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1. Introduction 
Copper (Cu), which is one of the few elements naturally found in its metallic form, holds 

the distinction of being among the first metals ever used by early human societies [1]. Evidence 

of its utilization dates back to approximately the 9th millennium B.C., initially in the form of 

small objects such as beads and simple tools, with its applications gradually expanding in later 

periods to include household items, ritual objects, mirrors, statues, and containers [2]. 

Following the onset of industrialization, Cu and its alloys have become essential elements in a 

wide range of different sectors such as electronics, transportation, and aerospace, owing to their 

superior electrical [3–5] and thermal [6–8] conductivity, corrosion resistance [9–11], and 

desirable mechanical properties [12–14], attainable through precise alloy design and controlled 

processing conditions. Recently, the development of high-performance high-strength and high-

conductivity (HSHC) Cu alloys, which can offer remarkable mechanical properties alongside 

desirable electrical conductivity, has attracted considerable attention [15–18]. HSHC Cu alloys 

are well-suited for specific applications, such as electric vehicles, 5G network equipment, 

electrical contacts, power transmission components, and high-performance electronic devices 

[19,20]. Figure 1, which shows the number of publications on Cu alloys with high strength 

and/or high conductivity since the early 21st century (retrieved from the Scopus database), 

clearly highlights the increasing research interest in both developing new high-performance Cu 

alloys and improving the properties of existing alloys through microstructure engineering. 

 

Figure 1: Number of publications on high-strength and/or high-conductivity Cu alloys from 2000 to 2025 (data 

retrieved from the Scopus database). 
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In general, the term HSHC refers to Cu alloys having tensile strengths 1.5–4 times greater 

than pure Cu (300–800 MPa) and electrical conductivities ranging from 50 to 95% of pure Cu 

[15]. Annealed pure Cu has an electrical conductivity of 58 MS/m, which corresponds to 100% 

on the international annealed copper standard (IACS) scale [21]. HSHC Cu alloys typically 

achieve their improved mechanical properties through a combination of strengthening methods 

such as solid solution strengthening [22], precipitation hardening [23], deformation 

strengthening [24], and grain refinement [25]. However, the simultaneous attainment of both 

high strength and favorable electrical conductivity still remains a significant challenge in the 

development of HSHC Cu alloys [26]. This limitation comes from the fact that crystal defects 

such as vacancies, solid solution atoms, dislocations, grain boundaries, and second-phase 

particles generated by strengthening mechanisms increase electron scattering and, as a result, 

the electrical resistivity of the alloy [27]. 

Among all grades of Cu alloys, Cu-Mg alloys, which are renowned for their exceptional 

mechanical properties, constitute a major category of HSHC Cu alloys and have been widely 

adopted across various industrial sectors, including in high-speed railway contact wires [28,29]. 

For instance, Zhu et al. [30] demonstrated the successful application of Cu-0.4Mg (wt.%) alloy 

as a contact wire material in the high-speed railway industry. Since Mg has a certain amount 

of solubility in Cu, as shown in the binary phase diagram of the Cu-Mg system in Figure 2, the 

primary strengthening mechanism in Cu-Mg alloys is determined by the Mg content [3]. 

Specifically, alloys with lower levels of Mg achieve their strength merely through solid 

solution strengthening, while those with higher levels of Mg can benefit from both solid 

solution strengthening and second-phase hardening. As an example, the study of Gorsse et al. 

[31] can be mentioned, in which they fabricated Cu-Mg alloys with different Mg contents of 

4.1, 8.1, and 23.1 (at.%) and reported that two-phase Cu-8.1Mg and Cu-23.1Mg alloys 

exhibited a higher yield strength (YS) compared to the single-phase Cu-4.1Mg solid solution. 

The mechanical properties of Cu-Mg alloys can be further improved through deformation 

strengthening, especially severe plastic deformation (SPD) [32]. In this regard, the study 

conducted by Rodríguez-Calvillo et al. [33] can be mentioned as an example, in which they 

demonstrated that the YS and ultimate tensile strength (UTS) of Cu-0.2Mg (wt.%) and Cu-

0.5Mg (wt.%) alloys were significantly increased by undergoing a modified equal-channel 

angular pressing (ECAP) process. In another study conducted by Ma et al. [34], it was observed 

that ECAP processing of Cu-0.43Mg (wt.%) alloy using route BC for up to 8 passes led to a 
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reduction in average grain size and an enhancement in both hardness and YS of the alloy by 

the number of ECAP passes. In a recent study, Bodyakova et al. [35] applied cold working by 

drawing, rolling, and ECAP to a Cu-0.25Mg (wt.%) alloy and observed that plastic deformation 

resulted in grain refinement through the formation of strain-induced low-angle grain 

boundaries (LAGBs, 2° ≤ θ < 15°) and their subsequent transformation into high-angle grain 

boundaries (HAGBs, 15° ≤ θ < 65°), which led to increasing the UTS of their samples. 

 

Figure 2: Binary phase diagram of Cu-Mg system (Adapted under the terms of CC BY-NC 4.0 license [36]. 

Copyright 2016, Springer Nature). 

