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Abstract: The article describes a method for producing semi-finished products from a copper
alloy of the Cu-Ni-Cr-Si system for electrical purposes through the radial-shear rolling
(RSR). From the Cu-Ni-Cr-Si alloy by hot deformation, rods with a diameter of 20 mm
were obtained, which were then heat treated with quenching and aging. A detailed
analysis of the microstructure and properties (mechanical and electrical) of the
obtained samples was carried out after RSR and after heat treatment (HT). After RSR,
material hardening occurs due to shear deformations forming a gradient structure with
grain sizes varying from 8.22 μm to 15.95 μm between the surface and the center of
the rod. The microstructure and mechanical property analysis showed that after heat
treatment, the alloy is thermally hardened due to the precipitation of Ni2Si and Cr3Si
particles uniformly distributed in the sample volume in the form of fine inclusions with
an average size of 0.56-0.65 μm. After heat treatment, the alloy enhanced its
mechanical properties (ultimate tensile strength (UTS) ~ 700-750 MPa, yield strength
(YS) ~ 557-606 MPa, and elongation between 17 and 22%) and its electrical
conductivity of 45.17% IACS from the 30.52% IACS of the RSR material. The improved
mechanical properties of the heat-treated material are due to the different strength
contributions mainly coming from dislocations and precipitates. The electrical
conductivity improvement after the heat treatment is related to the dislocation density
reduction and the increase in grain boundary misorientation due to the recrystallization
phenomenon giving rise to a lower number of boundaries but with a twinning character.
Thus, the RSR method offers a new industrial alternative for the production of semi-
finished products from a Cu-Ni-Cr-Si alloy in the form of rods with diameters ranging
from 10-55 mm.
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Abstract 
The article describes a method for producing semi-finished products from a copper alloy 

of the Cu-Ni-Cr-Si system for electrical purposes through the radial-shear rolling (RSR). From 

the Cu-Ni-Cr-Si alloy by hot deformation, rods with a diameter of 20 mm were obtained, which 

were then heat treated with quenching and aging. A detailed analysis of the microstructure and 

properties (mechanical and electrical) of the obtained samples was carried out after RSR and 

after heat treatment (HT). After RSR, material hardening occurs due to shear deformations 

forming a gradient structure with grain sizes varying from 8.22 μm to 15.95 μm between the 

surface and the center of the rod. The microstructure and mechanical property analysis showed 

that after heat treatment, the alloy is thermally hardened due to the precipitation of Ni2Si and 

Cr3Si particles uniformly distributed in the sample volume in the form of fine inclusions with 

an average size of 0.56-0.65 μm. After heat treatment, the alloy enhanced its mechanical 

properties (ultimate tensile strength (UTS) ~ 700-750 MPa, yield strength (YS) ~ 557-606 MPa, 

and elongation between 17 and 22%) and its electrical conductivity of 45.17% IACS from the 

30.52% IACS of the RSR material. The improved mechanical properties of the heat-treated 

material are due to the different strength contributions mainly coming from dislocations and 

precipitates. The electrical conductivity improvement after the heat treatment is related to the 

dislocation density reduction and the increase in grain boundary misorientation due to the 

recrystallization phenomenon giving rise to a lower number of boundaries but with a twinning 

character. Thus, the RSR method offers a new industrial alternative for the production of semi-

finished products from a Cu-Ni-Cr-Si alloy in the form of rods with diameters ranging from 10-

55 mm. 
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1 Introduction 
Copper-based alloys are one of the most sought-after materials in industry [1]. Due to the 

good combination of high hardness, thermal and electrical conductivity, such alloys are widely 

used in electric welding production as contactors, connectors, and other products [2,3]. E.g., 

rail contact tires made of copper alloys should have high mechanical strength combined with 

high electrical conductivity [4]. Cu-Cr systems are promising materials for this purpose [5]. 

Adding small amounts of Zr to a Cu-Cr leads to an increase in strength and ductility properties 

at elevated temperatures (400-650 °C). 

An analogue of the Cu-Cr-Zr alloy for use in electrical engineering is the alloy of the Cu-

Ni-Cr-Si system. This alloy possess lower electrical conductivity, but it has improved strength 

properties, like high wear resistance and temperature stability [6]. For that reason, it has found 

application in the manufacture of electrodes, tips and parts of resistance welding machines, 

instrument connectors, and the electrical equipment of transport networks [7]. 

One way to increase the mechanical properties of materials is to reduce their structure to 

an ultrafine-grained scale using severe plastic deformation (SPD) [8]. Several investigations 

describe methods for improving the properties of Cu alloys after SPD by equal channel angular 

pressing (ECAP) and heat treatment [9,10]. Other methods like screw extrusion and 

accumulative rolling are also used for producing materials with ultra-fine grain (UFG) structure 

[11]. For the Cu-Ni-Si-Cr alloy system, some recent investigations are mainly aimed at the 

evolution of properties during heat treatment in various modes [12]. 

However, at the moment, the leading industrial methods for producing semi-finished 

products from copper alloys for electrical purposes are extrusion and drawing [1]. From the 

manufacturability point of view, the extrusion method has significant disadvantages. These 

include the inability to quickly reconfigure to a different size and the need for a large number 

of extrusion tools. To obtain semi-finished products from copper alloys with a high level of 

operational properties, the application of the radial-shear rolling (RSR) method may be 

relevant. This method of metal forming has found a full application for producing long round 

bars of various steel grades [13], titanium alloys [14], and aluminum alloys [15]. Due to the 

action of shear strains, a spiral-shaped gradient structure is formed with an ultrafine-grained 

surface layer, which provides an increase in strength properties while maintaining satisfactory 

ductility [16]. 
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Today, heterogeneous structures have aroused great interest due to their excellent 

combination of strength and ductility [17,18]. Several methodologies have been proposed to 

obtain heterogeneous microstructures with different microstructural configurations (for 

example, heterogeneous distribution of grain sizes, localized distribution of phases in the piece's 

geometry, heterogeneous dislocation densities, among other characteristics) [17,19–23]. One 

methodology that has been used is controlled severe plastic deformation applied to sheets, bars, 

and discs using ECAP and high pressure torsion (HPT), respectively [24–26]. Thus, the initial 

deformation stages of SPD produce deformation gradients across the sample dimensions. For 

example, high surface shear strains are obtained after ECAP processing while maintaining its 

central section less deformed. Although RSR cannot be considered an SPD technique due to 

the change in the sample's dimensions, it does produce a similar effect between the surface and 

the center of the deformed material giving rise to a heterogeneous structure [27]. 

The developed designs of RSR mills allow obtaining long rods (up to 9 m) with different 

diameters on one set of working tools-rolls [28]. The weight and dimensions of such equipment 

are significantly lower compared to press equipment. When it is necessary to organize the 

production of small batches, but a large number of different sized rods, it may be relevant to 

replace the press equipment with RSR mills. There is no need for a large number of working 

tools for each bar size; the total weight of the equipment and the occupied floor space is reduced, 

and the wear resistance of the tool is increased. In this regard, an urgent task may be to study 

RSR process of copper alloys and compare it with deformation methods used in industry. 

The main purpose of this work is to show the capacity of the RSR process for producing 

semi-finished products from Cu-Ni-Cr-Si alloy with properties quite similar or even better than 

traditional methods such as extrusion. The RSR process influence was studying by the evolution 

of microstructure and mechanical properties across the diameter of the rods and the electrical 

conductivity measurements under the deformed and heat-treated condition. 

2 Experimental materials and methods 
The initial billet (cylindrical ingot with a diameter of 110 mm) was obtained by chill casting 

and then deformed by hot pressing until the 60 mm rod diameter. Further, a hot-pressed rod 

was used for rolling. The initial billet diameter was 60 mm, and the length was 250 mm. Table 

1 presents the alloy's chemical composition obtained from the EDS spectrum of several SEM 

images employing TESCAN VEGA SBH3 scanning electron microscope (SEM-EDS) from 

Oxford Instruments.  
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Table 1. Chemical composition of Cu alloy (% wt.) 

Alloy Cu Ni Cr Si Al Zn Fe Other 

Cu-Ni-Cr-Si 95.04 2.89 1.03 0.92 0.03 0.08 0.03 ≤ 0.1 

 

Table 2 summarizes the alloy's experimental electrical conductivity and mechanical 

properties.  

Table 2. Experimental properties of Cu-Ni-Cr-Si alloy in the initial state 

Parameter name Value 

Hardness (HV) 130-150 

Ultimate tensile strength (MPa) 340-380 

Yield strength (MPa) 220-240 

Elongation (%) 20 

Electrical conductivity (MS/m) 22.3 

 

The initial billets were deformed in the hot state by radial-shear rolling. RSR was carried 

out at the semi-industrial rolling mill located in the laboratory of the Department of Metal 

forming (NUST “MISIS”, Moscow). The mills are equipped with three work rolls that are 

deployed at a feed angle β and a toe angle δ, as indicated in previous studies [29]. Work rolls 

located symmetrically concerning the central rolling axis form a deformation zone rotating in 

one direction and deforming the workpiece. The sample moves along the deformation zone 

following a helicoidal path. 

Before deformation, the initial billet was heated in a chamber furnace for 2 hours to a 

temperature of 900 °C. Rolling was carried out in 4 passes following the modes summarized in  

Table 3. After each pass, the bar returned to the furnace to equalize the temperature over 

the entire cross section. The rotary velocity of the working rolls was 30 rpm.  

The elongation ratio (𝜇i) for the i pass is defined as the ratio of the cross-sectional area of 

the bar in the (i – 1) pass (𝐹i−1) to the cross-sectional area of the bar in the i pass (𝐹i): 

𝜇𝑖 =
𝐹𝑖−1

𝐹𝑖
=

𝐷𝑖−1
2

𝐷𝑖
2  (1) 

Where 𝐷i−1 and 𝐷2 represent the initial and final rod diameter, respectively. 

The total elongation ratio for several passes is defined as the ratio of the cross-sectional 

area of the initial billet (𝐹0) to the cross-sectional area of the bar after the last pass (𝐹n): 
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∑ 𝜇𝑖

𝑛

𝑖=1

=
𝐹0

𝐹𝑛
= 𝜇1 ∙ 𝜇2 ∙ 𝜇3 ∙ … ∙ 𝜇𝑛 (2) 

 

Table 3. Deformation conditions of Rolling. 

Pass 

Number, i 

Diameter of 

workpiece Di-1, mm 

Diameter of the 

resulting rod Di, mm 

Elongation 

ratio µi 
Σµi 

1 60 46 1.70 1.70 

2 46 36 1.63 2.78 

3 36 28 1.65 4.60 

4 28 20 1.96 9.00 

 

After RSR, heat treatment was performed, which consisted of quenching and aging. The 

heat treatment cycle for the studied alloy is shown in Fig. 1. 

 
Fig. 1 Heat treatment diagram for Cu-Ni-Cr-Si alloy. 

For the 20 mm diameter rods after RSR and heat treatment, electrical conductivity and 

microhardness distribution over the cross and longitudinal sections were measured. The 

microstructure was analyzed across the radial direction in three zones: i.e., the surface, the 

middle of the radius, and the center. Fig. 2a illustrates the microhardness measurement scheme 

and the microstructure analysis zones. 



6 
 

 
Fig. 2 Microstructure and hardness measurement scheme (a), and 

electroconductivity measurement scheme (b). 

The microstructure was studied using a Carl Zeiss Axio Lab.A1 optical microscope. The 

microhardness of specimens was measured by the Vickers method (HV) on a DUROLINE MH-

6 durometer (load 300 g, dwell time of 30 s). The electrical conductivity of the samples was 

measured at eddy current structuroscope (Scientific Research Institute of Introscopy "Srektr", 

Russia) at 9 points in parallel and perpendicular to the rolling direction (Fig. 2b). The final value 

was determined as the average value of measurements at all points. 

