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Abstract: The paper presents the research results on the influence of the parame-

ters of the Dual Rolls Equal Channel Extrusion (DRECE) process on the micro-

structure and mechanical properties of pure copper. The research was conducted 

for two variants of the DRECE channel geometry - with extrusion angles of 103° 

and 98°. Microstructure observations were performed using optical and electron 

microscopy with backscattered electron diffraction (EBSD). Mechanical properties 

were determined based on Vickers hardness measurements and tensile tests. The 

results showed that intense changes in mechanical properties occurred during the 

first DRECE pass, while subsequent passes led to further moderate strengthening. 

The values of yield strength (YS) and ultimate tensile strength (UTS) for both 

DRECE angles were characterized by low anisotropy. The results of the mechani-

cal property tests indicate that, for pure copper, a lower extrusion angle provides 

higher ductility at comparable YS and UTS values. EBSD analysis showed notice-

able microstructure segmentation and an increase in the proportion of fine grains. 

IPF maps showed a varied crystallographic orientation after DRECE, with no ten-

dency to form a distinct texture direction. 
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1. Introduction 

Conventional plastic processing methods, such as rolling, drawing, or forging, through plastic deformation 

mechanisms (increased dislocation density, grain refinement – Hall-Petch relationship), allow for a significant 

improvement in the strength properties of copper and other metals and alloys [1,2]. Studies have shown that 

properly controlled plastic processing allows for a compromise between the strength and conductivity of cop-

per, which is crucial for engineering applications [3].  

In addition to the aforementioned conventional plastic working methods, Severe Plastic Deformation 

(SPD) methods constitute a separate group. They provide new capabilities for creating microstructures and, 
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consequently, mechanical properties that cannot be achieved by conventional methods [4]. An example is 

KOBO extrusion technology, where high strength properties can be obtained in copper alloys [5]. Another ex-

ample is Repetitive Corrugation and Straightening (RCS), which, although it uses a different strengthening 

mechanism, also allows high strength to be obtained in copper alloys [6,7]. 

SPD methods allow for the introduction of intensive plastic deformations, in some cases without signifi-

cant changes in geometric dimensions [8]. Processes such as Equal Channel Angular Pressing (ECAP) [9], Twist 

Channel Angular Pressing (TCAP) [10], C-ECAP [11,12], and Accumulative Roll Bonding (ARB) [13] create the 

possibility of obtaining ultra-fine-grained structures in the material, characterized by high dislocation density 

[14]. In the case of pure copper, it has been shown that SPD methods can significantly increase hardness and 

tensile strength while maintaining acceptable ductility [15]. 

Despite the many advantages of SPD techniques, their industrial application is limited due to their discon-

tinuous character. The answer to these limitations is the use of continuous SPD methods, in particular Dual 

Rolls Equal Channel Extrusion (DRECE). The DRECE process involves extruding a metal strip through a roller 

system into a channel with a specific angle (Figure 1), which causes it to bend, thus generating deformation 

through intense shearing across the entire cross-section of the material [16, 17].  

 

 
Figure 1. Schematic diagram of the DRECE process. 

 

DRECE technology is currently used mainly for metallic materials with high potential for strengthening 

through intensive plastic deformation. The literature describes the beneficial effects of its application for low-

carbon steels (DC01, DC03), in which an increase in hardness and improvement in mechanical properties were 

observed [18]. Also for aluminum and its alloys, the DRECE process enabled significant microstructural 

changes, resulting in increased strength properties [19]. Simulation studies of the DRECE process for low-car-

bon steel strips were also conducted, on the basis of which the uniformity of the deformation process was as-

sessed [20]. The application of this method was also presented in the context of further industrial processes [21]. 

Previous research on DRECE technology has shown that after successive passes, the intensity of work harden-

ing increased, leading to stronger grain refinement and a marked increase in strength properties [17,22,23].  