 

In addition to SPD processing, the incorporation of supplementary alloying elements such 

as Ca [37], Ce [38], Fe [39], and Y [38] is another viable approach for producing Cu-Mg-based 

alloys with enhanced mechanical properties. However, the key factor in selecting alloying 

elements is to choose those elements that do not significantly reduce the electrical conductivity. 

The influence of incorporating common alloying elements on the electrical conductivity of Cu 

is shown in Figure 3. It can be seen that Ca has a comparatively lower detrimental influence on 

the electrical conductivity of Cu when compared to other alloying elements such as Ni, Sn, Mn, 

Al, Co, Fe, and Si [37]. Moreover, as can be seen from the binary phase diagram of the Cu-Ca 

system shown in Figure 4 [3], the solid solubility of Ca in Cu is extremely limited, and even a 

small addition of Ca to Cu results in the formation of the Cu5Ca intermetallic compound [40]. 

Hence, in small quantities, Ca addition can strengthen Cu-Mg-based alloys through second-

phase hardening without significantly affecting the electrical conductivity of the alloy [37]. 
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Figure 3: The influence of common alloying elements on the electrical conductivity of Cu (Adapted with 

permission [37]. Copyright 2017, Elsevier). 

 

 

Figure 4: Binary phase diagram of Cu-Ca system (Adapted with permission [41]. Copyright 1984, Springer 

Nature). 

 

Taken together, the above discussion clearly demonstrates that adding Ca to the chemical 

composition of Cu-Mg alloys, along with applying SPD processing, has the potential to 

produce a Cu-Mg-Ca alloy with even further enhanced mechanical properties compared to Cu-

Mg alloys. There have also been some attempts in this direction. For example, Ma et al. [42] 

employed ECAP processing on Cu-0.43Mg (wt.%) and Cu-0.41Mg-0.06Ca (wt.%) alloys 

using route BC at room temperature (RT) and observed that the ternary Cu-Mg-Ca alloy 
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exhibited a higher hardness and higher YS across all ECAP passes compared to the binary Cu-

Mg alloy. 

Building on the findings of previous studies, the present work selected a Cu-0.7Mg (wt.%) 

alloy as the base material for investigation. The reason behind choosing 0.7 wt.% of Mg was 

that based on the Cu-Mg binary phase diagram shown in Figure 2, this concentration falls below 

the minimum threshold of Mg required for the formation of the Cu2Mg intermetallic phase in 

Cu-Mg alloys [43] and, therefore, the base material would be a single-phase Cu-Mg solid 

solution. Additionally, 0.1 wt.% Ca was also added to the binary Cu-0.7Mg (wt.%) alloy to 

obtain a ternary alloy that simultaneously benefits from solid solution strengthening and 

second-phase hardening. This minimal Ca content was deliberately chosen to induce second-

phase hardening while minimizing the adverse effect on electrical conductivity. Next, the 

binary and ternary alloys were subjected to various heat treatment routes combined with 

deformation through conventional methods, such as forward extrusion, as well as different SPD 

processes, including KoBo extrusion (extrusion with oscillatory reversible rotation of the die) 

and the MaxStrain module of the Gleeble thermomechanical simulator. The combined effects 

of these strengthening strategies on the microstructural evolution, mechanical properties, and 

electrical conductivity of the fabricated alloys were systematically investigated, with a detailed 

presentation and discussion of the results provided in Section 3. 

 

2. Literature Review 

2.1. Copper and Copper Alloys 

2.1.1. Introduction to Copper and its Alloys 

Cu, a naturally occurring transition metal, has been a cornerstone of human civilization for 

millennia due to its exceptional physical and chemical properties [44,45]. It exists in the Earth’s 

crust mainly as native metal or in sulfide (e.g., chalcopyrite, CuFeS2), oxide (e.g., cuprite, 

Cu2O; tenorite, CuO), or carbonate (e.g., malachite, Cu2CO3(OH)2; azurite, Cu3(CO3)2(OH)2) 

ores, and has been used since antiquity for tools, ornaments, and currency [46–48]. Cu alloys 

are so versatile because they can be alloyed with other metals, which helps improve both their 

strength and chemical resilience. From a mechanical properties perspective, pure Cu is 

relatively soft and ductile, primarily due to its face-centered cubic (FCC) crystal structure, 

which provides a high number of slip systems and facilitates extensive plastic deformation 
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before fracture [49–51]. A summary of the key physical and mechanical properties of pure Cu 

is presented in Table 1. 

Table 1: Overview of key physical and mechanical properties of pure Cu (≥99.9%). 