For better understanding the microstructural characteristics of the material processed by 

RSR and after the aging heat treatment, a TESCAN VEGA SBH3 scanning electron microscope 

(SEM-EDS) from Oxford Instruments was used. The material's microstructure was analyzed at 

different points on the cross-sectional area of the bars using electron back-scattering diffraction 

(EBSD). The samples were prepared by mechanical polishing using SiC sandpaper up to 2500 

granulometry and subsequent fine polishing with diamond pastes of 9 µm, 6 µm 1 µm and 

colloidal silica with a particle size of 0.05 µm. Data were analyzed using TSL-OIM 7 and Mtex 

toolbox. Grains with less than two pixels were not considered in the statistical analysis. Grain 

boundaries with misorientations between 3° and 15° were defined as low-angle grain 

boundaries (LAGB). Those with misorientations greater than 15° as high-angle grain 

boundaries (HAGB). 

The analysis of the phase composition was carried out using the X-Ray diffraction 

method by the Multifunctional X-ray diffractometer DRON-8. The following parameters were 

used for scanning: voltage 40 kV, Amperage 20 mA, scanning step 0.05°, exposure time 4 s - 

discrete mode, PDF-2 Release 2014 ICDD database. 

Tensile tests in different zones across the sample diameter (surface and center) were 

evaluated using a universal testing machine at room temperature. Sample gauge dimensions of 

4 mm x 1.5 mm x 2 mm tested at a constant strain rate of 1‧ 10-3 s-1. Strain maps were obtained 
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by digital image correlation (DIC) during the tensile test employing the Ncorr free software 

[30]. 

3 Results and analysis 

3.1 As-received material 
The initial material was obtained by casting, obtaining bars of 110 mm in diameter. Thus, 

Fig. 3a indicates the microstructure obtained by optical microscopy (OM) after casting. This 

figure shows the formation of a structure of coarse grains of different sizes. Due to the 

solidification process in which the surfaces are cooled before the central zone, a variation in 

grain size occurs, as indicated in Fig. 3b. This figure indicates the existence of two families of 

grain size, one formed by sizes smaller than 3 mm located around the surface with an average 

value of 0.92 mm and the other comprising sizes between 4 mm and 8 mm located preferably 

in the center of the bar with an average value of 4.83 mm. Concerning alloy tensile behavior, 

Fig. 3c indicates that the as-cast material reaches a yield strength of 220 MPa with a fracture 

strain of 20%. Additionally, the EBSD characterization in Fig. 3d confirms a microstructure 

with large grains. Those grains are free of dislocations and substructures in its interior, as 

confirmed by the misorientation profile lines 1-2 and 3-4 in Fig. 3e. The misorientation profiles 

show constant behaviors inside the grains, and only appreciable changes in misorientation occur 

when crossing the grain boundaries. This yield strength reflect the effect of the alloying 

elements in the material, i.e., an increase in yield strength of 60% concerning high-purity 

electrolytic copper (87 MPa, yield strength) [31]. 
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Fig. 3 Initial microstructure after casting process (a), grain size in the casting 
condition (b), tensile properties (c), EBSD map (d), and misorientation profiles for the 

lines indicated in the EBSD map (e).    

 

3.2 Processed material 

Fig. 4 display the microstructure of the rods after RSR and RSR plus heat treatment, 

respectively. In the RSR process, a gradient structure is formed, with a spiral morphology that 

reflects the helicoidal motion of metal layers in the deformation zone [16,32,33]. Fig. 4a and 

Fig. 4c allows seeing that the microstructure around the surface in cross-section after RSR is 

mainly formed by small grains with an average size of 8.22 µm. The smallest grain size is 

formed here due to the localization of severe shear deformations in the surface layer. 

Conversely, the central zone in Fig. 4b, and Fig. 4c shows a mix of small and large grain sizes 

ranging between 2 µm and 40 µm, with an average grain size of 15.9 µm. This effect is 

attributed to the heterogeneous equivalent strain distribution along the radial direction. 
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Fig. 4 Surface grain diameter map after RSR (a), center grain diameter map after 
RSR (b), grain size evolution after RSR (c), surface grain diameter map after 

RSR+aging (d), center grain diameter map after RSR+aging (e), grain size evolution 
after RSR+aging (f). 

In the hardening process by heat treatment, Fig. 4d through Fig. 4f manifests an evident 

grain structure change. After the heat treatment, grain recrystallization occurs in a 

heterogeneous way, as the grain size increases, especially in the surface layer, which may be 

due to different deformation degree induced by the RSR process across the rod diameter. After 

the aging treatment, the microstructure evolution in Fig. 4d and Fig. 4e shows the opposite 

behavior concerning the RSR material. The average grain size in the central part of the rod after 

heat treatment is 27.5 μm. At the surface of the rod, coarse grains larger than 100 μm in size 

are observed, while the average grain size, according to measurements, is 74.32 μm. Besides, 

in the microstructure of samples after heat treatment, one can observe characteristic annealing 

twins formed during grain growth. Therefore, the abnormal grain growth is a consequence of 

the deformation gradient across the rod diameter after RSR processing. Thus, the strain 

heterogeneity between the rod surface and its center zone gives rise to recrystallization 

gradients after the heat treatment. 
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To better describe microstructural characteristics, energy dispersive spectroscopy 

(EDS) analyses were performed. Fig. 5a indicates the material's microstructure after RSR 

processing plus aging treatment, indicating the different regions analyzed (red squares). The 

SEM image allows observing the grain boundaries and the presence of particles of different 

sizes. In Fig. 5b, the main alloying elements' EDS map is indicated for the spectrum area 1. At 

first glance, it can be assessed that Ni and Cu concentrations are homogeneously distributed 

throughout the material. On the contrary, Cr and Si elements seem to be located in small regions 

forming particle colonies close to the grain boundaries. Fig. 5c shows the EDS spectra for the 

different areas indicated in Fig. 5a. Spectrum number 1, corresponding to the entire analyzed 

area shows alloying elements such as Ni, Cr, and Si. Looking in more detail at spectra 2 and 3, 

corresponding to the black particles observed in Fig. 5a, we see a high Si and Cr concentrations. 

On the other hand, spectra 4 and 5 within the grains indicate low concentrations of Cr and Si 

and a domain of Cu and Ni. In this way, the previous observations confirm the formation of 

precipitates rich in Cr, and Si with a Ni matrix enriched. Looking in more detail at the EDS 

maps for Cu, Si, Ni, and Cr in Fig. 5d, we see that many of the high Si concentration spots also 

show high Cr content. According to Rdzawski et al. [34], these particles with a high content of 

Cr and Si correspond to Cr3Si precipitates, which are preferentially located around the grain 

boundaries. 

Aging treatment also favors the precipitation of Ni2Si phases in the matrix as particles 

uniformly distributed in the bulk of the samples in the form of small inclusions. Cheng et al. 

[35] also reported the formation of this type of precipitates after aging at a temperature of 500 

°C for a Cu-Ni-Si-Cr alloy. Analyzing the EDS images for each element using ImageJ [36], an 

appreciation of the precipitate particles' size can be made, as indicated in Fig. 6. The histograms 

show an average particle size between 0.56 μm and 0.65 μm that follows a lognormal function. 

The inset in Fig. 6 highlights a microstructure where some small particles appear either inside 

the grains (blue ellipse) or forming colonies close to the grain boundaries (green ellipse). 

However, several authors have reported via TEM that after plastic deformation, the Cu-Cr-Ni-

Si alloy can form nano-precipitates with average sizes of 8 nm [35,37]. Therefore, the analyses 

from the SEM images represent a more descriptive than quantitative result of the precipitates’ 

real size. 
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Fig. 5 SEM map after aging treatment (a), EDS map (b), EDS spectrums for the red 
squares indicated in figure (a) (c), and Cu, Si, Ni, and Cr EDS maps (d)  
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Fig. 6 Precipitation particles sizes. 

 

X-ray diffraction confirms the formation of different types of precipitates such as Cr3Si 

and Ni2Si. Fig. 7 shows the diffraction patterns for samples after RSR and aging heat treatment. 

It can be seen that the chromium silicide and nickel silicide phase concentrations are about 

0.84% and 0.9%, respectively. Samoilova et al. [38] showed that for the Cu-3%Ni-1.5%Si-

1%Cr alloy, the main phases observed after heat treatment are Cr3Si and Ni2Si. The formation 

of these precipitates suggests the activation of an additional hardening mechanism in the 

material processed by RSR and subsequently heat treated. 

 

Fig. 7 Diffraction pattern for the Cu-Ni-Cr-Si alloy after RSR + Aging treatment 
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3.3 Mechanical properties 

Fig. 8 shows the hardness distribution in the cross section for both conditions RSR and 

heat-treated RSR. The RSR material shows some hardness variation from the surface to the rod 

center. The opposite behavior is observed in the heat-treated RSR material, where hardness 

values are high close to the center and decrease near the surface. Additionally, a hardness value 

of ~260-280 HV above the ~180-200 HV of the RSR condition was obtained after the aging 

treatment representing a hardness increment of 40-45%. 

 

 

Fig. 8 Hardness evolution in the cross section after RSR and RSR + aging 
treatment. 

 

According to the standard specifications for this alloy, the Vickers hardness of hot-

pressed rods should not be lower than 200 HB (210 HV) [39]. Thus, the obtained hardness 

values for aged samples are higher than the standard values.  

Fig. 9a illustrates typical engineering stress-strain curves for samples subjected to RSR 

and aging treatment. It worth mentioning that the samples cut near the surface of the rod and in 

its center region differ on their mechanical strengths, what is explained by the microstructure 

heterogeneity of the samples in those zones. After hot radial-shear rolling with a total elongation 

ratio µ = 9.0, the ultimate tensile strength is ~ 480-520 MPa, the yield strength is about 355-

392 MPa. At the same time, the strain to failure lies typically around 0.22 and 0.27 for the center 

and surface samples, respectively. 
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Fig. 9 Mechanical properties at different zones of the samples after RSR and RSR + 
aging, (a) tensile curves, and (b) Considère criterion evolution.  

 

As a result of the aging of the samples, the ultimate tensile strength increases to 650–

750 MPa, the yield strength increases to 557–606 MPa, and the strain to failure lies in the range 

0.17–0.22. Although the microstructure shows a marked difference in grain sizes between the 

surface and the center, the tensile specimens do not correspond precisely to each zone. This is 

because the specimens' minimum thickness was 1.5 mm, which indicates that the surface 

sample also considers grains from the central area. Therefore, although the tensile samples 

cover more than one region, the strength increments due to aging, and the strength-ductility 

changes between the two zones can still be differentiated—these behaviors in good agreement 

with the hardness values. The mechanical properties increase is explained by the presence of 

two hardened excess phases. The Ni2Si phase hardens the alloy due to dispersion hardening 

through aging, and the Cr3Si phase increases the strength properties because of the structure 

heterogenization [40]. As shown in [40], the Cr3Si phase is formed during crystallization and 

does not depend on subsequent deformation and heat treatment, and thus can prevent grain 

growth. On the other hand, high strength nickel silicide Ni2Si phase precipitates in the matrix 

in the form of dispersoids during the aging process. 

Additionally, Fig. 9b represents the Considère criterion evolution for the tensile curves 

of Fig. 9a. This criterion establishes that the appearance of plastic instability occurs when the 

strain hardening rate (𝜕𝜎 𝜕𝜀⁄ ) equals the flow stress (𝜎) of the material according to the 

following equation [41]: 

(𝜕𝜎 𝜕𝜀⁄ ) 𝜎⁄ ≤ 1 (3) 

This figure shows that the heat-treated material reaches plastic instability first, 

especially the center area. On the other hand, the surface area of the two materials (i.e., RSR 
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and RSR + HT) show similar behaviors. On the other hand, the material deformed by RSR 

indicates more significant extensions of the homogeneous deformation zone, resulting in plastic 

instability at higher deformations. This behavior can be associated with the fewer number of 

precipitates in the RSR material leading to a greater mean free path for dislocations movement 

and larger deformation before fracture. The Considère plot also allows checking the 

heterogeneity of both materials across the diameter of the bars. 

4 Discussion 
The processing of the alloy by RSR produces heterogeneity in the material, what can 

influence its properties, giving it a combination of unusual properties such as good strength and 

ductility or good strength keeping good electrical conductivity. In this way, the discussion of 

the results obtained in this work will focus on microstructural and mechanical heterogeneity.   

 

4.1 Microstructure strengthening 
Material heterogeneity is transferred to the deformation evolution as indicated by the 

strain maps analyzed at the plastic instability points represented in Fig. 9b. In this way, Fig. 10a 

demonstrates that the RSR material achieves higher deformations than the aged material. 