Despite the growing number of studies on the DRECE process, most of them focus on the aforementioned 

steels and aluminum alloys, while research on pure metals remains limited. In particular, there is a lack of 

studies considering the simultaneous influence of the channel angle and the number of passes on the evolution 

of the microstructure and mechanical properties. The novelty of this work was to investigate the combined 

influence of DRECE channel geometry (angles of 103° and 98°) and the number of passes on the microstructure 

and mechanical properties of pure copper, along with the direct correlation of structural changes with mechan-

ical properties. 

2. Materials and Methods 

The test material consisted of samples in the form of pure copper strips with a thickness of 15 mm, cold-

rolled to a thickness of 2.0 mm and 1.5 mm with a total plastic deformation of approx. 90 %. The chemical 

composition of the samples was examined using an optical emission spectrometer (Table 1). 
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Table 1. Chemical composition of pure copper samples (wt %). 

Cu Zn Ag Fe Sn Pb Bi As P S others 

99,9897 <0,0015 0,00057 0,00038 <0,0002 <0,0003 <0,0005 <0,0002 <0,0002 0,00085 rest 

 

The material, strengthened after rolling, was then subjected to recrystallization annealing in an induction 

vacuum furnace at 350 °C for 1 hour in a protective atmosphere of 95 % N / 5 % H, and then actively cooled in      

a furnace with forced atmosphere circulation. As a result, samples in the initial state (IS) with a recrystallized 

microstructure and a hardness of approx. 50 HV01 were obtained (Figure 2). 

 

 

Figure 2. Microstructure of samples in the initial state for DRECE tests. Light microscopy: a) transverse cross-section; b) 

longitudinal cross-section. 

 The DRECE tests were performed in a device with a forming zone angle of 98° and 103°. The samples 

were subjected to 1, 2, and 3 passes, and after each pass they were rotated by 180° along the longer edge. The 

thickness of the strips was 1.5 mm and 2 mm for the 103° and 98° angles, respectively. The width and length of 

the strips in both variants were identical and measured 57 mm and 1000 mm, respectively. The process was 

performed at room temperature with an extrusion speed of 1 cm/s, which was kept constant for both analyzed 

channel angles. The strips were not preheated prior to processing. No lubrication was used, and the process 

was carried out under dry friction conditions between the strip and the die.  

 Changes in mechanical properties depending on the number of passes were determined in a tensile test 

and Vickers HV0.1 microhardness measurement. A static tensile test was performed on a Zwick/Roell Z100 

device. In order to assess the anisotropy of strength properties, samples were taken from three directions – 

longitudinal, transverse, and approx. 45° to the DRECE extrusion direction (3 samples for each variant – Figure 

3a) and then proportional samples were prepared, as shown in Figure 3b. HV0.1 microhardness measurements 

were performed using a Future-Tech FM-700 device.  

 

 

Figure 3. Stages of sample preparation for static tensile testing. a) locations from which samples were taken; b) geometric 

dimensions of the prepared samples. 
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Microstructure observations were performed using a Keyence VHX-7000 optical microscope and a Carl 

Zeiss Supra 35 scanning electron microscope equipped with an electron backscatter diffraction (EBSD) detector. 

Due to the type of deformation in the DRECE method, the test samples were taken from the longitudinal direc-

tion to the extrusion direction. The images for optical microscopy were taken on samples etched with 

K2Cr2O2+NaCl+H2SO4+H2O reagent, while the EBSD maps were taken on samples electropolished in Struers 

D2 electrolyte. 

3. Results 

3.1. Mechanical properties 

Figure 4 shows the distribution of HV0.1 microhardness of copper samples measured along the thickness 

for each pass on a device based on the DRECE method (0–3) passes. The distance between successive 

measurements was approximately 150 µm (Figure 4a). The range of values is marked with a long line. 

