
The effect of thermomechanical treatment on the microstructure and the 
mechanical behavior of a supersaturated Cu-Ag alloy 

J. Gubicza1,a, K. Sitarama Raju2,b, V. Subramanya Sarma3,c, 
A. Kauffmann4,5,d, Z. Hegedűs1,e, M. Peterlechner6,f, J. Freudenberger4,7,g               

and G. Wilde6,h 

1Department of Materials Physics, Eötvös Loránd University, H-1117, Budapest, Hungary 

2Centre for Material and Fibre Innovation, Deakin University, Geelong, VIC – 3217, Australia 

3Department of Metallurgical and Materials Engineering, Indian Institute of Technology Madras, 
Chennai, 600036 India 

4IFW Dresden, P.O. Box 270116, 01171 Dresden, Germany 

5TU Dresden, Institute of Materials Science, 01062 Dresden, Germany 

6Institut für Materialphysik, Universität Münster, 48149, Münster, Germany 

7TU BA Freiberg, Institute for Materials Science, 09599 Freiberg, Germany 

ajeno.gubicza@ttk.elte.hu (corresponding author), bsr.raju2003@gmail.com, 
cvsarma.iitm@gmail.com, da.kauffmann@ifw-dresden.de, ezoltan885@yahoo.com, 

fmartin.peterlechner@uni-muenster.de, gJ.Freudenberger@ifw-dresden.de,                                
hgwilde@uni-muenster.de 

Keywords: rolling, thermomechanical treatment, dislocations, strength, ductility 

Abstract. Supersaturated Cu-3at.% Ag alloy was processed by cold rolling and short-time 

annealing in order to achieve a combination of high strength and good tensile ductility. After 

annealing of the rolled samples a heterogeneous solute atom distribution was developed due to the 

dissolution of nanosized Ag particles in some volumes of the matrix. In regions with higher solute 

content, the high dislocation density formed due to rolling was stabilized, while in other volumes 

the dislocation density decreased. The heterogeneous microstructure obtained after annealing 

exhibited a much higher ductility and only a slightly lower strength than in the as-rolled state. 

Introduction 

The combination of plastic deformation and annealing (referred to as thermomechanical treatment) 

is generally used for tailoring mechanical properties of metallic materials. In the last decades, 

different severe plastic deformation (SPD) procedures were developed in order to increase the 

mechanical strength of metals and alloys by introducing large density of lattice defects, such as 

dislocations and grain boundaries, into the workpieces [1]. However, it was revealed that the 

increase of the strength in these ultrafine-grained (UFG) materials was accompanied by a reduction 

of the tensile ductility due to the lost of strain hardening capacity of the samples [2]. Moderate heat-

treatments after SPD were successfully applied in order to increase the ductility considerably while 

retaining the high strength [3]. In the annealing step of these thermomechanical treatments usually 

heterogeneous structural relaxation (i.e. recovery and recrystallization) occurs. In the relaxed 

volumes the dislocation density can increase again during tensile test, leading to a considerable 

strain hardening capacity which results in an improved ductility of the material. In pure metals, the 

heat-treatments often yield bimodal grain structures with coarse recrystallized grains embedded in 

an UFG matrix. In the present study, the effect of a moderate annealing after rolling at room and 

liquid nitrogen temperatures (denoted by RT and LNT, respectively) on the microstructure and the 

tensile performance of a supersaturated Cu-3at.% Ag alloy is investigated. 
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Experimentals 

Cu-3at.% Ag alloy was prepared by induction melting in Ar atmosphere from high purity (99.9%) 

elements and casting them into 15 × 15 × 150 mm
3
 graphite moulds. The alloy was homogenized at 

750 °C for 5 h, then it was quenched in water. The homogenized plates were subjected to rolling at 

RT and LNT (~77 K) to a strain of  ~2. Former differential scanning calorimetry measurements at a 

heating rate of 10 K/min showed that recovery and recrystallization in the RT and LNT rolled 

samples start at about 400 and 375 °C, respectively [4]. Isothermal annealing at these temperatures 

for 5 min resulted in 5-10% hardness reduction, indicating that this heat-treatment yielded only a 

moderate structural relaxation [4]. The effect of this annealing on the microstructure and the tensile 

performance was investigated in the present work. The microstructure of the Cu matrix in the as-

rolled samples as well as in the RT and LNT rolled specimens annealed for 5 min at 400 and 375 

°C, respectively were studied by X-ray diffraction (XRD). The X-ray diffraction patterns were 

measured by a high-resolution rotating anode diffractometer (Nonius, FR591) with CuKα1 radiation 

(wavelength: λ = 0.15406 nm). The lattice constant was determined by extrapolating the lattice 

parameters obtained from the different reflections to 2Θ = 180° by the Nelson–Riley method [5]. 