Furthermore, strains in the center and surface areas of the deformed material are 40% (0.08/0.2) 

and 43.7% (0.07/0.16) higher than the average value. This behavior explains the better ductility 

of the RSR material. On the other hand, for the heat-treated material, Fig. 10b indicates lower 

deformations along the length of the tensile samples, highlighting that the surfer area achieves 

higher strains than the center region. Therefore, the lower ductility of the aged material is 

associated with the appearance of several peaks along the length of the tensile sample, as Fig. 

10b shows. This behavior can be associated to a more significant number of precipitates that 

give rise to multiple stress concentration points as a consequence of interaction between 

precipitates, dislocations and dislocations sources. 
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Fig. 10 Strain evolution at the plastic instability points indicated in Fig. 9b, (a) RSR, 
and (b) RSR+aging.  

Copper and aluminum alloys present different contributions to their strengths, e.g., from lattice 

friction stress (𝜎0) equal to 20 MPa [37], grain size (𝜎G), solid solution elements (𝜎SS), 

precipitates (𝜎P), and dislocations (𝜎ρ). Thus, the material yield strength (𝜎Y) can be described 

by the sum of the different components, as indicated by equation (4) [42]: 

𝜎𝑌 = 𝜎0 + 𝜎𝐺 + 𝜎𝑆𝑆 + 𝜎𝑃 + 𝜎𝜌 (4) 

Where the grain size contribution follows the next equation: 

𝜎𝐺 =
𝑘𝐻𝑃

𝑑1/2
 

(5) 

with 𝑘HP as the de Hall-Petch slope, with a value of 112 MPa∙µm1/2 [43], and 𝑑 the average 

grain size. In this way, the first two terms of equation (4) correspond to the Hall-Petch equation, 

so: 𝜎𝐻𝑃 = 𝜎0 + 𝜎𝐺 . 

 

The solid solution contribution from Ni and Si can be expressed by the next equation:  

𝜎𝑆𝑆 = 𝑀
𝐺𝜖𝑆𝑆

3/2
𝑐1/2

700
 

(6) 

where 𝑀 = 3.06 is the Taylor factor, 𝐺 the shear module for Ni and Si (77 GPa and 65 GPa, 

respectively), 𝑐 the Ni and Si fractions, and 𝜖SS is a parameter that correlates the energy from 

dislocations (edge and screw) with the resolved shear stress per unit solute concentration. 𝜖SS 

can take values of 0.559 and 1.17 for Ni and Si, respectively [37].  
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On the other hand, the dislocation contribution can be obtained through the equation (7): 

𝜎𝜌 = 𝛼𝑀𝐺𝑏√𝜌 (7) 

where 𝛼 = 0.3 is a dislocation hardening constant, 𝑀= 3.02 the Taylor factor, 𝐺 = 44 GPa as 

the copper shear module, and 𝑏 = 0.255 nm the matrix Burgers vector. Therefore, for the RSR 

material, the dislocations' contributions can be obtained assuming that the precipitation effect 

is absent. From equation (4), contributions of 291 MPa and 243 MPa can be obtained for the 

surface and center, respectively. Employing equation (7), dislocation densities between 

8.1×1014 m-2  and 5.7×1014 m-2 can be estimated, which agree with values reported by other 

investigations. E.g., Watanabe et al. [44], after processing a Cu-Ni-Si alloy using high-pressure 

torsion (HPT), reported a dislocations density of 8×1014 m-2, which remained in the peak aged 

state and it was reduced to 6×1014 m-2 in the over-aged state. For the RSR + aged material, the 

precipitates contribution was obtained as the difference in the aged material's yield strength and 

the as-cast state. 

 

In this way, Fig. 11 collects the different strength contributions of the materials obtained 

through equations (4)-(7). Fig. 11a indicates how the main strength contribution comes from 

dislocations. It is also shown that in the surface zone, the second contribution associated with 

the grain size is due to the bigger grain refinement in this area, as shown in Fig. 4a. After the 

aging treatment, Fig. 11b shows that the main strength contributions come from the precipitates 

and dislocations components in both the surface and center areas. This behavior demonstrates 

the greater strength of the heat-treated material concerning the RSR as a consequence of the 

additional contribution of the precipitates. Fig. 11b shows that the aging treatment generated 

larger amounts of precipitates near the center due to a possible recrystallization gradient as a 

consequence of the microstructure heterogeneity after the RSR process. Thus, hardness and the 

yield strengths values lead to infer that the RSR method is a good and versatile alternative for 

the production of rods with diameters in the range of 10-55 mm. 

Using the model proposed by Kocks et al. [45], which describes the rate of change in 

the density of dislocations with deformation (
𝜕𝜌

𝜕𝜀
) as a function of the density of dislocations (𝜌), 

it is possible to know more about dislocations in materials through the following equation: 
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𝜕𝜌

𝜕𝜀
= 𝑀(𝐾1√𝜌 − 𝐾2𝜌) 

(8) 

Where the terms 𝐾1√𝜌 and 𝐾2𝜌 describe the storage and recovery or annihilation of 

dislocations, respectively, and 𝑀 the Taylor factor. Through Fig. 11c, the adjustment of equation 

(8) is indicated for each plastic zone of the traction curves of Fig. 9a. When the dislocation 

density evolution during the tensile test is not known, it can be approximated by the change in 

the yield stress (i.e., 𝜌 ∝ (𝜎 − 𝜎𝑌)). Hence, the change in the density of dislocations with the 

deformation is proportional to the strain hardening rate (i.e., 
𝜕𝜌

𝜕𝜀
∝

𝜕σ

𝜕𝜀
). 

 

Fig. 11 Strength contributions for the (a) RSR, (b) RSR+aged conditions, and (c) 
Kock’s model fitting. 

 

The curve fits show good correlations that allow the calculation of 𝐾1 and 𝐾2 values as 

summarized in Table 4 for the different conditions and areas analyzed. Initially, it is observed 

that the surface of the material processed by RSR register greater values for both the 𝐾1 and 𝐾2 
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coefficients than the center. Conversely, the RSR + aged material exhibits the oppositive 

behavior, i.e., greater values for both the 𝐾1 and 𝐾2 in the center than in the surface. However, 

between the two conditions, there is a marked difference for the coefficients. The RSR + aged 

material has a lower dislocation multiplication rate of approximately half of the one for RSR 

material. On the other hand, the dislocation annihilation rate in RSR + aged material is lower 

than in RSR. This behavior is due to the lower density of dislocations in the RSR + aged 

material due to the previous annihilation of dislocations by the solubilization and aging 

treatment. However, it should be noted that the dislocation annihilation magnitudes are much 

lower than those observed in severe plastic deformation processes where magnitudes close to 

1000 are reached for the 𝐾2 coefficient [46]. Thus, the low dislocation annihilation rate suggests 

a good strain hardening capacity in the RSR + aged material. 

The aging treatment effect is also reflected in the material grain boundaries character. 

Table 4 indicates a substantial change in the fraction of high-angle grain boundaries (HAGB) 

obtained by EBSD from 47% in the RSR state to a microstructure dominated by HAGB with a 

fraction larger than 97%. Thus, using the equation proposed by Read-Shockley, the energy 

contributions of the different types of grain boundaries can be quantified [47]: 

𝛾(𝜃) = {
𝛾𝑚

𝜃
15

[1 − 𝑙𝑛 (
𝜃

15
)] , 𝑖𝑓 𝜃 ≤ 15° 

𝛾𝑚, 𝑖𝑓 𝜃 > 15° 
 (9) 

With 𝛾m = 0.625 J/m2 representing the energy per unit area of a HAGB and 𝜃 the misorientation 

angles. Hence, the average energy (�̅�) is obtained as the sum of the different contributions of 

the misorientation angles as indicated in the following equation [47]: 

�̅� = ∑ 𝛾(𝜃)𝑓(𝜃)

63.5

2

 
(10) 

where 𝑓(𝜃) is the fraction of a determined misorientation. While the energy stored in grain 

edges can be obtained through the following equation [47]: 

𝐸𝑏 =
2�̅�

𝑑𝑠𝑢𝑏−𝑔𝑟𝑎𝑖𝑛
 (11) 

Solving equations (9)-(11), the energy stored in the grain boundaries is obtained as indicated in 

Table 4. Despite the average energy increases after the aging treatment due to the increase in 
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the HAGB fraction, the boundary stored energy decreases as a consequence of the subgrain 

growth. This behavior shows that the increase in the temperature in the material due to the heat 

treatment after RSR processing produces abnormal grain growth and a reduction in stored 

dislocations, especially geometrically necessary dislocations (GNDs). 

Table 4. Microstructural properties 

Condition 𝐾1 𝐾2 %HAGB 𝜌          
[m-2] 

𝑑sub−grain 

[µm] 

�̅� 
[J/m2] 

𝐸b 
[J/g] 

RSR-surface 1.1×1010 126.8 47.2 8.1×1014 3.20 0.52 0.036 

RSR-center 9.8×109 112.9 40.7 5.7×1014 7.14 0.50 0.016 

RSR-aged-

surface 

3.8×109 54.8  98.1 1.7×1014 13.05 0.62 0.011 

RSR-aged-

center 

4.6×109 63.7 97.9 2.1×1014 11.85 0.62 0.012 

 

Fig. 12 shows the substantial change in the grain boundaries' misorientations, 

highlighting different types of boundaries. For example, it is noted that the material properties 

after RSR processing are dominated by low-angle grain boundaries (LAGB) with small 

fractions of twins and coincident sites lattice (CSL), especially in the surface area. Conversely, 

after aging, the presence of misorientation peaks for angles of 38.9° and 60° corresponding to 

twins of the type 〈110〉 and 〈111〉, respectively, is appreciated. Therefore, the RSR+aged 

material boundaries are mainly formed by a high fraction of twins and CSL, as indicated by the 

misorientation distributions and the CSL maps. 
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Fig. 12 Misorientation angle distributions and CSL maps for the different zones 
across the rod radius 

 The presence of Σ3 coherent twins in low stacking fault energy (SFE) face-centered 

cubic (FCC) structures such as copper has been related to the combination of deformation 

processes followed by heat treatment. In this study, the multiple RSR passes of deformation 

until obtaining the desired diameter combined with the heat treatment at high temperature 

promote the grain boundaries character change. In this way, it can be established that the effect 

of temperature after RSR processing changes the boundaries that initially contain high energy 

to a coherent twin form. The large number of Σ3 grain boundaries observed in the RSR + aged 

material may favor mechanical properties such as fatigue strength by reducing the rate of crack 

propagation since these boundaries are less prone to intergranular fracture [48]. 

4.2 Material heterogeneity 
The RSR processing generates a heterogeneous state of deformation between the surface 

and the center of the bar. This deformation state gives rise to more prominent grain refinement 

close to the rod surface while the areas away from the surface present a larger grain size (see 

Fig. 4a and Fig. 4b). This heterogeneity prior to the aging treatment results, in the more deformed 

areas (that is, a larger number of subgrains, high density of GNDs, and high energy) after aging 

in a more accelerated recrystallization phenomenon than in the center of the bars. According to 

Muñoz et al. [49,50], bars of metallic materials processed by high magnitudes of plastic 

deformation can generate microstructural gradients when applying high temperatures. This 
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behavior is attributed to the fact that the temperature necessary for recrystallization is lower in 

the deformed areas than in the less deformed ones. In this direction, since the areas near the 

surface are more deformed than the center of the bar and the quenching temperature of the aging 

treatment is much higher than the copper recrystallization temperature (i.e., 960 °C for the 

quenching followed by the 495 °C for the aging, both higher than 200 °C, copper 

recrystallization temperature), it is easier to go from recrystallization to abnormal grain growth 

on the surface than in the center of the rod.   

The grain fragmentation, recrystallization, multiplication, and annihilation of 

dislocations in the alloy are corroborated by the representation of kernel average misorientation 

(KAM) in Fig. 13a. This figure shows that through the KAM distributions and maps, the 

microstructure after RSR registers higher KAM values inside the grains than in the RSR + aged 

material. This behavior is due to the more significant presence of mobile dislocations inside the 

grains generated by the RSR process's deformation. These dislocations generate curvature in 

the grains that translate into orientation differences inside the grains, indicating potential places 

for further grain size reduction. On the other hand, after the solubilization and aging treatment, 

the annihilation of dislocations and subsequent grain growth takes place in the material 

microstructure. Thus, a continuous curvature in the material's microstructure with lower and 

less scattered KAM values is observed for the RSR+aged material. 