 

 

Figure 4. Microhardness measurement on the thickness of copper strips after 0 to 3 DRECE passes: a) measurement points; 

b) results for a DRECE angle 98°; c) results for a DRECE angle 103°. 

 Based on the microhardness distribution shown in Figure 4, it can be seen that the hardness of the strip 

in the initial state (IS) in both variants was similar (approx. 50 HV) and uniform across the thickness of the strip. 

The largest increase in microhardness, approx. 90 %, was observed after first DRECE pass - to approx. 94 HV 

for a strip with a thickness of 1.5 mm and a DRECE angle of 98° (Figure 4a) and 97 HV for a strip with a thickness 

of 2.0 mm and a DRECE angle of 103° (Figure 4b). After the second pass, a further, but significantly smaller 

increase to approx. 101 HV was observed for both variants. The third pass had no significant effect on the in-

crease in microhardness, which was approx. 103 HV for both die angles. However, it can be noted that after the 

third pass, greater uniformity of hardness was obtained across the thickness of the strip. Based on the measure-
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ments performed, it can be concluded that for the tested copper, the size of the DRECE angle does not signifi-

cantly affect the microhardness obtained on the longitudinal cross-section after subsequent passes. The peak 

value was obtained after the second pass, while the third pass mainly increased its uniformity across the thick-

ness of the material. Table 2 shows the results of the static tensile test for the longitudinal, transverse, and 45° 

angles to the direction of DRECE extrusion, and Figure 5 shows a graphical interpretation of the anisotropy of 

the obtained properties - tensile strength, yield strength, and elongation - for the base sample and after the 1st 

and 3rd DRECE pass. 

Table 2. Static tensile test. Effect of the DRECE extrusion angle and number of passes on the yield strength (YS), ultimate 

tensile strength (UTS), and elongation (% El). Values represent average of three tests. 

 Longitudinal Transverse Angle 45° 

No. of passes 
Rp0,2 

MPa 

Rm 

MPa 

A 

% 

Rp0,2 

MPa 

Rm 

MPa 

A 

% 

Rp0,2 

MPa 

Rm 

MPa 

A 

% 

Initial State 82 234 72 85 220 69 84 234 70 

DRECE, angle 103° 

1 pass 265 266 21 269 269 15 273 273 15 

2 passes 282 283 17 285 288 13 287 289 12 

3 passes 305 309 17 308 311 13 315 319 11 

DRECE, angle 98° 

1 pass 260 264 23 271 272 35 252 256 23 

2 passes 258 262 20 272 273 26 264 266 21 

3 passes 278 279 19 293 296 21 301 304 19 

 

       

Figure 5. Graphical interpretation of the anisotropy of mechanical properties after 0, 1st, and 3rd DRECE passes: a) yield 

strength (YS), ultimate tensile strength (UTS) ; b) elongation (% El) 
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Tensile tests performed in three orientations relative to the DRECE extrusion direction allowed for the 

assessment of changes in mechanical properties and their anisotropy. The first DRECE pass had the greatest 

impact on the strengthening of the material—the yield strength (YS) increased from approx. 82 MPa to approx. 

260–270 MPa, and the ultimate tensile strength (UTS) reached values close to YS, which may explain the ob-

served decrease in elongation (% El) from approx. 70 % in the initial state to (15–20) %. Subsequent passes (2nd 

and 3rd) resulted in a further, but significantly smaller increase in YS and UTS. After the 3rd pass, for both 

extrusion angles, YS values of (300–315) MPa were obtained, while UTS remained at a similar level. The values 

of yield strength and ultimate tensile strength were characterized by low anisotropy in the tested DRECE ex-

trusion directions – longitudinal, transverse, and at an angle of 45° (Figure 5a). Noticeable differences in anisot-

ropy were observed for elongation A – Figure 5b. For the DRECE extrusion angle of 103°, a small tendency for 

greater elongation A in the longitudinal direction was observed. More pronounced differences in elongation 

were observed for the smaller extrusion angle of 98°, especially after the 1st pass, where Figure 5b showed a 

significantly higher elongation in the transverse direction (% El ~35%), while for the other directions, % El was 

at 23 %. After the 3rd pass, these differences were no longer present and the anisotropy of elongation was 

negligible. 

