown in Fig. 10. In 

addition, the effect of annealing time on the average grain size of the CR sample is also presented 

in Fig. 10. It is noted that the average grain size of the samples is obtained from the TEM images 

and EBSD results, respectively. From the comparison of the results obtained by different ways, the 

EBSD counting provides higher values of grain sizes than the TEM counting. This is because 

some nano-sized grains are missed to count by EBSD for the step size of 90 nm during scanning, 

while some large-sized ones are missed to count by TEM observation for the small field of view. It 

implies that TEM counting method is more suitable for the measurement of nanocrystalline and 

ultrafine-grained materials. High density of dislocation about 16.7×1013 m-2 and average grain 

size approximately 800 nm (measured by TEM counting) are obtained in the CR sample, which is 

attributed to the fine microstructure of the initial material and the severe deformation. The 

dislocation density exhibits a significant decreasing trend with increasing the annealing time, 

while the change of average grain size displays an opposite character. The recovery process during 

annealing leads to the decrease of dislocation density and the coarsening of grains. Prolonging the 

annealing time to 8 h, the dislocation density decreases to approximately 9.2×1013 m-2 and the 

average grain size increases to approximately 2.7 µm (measured by EBSD). 
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Fig. 10. Effects of annealing time on dislocation density and average grain size of the CR sample. 

3.3 Mechanical properties 

The mechanical properties of the Cu-3Ag-0.5Zr alloy are evaluated by Vickers 

microhardness measurements and tensile tests. Figure 11 depicts the variation of hardness as a 

function of the annealing time (0.5-8 h). The CR sample exhibits a maximum hardness of 193 Hv 

and then drops with the annealing time. Figure 12(a) displays the typical engineering stress-strain 

curves of the Cu-3Ag-0.5Zr alloy. The tensile properties obtained from Fig. 12(a) are summarized 

in Fig. 12(b). One can see that the CR sample exhibits superior ultimate tensile strength (UTS-654 

MPa) and yield strength (YS-642 MPa) but lower elongation (EL-5.6%) in comparison with the 

HIPed alloy (UTS-365 MPa, YS-248 MPa, EL-37.5%), which limits the practical utility because 

of the unsatisfactory elongation. The strength decreases sharply (UTS-609 MPa, YS-565 MPa) 

after annealing for 0.5 h due to the recovery of the alloy, and the strength curves show sign of 

leveling off with increasing the annealing time. However, a significant improvement of ductility is 

achieved in the samples annealed for 0.5, 1, 2, 4 and 8 h with corresponding elongations of 9%, 

11.0%, 13.0%, 15.0% and 16.5%, respectively. The strength and elongation have a relatively low 



 

17 

 

sensitivity to the further extended annealing time. It is to be noted in this respect that annealing at 

low temperature for various times can enhance the elongation but sacrifice the strength to some 

extent, and the choice of annealing time will depend on the performance of actual need. 

 

Fig. 11. Variation of the Vickers microhardness of the CR samples as a function of annealing time. 

 

Fig. 12. (a) Typical engineering stress-strain curves of the Cu-3Ag-0.5Zr alloy in different 

conditions, and (b) effects of annealing time on tensile properties of the CR samples. 

The excellent mechanical properties of the Cu-3Ag-0.5Zr alloy mainly result from four 

mechanisms: precipitation strengthening, dislocation strengthening, grain boundary strengthening, 

and twin boundary strengthening. First, the high density of nano-sized Ag precipitates can impede 

the dislocation moving and accumulate dislocations during cold rolling, leading to a high work 

hardening rate. Meanwhile, it is suggested that the micro-sized Cu4AgZr particles provide pinning 
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effects not only to dislocation movement, but also to grain boundary sliding, thus preventing heat 

treatment induced grain coarsening [15, 18]. Second, the high density of dislocations introduced 

by cold rolling enhances the strength greatly, but lefts little room for dislocation accumulation 

during tensile test, resulting in a low elongation of only approximately 5.6%. A significant 

increment of elongation is observed after annealing since the recovery of dislocation-accumulation 

ability. Third, according to the classical Hall-Petch relationship, the strength of conventional 

metals is inversely proportional to the square of grain size [29]. The Cu-3Ag-0.5Zr alloy in this 

study has a fine microstructure with an average grain size in the range of 0.8-1.8 µm after 

annealing various times, and the large amounts of ultrafine grains play a vital role in the good 

combination of high strength and moderate elongation after low-temperature annealing. Lastly, 

twin boundaries are also considered good sites to accumulate dislocations, which improves the 

work hardening rate of the alloy and results in an increased elongation after annealing [27, 30]. 

As a kind of age-hardening alloy, it is to be noted that the Cu-3Ag-0.5Zr alloy subjected to 

cold rolling displays no enhancement of hardness and strength during annealing at 350 °C, which 

is not in agreement with the observation of previous literatures [1, 31-33]. The possible reasons 

are as follows. On the one hand, the high density of dislocations and fine grains after cold rolling 

provide significant strengthening for the alloy. However, the dislocations are gradually absorbed 

into the grain boundaries due to the recovery during annealing, leading to the decrease of strength. 

Meanwhile, a slight coarsening of grains during annealing also results in the softening of the alloy. 

On the other hand, the initial material has already come close to a peak-aged state before cold 

rolling, and the precipitates (Ag and Cu4AgZr) have existed in the CR sample, as evident in Fig. 3 

and Fig. 4. Thus, the CR sample loses the potential to enhance the strength through heat treatment. 
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Conversely, the slight coarsening of the Cu4AgZr particles after annealing for over 2 h is 

detrimental to the strength. In addition, the formation of discontinuous Ag precipitates and the 

dissolution of continuous Ag precipitates in the samples when annealed for over 4 h are also 

responsible for the drops of hardness and strength. 

4 Conclusions 

(1) The initial material prepared by gas atomization and HIP shows a fine microstructure 

with an average grain size of 5.6 µm, which plays a vital role in the formation of 

ultrafine-grained microstructure in the CR sample. 

(2) The high values of hardness (193 Hv), ultimate tensile strength (654 MPa), and yield 

strength (642 MPa) but a low value of elongation (5.6%) are obtained after cold rolling 

due to the high density of dislocations and large number of ultrafine grains in the alloy. 

The interaction between dislocations and fine precipitates (nano-sized Ag and 

micro-sized Cu4AgZr) is also responsible for the enhanced strength. 

(3) The UTS, YS and EL are 609 MPa, 565 MPa and 9%, respectively, when the CR sample 

is annealed at 350 °C for 0.5 h. After annealing for 2 h, the values of UTS, YS and EL 

are 584 MPa, 534 MPa and 13%, respectively. Prolonging the annealing time to 8 h, the 

UTS and YS decrease to 558 MPa and 504 MPa, respectively, while the EL recovers to 

16.5%. The decreased strength is associated with the appearance of discontinuous Ag 

precipitates, the dislocation annihilation and the slight growth of grains during annealing. 

The increased elongation is mainly attributed to the recovery of dislocation-accumulation 

ability. 

(4) The excellent mechanical properties of the Cu-3Ag-0.5Zr alloy mainly result from the 
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contribution of four mechanisms: precipitation strengthening, dislocation strengthening, 

grain boundary strengthening, and twin boundary strengthening. 
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