Property Value Unit Reference 

Atomic number 29 — [52] 

Atomic weight 63.546 g/mol [52] 

Crystal structure FCC — [52] 

Density 8.95285 g/cm3 [52] 

Melting point 1084.88 °C [52] 

Boiling point  2570 °C [53] 

Electrical conductivity 5.96 × 107 S/m [54] 

Thermal conductivity 398 W/m·K [55] 

Specific heat capacity 0.385 J/g·K (RT) [56] 

Modulus of elasticity (Young’s) 110–130 GPa [57] 

Poisson’s ratio 0.34 — [58] 

Shear modulus ~48 GPa [59] 

Yield strength (Annealed) ~33 MPa [60] 

Tensile strength (Annealed)  210–250 MPa [60] 

Elongation (Annealed) 40–50 % [60] 

Hardness (Brinell, Annealed) ~35 HB [61] 

Magnetic properties Diamagnetic Relative permeability ≈ 1 [62] 

 

Alloying Cu with elements such as Zn, Sn, and others can significantly enhance its 

mechanical strength, corrosion resistance, and other properties tailored to specific applications 

[63]. In this context, Cu alloys are typically classified into three main categories: brasses [64], 

bronzes [65], and other specialized alloys, including cupronickels, aluminum bronzes, Cu-Be 

alloys, etc., each alloy carefully engineered to fulfill the unique requirements of various 

specialized applications across different industries. 

Brass, primarily composed of Cu with typically 5–40 wt.% Zn, is renowned for its good 

corrosion resistance in many environments (partly due to the formation of a protective oxide 

layer), good mechanical workability and machinability, moderate electrical and thermal 

conductivities, tunable strength, ductility, and golden color, as well as acoustic properties, 

making it a versatile and enduring choice for marine, electronic, coinage, decorative, 

architectural, musical, and precision engineering applications [66–70]. Bronze, primarily an 

alloy of Cu and typically 2–20 wt.% Sn, combines superior hardness, fatigue resistance, and 
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corrosion resistance (supported by a multiphase microstructure and protective oxide layer) with 

excellent wear, acoustic, and patina-forming properties, making it indispensable for 

applications ranging from bearings, gears, bushings, and marine fittings to sculpture, musical 

instruments, and modern engineering variants such as aluminum, phosphor, and silicon bronzes 

[71–76]. Cu-Ni alloys, which are known as Cupronickels, typically contain 10–30 wt.% Ni and 

are renowned for their excellent resistance to corrosion, especially in marine environments, 

which makes them ideal for seawater piping, coinage, and desalination plants [77,78]. Cu-Al 

alloys (aluminum bronze) composed of 5–12 wt.% Al, often with additions of Fe, Ni, or Mn, 

offer high strength, wear resistance, and corrosion resistance, particularly in marine hardware 

and valve components. They are occasionally used in specialized aerospace instruments 

[79,80]. Cu-Be alloys contain 0.5–3 wt.% Be and have the potential to develop exceptional 

strength after age-hardening while maintaining good electrical conductivity, which makes them 

useful in precision tools (however, Be handling requires safety precautions due to its toxicity) 

[81–83]. Cu-Si alloys (silicon bronze) with around 3 wt.% Si and trace amounts of Mn, Fe, or 

Zn, are valued for their strength, corrosion resistance, and weldability and are commonly used 

in sculptures, architecture, and shipbuilding [84,85]. 

The intentional addition of elements such as Ag, Cr, Fe, Mn, Te, and Ti can enhance the 

strength, hardness, thermal stability, corrosion resistance, and machinability of Cu alloys, 

enabling their use in specialized applications across electrical, automotive, aerospace, and 

marine engineering [86,87]. For instance, Cu-Ag alloys are highly valued because of their 

exceptional combination of high electrical and thermal conductivity and improved mechanical 

strength, which make them desirable for high-demand applications such as electrical contacts, 

power transmission components, and high-performance conductors [88–91]. Cu-Cr alloys, on 

the other hand, are heat-treatable and retain high strength over time, which qualifies them for 

demanding applications such as electrical switches and resistance welding electrodes, although 

their machinability may be lower than that of some other Cu alloy grades [92–94]. Cu-Fe alloys 

are another notable Cu alloy grade known for their high strength and good resistance to 

softening at elevated temperatures, while maintaining adequate electrical conductivity for 

practical use, which makes them suitable for electrical connectors, welding electrodes, and 

components subjected to thermal and mechanical stresses [95–97]. 

Another example is Cu-Mn alloys, valued for their high strength and relatively stable 

electrical resistivity. These alloys are used in applications such as precision resistors and other 
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components where a balance of mechanical strength and stable electrical properties is required, 

and their properties can be adjusted by varying the Mn content and applying appropriate 

processing [98,99]. Cu-Te alloys, on the other hand, are valued for their improved 

machinability due to the presence of Te, which acts as a machinability modifier, while retaining 

relatively good electrical conductivity [100–102]. Likewise, Cu-Ti alloys offer a valuable 

combination of high strength, relatively good corrosion resistance, and moderate electrical 

conductivity, with their performance characteristics significantly enhanced through aging and 

precipitation hardening treatments [103–105]. Another grade is Cu-Mg alloys, distinguished 

by their combination of strength, moderate electrical conductivity, and reasonable corrosion 

resistance, with small amounts of Mg enhancing their mechanical properties through solid 

solution strengthening, making them suitable for applications that require both durability and 

some electrical conductivity [3,4]. Table 2 provides a concise overview of the primary 

compositions, key properties, and typical application areas of the Cu alloys discussed above. 