3.2. Microstructure – optical microscopy 

Based on the slight differences in mechanical properties between the 2nd and 3rd DRECE passes for both 

extrusion angles, an initial state (IS) sample and samples after the 1st and 3rd passes were selected for micro-

structure observation. Figure 6 shows images of the microstructures obtained using an optical microscope for 

the selected samples. 

 

 

Figure 6. Images of the microstructure of samples in the initial state (IS) and after successive DRECE passes. Optical mi-

croscopy. 

In the sample in initial state (Figure 6a), a microstructure with varied grain sizes was observed, typical for 

annealed copper after plastic processing. After subsequent DRECE passes, regardless of the extrusion angle and 

number of passes, no significant effect on grain fragmentation is observed. However, it can be seen that at      

a larger extrusion angle (103°), the grains are elongated in the direction of extrusion (Figures 6b-c). This effect 

is less noticeable for the 98° angle. For a more in-depth analysis of the microstructure, scanning microscopy 

using the EBSD technique was used. 
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3.2. Microstructure – EBSD analysis 

Figure 7 shows IPF maps of grain orientation for pure copper strip in the initial state (IS) and after the 1st 

and 3rd pass for DRECE extrusion angles of 103° and 98°. Combined with the grain size histograms (Figure 8), 

it was possible to evaluate the microstructural changes occurring during deformation in the DRECE method. 

 

Figure 7. IPF (EBSD) maps showing microstructure evolution after DRECE extrusion. 

 

Figure 8. Characteristics of the microstructure after the DRECE process. Histograms of grain size distribution. 

In the initial state (IS) sample, grains with a size of (10–50) μm were predominant (Figure 8). After the first 

DRECE pass, a noticeable shift in the grain size distribution towards smaller sizes was observed, which was 

0
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particularly evident for the (5–10) μm range, whose share increased significantly for both deformation angles. 

At the same time, the proportion of the largest grains (35–50) μm was reduced, indicating the onset of grain 

refinement. The third pass no longer had a significant effect on the fraction of the smallest grains, which was at 

a similar level to the second pass. This suggests that the material reached a state in which further deformation 

no longer had a significant effect on the evolution of the microstructure. Observation of the IPF maps (Figure 

7) shows a diverse crystallographic orientation of the grains, with no tendency to form a clearly oriented texture. 

A more pronounced effect of the DRECE method on grain orientation can be seen for the 103° extrusion angle 

after the first pass, where, compared to the other variants, grains with a <001> orientation were clearly visible 

(Figure 7b). 

4. Discussion 

The conducted research allowed for the assessment of the influence of the DRECE process – using two 

channel angle variants (103° and 98°) and after the 1st, 2nd, and 3rd pass – on the microstructure and mechanical 

properties of pure copper. The results obtained from tensile tests, Vickers microhardness HV0.1, optical micros-

copy, and scanning electron microscopy equipped with an EBSD detector were used to determine the changes 

in the material caused by intense shear deformation. 

4.1. Mechanical properties 

For both extrusion angles (103° and 98°), the highest increase in mechanical properties was observed after 

the first DRECE pass. Static tensile test showed that the yield strength (YS) increased from approx. 82 MPa 

(initial state) to approx. 265 MPa, while the ultimate tensile strength (UTS) increased from 234 MPa to approx. 