 

In this order of ideas, Fig. 13b indicates the average grain size evolution for both RSR 

and RSR + aged, in the bars' radial direction. This figure confirms the formation of 

microstructural gradients in both processes. The grain size profiles for the RSR process 

demonstrate a more significant grain size refinement in the vicinity of the bar surface, which 

begins to change towards the center of the bar with grain growth that approximately doubles 

the size of the surface. On the other hand, after the aging treatment, the material experiences a 

substantial change in the grain size growth, especially in the surface's neighborhood, becoming 

20 times greater than the material before aging. Thus, moving away from the aged material's 

surface, the formation of an interface can be observed where the transition from large grain 

sizes (~ 200 µm) to smaller sizes (~ 40 µm) occurs. Hence, grain size profiles demonstrate the 

formation of a recrystallization gradient, which is more intense at the surface than at the center 

of the rod. 
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As a consequence of the aging treatment, the recrystallization phenomenon gives rise to 

larger grain size in the RSR + aged material than in the RSR condition. However, Fig. 13c 

indicates that, although the grain size in the RSR + aged material is much larger than the RSR, 

the former's yield strength is greater than that of the latter. This apparent contradiction is 

supported by the precipitation hardening mechanism. According to various authors and studies 

using TEM [51,52], the processing of Cu alloys with plastic deformation and subsequent aging 

heat treatment gives rise to the formation of nanoprecipitates. The authors showed that 

nanoprecipitates act as elements that pinned the dislocations while dividing them, creating more 

defects. Therefore, under the influence of stress, nanoprecipitates act as elements that nucleate 

new dislocations, and that can help to improve ductility. Thus, it can be established and 

confirmed that the main hardening mechanisms come from dislocations and precipitates.  

 

 

Fig. 13 Microstructure heterogeneity, KAM maps and distributions across the rod 

radius (a), average grain size profiles after RSR and RSR+aged treatment (b), and 

yield strength and grain size changes after RSR and RSR+aged treatment (c). 
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4.3 Electroconductivity and hybrid properties 
The conductivity measurements are presented in MS/m (megasiemens/meter) and 

%IACS, that is, as a percentage of pure copper's conductivity (58 MS/m). Fig. 14 shows a 

diagram of the electrical conductivity values after RSR and aging treatment. At first glance, the 

heat treatment has a significant effect on electrical conductivity. However, after RSR, the 

electrical conductivity is 30.52% IACS. Quenching and subsequent aging of the samples lead 

to an increase in the electrical conductivity value by 48% (Fig. 14). Therefore, the electrical 

conductivity increment of the aged material is associated with the purification phenomenon of 

the Cu matrix with precipitates, as demonstrated by the EDS maps and by Yang et al. [51] in a 

Cu alloy deformed by rolling and subsequent aging treatment. 

 

 

Fig. 14 Electrical conductivity of Cu-Ni-Cr-Si alloy after RSR and heat treatment 

 

The technical standard for Cu-Ni-Cr-Si alloy semi-finished products shows a 

conductivity value of at least 24 MS/m. Therefore, the two analyzed conditions comply with 

this requirement. It is also worth noting that these values are obtained based on the conditions 

used in an industrial environment to obtain semi-finished products by extrusion and drawing.  

Table 5 compares the Cu-Ni-Cr-Si alloy properties obtained by an industrial method of 

hot extrusion (e.g., drawing) and the properties of rods subjected to RSR. The main 

requirements for heat-resistant low alloy products for electrical purposes are hardness and 

electrical conductivity. In addition, thermal conductivity and strength properties can be taken 

into account. Therefore, the main task when choosing technological modes of deformation and 

hardening heat treatment is to find the best compromise between hardness and electrical 

conductivity. So, rods obtained by the RSR method meet the electrical conductivity 

requirements of technical standards and the hardness.  
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The RSR + aged material's improvement electrical conductivity concerning the RSR is 

associated with factors such as the decrease in the density of dislocations, Cu matrix 

purification, and the change in the grain boundaries character because of the heat treatment after 

RSR processing. The effect of temperature leads to dislocation annihilation and grain growth 

reflected in a lower density of grain boundaries. According to Wu et al. [37], electrical 

resistivity is a function of different contributions such as dislocations, solid solution, 

precipitates, and grain boundaries. Therefore, it is clear that the RSR material's resistivity is 

higher due to the greater number of dislocations and grain boundaries. 

  

Table 5. Comparative properties indicators of the rods made of Cu-Ni-Cr-Si alloy 

Parameter name 
Method of hot deformation 

Extrusion or drawing [39]  Radial-shear rolling 

Hardness (HV) 210 260-280 

Ultimate tensile strength (MPa) 750 650-750 

Yield strength (MPa) 700 557-606 

Elongation (%) 10 12-17 

Electrical conductivity (MS/m) 24 26.2 

 

For a better appreciation of the effect of the RSR and RSR + aged processes on the alloy 

properties, Fig. 15a shows the relationship between mechanical strength and conductivity for 

various copper alloys. As a first observation, depending on the alloying elements, different 

behaviors are highlighted. For example, the alloys of Cu-Ni-Si-Al [53,54] and Cu-Ni-Co-Si-

Mg [55] reach strengths larger than 900 MPa due to the formation of Ni and Si clusters with 

sizes of 2 nm. However, the conductivity was lower than 30% IACS and the homogeneous 

elongation less than 5%. Comparing the current RSR + aged alloy with alloys of the same type 

Cu-Ni-Si-Cr [35,37,56] it was found that these latter alloys achieved high strengths (> 700 

MPa) with conductivity values lower than 27% IACS and above 45% IACS when the material 

is pre-formed by rolling. These observations suggest that the use of the RSR process and the 

combination with the aging treatment gives rise to a wider range of properties than the simple 

use of heat treatments. On the other hand, the alloys of Cu-Ni-Si [57–59], and with additions 

of Vanadium [60] deformed by rolling and later aging, allow to achieve high electrical 

conductivities (> 50% IACS) at the cost of their mechanical strength reduction. Therefore, Fig. 

15a confirms that the methodology proposed in this study allows obtaining remarkable 

properties in terms of conductivity that are similar to alloys like Cu-Ni-Si-Ti [61–64], Cu-Ni-

Si-Co-Cr [65], and Cu-Ni-Si-P [66]. Additionally, Fig. 15b proves that the heterogeneous 
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microstructure produces an alloy with a strong combination of strength and ductility. Finally, 

it can be concluded that the RSR process, together with the appropriate aging heat treatment, 

allows obtaining a structural heterogeneous copper alloy that stands out among different copper 

alloys by combining strength, conductivity, and ductility. 

 

 

Fig. 15 Comparison of the Cu-Ni-Cr-Si alloy properties with different Cu alloys: Cu-
Ni-Si-Al [53,54], Cu-Ni-Co-Si-Mg [55], Cu-Ni-Si-Cr [35,37,56], Cu-Ni-Si [57–59], Cu-

Ni-Si-V [60], Cu-Ni-Si-Ti [61–64], Cu-Ni-Si-Co-Cr [65], Cu-Ni-Si-P [66]. Ultimate 
tensile strength and conductivity (a), and elongation vs conductivity (b). 
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5 Conclusions 
The article describes a method for producing semi-finished products from a Cu-Ni-Cr-

Si alloy by the radial-shear rolling process.  

1. In the radial-shear rolling process, the alloy hardening occurs due to intense shear 

deformations in the surface layers of the rod, giving rise to microstructure heterogeneity. 

Subsequent aging treatment leads to precipitation hardening due to the release of Ni2Cr and 

Cr3Si hardener phases dispersed in the matrix as particles uniformly distributed in the bulk of 

the samples in the form of small inclusions with an average size of 0.56-0.65 μm. 

2. The RSR process generates deformation gradients that, after the aging heat treatment, 

are transformed into recrystallization gradients in the bars' radial direction that give rise to a 

structural material with a remarkable combination of strength ductility and electrical 

conductivity. Therefore, the abnormal grain growth results from the deformation gradient 

across the rod diameter after RSR processing. Thus, the strain heterogeneity between the rod 

surface and its center zone gives rise to recrystallization gradients after the heat treatment. 

3. After RSR, the main strength contribution comes from dislocations. The second 

contribution is associated with the grain size due to the greater grain refinement. After the aging 

treatment, the main strength contributions come from the precipitates and dislocation 

components in both the surface and center areas. This behavior demonstrates the greater 

strength of the heat-treated material concerning the RSR due to the additional contribution of 

the precipitates. 

4. After RSR and heat treatment, the alloy increased the strength by 50% with 

elongations ranging between 17-22% and obtaining an electrical conductivity of 45.17% IACS 

concerning the 30.52% IACS of the RSR material. Thus, the RSR process, together with the 

appropriate aging heat treatment, allows obtaining a structural heterogeneous copper alloy that 

stands out among different copper alloys by combining strength, conductivity, and ductility. 

5. Hardness and yield strength values infer that the RSR method is a good and versatile 

alternative for producing bars with diameters in the range of 10-55 mm. The radial-shear rolling 

method at the large industrial production scale for bars will reduce the tool's cost, the occupied 

floor space, and equipment downtime associated with the readjustment and replacement of the 

tool. 

Data availability statement: The raw/processed data required to reproduce these 

findings cannot be shared at this time as the data also forms part of an ongoing study. 
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after RSR+aging (e), grain size evolution after RSR+aging (f). 

Fig. 5 SEM map after aging treatment (a), EDS map (b), EDS spectrums for the red squares indicated 

in figure (a) (c), and Cu, Si, Ni, and Cr EDS maps (d) 

Fig. 6 Precipitation particles sizes. 

Fig. 7 Diffraction pattern for the Cu-Ni-Cr-Si alloy after RSR + Aging treatment 

Fig. 8 Hardness evolution in the cross section after RSR and RSR + aging treatment. 

Fig. 9 Mechanical properties at different zones of the samples after RSR and RSR + aging, (a) tensile 

curves, and (b) Considère criterion evolution. 

Fig. 10 Strain evolution at the plastic instability points indicated in Fig. 8b, (a) RSR, and (b) RSR+aging. 

Fig. 11 Strength contributions for the (a) RSR, (b) RSR+aged conditions, and (c) Kock’s model fitting. 

Fig. 12 Misorientation angle distributions and CSL maps for the different zones across the rod radius 

Fig. 13 Microstructure heterogeneity, KAM maps and distributions across the rod radius (a), average 

grain size profiles after RSR and RSR+aged treatment (b), and yield strength and grain size changes 

after RSR and RSR+aged treatment (c). 

Fig. 14 Electrical conductivity of Cu-Ni-Cr-Si alloy after RSR and heat treatment 

Fig. 15 Comparison of the Cu-Ni-Cr-Si alloy properties with different Cu alloys: Cu-Ni-Si-Al [53,54], Cu-
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Abstract 
The article describes a method for producing semi-finished products from a copper alloy 

of the Cu-Ni-Cr-Si system for electrical purposes through the radial-shear rolling (RSR). From 

the Cu-Ni-Cr-Si alloy by hot deformation, rods with a diameter of 20 mm were obtained, which 

were then heat treated with quenching and aging. A detailed analysis of the microstructure and 

properties (mechanical and electrical) of the obtained samples was carried out after RSR and 

after heat treatment (HT). After RSR, material hardening occurs due to shear deformations 

forming a gradient structure with grain sizes varying from 8.22 μm to 15.95 μm between the 

surface and the center of the rod. The microstructure and mechanical property analysis showed 

that after heat treatment, the alloy is thermally hardened due to the precipitation of Ni2Si and 

Cr3Si particles uniformly distributed in the sample volume in the form of fine inclusions with 

an average size of 0.56-0.65 μm. After heat treatment, the alloy enhanced its mechanical 

properties (ultimate tensile strength (UTS) ~ 700-750 MPa, yield strength (YS) ~ 557-606 MPa, 

and elongation between 17 and 22%) and its electrical conductivity of 45.17% IACS from the 

30.52% IACS of the RSR material. The improved mechanical properties of the heat-treated 

material are due to the different strength contributions mainly coming from dislocations and 

precipitates. The electrical conductivity improvement after the heat treatment is related to the 

dislocation density reduction and the increase in grain boundary misorientation due to the 

recrystallization phenomenon giving rise to a lower number of boundaries but with a twinning 

character. Thus, the RSR method offers a new industrial alternative for the production of semi-

finished products from a Cu-Ni-Cr-Si alloy in the form of rods with diameters ranging from 10-

55 mm. 
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1 Introduction 
Copper-based alloys are one of the most sought-after materials in industry [1]. Due to the 

good combination of high hardness, thermal and electrical conductivity, such alloys are widely 

used in electric welding production as contactors, connectors, and other products [2,3]. E.g., 

rail contact tires made of copper alloys should have high mechanical strength combined with 

high electrical conductivity [4]. Cu-Cr systems are promising materials for this purpose [5]. 