The X-ray diffraction line profiles were evaluated for the microstructure by the Convolutional 

Multiple Whole Profile (CMWP) fitting method [6]. In this procedure, the diffraction pattern is 

fitted by the sum of a background spline and the convolution of the instrumental pattern and the 

theoretical line profiles related to the crystallite size, dislocations and twin faults. As an example, 

the fitting for the LNT rolled specimen is shown in Fig. 1. The theoretical profile functions used in 

this fitting procedure were calculated on the basis of a model of the microstructure, where the 

crystallites have spherical shape and log-normal size distribution. The following parameters of the 

microstructure were obtained from the CMWP fitting procedure: the area weighted mean crystallite 

size (<x>area), the dislocation density (ρ) and the twin boundary probability (β). The twin boundary 

probability is defined as the fraction of twin faults among the {111} lattice planes. The uniaxial 

tensile performance of the as-rolled and the annealed samples were investigated by a mechanical 

testing machine (model 3367 of Instron, UK) at an initial strain rate of 10
-3 

s
-1

. The specimens were 

machined as per ASTM E8 sub-size specifications with the gauge length along the rolling direction. 

 
Fig. 1. The CMWP fitting for the LNT rolled Cu-3at.% Ag. The open circles and the solid line 

represent the measured data and the fitted curves, respectively. The intensity is in logarithmic scale. 
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Results and discussion 

The phase composition and the microstructure of the rolled and the subsequently annealed 

samples. The Ag solute content in the Cu matrix was determined from the lattice parameter 

measured by XRD. The Ag concentrations in the Cu matrix of RT and LNT rolled samples were 

estimated to be 1.3 ± 0.1 at.% and 1.0 ± 0.1 at.%, respectively (see Table 1). As the total 

concentration of Ag in the base alloy is 3 at.%, about 1.7 and 2 at.% Ag is expected to be present as 

secondary Ag phase in RT and LNT rolled alloys, respectively. Ag peaks were indeed observed in 

the XRD patterns of the as-rolled samples (see Fig. 1). According to the equilibrium phase diagram 

of the Cu-Ag system, the solubility limit of Ag in Cu is 4 at.% at 750 °C, therefore during the 

homogenization heat-treatment all Ag atoms were dissolved in the Cu matrix. The Ag precipitates 

observed in the as-rolled samples might form during quenching to RT and/or subsequent rolling 

processes at RT and LNT. Nevertheless, the Cu matrices with ~1-1.3 at.% solute Ag concentration 

after rolling are supersaturated since the equilibrium solubility limit of Ag in Cu is practically zero 

at RT. The microstructural parameters of the Cu matrix in RT and LNT rolled samples obtained by 

X-ray line profile analysis are presented in Table 1. It is revealed that the crystallite size is smaller 

and the dislocation density is higher in the LNT rolled sample when compared to the RT rolled 

specimen. Considerable twinning was not detected in the specimen rolled at RT while significant 

twin boundary probability was measured in the LNT rolled sample. The practically zero value of the 

twin boundary probability for the sample rolled at RT does not mean definitely the lack of twinning 

as the lowest detection limit of twin boundary frequency is about 0.05 % in the present analysis. 

Indeed, former TEM study showed that deformation twins also formed in some locations of both 

specimens [4]. It is noted that the crystallite size obtained by XRD corresponds rather to the 

subgrain size which is smaller than the grain size determined by TEM (100-200 nm for both rolled 

materials [4]). 