266 MPa. Along with the increase in YS and UTS values, a decrease in elongation (El) from 70 % to (15–20) % 

was observed. The microhardness profile measured on the thickness of the samples also showed that the first 

DRECE pass had the greatest impact, after which an increase from 50 HV0.1 (initial state) to 94 HV0.1 was 

obtained for both extrusion angles. The second and third DRECE passes caused significantly smaller changes 

in tensile properties and microhardness. After the third pass, the YS values stabilized in the range of (305–

315) MPa, UTS reached a level similar to YS, and microhardness slightly exceeded 100 HV0.1. Tensile tests on 

samples taken from three directions – longitudinal, transverse, and 45° to the DRECE extrusion direction – 

allowed the evaluation of the anisotropy of tensile properties. It was observed that the ultimate tensile strength 

and yield strength were characterized by low anisotropy for both DRECE angles. Larger differences were 

observed in elongation after the first pass, where there was a tendency for significantly greater values in the 

transverse direction for the 98° forming zone angle, as well as slightly greater values in the longitudinal 

direction for the 103° forming angle. After the 3rd pass, for both DRECE angles, the differences in the degree of 

elongation anisotropy disappeared. The tests carried out showed that for pure annealed copper, a lower die 

angle allows for obtaining material with higher plasticity (higher elongation) at comparable YS, UTS, and 

microhardness values. The obtained strengthening effect can be related to results reported for the Equal 

Channel Angular Pressing (ECAP) method, which is one of the most widely studied severe plastic deformation 

techniques. Similarly to ECAP, the DRECE process also resulted in a significant increase in mechanical 

properties. In the present work, this effect was achieved while maintaining relatively low anisotropy and 

allowing continuous processing of the material in the form of strips. This indicates that DRECE may represent 

an effective alternative to classical SPD methods, particularly in terms of process continuity and potential 

industrial applications. 

4.2. Microstructure analysis 

Microstructural observations conducted using optical microscopy did not reveal any significant changes 

in grain morphology on the longitudinal section when compared with the annealed material. The only notice-

able effect of the DRECE process was a slight elongation of grains in the DRECE extrusion direction, which was 

observed mainly for the forming zone angle of 103°. In the case of the smaller angle of 98°, this effect was 
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considerably weaker. This suggested that a larger channel angle resulted in more intense strain hardening and, 

consequently, more pronounced changes in grain shape. Apart from these differences, the remaining micro-

structural features observed by optical microscopy were similar for all variants, which justified the application 

of EBSD analysis for a more detailed evaluation of microstructural changes. 

EBSD analysis showed that after the first DRECE pass, an increase in the fraction of the smallest grains 

(<10 µm) was observed, accompanied by a decrease in the fraction of larger grains (>15 µm) and an increase in 

the proportion of low- and medium-angle grain boundaries. These changes indicated progressive grain frag-

mentation and explained the observed improvement in mechanical properties. Analysis of the IPF maps    

(Fig. 8) for both DRECE angles revealed a diversified crystallographic orientation of grains, with no tendency 

to form a pronounced texture in a specific direction. A more pronounced effect of the DRECE process on grain 

orientation was observed for the 103° zone angle after one pass, where, in comparison with the other variants, 

grains oriented in the <001> direction accounted for a significant fraction. 

 

The observed differences in microstructure and mechanical properties between the 98° and 103° channel 

angles can be related to variations in shear strain distribution and strain path across the material. Additionally, 

in SPD processes, the occurrence of redundant strain has been reported, which may locally influence grain 

elongation and crystallographic orientation. In the literature on severe plastic deformation processes [24,25], 

modifications of the strain path and the presence of redundant strain have been shown to affect grain refinement 

and texture evolution during repeated passes. Therefore, similar mechanisms may contribute to the observed 

differences in microstructure and mechanical properties between the 98° and 103° DRECE channel angles.  

5. Conclusions 

Mechanical property testing and microstructural observations carried out using optical microscopy and 

EBSD analysis made it possible to assess the potential role of the shear-dominated character of deformation in 

the DRECE process. It was concluded that: 

1. The most significant changes in mechanical properties occurred during the first pass through the 

DRECE device, as confirmed by an increase in yield strength (YS) and ultimate tensile strength (UTS), 

accompanied by a decrease in elongation (El) and a pronounced increase in hardness. The observed 

strengthening was consistent with the Hall–Petch relationship. 