Adding small amounts of Zr to a Cu-Cr leads to an increase in strength and ductility properties 

at elevated temperatures (400-650 °C). 

An analogue of the Cu-Cr-Zr alloy for use in electrical engineering is the alloy of the Cu-

Ni-Cr-Si system. This alloy possess lower electrical conductivity, but it has improved strength 

properties, like high wear resistance and temperature stability [6]. For that reason, it has found 

application in the manufacture of electrodes, tips and parts of resistance welding machines, 

instrument connectors, and the electrical equipment of transport networks [7]. 

One way to increase the mechanical properties of materials is to reduce their structure to 

an ultrafine-grained scale using severe plastic deformation (SPD) [8]. Several investigations 

describe methods for improving the properties of Cu alloys after SPD by equal channel angular 

pressing (ECAP) and heat treatment [9,10]. Other methods like screw extrusion and 

accumulative rolling are also used for producing materials with ultra-fine grain (UFG) structure 

[11]. For the Cu-Ni-Si-Cr alloy system, some recent investigations are mainly aimed at the 

evolution of properties during heat treatment in various modes [12]. 

However, at the moment, the leading industrial methods for producing semi-finished 

products from copper alloys for electrical purposes are extrusion and drawing [1]. From the 

manufacturability point of view, the extrusion method has significant disadvantages. These 

include the inability to quickly reconfigure to a different size and the need for a large number 

of extrusion tools. To obtain semi-finished products from copper alloys with a high level of 

operational properties, the application of the radial-shear rolling (RSR) method may be 

relevant. This method of metal forming has found a full application for producing long round 

bars of various steel grades [13], titanium alloys [14], and aluminum alloys [15]. Due to the 

action of shear strains, a spiral-shaped gradient structure is formed with an ultrafine-grained 

surface layer, which provides an increase in strength properties while maintaining satisfactory 

ductility [16]. 
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Today, heterogeneous structures have aroused great interest due to their excellent 

combination of strength and ductility [17,18]. Several methodologies have been proposed to 

obtain heterogeneous microstructures with different microstructural configurations (for 

example, heterogeneous distribution of grain sizes, localized distribution of phases in the piece's 

geometry, heterogeneous dislocation densities, among other characteristics) [17,19–23]. One 

methodology that has been used is controlled severe plastic deformation applied to sheets, bars, 

and discs using ECAP and high pressure torsion (HPT), respectively [24–26]. Thus, the initial 

deformation stages of SPD produce deformation gradients across the sample dimensions. For 

example, high surface shear strains are obtained after ECAP processing while maintaining its 

central section less deformed. Although RSR cannot be considered an SPD technique due to 

the change in the sample's dimensions, it does produce a similar effect between the surface and 

the center of the deformed material giving rise to a heterogeneous structure [27]. 

The developed designs of RSR mills allow obtaining long rods (up to 9 m) with different 

diameters on one set of working tools-rolls [28]. The weight and dimensions of such equipment 

are significantly lower compared to press equipment. When it is necessary to organize the 

production of small batches, but a large number of different sized rods, it may be relevant to 

replace the press equipment with RSR mills. There is no need for a large number of working 

tools for each bar size; the total weight of the equipment and the occupied floor space is reduced, 

and the wear resistance of the tool is increased. In this regard, an urgent task may be to study 

RSR process of copper alloys and compare it with deformation methods used in industry. 

The main purpose of this work is to show the capacity of the RSR process for producing 

semi-finished products from Cu-Ni-Cr-Si alloy with properties quite similar or even better than 

traditional methods such as extrusion. The RSR process influence was studying by the evolution 

of microstructure and mechanical properties across the diameter of the rods and the electrical 

conductivity measurements under the deformed and heat-treated condition. 

2 Experimental materials and methods 
The initial billet (cylindrical ingot with a diameter of 110 mm) was obtained by chill casting 

and then deformed by hot pressing until the 60 mm rod diameter. Further, a hot-pressed rod 

was used for rolling. The initial billet diameter was 60 mm, and the length was 250 mm. Table 

1 presents the alloy's chemical composition obtained from the EDS spectrum of several SEM 

images employing TESCAN VEGA SBH3 scanning electron microscope (SEM-EDS) from 

Oxford Instruments.  
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Table 1. Chemical composition of Cu alloy (% wt.) 

Alloy Cu Ni Cr Si Al Zn Fe Other 

Cu-Ni-Cr-Si 95.04 2.89 1.03 0.92 0.03 0.08 0.03 ≤ 0.1 

 

Table 2 summarizes the alloy's experimental electrical conductivity and mechanical 

properties.  

Table 2. Experimental properties of Cu-Ni-Cr-Si alloy in the initial state 

Parameter name Value 

Hardness (HV) 130-150 

Ultimate tensile strength (MPa) 340-380 

Yield strength (MPa) 220-240 

Elongation (%) 20 

Electrical conductivity (MS/m) 22.3 

 

The initial billets were deformed in the hot state by radial-shear rolling. RSR was carried 

out at the semi-industrial rolling mill located in the laboratory of the Department of Metal 

forming (NUST “MISIS”, Moscow). The mills are equipped with three work rolls that are 

deployed at a feed angle β and a toe angle δ, as indicated in previous studies [29]. Work rolls 

located symmetrically concerning the central rolling axis form a deformation zone rotating in 

one direction and deforming the workpiece. The sample moves along the deformation zone 

following a helicoidal path. 

Before deformation, the initial billet was heated in a chamber furnace for 2 hours to a 

temperature of 900 °C. Rolling was carried out in 4 passes following the modes summarized in  

Table 3. After each pass, the bar returned to the furnace to equalize the temperature over 

the entire cross section. The rotary velocity of the working rolls was 30 rpm.  

The elongation ratio (𝜇i) for the i pass is defined as the ratio of the cross-sectional area of 

the bar in the (i – 1) pass (𝐹i−1) to the cross-sectional area of the bar in the i pass (𝐹i): 

𝜇𝑖 =
𝐹𝑖−1

𝐹𝑖
=

𝐷𝑖−1
2

𝐷𝑖
2  (1) 

Where 𝐷i−1 and 𝐷2 represent the initial and final rod diameter, respectively. 

The total elongation ratio for several passes is defined as the ratio of the cross-sectional 

area of the initial billet (𝐹0) to the cross-sectional area of the bar after the last pass (𝐹n): 
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∑ 𝜇𝑖

𝑛

𝑖=1

=
𝐹0

𝐹𝑛
= 𝜇1 ∙ 𝜇2 ∙ 𝜇3 ∙ … ∙ 𝜇𝑛 (2) 

 

Table 3. Deformation conditions of Rolling. 

Pass 

Number, i 

Diameter of 

workpiece Di-1, mm 

Diameter of the 

resulting rod Di, mm 

Elongation 

ratio µi 
Σµi 

1 60 46 1.70 1.70 

2 46 36 1.63 2.78 

3 36 28 1.65 4.60 

4 28 20 1.96 9.00 

 

After RSR, heat treatment was performed, which consisted of quenching and aging. The 

heat treatment cycle for the studied alloy is shown in Fig. 1. 

 
Fig. 1 Heat treatment diagram for Cu-Ni-Cr-Si alloy. 

For the 20 mm diameter rods after RSR and heat treatment, electrical conductivity and 

microhardness distribution over the cross and longitudinal sections were measured. The 

microstructure was analyzed across the radial direction in three zones: i.e., the surface, the 

middle of the radius, and the center. Fig. 2a illustrates the microhardness measurement scheme 

and the microstructure analysis zones. 
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Fig. 2 Microstructure and hardness measurement scheme (a), and 

electroconductivity measurement scheme (b). 

The microstructure was studied using a Carl Zeiss Axio Lab.A1 optical microscope. The 

microhardness of specimens was measured by the Vickers method (HV) on a DUROLINE MH-

6 durometer (load 300 g, dwell time of 30 s). The electrical conductivity of the samples was 

measured at eddy current structuroscope (Scientific Research Institute of Introscopy "Srektr", 

Russia) at 9 points in parallel and perpendicular to the rolling direction (Fig. 2b). The final value 

was determined as the average value of measurements at all points. 

For better understanding the microstructural characteristics of the material processed by 

RSR and after the aging heat treatment, a TESCAN VEGA SBH3 scanning electron microscope 

(SEM-EDS) from Oxford Instruments was used. The material's microstructure was analyzed at 

different points on the cross-sectional area of the bars using electron back-scattering diffraction 

(EBSD). The samples were prepared by mechanical polishing using SiC sandpaper up to 2500 

granulometry and subsequent fine polishing with diamond pastes of 9 µm, 6 µm 1 µm and 

colloidal silica with a particle size of 0.05 µm. Data were analyzed using TSL-OIM 7 and Mtex 

toolbox. Grains with less than two pixels were not considered in the statistical analysis. Grain 

boundaries with misorientations between 3° and 15° were defined as low-angle grain 

boundaries (LAGB). Those with misorientations greater than 15° as high-angle grain 

boundaries (HAGB). 

The analysis of the phase composition was carried out using the X-Ray diffraction 

method by the Multifunctional X-ray diffractometer DRON-8. The following parameters were 

used for scanning: voltage 40 kV, Amperage 20 mA, scanning step 0.05°, exposure time 4 s - 

discrete mode, PDF-2 Release 2014 ICDD database. 

Tensile tests in different zones across the sample diameter (surface and center) were 

evaluated using a universal testing machine at room temperature. Sample gauge dimensions of 

4 mm x 1.5 mm x 2 mm tested at a constant strain rate of 1‧ 10-3 s-1. Strain maps were obtained 
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by digital image correlation (DIC) during the tensile test employing the Ncorr free software 

[30]. 

3 Results and analysis 

3.1 As-received material 
The initial material was obtained by casting, obtaining bars of 110 mm in diameter. Thus, 

Fig. 3a indicates the microstructure obtained by optical microscopy (OM) after casting. This 

figure shows the formation of a structure of coarse grains of different sizes. Due to the 

solidification process in which the surfaces are cooled before the central zone, a variation in 

grain size occurs, as indicated in Fig. 3b. This figure indicates the existence of two families of 

grain size, one formed by sizes smaller than 3 mm located around the surface with an average 

value of 0.92 mm and the other comprising sizes between 4 mm and 8 mm located preferably 

in the center of the bar with an average value of 4.83 mm. Concerning alloy tensile behavior, 

Fig. 3c indicates that the as-cast material reaches a yield strength of 220 MPa with a fracture 

strain of 20%. Additionally, the EBSD characterization in Fig. 3d confirms a microstructure 

with large grains. Those grains are free of dislocations and substructures in its interior, as 

confirmed by the misorientation profile lines 1-2 and 3-4 in Fig. 3e. The misorientation profiles 

show constant behaviors inside the grains, and only appreciable changes in misorientation occur 

when crossing the grain boundaries. This yield strength reflect the effect of the alloying 

elements in the material, i.e., an increase in yield strength of 60% concerning high-purity 

electrolytic copper (87 MPa, yield strength) [31]. 
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Fig. 3 Initial microstructure after casting process (a), grain size in the casting 
condition (b), tensile properties (c), EBSD map (d), and misorientation profiles for the 

lines indicated in the EBSD map (e).    