Table 2: Summary of key composition, properties and primary applications of major Cu alloys. 

Alloy 
Primary Alloying 

Element (wt.%) 
Key Properties Typical Applications Reference 

Brass 5–40% Zn 

Excellent corrosion resistance, good 

electrical/thermal conductivity (25–

50% IACS), high ductility (15–50% 

elongation), machinability (30–

100% rating), golden color 

Valves, gears, musical 

instruments, 

architecture, electronics, 

coinage 

[67,68,106] 

Bronze 2–20% Sn 

High hardness, fatigue and wear 

resistance, corrosion-resistant, good 

machinability (20–40% rating) 

Bearings, bushings, 

gears, marine hardware, 

sculptures, industrial 

fittings 

[72,73,75] 

Cupronickel 10–30% Ni 

Excellent marine corrosion 

resistance, good strength (300–550 

MPa UTS), stable in seawater 

Seawater piping, 

desalination plants, 

coinage, marine 

exchangers 

[77,78,107] 

Aluminum 

bronze 
5–12% Al 

Very high strength (550–850 MPa 

UTS), excellent wear and corrosion 

resistance, heat-resistant 

Aerospace parts, marine 

hardware, heavy-duty 

valves, pump 

components 

[79,80,108] 

Cu-Be 0.5–3% Be 

Very high strength after aging 

(1100–1400 MPa UTS), good 

conductivity (15–30% IACS), non-

sparking, toxic during machining 

Precision tools, springs, 

connectors, aerospace 

components 

[81,109,110] 

Cu-Si ~3% Si 
Good strength (350–600 MPa UTS), 

corrosion resistance, and weldability 

Architecture, 

shipbuilding, sculpture, 

marine fasteners 

[84,85,111] 

Cu-Ag 0.03–1% Ag 

Superior electrical/thermal 

conductivity (>95% IACS), 

enhanced strength (300–500 MPa 

UTS) 

Power transmission, 

electrical contacts, high-

performance conductors 

[88,112,113] 
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Cu-Cr 0.5–1.2% Cr 

Heat-treatable, high strength 

retention (400–550 MPa UTS), wear 

resistance, limited machinability 

(~20% rating) 

Electrical switches, 

resistance welding 

electrodes, electrical 

hardware 

[92,93,114] 

Cu-Fe 0.5–3% Fe 

High strength (400–600 MPa UTS), 

moderate conductivity (50–65% 

IACS), thermally stable, corrosion-

resistant 

Electrical connectors, 

welding tips, high-stress 

mechanical parts 

[17,95,96] 

Cu-Mn 0.5–2.5% Mn 

High strength (350–600 MPa UTS), 

moderate conductivity (5–30% 

IACS), tunable via heat treatment 

Connectors, electrical 

components, thermal-

mechanical service 

parts 

[98,99,115] 

Cu-Te 0.3–0.7% Te 

Improved machinability (85–90% 

rating), good conductivity (90–95% 

IACS) 

Machined electrical 

parts, terminals, EDM 

electrodes 

[100,101,116] 

Cu-Ti 1–4.5% Ti 

High strength (800–1100 MPa 

UTS), good corrosion resistance, 

moderate conductivity (10–20% 

IACS), age-hardenable 

Electronic connectors, 

springs, electrical 

components 

[103,104,117] 

Cu-Mg 0.2–1% Mg 

Balanced strength (400–700 MPa 

UTS) and conductivity (60–85% 

IACS), corrosion resistance, density-

reduced 

Power transmission, 

electrical connectors, 

automotive and marine 

wiring systems 

[3,4,118,119] 

 

Among all mentioned Cu alloy grades, Cu-Mg alloys have increasingly attracted attention 

across industries such as aerospace, automotive, railway transportation, and electronics due to 

their combination of desirable properties. Their versatility and balanced combination of 

electrical and mechanical characteristics make them particularly well suited for components 

exposed to mechanical stresses, temperature variations, and harsh operating conditions. These 

alloys can also be effectively processed to enhance mechanical strength while maintaining 

good electrical conductivity, ensuring both high performance and reliability [120]. Given these 

advantages, Cu-Mg alloys form the core focus of this PhD research, and a detailed explanation 

of their composition, processing, and performance is provided in the following sections. 

 

2.1.2. Cu-Mg Alloys 

Cu-Mg alloys generally contain Mg at concentrations ranging from less than 1 wt.% to over 

10 wt.%, with the exact amount chosen to balance specific performance requirements, such as 

strength, corrosion resistance, or machinability, and to achieve the targeted physical and 

mechanical properties of the alloy [15]. Cu-Mg alloys containing 0.1–2 wt.% Mg provide a 

balanced combination of strength and electrical conductivity, while higher Mg contents 

promote the formation of the Cu2Mg intermetallic phase, which results in further enhancing 

the strength of the alloy but at the cost of reducing its electrical conductivity [3]. In fact, as the 
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Mg content in the alloy increases, its mechanical properties initially improve through solid 

solution strengthening and later through simultaneous solution strengthening and second-phase 

hardening, while electrical conductivity gradually declines [31]. Cu-Mg alloys are commonly 

produced using conventional casting techniques, with the method chosen based on part 

geometry, cooling rate, and production scale. Subsequent thermomechanical processing, 

including hot and/or cold working followed by annealing, is also typically employed to 

optimize strength and ductility [121–124]. Nevertheless, some challenges still remain in the 

way of the optimization of the properties of Cu-Mg alloy, such as achieving high strength 

without significantly reducing electrical conductivity, improving corrosion resistance 

(especially in higher-Mg alloys), and reducing processing costs through optimized heat 

treatments or emerging techniques such as additive manufacturing [125–129]. Table 3 provides 

a summary of the key characteristics of Cu-Mg alloys. 