2. The second and third passes resulted in further strengthening; however, the magnitude of this effect 

was smaller. After the third pass, the mechanical properties tended to stabilize. 

3. Both extrusion angles (103° and 98°) resulted in comparable strengthening effects. Nevertheless, the 

results indicated that the 98° variant allowed similar values of YS and UTS to be achieved while main-

taining a significantly higher elongation. This suggested that, for pure copper, a smaller DRECE angle 

enabled the attainment of material with comparable strength and a higher ductility. 

4. The values of yield strength and ultimate tensile strength for both DRECE angles were characterized 

by low anisotropy. 

5. EBSD analysis revealed pronounced microstructural fragmentation, particularly an increase in the frac-

tion of grains smaller than 10 µm. IPF maps showed a varied crystallographic orientation after DRECE, 

with no tendency to form a distinct texture direction.  

 

Acknowledgments: The research was carried out as part of the subsidy project of the Łukasiewicz Research Network - 

Institute of Non-Ferrous Metals, registration number 0404302005. This article was supported by a Czech project No. 

SP2026/034. The authors acknowledge the use of artificial intelligence–based tools for English translation and language 

editing during manuscript preparation; all scientific content and conclusions remain the responsibility of the authors. 

 

https://doi.org/10.64486/m.66.2.1


Metalurgija / Metallurgy                                                                                  Vol. 66 No. 2 / 2027  
 

193 

 

https://doi.org/10.64486/m.66.2.1  

References 

[1]  S. Kumar and A. Vedrtnam, "Experimental and numerical study on effect of constrained groove pressing on mechanical 

behaviour and morphology of aluminium and copper," Journal of Manufacturing Processes, vol. 67, pp. 478–486, 2021, 

https://doi.org/10.1016/j.jmapro.2021.05.008 

[2]  Y. Li, A. J. Bushby, and D. J. Dunstan, "The Hall–Petch effect as a manifestation of the general size effect," Proceedings 

of the Royal Society A, vol. 472, no. 2192, 2016, https://doi.org/10.1098/rspa.2015.0890 

[3] J. Skiba, M. Kulczyk, S. Przybysz, M. Skorupska, M. Kobus, and K. Nowak, "Effect of microstructure refinement of 

pure copper on improving the performance of electrodes in electro discharge machining (EDM)," Scientific Reports, 

vol. 13, 2023, https://doi.org/10.1038/s41598-023-43584-y 

[4]  A. Korbel, W. Bochniak, P. Ostachowski, A. Paliborek, M. Łagoda, and A. Brzostowicz, "A new constitutive approach 

to large strain plastic deformation," International Journal of Materials Research, vol. 107, no. 1, pp. 44–51, 2016, 

https://doi.org/10.3139/146.111311 

[5]  W. Bochniak, P. Ostachowski, A. Korbel, and M. Łagoda, "Potential of the KOBO extrusion process for non-ferrous 

metals in the form of solids and chips," The International Journal of Advanced Manufacturing Technology, vol. 127, pp. 733–

750, 2023, https://doi.org/10.1007/s00170-023-11596-7 

[6]  P. Nuckowski, W. Kwaśny, Z. Rdzawski, W. Głuchowski, and M. Pawlyta, "Influence of the repetitive corrugation on 

the mechanism occuring during plastic deformation of CuSn6 alloy," Archives of Metallurgy and Materials, vol. 61, no. 

3, pp. 1261–1264, 2016, https://doi.org/10.1515/amm-2016-0208  

[7]  W. Głuchowski, Z. Rdzawski, J. Sobota, and J. Domagała-Dubiel, "Effect of the combined heat treatment and severe 

plastic deformation on the microstructure of CuNiSi alloy," Archives of Metallurgy and Materials, vol. 61, no. 2B, pp. 