 

3.2 Processed material 

Fig. 4 display the microstructure of the rods after RSR and RSR plus heat treatment, 

respectively. In the RSR process, a gradient structure is formed, with a spiral morphology that 

reflects the helicoidal motion of metal layers in the deformation zone [16,32,33]. Fig. 4a and 

Fig. 4c allows seeing that the microstructure around the surface in cross-section after RSR is 

mainly formed by small grains with an average size of 8.22 µm. The smallest grain size is 

formed here due to the localization of severe shear deformations in the surface layer. 

Conversely, the central zone in Fig. 4b, and Fig. 4c shows a mix of small and large grain sizes 

ranging between 2 µm and 40 µm, with an average grain size of 15.9 µm. This effect is 

attributed to the heterogeneous equivalent strain distribution along the radial direction. 
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Fig. 4 Surface grain diameter map after RSR (a), center grain diameter map after 
RSR (b), grain size evolution after RSR (c), surface grain diameter map after 

RSR+aging (d), center grain diameter map after RSR+aging (e), grain size evolution 
after RSR+aging (f). 

In the hardening process by heat treatment, Fig. 4d through Fig. 4f manifests an evident 

grain structure change. After the heat treatment, grain recrystallization occurs in a 

heterogeneous way, as the grain size increases, especially in the surface layer, which may be 

due to different deformation degree induced by the RSR process across the rod diameter. After 

the aging treatment, the microstructure evolution in Fig. 4d and Fig. 4e shows the opposite 

behavior concerning the RSR material. The average grain size in the central part of the rod after 

heat treatment is 27.5 μm. At the surface of the rod, coarse grains larger than 100 μm in size 

are observed, while the average grain size, according to measurements, is 74.32 μm. Besides, 

in the microstructure of samples after heat treatment, one can observe characteristic annealing 

twins formed during grain growth. Therefore, the abnormal grain growth is a consequence of 

the deformation gradient across the rod diameter after RSR processing. Thus, the strain 

heterogeneity between the rod surface and its center zone gives rise to recrystallization 

gradients after the heat treatment. 
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To better describe microstructural characteristics, energy dispersive spectroscopy 

(EDS) analyses were performed. Fig. 5a indicates the material's microstructure after RSR 

processing plus aging treatment, indicating the different regions analyzed (red squares). The 

SEM image allows observing the grain boundaries and the presence of particles of different 

sizes. In Fig. 5b, the main alloying elements' EDS map is indicated for the spectrum area 1. At 

first glance, it can be assessed that Ni and Cu concentrations are homogeneously distributed 

throughout the material. On the contrary, Cr and Si elements seem to be located in small regions 

forming particle colonies close to the grain boundaries. Fig. 5c shows the EDS spectra for the 

different areas indicated in Fig. 5a. Spectrum number 1, corresponding to the entire analyzed 

area shows alloying elements such as Ni, Cr, and Si. Looking in more detail at spectra 2 and 3, 

corresponding to the black particles observed in Fig. 5a, we see a high Si and Cr concentrations. 

On the other hand, spectra 4 and 5 within the grains indicate low concentrations of Cr and Si 

and a domain of Cu and Ni. In this way, the previous observations confirm the formation of 

precipitates rich in Cr, and Si with a Ni matrix enriched. Looking in more detail at the EDS 

maps for Cu, Si, Ni, and Cr in Fig. 5d, we see that many of the high Si concentration spots also 

show high Cr content. According to Rdzawski et al. [34], these particles with a high content of 

Cr and Si correspond to Cr3Si precipitates, which are preferentially located around the grain 

boundaries. 

Aging treatment also favors the precipitation of Ni2Si phases in the matrix as particles 

uniformly distributed in the bulk of the samples in the form of small inclusions. Cheng et al. 

[35] also reported the formation of this type of precipitates after aging at a temperature of 500 

°C for a Cu-Ni-Si-Cr alloy. Analyzing the EDS images for each element using ImageJ [36], an 

appreciation of the precipitate particles' size can be made, as indicated in Fig. 6. The histograms 

show an average particle size between 0.56 μm and 0.65 μm that follows a lognormal function. 

The inset in Fig. 6 highlights a microstructure where some small particles appear either inside 

the grains (blue ellipse) or forming colonies close to the grain boundaries (green ellipse). 

However, several authors have reported via TEM that after plastic deformation, the Cu-Cr-Ni-

Si alloy can form nano-precipitates with average sizes of 8 nm [35,37]. Therefore, the analyses 

from the SEM images represent a more descriptive than quantitative result of the precipitates’ 

real size. 
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Fig. 5 SEM map after aging treatment (a), EDS map (b), EDS spectrums for the red 
squares indicated in figure (a) (c), and Cu, Si, Ni, and Cr EDS maps (d)  
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Fig. 6 Precipitation particles sizes. 

 

X-ray diffraction confirms the formation of different types of precipitates such as Cr3Si 

and Ni2Si. Fig. 7 shows the diffraction patterns for samples after RSR and aging heat treatment. 

It can be seen that the chromium silicide and nickel silicide phase concentrations are about 

0.84% and 0.9%, respectively. Samoilova et al. [38] showed that for the Cu-3%Ni-1.5%Si-

1%Cr alloy, the main phases observed after heat treatment are Cr3Si and Ni2Si. The formation 

of these precipitates suggests the activation of an additional hardening mechanism in the 

material processed by RSR and subsequently heat treated. 

 

Fig. 7 Diffraction pattern for the Cu-Ni-Cr-Si alloy after RSR + Aging treatment 
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3.3 Mechanical properties 

Fig. 8 shows the hardness distribution in the cross section for both conditions RSR and 

heat-treated RSR. The RSR material shows some hardness variation from the surface to the rod 

center. The opposite behavior is observed in the heat-treated RSR material, where hardness 

values are high close to the center and decrease near the surface. Additionally, a hardness value 

of ~260-280 HV above the ~180-200 HV of the RSR condition was obtained after the aging 

treatment representing a hardness increment of 40-45%. 

 

 

Fig. 8 Hardness evolution in the cross section after RSR and RSR + aging 
treatment. 

 

According to the standard specifications for this alloy, the Vickers hardness of hot-

pressed rods should not be lower than 200 HB (210 HV) [39]. Thus, the obtained hardness 

values for aged samples are higher than the standard values.  

Fig. 9a illustrates typical engineering stress-strain curves for samples subjected to RSR 

and aging treatment. It worth mentioning that the samples cut near the surface of the rod and in 

its center region differ on their mechanical strengths, what is explained by the microstructure 

heterogeneity of the samples in those zones. After hot radial-shear rolling with a total elongation 

ratio µ = 9.0, the ultimate tensile strength is ~ 480-520 MPa, the yield strength is about 355-

392 MPa. At the same time, the strain to failure lies typically around 0.22 and 0.27 for the center 

and surface samples, respectively. 
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Fig. 9 Mechanical properties at different zones of the samples after RSR and RSR + 
aging, (a) tensile curves, and (b) Considère criterion evolution.  

 

As a result of the aging of the samples, the ultimate tensile strength increases to 650–

750 MPa, the yield strength increases to 557–606 MPa, and the strain to failure lies in the range 

0.17–0.22. Although the microstructure shows a marked difference in grain sizes between the 

surface and the center, the tensile specimens do not correspond precisely to each zone. This is 

because the specimens' minimum thickness was 1.5 mm, which indicates that the surface 

sample also considers grains from the central area. Therefore, although the tensile samples 

cover more than one region, the strength increments due to aging, and the strength-ductility 

changes between the two zones can still be differentiated—these behaviors in good agreement 

with the hardness values. The mechanical properties increase is explained by the presence of 

two hardened excess phases. The Ni2Si phase hardens the alloy due to dispersion hardening 

through aging, and the Cr3Si phase increases the strength properties because of the structure 

heterogenization [40]. As shown in [40], the Cr3Si phase is formed during crystallization and 

does not depend on subsequent deformation and heat treatment, and thus can prevent grain 

growth. On the other hand, high strength nickel silicide Ni2Si phase precipitates in the matrix 

in the form of dispersoids during the aging process. 

Additionally, Fig. 9b represents the Considère criterion evolution for the tensile curves 

of Fig. 9a. This criterion establishes that the appearance of plastic instability occurs when the 

strain hardening rate (𝜕𝜎 𝜕𝜀⁄ ) equals the flow stress (𝜎) of the material according to the 

following equation [41]: 

(𝜕𝜎 𝜕𝜀⁄ ) 𝜎⁄ ≤ 1 (3) 

This figure shows that the heat-treated material reaches plastic instability first, 

especially the center area. On the other hand, the surface area of the two materials (i.e., RSR 
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and RSR + HT) show similar behaviors. On the other hand, the material deformed by RSR 

indicates more significant extensions of the homogeneous deformation zone, resulting in plastic 

instability at higher deformations. This behavior can be associated with the fewer number of 

precipitates in the RSR material leading to a greater mean free path for dislocations movement 

and larger deformation before fracture. The Considère plot also allows checking the 

heterogeneity of both materials across the diameter of the bars. 

4 Discussion 
The processing of the alloy by RSR produces heterogeneity in the material, what can 

influence its properties, giving it a combination of unusual properties such as good strength and 

ductility or good strength keeping good electrical conductivity. In this way, the discussion of 

the results obtained in this work will focus on microstructural and mechanical heterogeneity.   

 

4.1 Microstructure strengthening 
Material heterogeneity is transferred to the deformation evolution as indicated by the 

strain maps analyzed at the plastic instability points represented in Fig. 9b. In this way, Fig. 10a 

demonstrates that the RSR material achieves higher deformations than the aged material. 

Furthermore, strains in the center and surface areas of the deformed material are 40% (0.08/0.2) 

and 43.7% (0.07/0.16) higher than the average value. This behavior explains the better ductility 

of the RSR material. On the other hand, for the heat-treated material, Fig. 10b indicates lower 

deformations along the length of the tensile samples, highlighting that the surfer area achieves 

higher strains than the center region. Therefore, the lower ductility of the aged material is 

associated with the appearance of several peaks along the length of the tensile sample, as Fig. 

10b shows. This behavior can be associated to a more significant number of precipitates that 

give rise to multiple stress concentration points as a consequence of interaction between 

precipitates, dislocations and dislocations sources. 
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Fig. 10 Strain evolution at the plastic instability points indicated in Fig. 9b, (a) RSR, 
and (b) RSR+aging.  

Copper and aluminum alloys present different contributions to their strengths, e.g., from lattice 

friction stress (𝜎0) equal to 20 MPa [37], grain size (𝜎G), solid solution elements (𝜎SS), 

precipitates (𝜎P), and dislocations (𝜎ρ). Thus, the material yield strength (𝜎Y) can be described 

by the sum of the different components, as indicated by equation (4) [42]: 

𝜎𝑌 = 𝜎0 + 𝜎𝐺 + 𝜎𝑆𝑆 + 𝜎𝑃 + 𝜎𝜌 (4) 

Where the grain size contribution follows the next equation: 

𝜎𝐺 =
𝑘𝐻𝑃

𝑑1/2
 

(5) 

with 𝑘HP as the de Hall-Petch slope, with a value of 112 MPa∙µm1/2 [43], and 𝑑 the average 

grain size. In this way, the first two terms of equation (4) correspond to the Hall-Petch equation, 

so: 𝜎𝐻𝑃 = 𝜎0 + 𝜎𝐺 . 