Table 3: Summary of the key characteristics of Cu-Mg alloys. 

Property / 

Feature 
Characteristics Reference 

Density Less than density of pure Cu due to Mg addition (8.80–8.92 g/cm3) [130] 

Melting point Less than melting point of pure Cu depending on Mg content (1050–1080°C) [3,131] 

Electrical 

conductivity 
Lower than electrical conductivity of pure Cu due to Mg alloying (60–85% IACS) [4,32] 

Thermal 

conductivity 

Lower than thermal conductivity of pure Cu but still good for heat transfer 

applications (up to 340 W/m·K) 
[15,120] 

Applications 
Electrical and electronic connectors, switchgears, marine components, 

bearing materials, springs, and heat exchangers 
[32,120] 

Advantages 
Stronger than pure Cu (400–700 MPa UTS), high corrosion resistance, good 

thermal and electrical properties 
[3–5] 

Limitations 
Reduced electrical conductivity compared to pure Cu, Mg increases susceptibility 

to oxidation at high temperatures (>450°C) during processing 
[132,133] 

 

In the meantime, a highly effective approach to further enhance the mechanical properties 

of Cu-Mg alloys involves incorporating small traces of additional alloying elements to form 

ternary or quaternary systems [38,39]. Specifically, research has demonstrated that a small 

addition of Ca to the Cu-Mg system can notably improve mechanical strength while preserving 

electrical conductivity to a substantial degree [3,28,37,42]. This is achieved through the 

formation of finely dispersed Cu5Ca intermetallic phases, which strengthen the alloy matrix 

without substantially reducing electron mobility. Moreover, Ca additions also refine the grain 

structures and enhance thermal stability, which contribute to an improved performance under 
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elevated temperatures [5]. The ternary Cu-Mg-Ca system, with its promising balance of 

properties, is explored in the following section. 

 

2.1.3. Cu-Mg-Ca Alloys 

Cu-Mg-Ca alloys represent a promising subclass of Cu-Mg alloys that are specifically 

designed to provide further enhanced mechanical properties and functional performance 

compared to binary Cu-Mg alloys [3,5]. Incorporating Ca into Cu-Mg alloys refines the 

microstructure through the formation of finely dispersed Cu5Ca intermetallic particles and 

improves mechanical strength and thermal stability without significantly compromising 

electrical conductivity, which makes this alloy well-suited for applications requiring high-

performance electrical and thermal functionalities [42]. One key advantage of Ca addition to 

Cu-Mg alloys compared to alloying with other elements is that it has minimal effect on the 

electrical conductivity of the resulting ternary alloy (as illustrated in Figure 3), particularly 

when Ca content is precisely adjusted to avoid excessive intermetallic formation that can 

interfere with efficient conduction. However, excessive Ca addition may lead to the formation 

of coarse intermetallic phases, which can negatively affect ductility and processing 

characteristics. 

Cu-Mg-Ca alloys respond well to thermomechanical processing and various heat treatments, 

which enable precise control of their microstructure and, consequently, their overall properties. 

In particular, these processes allow adjustment of the size, shape, and distribution of Cu5Ca 

intermetallic particles within the Cu matrix, as well as the crystallographic texture of the alloy, 

all of which play a critical role in determining mechanical and functional performance 

[28,37,42]. It has also been reported that the morphology of Cu5Ca intermetallic particles can 

be effectively modified through appropriate heat treatment procedures [5]. Specifically, 

applying a suitable annealing process can partially reduce the sharp edges of these particles 

and result in a more spheroidized morphology. This change is beneficial because it reduces 

local stress concentrations and promotes more uniform plastic deformation, thereby enhancing 

the ductility of the alloy [5]. Consequently, due to this combination of tunable microstructure 

and improved mechanical behavior, Cu-Mg-Ca alloys are particularly attractive for 

applications such as electrical contact wires, connectors, and high-performance conductors 

operating under elevated thermal and mechanical loads. 
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2.2. Strengthening Mechanisms 

Following this introduction to the subject and a brief overview of all primary Cu alloys that 

are used in industry and their characteristics, the main strengthening mechanisms used to 

improve the mechanical properties of these alloys are discussed in the following sections. 

These mechanisms include solid solution strengthening, precipitation hardening, dispersion 

strengthening, deformation strengthening, and grain refinement. For each mechanism, the 

fundamental principles and their specific contributions to improving the mechanical properties 

of Cu alloys are explained. This discussion provides a clearer understanding of the 

strengthening methods applied in the fabrication of the HSHC Cu-Mg and Cu-Mg-Ca alloys in 

this investigation, which is discussed in Section 3. 