1207–1214, 2016, https://doi.org/10.1515/amm-2016-0200 

[8]  R. Z. Valiev, Y. Estrin, Z. Horita, T. G. Langdon, M. J. Zehetbauer, and Y. T. Zhu, "Fundamentals of superior properties 

in bulk NanoSPD materials," Materials Research Letters, vol. 4, no. 1, pp. 1–21, 2016, 

https://doi.org/10.1080/21663831.2015.1060543 

[9]  S. Kadiyan and B. S. Dehiya, "Effects of severe plastic deformation by ECAP on the microstructure and mechanical 

properties of a commercial copper alloy," Materials Research Express, vol. 6, no. 11, Art. no. 116570, 2019, 

https://doi.org/10.1088/2053-1591/ab4a44  

[10] A. Macháčková, "Decade of twist channel angular pressing: A review," Materials, vol. 13, no. 7, Art. no. 1725, 2020,  

https://doi.org/10.3390/ma13071725 

[11] Y. Gao, T. Guo, and R. Feng, "High strength high conductivity copper prepared by C-ECAP and Cryo-rolling," Mate-

rials Characterization, vol. 208, 2024, https://doi.org/10.1016/j.matchar.2024.113665 

[12] I. Volokitina, A. Volokitin, and D. Kuis, "Deformation of copper by high-pressure torsion," Journal of Chemical Technol-

ogy and Metallurgy, vol. 56, no. 3, pp. 643–647, 2021, https://journal.uctm.edu/node/j2021-3/25_20-126p643-647.pdf  

[13] L. Chen, Q. Shi, D. Chen, S. Zhou, J. Wang, and X. Luo, "Research of textures of ultrafine grains pure copper produced 

by accumulative roll-bonding," Materials Science and Engineering A, vol. 508, no. 1, pp. 37–42, 2009, 

https://doi.org/10.1016/j.msea.2008.12.018 

[14] K. Edalati, "Nanomaterials by severe plastic deformation: review of historical developments and recent advances," 

Materials Research Letters, vol. 10, no. 4, 2022, https://doi.org/10.1080/21663831.2022.2029779 

[15] P. Tajdary, L. Morin, and C. Braham, "On the strength–ductility modifications in pure copper after severe plastic de-

formation," Mechanics of Materials, vol. 195, 2024, https://doi.org/10.1016/j.mechmat.2024.105028 

[16] M. Pastrňák, R. Čada, T. Pektor, S. Rusz, F. Tatíček, J. Mizera, and M. Pastrňáková, "DRECE method for continuous 

severe plastic deformation of CuZn37 sheets," Acta Polytechnica, vol. 64, no. 5, pp. 430–436, 2024, 

https://doi.org/10.14311/AP.2024.64.0430 

[17] K. Kowalczyk, M. Jabłońska, S. Rusz, and I. Bednarczyk, "Influence of the DRECE process of severe plastic deformation 

on the mechanical properties of the ultra-low carbon interstitial free steel," Archives of Metallurgy and Materials, vol. 63, 

no. 4, pp. 2095–2100, 2018, https://doi.org/10.24425/amm.2018.125148 

[18] K. Kowalczyk, "Influence of post-deformation annealing temperature on the mechanical properties of low-carbon  fer-

ritic steel deformed by the DRECE method," Materials Science-Poland, vol. 39, no. 2, 2021, https://doi.org/10.2478/msp-