 

The solid solution contribution from Ni and Si can be expressed by the next equation:  

𝜎𝑆𝑆 = 𝑀
𝐺𝜖𝑆𝑆

3/2
𝑐1/2

700
 

(6) 

where 𝑀 = 3.06 is the Taylor factor, 𝐺 the shear module for Ni and Si (77 GPa and 65 GPa, 

respectively), 𝑐 the Ni and Si fractions, and 𝜖SS is a parameter that correlates the energy from 

dislocations (edge and screw) with the resolved shear stress per unit solute concentration. 𝜖SS 

can take values of 0.559 and 1.17 for Ni and Si, respectively [37].  
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On the other hand, the dislocation contribution can be obtained through the equation (7): 

𝜎𝜌 = 𝛼𝑀𝐺𝑏√𝜌 (7) 

where 𝛼 = 0.3 is a dislocation hardening constant, 𝑀= 3.02 the Taylor factor, 𝐺 = 44 GPa as 

the copper shear module, and 𝑏 = 0.255 nm the matrix Burgers vector. Therefore, for the RSR 

material, the dislocations' contributions can be obtained assuming that the precipitation effect 

is absent. From equation (4), contributions of 291 MPa and 243 MPa can be obtained for the 

surface and center, respectively. Employing equation (7), dislocation densities between 

8.1×1014 m-2  and 5.7×1014 m-2 can be estimated, which agree with values reported by other 

investigations. E.g., Watanabe et al. [44], after processing a Cu-Ni-Si alloy using high-pressure 

torsion (HPT), reported a dislocations density of 8×1014 m-2, which remained in the peak aged 

state and it was reduced to 6×1014 m-2 in the over-aged state. For the RSR + aged material, the 

precipitates contribution was obtained as the difference in the aged material's yield strength and 

the as-cast state. 

 

In this way, Fig. 11 collects the different strength contributions of the materials obtained 

through equations (4)-(7). Fig. 11a indicates how the main strength contribution comes from 

dislocations. It is also shown that in the surface zone, the second contribution associated with 

the grain size is due to the bigger grain refinement in this area, as shown in Fig. 4a. After the 

aging treatment, Fig. 11b shows that the main strength contributions come from the precipitates 

and dislocations components in both the surface and center areas. This behavior demonstrates 

the greater strength of the heat-treated material concerning the RSR as a consequence of the 

additional contribution of the precipitates. Fig. 11b shows that the aging treatment generated 

larger amounts of precipitates near the center due to a possible recrystallization gradient as a 

consequence of the microstructure heterogeneity after the RSR process. Thus, hardness and the 

yield strengths values lead to infer that the RSR method is a good and versatile alternative for 

the production of rods with diameters in the range of 10-55 mm. 

Using the model proposed by Kocks et al. [45], which describes the rate of change in 

the density of dislocations with deformation (
𝜕𝜌

𝜕𝜀
) as a function of the density of dislocations (𝜌), 

it is possible to know more about dislocations in materials through the following equation: 
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𝜕𝜌

𝜕𝜀
= 𝑀(𝐾1√𝜌 − 𝐾2𝜌) 

(8) 

Where the terms 𝐾1√𝜌 and 𝐾2𝜌 describe the storage and recovery or annihilation of 

dislocations, respectively, and 𝑀 the Taylor factor. Through Fig. 11c, the adjustment of equation 

(8) is indicated for each plastic zone of the traction curves of Fig. 9a. When the dislocation 

density evolution during the tensile test is not known, it can be approximated by the change in 

the yield stress (i.e., 𝜌 ∝ (𝜎 − 𝜎𝑌)). Hence, the change in the density of dislocations with the 

deformation is proportional to the strain hardening rate (i.e., 
𝜕𝜌

𝜕𝜀
∝

𝜕σ

𝜕𝜀
). 

 

Fig. 11 Strength contributions for the (a) RSR, (b) RSR+aged conditions, and (c) 
Kock’s model fitting. 

 

The curve fits show good correlations that allow the calculation of 𝐾1 and 𝐾2 values as 

summarized in Table 4 for the different conditions and areas analyzed. Initially, it is observed 

that the surface of the material processed by RSR register greater values for both the 𝐾1 and 𝐾2 
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coefficients than the center. Conversely, the RSR + aged material exhibits the oppositive 

behavior, i.e., greater values for both the 𝐾1 and 𝐾2 in the center than in the surface. However, 

between the two conditions, there is a marked difference for the coefficients. The RSR + aged 

material has a lower dislocation multiplication rate of approximately half of the one for RSR 

material. On the other hand, the dislocation annihilation rate in RSR + aged material is lower 

than in RSR. This behavior is due to the lower density of dislocations in the RSR + aged 

material due to the previous annihilation of dislocations by the solubilization and aging 

treatment. However, it should be noted that the dislocation annihilation magnitudes are much 

lower than those observed in severe plastic deformation processes where magnitudes close to 

1000 are reached for the 𝐾2 coefficient [46]. Thus, the low dislocation annihilation rate suggests 

a good strain hardening capacity in the RSR + aged material. 

The aging treatment effect is also reflected in the material grain boundaries character. 

Table 4 indicates a substantial change in the fraction of high-angle grain boundaries (HAGB) 

obtained by EBSD from 47% in the RSR state to a microstructure dominated by HAGB with a 

fraction larger than 97%. Thus, using the equation proposed by Read-Shockley, the energy 

contributions of the different types of grain boundaries can be quantified [47]: 

𝛾(𝜃) = {
𝛾𝑚

𝜃
15

[1 − 𝑙𝑛 (
𝜃

15
)] , 𝑖𝑓 𝜃 ≤ 15° 

𝛾𝑚, 𝑖𝑓 𝜃 > 15° 
 (9) 

With 𝛾m = 0.625 J/m2 representing the energy per unit area of a HAGB and 𝜃 the misorientation 

angles. Hence, the average energy (�̅�) is obtained as the sum of the different contributions of 

the misorientation angles as indicated in the following equation [47]: 

�̅� = ∑ 𝛾(𝜃)𝑓(𝜃)

63.5

2

 
(10) 

where 𝑓(𝜃) is the fraction of a determined misorientation. While the energy stored in grain 

edges can be obtained through the following equation [47]: 

𝐸𝑏 =
2�̅�

𝑑𝑠𝑢𝑏−𝑔𝑟𝑎𝑖𝑛
 (11) 

Solving equations (9)-(11), the energy stored in the grain boundaries is obtained as indicated in 

Table 4. Despite the average energy increases after the aging treatment due to the increase in 
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the HAGB fraction, the boundary stored energy decreases as a consequence of the subgrain 

growth. This behavior shows that the increase in the temperature in the material due to the heat 

treatment after RSR processing produces abnormal grain growth and a reduction in stored 

dislocations, especially geometrically necessary dislocations (GNDs). 

Table 4. Microstructural properties 

Condition 𝐾1 𝐾2 %HAGB 𝜌          
[m-2] 

𝑑sub−grain 

[µm] 

�̅� 
[J/m2] 

𝐸b 
[J/g] 

RSR-surface 1.1×1010 126.8 47.2 8.1×1014 3.20 0.52 0.036 

RSR-center 9.8×109 112.9 40.7 5.7×1014 7.14 0.50 0.016 

RSR-aged-

surface 

3.8×109 54.8  98.1 1.7×1014 13.05 0.62 0.011 

RSR-aged-

center 

4.6×109 63.7 97.9 2.1×1014 11.85 0.62 0.012 

 

Fig. 12 shows the substantial change in the grain boundaries' misorientations, 

highlighting different types of boundaries. For example, it is noted that the material properties 

after RSR processing are dominated by low-angle grain boundaries (LAGB) with small 

fractions of twins and coincident sites lattice (CSL), especially in the surface area. Conversely, 

after aging, the presence of misorientation peaks for angles of 38.9° and 60° corresponding to 

twins of the type 〈110〉 and 〈111〉, respectively, is appreciated. Therefore, the RSR+aged 

material boundaries are mainly formed by a high fraction of twins and CSL, as indicated by the 

misorientation distributions and the CSL maps. 
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Fig. 12 Misorientation angle distributions and CSL maps for the different zones 
across the rod radius 

 The presence of Σ3 coherent twins in low stacking fault energy (SFE) face-centered 

cubic (FCC) structures such as copper has been related to the combination of deformation 

processes followed by heat treatment. In this study, the multiple RSR passes of deformation 

until obtaining the desired diameter combined with the heat treatment at high temperature 

promote the grain boundaries character change. In this way, it can be established that the effect 

of temperature after RSR processing changes the boundaries that initially contain high energy 

to a coherent twin form. The large number of Σ3 grain boundaries observed in the RSR + aged 

material may favor mechanical properties such as fatigue strength by reducing the rate of crack 

propagation since these boundaries are less prone to intergranular fracture [48]. 

4.2 Material heterogeneity 
The RSR processing generates a heterogeneous state of deformation between the surface 

and the center of the bar. This deformation state gives rise to more prominent grain refinement 

close to the rod surface while the areas away from the surface present a larger grain size (see 

Fig. 4a and Fig. 4b). This heterogeneity prior to the aging treatment results, in the more deformed 

areas (that is, a larger number of subgrains, high density of GNDs, and high energy) after aging 

in a more accelerated recrystallization phenomenon than in the center of the bars. According to 

Muñoz et al. [49,50], bars of metallic materials processed by high magnitudes of plastic 

deformation can generate microstructural gradients when applying high temperatures. This 
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behavior is attributed to the fact that the temperature necessary for recrystallization is lower in 

the deformed areas than in the less deformed ones. In this direction, since the areas near the 

surface are more deformed than the center of the bar and the quenching temperature of the aging 

treatment is much higher than the copper recrystallization temperature (i.e., 960 °C for the 

quenching followed by the 495 °C for the aging, both higher than 200 °C, copper 

recrystallization temperature), it is easier to go from recrystallization to abnormal grain growth 

on the surface than in the center of the rod.   

The grain fragmentation, recrystallization, multiplication, and annihilation of 

dislocations in the alloy are corroborated by the representation of kernel average misorientation 

(KAM) in Fig. 13a. This figure shows that through the KAM distributions and maps, the 

microstructure after RSR registers higher KAM values inside the grains than in the RSR + aged 

material. This behavior is due to the more significant presence of mobile dislocations inside the 

grains generated by the RSR process's deformation. These dislocations generate curvature in 

the grains that translate into orientation differences inside the grains, indicating potential places 

for further grain size reduction. On the other hand, after the solubilization and aging treatment, 

the annihilation of dislocations and subsequent grain growth takes place in the material 

microstructure. Thus, a continuous curvature in the material's microstructure with lower and 

less scattered KAM values is observed for the RSR+aged material. 

 

In this order of ideas, Fig. 13b indicates the average grain size evolution for both RSR 

and RSR + aged, in the bars' radial direction. This figure confirms the formation of 

microstructural gradients in both processes. The grain size profiles for the RSR process 

demonstrate a more significant grain size refinement in the vicinity of the bar surface, which 

begins to change towards the center of the bar with grain growth that approximately doubles 

the size of the surface. On the other hand, after the aging treatment, the material experiences a 

substantial change in the grain size growth, especially in the surface's neighborhood, becoming 

20 times greater than the material before aging. Thus, moving away from the aged material's 

surface, the formation of an interface can be observed where the transition from large grain 

sizes (~ 200 µm) to smaller sizes (~ 40 µm) occurs. Hence, grain size profiles demonstrate the 

formation of a recrystallization gradient, which is more intense at the surface than at the center 

of the rod. 
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As a consequence of the aging treatment, the recrystallization phenomenon gives rise to 

larger grain size in the RSR + aged material than in the RSR condition. However, Fig. 13c 

indicates that, although the grain size in the RSR + aged material is much larger than the RSR, 

the former's yield strength is greater than that of the latter. This apparent contradiction is 

supported by the precipitation hardening mechanism. According to various authors and studies 

using TEM [51,52], the processing of Cu alloys with plastic deformation and subsequent aging 

heat treatment gives rise to the formation of nanoprecipitates. The authors showed that 

nanoprecipitates act as elements that pinned the dislocations while dividing them, creating more 

defects. Therefore, under the influence of stress, nanoprecipitates act as elements that nucleate 

new dislocations, and that can help to improve ductility. Thus, it can be established and 

confirmed that the main hardening mechanisms come from dislocations and precipitates.  

 

 

Fig. 13 Microstructure heterogeneity, KAM maps and distributions across the rod 

radius (a), average grain size profiles after RSR and RSR+aged treatment (b), and 

yield strength and grain size changes after RSR and RSR+aged treatment (c). 
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4.3 Electroconductivity and hybrid properties 
The conductivity measurements are presented in MS/m (megasiemens/meter) and 

%IACS, that is, as a percentage of pure copper's conductivity (58 MS/m). Fig. 14 shows a 

diagram of the electrical conductivity values after RSR and aging treatment. At first glance, the 

heat treatment has a significant effect on electrical conductivity. However, after RSR, the 

electrical conductivity is 30.52% IACS. Quenching and subsequent aging of the samples lead 

to an increase in the electrical conductivity value by 48% (Fig. 14). Therefore, the electrical 

conductivity increment of the aged material is associated with the purification phenomenon of 

the Cu matrix with precipitates, as demonstrated by the EDS maps and by Yang et al. [51] in a 

Cu alloy deformed by rolling and subsequent aging treatment. 