 

2.2.1. Solid Solution Strengthening 

Solid solution strengthening is a principal strengthening mechanism in which alloying atoms 

are incorporated into the crystal lattice of a base metal, creating lattice distortions that impede 

dislocation motion and thereby increase the YS and hardness of the material (often at the 

expense of ductility) [134,135]. The efficiency of solid solution strengthening is determined by 

several aspects, including solute concentration, atomic size mismatch, elastic modulus 

difference, and the nature of the solute-solvent interaction [136]. In general, solid solutions are 

classified into two main categories based on the relative atomic size of the solute element: 

substitutional and interstitial [137,138]. Both types can enhance the strength of a material, with 

the degree of strengthening typically increasing with solute content up to a certain limit, beyond 

which other phenomena (such as precipitation or embrittlement) may occur. This mechanism 

is extensively utilized in the majority of the Cu-based alloys to achieve an optimal balance 

between mechanical strength and ductility [137,139]. The increase in the athermal component 

of YS due to random solid solution strengthening can be approximated as: 

 

 ∆𝜎 ∝ 𝑐𝑛 (1) 

 

where c is the solute concentration and n typically ranges between 1/2 (Fleischer's model) and 

2/3 (Labusch's model) depending on the strengthening model [140,141]. Among Cu alloys that 

form solid solutions, Cu-Ni alloys such as C70600 [142] and C71500 [143] are prominent 

examples. As illustrated in Figure 5, Ni is completely soluble in Cu across the full composition 

range, resulting in significant solid solution strengthening [144]. Another important example is 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 13 

 

brass, where Zn is substitutionally soluble in Cu within the α-phase, with a maximum 

equilibrium solubility of approximately 30–35 at.% [145]. Aluminum bronzes are also worth 

mentioning, with Al soluble in Cu in the α‑phase up to roughly 9 wt.% under equilibrium 

conditions before secondary phases start to form [146]. Similarly, elements such as Si, Mn, Be, 

Sn, and Mg exhibit varying degrees of solubility in Cu. When present below their respective 

solubility limits, these elements form solid solutions, which can contribute to solid solution 

strengthening, with the magnitude depending on concentration and lattice interactions [147–

149]. When their concentrations exceed the solubility limit, intermetallic phases are formed, 

which can promote second-phase hardening, as described in the following section. An example 

of the beneficial effect of solid solution strengthening can be seen in the study by Abe et al. 

[150], where they reported that incorporating 5.0 at.% In into Cu-In alloys significantly 

increased the YS and UTS from 130 MPa and 330 MPa, respectively, to 1280 MPa and 1340 

MPa, primarily due to the pronounced atomic size mismatch of In and grain refinement induced 

by deformation twins. 

 

Figure 5: Binary phase diagrams of Cu-Ni system (Adapted with permission [144]. Copyright 2014, Elsevier). 

 

2.2.2. Precipitation Hardening 

Precipitation hardening, also known as age hardening, is another key strengthening 

mechanism used in a variety of Cu-based alloys to improve their mechanical properties by 

promoting the controlled formation of second-phase particles, typically intermetallic 

compounds [151–155]. Precipitation hardening generally involves three stages of solution 

treatment, quenching, and aging [156]. During solution treatment, the alloy is heated to a 

temperature at which the solute elements are fully dissolved in a single-phase solid solution. 
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Then, rapid quenching suppresses diffusion and creates a supersaturated solid solution at RT. 

Subsequent aging, either at RT (natural aging) or at an elevated temperature (artificial aging), 

enables controlled diffusion of solute atoms and results in the nucleation and growth of 

coherent or semi-coherent precipitates within the matrix. These second-phase particles impede 

dislocation motion and increase the strength of the alloy [156]. The size, distribution, and 

coherency of the precipitates critically influence the effectiveness of precipitation hardening, 

and uniformly dispersed and coherent particles provide the greatest resistance to dislocation 

motion, whereas coarse or incoherent precipitates are less effective [157,158]. The increase in 

yield strength due to precipitation hardening by non-shearable particles can be approximated 

by the Ashby-Orowan equation as: 

 

  ∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛 = 𝑀
0.81𝜇𝑏

(2𝜋√1−𝜈)
×

(𝑙𝑛(
𝑑𝑝

𝑏
))

(𝜆−𝑑𝑝)
 (2) 

  𝜆 =
1

2
𝑑𝑝√

3𝜋

2𝑓𝜈
 (3) 