2021-0034 

https://doi.org/10.64486/m.66.2.1
https://doi.org/10.1016/j.jmapro.2021.05.008
https://doi.org/10.1098/rspa.2015.0890
https://doi.org/10.1038/s41598-023-43584-y
https://doi.org/10.3139/146.111311
https://doi.org/10.1007/s00170-023-11596-7
https://doi.org/10.1515/amm-2016-0208
https://doi.org/10.1515/amm-2016-0200
https://doi.org/10.1080/21663831.2015.1060543
https://doi.org/10.1088/2053-1591/ab4a44
https://doi.org/10.3390/ma13071725
https://doi.org/10.1016/j.matchar.2024.113665
https://journal.uctm.edu/node/j2021-3/25_20-126p643-647.pdf
https://doi.org/10.1016/j.msea.2008.12.018
https://doi.org/10.1080/21663831.2022.2029779
https://doi.org/10.1016/j.mechmat.2024.105028
https://doi.org/10.14311/AP.2024.64.0430
https://doi.org/10.24425/amm.2018.125148
https://doi.org/10.2478/msp-2021-0034
https://doi.org/10.2478/msp-2021-0034


Metalurgija / Metallurgy                                                                                  Vol. 66 No. 2 / 2027  
 

194 

 

https://doi.org/10.64486/m.66.2.1  

[19] P. Snopiński, T. Tański, K. Gołombek, S. Rusz, O. Hilser, T. Donič, P. M. Nuckowski, and M. Benedyk, "Strengthening 

of AA5754 aluminum alloy by DRECE process followed by annealing response investigation," Materials, vol. 13, no. 2, 

p. 301, 2020, https://doi.org/10.3390/ma13020301 

[20] M. Tkocz, K. Kowalczyk, T. Bulzak, M. Jabłońska, and M. Hawryluk, "Finite element analysis of material deformation 

behaviour during DRECE: the sheet metal SPD process," Archives of Civil and Mechanical Engineering, vol. 23, Art. no. 

145, 2023, https://doi.org/10.1007/s43452-023-00671-1 

[21] J. Vontorová, V. Novák, and P. Váňová, "Low-carbon steel formed by DRECE method with hot-dip zinc galvanizing 

and potentiodynamic polarization tests to study its corrosion behavior," Metals, vol. 14, no. 9, p. 993, 2024, 

https://doi.org/10.3390/met14090993 

[22] J. Qin, X. Li, D. Wang, C. Zhou, T. Hu, J. Wang, Y. Yang, and Y. Hu, "Microstructure and texture evolution in cold-

rolled and annealed oxygen-free copper sheets," Materials, vol. 17, no. 10, p. 2202, 2024, 

https://doi.org/10.3390/ma17102202  

[23] S. Rusz, A. Kłyszewski, O. Hilšer, M. Salajka, L. Cížek, and M. Kłos, "Possibilities of application methods DRECE in 

forming of non-ferrous metals," Archives of Metallurgy and Materials, vol. 60, no. 4, pp. 2813–2817, 2015, 

https://doi.org/10.1515/amm-2015-0481 

[24] J. M. García-Infanta, A. P. Zhilyaev, F. Carreño, O. A. Ruano, J. Q. Su, S. K. Menon, and T. R. McNelley, “Strain path 

and microstructure evolution during severe deformation processing of an as-cast hypoeutectic Al–Si alloy,” Journal of 

Materials Science, vol. 45, pp. 4613–4620, 2010, https://doi.org/10.1007/s10853-010-4530-4 

[25] S. Li, X. Li, and L. Yang, “Role of strain path change in grain refinement by severe plastic deformation: A case study 

of equal channel angular extrusion,” Acta Materialia, vol. 61, no. 12, pp. 4398–4413, 2013, https://doi.org/10.1016/j.ac-

tamat.2013.04.010 

https://doi.org/10.64486/m.66.2.1
https://doi.org/10.3390/ma13020301
https://doi.org/10.1007/s43452-023-00671-1
https://doi.org/10.3390/met14090993
https://doi.org/10.3390/ma17102202
https://doi.org/10.1515/amm-2015-0481
https://doi.org/10.1007/s10853-010-4530-4
https://doi.org/10.1016/j.actamat.2013.04.010
https://doi.org/10.1016/j.actamat.2013.04.010