 

 

Fig. 14 Electrical conductivity of Cu-Ni-Cr-Si alloy after RSR and heat treatment 

 

The technical standard for Cu-Ni-Cr-Si alloy semi-finished products shows a 

conductivity value of at least 24 MS/m. Therefore, the two analyzed conditions comply with 

this requirement. It is also worth noting that these values are obtained based on the conditions 

used in an industrial environment to obtain semi-finished products by extrusion and drawing.  

Table 5 compares the Cu-Ni-Cr-Si alloy properties obtained by an industrial method of 

hot extrusion (e.g., drawing) and the properties of rods subjected to RSR. The main 

requirements for heat-resistant low alloy products for electrical purposes are hardness and 

electrical conductivity. In addition, thermal conductivity and strength properties can be taken 

into account. Therefore, the main task when choosing technological modes of deformation and 

hardening heat treatment is to find the best compromise between hardness and electrical 

conductivity. So, rods obtained by the RSR method meet the electrical conductivity 

requirements of technical standards and the hardness.  
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The RSR + aged material's improvement electrical conductivity concerning the RSR is 

associated with factors such as the decrease in the density of dislocations, Cu matrix 

purification, and the change in the grain boundaries character because of the heat treatment after 

RSR processing. The effect of temperature leads to dislocation annihilation and grain growth 

reflected in a lower density of grain boundaries. According to Wu et al. [37], electrical 

resistivity is a function of different contributions such as dislocations, solid solution, 

precipitates, and grain boundaries. Therefore, it is clear that the RSR material's resistivity is 

higher due to the greater number of dislocations and grain boundaries. 

  

Table 5. Comparative properties indicators of the rods made of Cu-Ni-Cr-Si alloy 

Parameter name 
Method of hot deformation 

Extrusion or drawing [39]  Radial-shear rolling 

Hardness (HV) 210 260-280 

Ultimate tensile strength (MPa) 750 650-750 

Yield strength (MPa) 700 557-606 

Elongation (%) 10 12-17 

Electrical conductivity (MS/m) 24 26.2 

 

For a better appreciation of the effect of the RSR and RSR + aged processes on the alloy 

properties, Fig. 15a shows the relationship between mechanical strength and conductivity for 

various copper alloys. As a first observation, depending on the alloying elements, different 

behaviors are highlighted. For example, the alloys of Cu-Ni-Si-Al [53,54] and Cu-Ni-Co-Si-

Mg [55] reach strengths larger than 900 MPa due to the formation of Ni and Si clusters with 

sizes of 2 nm. However, the conductivity was lower than 30% IACS and the homogeneous 

elongation less than 5%. Comparing the current RSR + aged alloy with alloys of the same type 

Cu-Ni-Si-Cr [35,37,56] it was found that these latter alloys achieved high strengths (> 700 

MPa) with conductivity values lower than 27% IACS and above 45% IACS when the material 

is pre-formed by rolling. These observations suggest that the use of the RSR process and the 

combination with the aging treatment gives rise to a wider range of properties than the simple 

use of heat treatments. On the other hand, the alloys of Cu-Ni-Si [57–59], and with additions 

of Vanadium [60] deformed by rolling and later aging, allow to achieve high electrical 

conductivities (> 50% IACS) at the cost of their mechanical strength reduction. Therefore, Fig. 

15a confirms that the methodology proposed in this study allows obtaining remarkable 

properties in terms of conductivity that are similar to alloys like Cu-Ni-Si-Ti [61–64], Cu-Ni-

Si-Co-Cr [65], and Cu-Ni-Si-P [66]. Additionally, Fig. 15b proves that the heterogeneous 
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microstructure produces an alloy with a strong combination of strength and ductility. Finally, 

it can be concluded that the RSR process, together with the appropriate aging heat treatment, 

allows obtaining a structural heterogeneous copper alloy that stands out among different copper 

alloys by combining strength, conductivity, and ductility. 

 

 

Fig. 15 Comparison of the Cu-Ni-Cr-Si alloy properties with different Cu alloys: Cu-
Ni-Si-Al [53,54], Cu-Ni-Co-Si-Mg [55], Cu-Ni-Si-Cr [35,37,56], Cu-Ni-Si [57–59], Cu-

Ni-Si-V [60], Cu-Ni-Si-Ti [61–64], Cu-Ni-Si-Co-Cr [65], Cu-Ni-Si-P [66]. Ultimate 
tensile strength and conductivity (a), and elongation vs conductivity (b). 
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5 Conclusions 
The article describes a method for producing semi-finished products from a Cu-Ni-Cr-

Si alloy by the radial-shear rolling process.  

1. In the radial-shear rolling process, the alloy hardening occurs due to intense shear 

deformations in the surface layers of the rod, giving rise to microstructure heterogeneity. 

Subsequent aging treatment leads to precipitation hardening due to the release of Ni2Cr and 

Cr3Si hardener phases dispersed in the matrix as particles uniformly distributed in the bulk of 

the samples in the form of small inclusions with an average size of 0.56-0.65 μm. 

2. The RSR process generates deformation gradients that, after the aging heat treatment, 

are transformed into recrystallization gradients in the bars' radial direction that give rise to a 

structural material with a remarkable combination of strength ductility and electrical 

conductivity. Therefore, the abnormal grain growth results from the deformation gradient 

across the rod diameter after RSR processing. Thus, the strain heterogeneity between the rod 

surface and its center zone gives rise to recrystallization gradients after the heat treatment. 

3. After RSR, the main strength contribution comes from dislocations. The second 

contribution is associated with the grain size due to the greater grain refinement. After the aging 

treatment, the main strength contributions come from the precipitates and dislocation 

components in both the surface and center areas. This behavior demonstrates the greater 

strength of the heat-treated material concerning the RSR due to the additional contribution of 

the precipitates. 

4. After RSR and heat treatment, the alloy increased the strength by 50% with 

elongations ranging between 17-22% and obtaining an electrical conductivity of 45.17% IACS 

concerning the 30.52% IACS of the RSR material. Thus, the RSR process, together with the 

appropriate aging heat treatment, allows obtaining a structural heterogeneous copper alloy that 

stands out among different copper alloys by combining strength, conductivity, and ductility. 

5. Hardness and yield strength values infer that the RSR method is a good and versatile 

alternative for producing bars with diameters in the range of 10-55 mm. The radial-shear rolling 

method at the large industrial production scale for bars will reduce the tool's cost, the occupied 

floor space, and equipment downtime associated with the readjustment and replacement of the 

tool. 

Data availability statement: The raw/processed data required to reproduce these 

findings cannot be shared at this time as the data also forms part of an ongoing study. 
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Figure captions 

 

Fig. 1 Heat treatment diagram for Cu-Ni-Cr-Si alloy. 

Fig. 2 Microstructure and hardness measurement scheme (a), and electroconductivity measurement 

scheme (b). 

Fig. 3 Initial microstructure after casting process (a), grain size in the casting condition (b), tensile 

properties (c), EBSD map (d), and misorientation profiles for the lines indicated in the EBSD map (e). 

Fig. 4 Surface grain diameter map after RSR (a), center grain diameter map after RSR (b), grain size 

evolution after RSR (c), surface grain diameter map after RSR+aging (d), center grain diameter map 

after RSR+aging (e), grain size evolution after RSR+aging (f). 

Fig. 5 SEM map after aging treatment (a), EDS map (b), EDS spectrums for the red squares indicated 

in figure (a) (c), and Cu, Si, Ni, and Cr EDS maps (d) 

Fig. 6 Precipitation particles sizes. 

Fig. 7 Diffraction pattern for the Cu-Ni-Cr-Si alloy after RSR + Aging treatment 

Fig. 8 Hardness evolution in the cross section after RSR and RSR + aging treatment. 

Fig. 9 Mechanical properties at different zones of the samples after RSR and RSR + aging, (a) tensile 

curves, and (b) Considère criterion evolution. 

Fig. 10 Strain evolution at the plastic instability points indicated in Fig. 8b, (a) RSR, and (b) RSR+aging. 

Fig. 11 Strength contributions for the (a) RSR, (b) RSR+aged conditions, and (c) Kock’s model fitting. 

Fig. 12 Misorientation angle distributions and CSL maps for the different zones across the rod radius 

Fig. 13 Microstructure heterogeneity, KAM maps and distributions across the rod radius (a), average 

grain size profiles after RSR and RSR+aged treatment (b), and yield strength and grain size changes 

after RSR and RSR+aged treatment (c). 

Fig. 14 Electrical conductivity of Cu-Ni-Cr-Si alloy after RSR and heat treatment 

Fig. 15 Comparison of the Cu-Ni-Cr-Si alloy properties with different Cu alloys: Cu-Ni-Si-Al [53,54], Cu-

Ni-Co-Si-Mg [55], Cu-Ni-Si-Cr [35,37,56], Cu-Ni-Si [57–59], Cu-Ni-Si-V [60], Cu-Ni-Si-Ti [61–64], Cu-Ni-

Si-Co-Cr [65], Cu-Ni-Si-P [66]. Ultimate tensile strength and conductivity (a), and elongation vs 

conductivity (b). 

 

 

 

Table captions 

Table 1. Chemical composition of Cu alloy (% wt.) 

Table 2. Experimental properties of Cu-Ni-Cr-Si alloy in the initial state 

Table 3. Deformation conditions of Rolling. 

Table 4. Microstructural properties 

Table 5. Comparative properties indicators of the rods made of Cu-Ni-Cr-Si alloy 
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Table 1. Chemical composition of Cu alloy (% wt.) 

Alloy Cu Ni Cr Si Al Zn Fe Other 

Cu-Ni-Cr-Si 95.04 2.89 1.03 0.92 0.03 0.08 0.03 ≤ 0.1 

  

 

Table 1. Experimental properties of Cu-Ni-Cr-Si alloy in the initial state 

Parameter name Value 

Hardness (HV) 130-150 

Ultimate tensile strength (MPa) 340-380 

Yield strength (MPa) 220-240 

Elongation (%) 20 

Electrical conductivity (MS/m) 22.3 

 

Table 2. Deformation conditions of Rolling. 

Pass Number, 

i 

Diameter of 

workpiece Di-1, mm 

Diameter of the 

resulting rod Di, mm 

Elongation 

ratio µi 
Σµi 

1 60 46 1.70 1.70 

2 46 36 1.63 2.78 

3 36 28 1.65 4.60 

4 28 20 1.96 9.00 
  

 

Table 3. Microstructural properties 

Condition 𝐾1 𝐾2 %HAGB 𝜌          

[m-2] 

𝑑sub−grain 

[µm] 

�̅� 

[J/m2] 

𝐸b 

[J/g] 

RSR-surface 1.1×1010 126.8 47.2 8.1×1014 3.20 0.52 0.036 

RSR-center 9.8×109 112.9 40.7 5.7×1014 7.14 0.50 0.016 
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RSR-aged-

surface 

3.8×109 54.8  98.1 1.7×1014 13.05 0.62 0.011 

RSR-aged-

center 

4.6×109 63.7 97.9 2.1×1014 11.85 0.62 0.012 

 

 

Table 4. Comparative properties indicators of the rods made of Cu-Ni-Cr-Si alloy 

Parameter name 
Method of hot deformation 

Extrusion or drawing [39]  Radial-shear rolling 

Hardness (HV) 210 260-280 

Ultimate tensile strength (MPa) 750 650-750 

Yield strength (MPa) 700 557-606 

Elongation (%) 10 12-17 

Electrical conductivity (MS/m) 24 26.2 

 



Highlights 
 Radial shear rolling can produce copper rods of different diameters at an industrial scale 

 The thermomechanical process using radial shear rolling gives rise to a heterogeneous 

material 

 Aging treatment after radial shear rolling produces a remarkable combination of strength, 

ductility, and electrical conductivity  

 Dislocations annihilation and grain boundaries misorientation change help to improve the 

material electrical conductivity 

Highlights
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