 

where µ is the shear modulus of the precipitated phase, b is the Burger vector of Cu matrix, ν 

is the Poisson’s ratio, dp is the diameter of precipitates, λ is the space of precipitates, and fν is 

the volume fraction of particles [159–161]. A clear example of the effective application of 

precipitation hardening to enhance the mechanical properties of Cu alloys is provided by the 

study of Markandeya et al. [162], who reported that precipitation hardening remarkably 

improved the performance of Cu-3Ti-1Cr and Cu-4Ti-1Cr (wt.%) alloys. Specifically, YS 

increased by 235% and 115%, UTS by 84% and 50%, and hardness rose from 118 to 277 HV10 

and 224 to 326 HV10, respectively. These improvements were attributed to the formation of a 

metastable, ordered, and coherent β′ (Cu4Ti) phase during peak aging at 450 °C. In a recent 

study, Dölling et al. [163] studied the hardness enhancement of low-alloy Cu-Sc alloys while 

maintaining electrical conductivity, examining the effects of aging (350–500 °C) and varying 

levels of prior cold deformation (25–75%). They detected that precipitation hardening was 

most effective below 450 °C, with cold working refining precipitates and significantly 

increasing peak hardness, particularly in Cu-0.3Sc (wt.%), which outperformed Cu-0.15Zr 

(wt.%). In addition, aging also improved electrical conductivity, and the favorable 

recrystallization behavior of Sc-containing alloys suggests their suitability for higher-

temperature applications. 
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2.2.3. Dispersion Strengthening 

Dispersion strengthening is another strengthening mechanism by which the mechanical 

properties of metals are enhanced through the uniform incorporation of fine, stable, non-soluble 

particles within the matrix [164–166]. In Cu alloys, oxide dispersion strengthening (ODS) is 

of particular significance [167–171]. Particularly, refractory oxides, such as yttrium oxide 

(Y2O3) [171], aluminum oxide (Al2O3) [172], or titanium oxide (TiO2) [173], are introduced 

into the Cu matrix, often via powder metallurgy and mechanical alloying. These oxides are 

thermodynamically stable and exhibit negligible solubility in Cu and retain their fine, uniform 

distribution even at elevated temperatures. The dispersed oxides impede dislocation motion 

through the Orowan bypass mechanism and, therefore, enhance the YS, high-temperature 

performance, and microstructural stability of the alloy [170,174]. Unlike precipitation 

hardening, dispersion hardening in Cu alloys does not rely on phase transformations or heat 

treatment but on the inherent stability and effective dispersion of oxide particles, which make 

it particularly valuable for applications which require both thermal and mechanical resilience. 

A simplified schematic illustration of dispersion strengthening is shown in Figure 6. 

 

Figure 6: Simplified schematic illustration of dispersion strengthening. 

 

Dispersion strengthening has been systematically investigated in multiple earlier works 

[175–177]. For example, Wang et al. [172] investigated ODS in a Cu alloy, where nanometer-

sized Al2O3 particles pinned dislocations and grain boundaries, refined sub-grains (~600 nm), 

and increased the YS to 442 MPa, while maintaining high strength during plastic deformation 

by stabilizing both grain size and dislocation density under severe strain. In another study, 

Sorkhe et al. [173] demonstrated that high-energy ball milling followed by conventional 

consolidation of Cu-TiO2 composites, using 1–7 wt.% TiO2 and milling times up to 24 h, 
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refined Cu grains to nanoscale (<50 nm), significantly enhanced hardness (with a maximum of 

105 HV achieved for Cu–5 wt.% TiO2 milled for 12 h), and retained reasonable electrical 

conductivity up to ∼3 wt.% TiO2, which made the alloys particularly suitable for wear-resistant 

welding electrodes. In a recent study, Gao et al. [178] prepared a Y2O3 dispersion-strengthened 

Cu alloy via spray drying and observed that high-density Y2O3 nanoparticles (~9 nm) were 

successfully incorporated into the Cu matrix, effectively refining grains and suppressing 

recrystallization. Moreover, the Y2O3 nanoparticles significantly strengthened the Cu matrix 

by impeding dislocation and grain boundary motion, which resulted in a well-balanced 

combination of hardness (114 HV), UTS (326.5 MPa), elongation (8.5%), and electrical 

conductivity (85.3% IACS) in their fabricated Cu-2 wt.% Y2O3 alloy. 

 

2.2.4. Deformation Strengthening 

Deformation strengthening, also referred to as strain hardening or work hardening, is 

another strengthening method in which the YS and hardness of metallic materials increase with 

the accumulation of plastic deformation [179–181]. In crystalline metallic systems, plastic 

deformation primarily occurs via the motion of dislocations (though other mechanisms such as 

twinning may contribute in specific cases) [182]. As deformation proceeds, dislocation density 

increases and leads to enhanced dislocation–dislocation interactions and the formation of 

tangled dislocation networks. These interactions impede further dislocation motion and result 

in an increase in the critical resolved shear stress required for continued plastic flow. The 

resulting microstructural state exhibits reduced ductility but significantly improved strength 

and hardness [182]. The extent of deformation strengthening depends on factors such as the 

amount of applied deformation, microstructure, stacking fault energy (SFE), and deformation 

temperature. At low to moderate temperatures, recovery processes are limited, which enables 

higher dislocation retention, whereas higher temperatures promote dynamic recovery (DRV) 

and dynamic recrystallization (DRX), reducing the strengthening effect [1]. The deformation 

process itself can be classified into two principal categories: conventional deformation and 

SPD processing, which are discussed separately in the following sections. 