 

Table 1: The solute Ag concentration (cAg) and the parameters of the microstructure for the Cu 

matrix in the Cu-3at. % Ag alloy in RT rolled, RT rolled + annealed, LNT rolled and LNT rolled + 

annealed conditions: <x>area: area-weighted mean crystallite size, ρ: dislocation density, β: twin 

boundary probability. 

 

Sample Region cAg [at.%] <x>area [nm] ρ [10
14

 m
-2

] β [%] 

RT rolled  1.3 ± 0.1 36 ± 4 32 ± 3 <0.05 

RT rolled + annealed 1 

2 

1.3 ± 0.1 

2.7 ± 0.2 

32 ± 4 

41 ± 6 

14 ± 2 

24 ± 3 

<0.05 

<0.05 

LNT rolled  1.0 ± 0.1 30 ± 3 48 ± 5 0.49 ± 0.07 

LNT rolled + annealed 1 

2 

1.0 ± 0.2 

2.6 ± 0.2 

27 ± 3 

55 ± 8 

8 ± 1 

30 ± 4 

<0.05 

<0.05 

 

Following annealing of the RT and LNT rolled samples, each diffraction peak of the Cu matrix 

splits into two components (see Fig. 2). This phenomenon is believed to be caused by the 

development of an inhomogeneous solute atom distribution in the Cu matrix during annealing 

resulting in a variation of the lattice parameter of the Cu matrix. Each line profile was evaluated by 

fitting it with the sum of two profile components having different Bragg-angles which correspond to 

two distinct regions of the matrix having different average lattice parameters. It should be noted that 

most probably the description of the distribution of the solute concentration by only two distinct 

solute contents is a simplification. Nevertheless, this procedure characterizes the inhomogeneity of 

the chemical composition of the matrix. The Ag solute concentrations in the two regions of the 

matrix have been determined and listed in Table 1. Region 1 has the same Ag content as for the Cu 

matrix after rolling but before annealing. Region 2 has significantly larger lattice parameter 

indicating an increase in Ag solute concentration. The partial dissolution of the Ag phase is also 

confirmed by the decrease of the relative intensity of its XRD peaks. The equilibrium solubility 
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limit of Ag in Cu at the temperature of annealing (375-400 °C) is  ~0.4 at.%, therefore a decrease of 

the solute atom concentration from 1.0-1.3 at.% during annealing of the rolled samples would have 

been expected. Our experiments revealed an opposite tendency, i.e. an increase of the solute Ag 

content in a part of the Cu matrix (referred to as region 2). This phenomenon could be caused by the 

large specific interface energy between Ag nanoparticles and Cu grains which yielded an enhanced 

equilibrium solubility limit of Ag in Cu. This solubility limit depends on the size of Ag dispersoids 

as expressed by the Gibbs–Thomson formula (also referred to as Ostwald–Freundlich equation) 

[7,8]: 

 








= ∞
dRT

VA2
expcc m

r

γ
,                                                      (1) 

 

where d is the diameter of the spherical Ag precipitates, T is the temperature of annealing (about 

670 K), c∞ (0.4 at.%) and cr are the equilibrium solute Ag concentrations in the Cu matrix with Ag 

precipitates having infinitely small curvature (large radius) and radius of r, respectively, γ is the 

interface energy (~1.5 J/m
2
 [9]) between the Cu matrix and the Ag precipitates, R is the molar gas 

constant, Vm is the molar volume of Ag (10
-5

 m
3
/mole) and A is a constant with the value of 2 or 3, 

depending on the assumptions made in the derivation of eq. (1). For instance, in the case of the LNT 

rolled sample at the temperature of annealing (648 K) and with A=3, for precipitate sizes smaller 

than 18 nm the value of cr obtained from eq. (1) is higher than the solute Ag concentration 

measured before annealing (1 at.%). Therefore, the smaller Ag nanoparticles in the size distribution 

were dissolved during annealing which is in accordance with the increase of the average size of Ag 

crystallites from ~20 nm to ~30 nm in the annealing process as observed by XRD. In the region 

where dissolution occurred the solute Ag concentration in the Cu matrix increased and this volume 

was denoted as region 2. The solute Ag content in region 2 of the annealed samples is ~2.7 at.% 

which is only slightly smaller than the nominal Ag concentration of the base alloy, suggesting that 

the majority of precipitates in region 2 were dissolved during annealing. 

 
Fig. 2. The CMWP fitting for 220 reflection of the Cu-3at.% Ag samples for LNT rolled, and LNT 

rolled and annealed conditions. The symbols and the solid lines represent the measured data and the 

fitted curves, respectively. The diffraction peak in the annealed condition is a sum of two reflections 

related to regions 1 and 2 having different average lattice parameters. 

 

Regions 1 and 2 with different Ag contents obtained after annealing of RT and LNT rolled 

samples were investigated by X-ray line profile analysis. In the fitting of the experimental patterns, 
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each theoretical line profile consisted of two peaks corresponding to the two regions. The 

microstructural parameters for regions 1 and 2 of the Cu matrix were determined from the fitting 

and are listed in Table 1. The results reveal that in region 1 the crystallite size did not change 

significantly while the dislocation density decreased by a factor of 2-4 after annealing the RT and 

LNT rolled specimens. In region 2 the crystallite size increased slightly and the dislocation density 

decreased only by ~ 25-40 %. In the volumes where the dissolution of the precipitates was 

negligible (region 1), the solute Ag content remained low and the dislocation density decreased due 

to recovery. However, the increased concentration of solute Ag atoms in region 2 hindered the 

recovery, resulting in the retention of the high dislocation density. The increase of the average size 

of Cu crystallites in region 2 can be explained by the growth of Cu crystallites into the volumes 

occupied formerly by the Ag precipitates which were dissolved during annealing. 

 

The tensile behavior of the specimens. Figure 3 shows the engineering stress-strain curves for 

RT rolled, LNT rolled and annealed samples. The RT and LNT rolled samples exhibit high ultimate 

tensile strengths (UTS) with negligible uniform elongation (~1 %). The strength of the LNT rolled 

sample (~710 MPa) is ~20 % higher than that for the RT rolled sample (~575 MPa) which can be 

attributed to the larger dislocation density and twin boundary frequency. After annealing of the RT 

rolled sample, the UTS decreased only slightly (by ~20 MPa) with significant improvement in the 

uniform elongation (from 1 to 10 %). Similarly, annealing of the LNT rolled sample resulted in a 

decrease in the UTS by ~60 MPa and the ductility improved from 1 to 8 %. The increased strain 

hardening capacity for the annealed samples compared to the rolled samples could be attributed to 

the formation of a heterogeneous microstructure as revealed by XRD. It should be noted that the 

heterogeneous microstructure in the present alloys refers to both the varying solute content and 

dislocation density. The improvement of ductility was most probably caused by the decrease of the 

dislocation density in region 1, which yielded a considerable work hardening in this region during 

subsequent tension, thereby increasing the uniform elongation, as compared to the rolled specimens. 

At the same time, in region 2 the increase of the solute Ag concentration during annealing hindered 

the annihilation of dislocations, therefore the strength was only slightly reduced in comparison with 

the rolled samples. 

 

 
Fig. 3. Engineering stress-strain curves for the RT and LNT rolled as well as the annealed Cu-3at.% 

Ag alloys. 
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Summary 

1. Supersaturated Cu-3at.% Ag alloy was subjected to thermomechanical treatment including short-

time annealing after cold rolling at RT or LNT. In the annealed samples an inhomogeneous solute 

atom distribution developed in the Cu matrix due to the dissolution of the smaller Ag nanoparticles 

in the size distribution. In the region where the solute concentration increased, the dislocation 

density developed during rolling was retained in the Cu matrix even after annealing, while in the 

region where the Ag solute content did not increase, significant decrease in dislocation density was 

observed. Therefore, in the rolled and annealed samples heterogeneous microstructures were 

developed where both the dislocation density and the solute concentration varied considerably. 

2. The as-rolled samples exhibited high ultimate tensile strengths close to 600-700 MPa with 

negligible uniform elongation (~1%). After short-time annealing the strength decreased only by ~5-

10%, while the uniform elongation increased by about one order of magnitude. The improvement of 

the ductility is attributed to the heterogeneous microstructure in the Cu matrix since the reduction of 

the dislocation density in some regions increased the strain hardening capacity of the material. 
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