 

2.2.4.1 Conventional Deformation 

Deformation strengthening via conventional deformation is a widely used metallurgical 

technique for enhancing the mechanical properties of metallic materials and can be applied 
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across a broad temperature range (from cryogenic to high temperatures) and strain rates [183]. 

In metallic materials, the primary mechanism for increasing YS and hardness through plastic 

deformation is the generation, multiplication, and interaction of dislocations within the crystal 

structure, although other mechanisms such as grain refinement, phase transformations, or 

twinning may also contribute depending on the material and deformation conditions [184–186]. 

It is well established that, during plastic deformation, dislocations are generated and glide along 

specific slip planes in response to the applied stress [187]. The accumulation and entanglement 

of these dislocations increases resistance to further dislocation motion, a phenomenon known 

as work hardening or strain hardening. The empirical relationship between true flow stress and 

true plastic strain during uniform plastic deformation in many metals is described by the 

Hollomon equation [188]: 

 

 𝜎 = 𝐾𝜀𝑛 (4) 

 

where σ is the true flow stress, ε is the true plastic strain, K is the strength coefficient, and n is 

the strain hardening exponent [189]. In addition to dislocation interactions, plastic deformation 

initially leads to the formation of subgrains bounded by LAGBs. These subgrains contribute to 

strengthening primarily through dislocation accumulation and subgrain boundary effects, 

rather than classical Hall-Petch-type grain boundary strengthening. With increasing strain and 

ongoing recovery or DRX, many LAGBs progressively rotate and transform into HAGBs, 

resulting in true grain refinement and activation of stronger Hall-Petch-type strengthening. The 

Hall-Petch relationship [190]: 

 

 
𝜎𝑦 = 𝜎0 +

𝑘

√𝑑
 (5) 

 

where σy is the YS, σ0 is a material constant (intrinsic lattice friction stress), k is the Hall-Petch 

constant, and d is the grain size, describes how YS increases with decreasing grain size due to 

a higher density of HAGBs [191]. In some cases, cold deformation such as repetitive cold 

rolling passes induces a very high dislocation density in the material due to intense plastic 

strain. These dislocations interact with each other and with grain boundaries, creating internal 

stress fields that impede further dislocation motion. This strengthening effect is quantified by 

the Taylor relation [192]: 
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 𝜎𝑑 = 𝛼𝑀𝐺𝑏√𝜌 (6) 

 

where σd is the contribution to YS from dislocation strengthening, α is a material-dependent 

constant (typically 0.2–0.5 for metals), M is the Taylor factor, G is the shear modulus, b is the 

Burgers vector, and ρ is the dislocation density [193]. 

For Cu-based alloys, as for many FCC metals, conventional deformation can influence other 

mechanical properties such as toughness [194–196] and fatigue resistance [197–199] 

depending on the deformation conditions and resulting microstructure. It should also be noted 

that, while moderate deformation can lead to a favorable balance between strength and ductility 

(particularly when combined with subsequent thermal treatments such as annealing), excessive 

cold working may reduce the ductility of metals [200]. To put an example, the study of Zhang 

et al. [201] can be mentioned, in which they fabricated a Cu-15Cr-0.2Ti (wt.%) alloy using a 

combination of casting, hot forging, and cold drawing, and investigated the influence of cold 

working degree and aging treatment on the ductility of this alloy. Their results revealed that 

the elongation to fracture decreases significantly with increasing drawing strain. However, 

aging for 1 h at 475 °C enhanced the ductility without compromising strength. In fact, such 

treatments allow controlled recovery and recrystallization, relieving internal stresses while 

preserving the work-hardened microstructure to optimize mechanical performance. 

 

2.2.4.2. Severe Plastic Deformation 

2.2.4.2.1. Common SPD Techniques 

SPD processing is an advanced technique that enhances the mechanical properties of 

metallic materials by inducing extremely large plastic strains with limited changes to the 

overall dimensions of the workpiece, achieving high strength primarily through microstructural 

refinement and dislocation accumulation, although additional mechanisms may also contribute 

depending on the material and processing conditions [202,203]. Strengthening of metals during 

SPD processing is largely governed by grain refinement and dislocation accumulation, 

commonly described by the Hall-Petch relationship and Taylor hardening. However, additional 

mechanisms such as grain boundary-mediated plasticity, twinning, texture effects, and possible 

deviations from Hall-Petch behavior at very small grain sizes can also play significant roles 

depending on the material and processing conditions. Owing to the benefits of SPD processing 

over conventional deformation methods, a noumerous of studies has been dedicated to the SPD 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 19 

 

processing of pure Cu as well as a wide range of  Cu alloys [204–220]. Among the various 

SPD methods, ECAP and high-pressure torsion (HPT) have been the most extensively studied 

for Cu and its alloys. As an example, the study of Mishra et al. [206] can be mentioned, in 

which they investigated the microstructure evolution and mechanical response of commercially 

pure Cu subjected to ECAP under different processing routes. They found that microstructural 

refinement depended on the processing route, with route BC proving to be the most effective. 

The deformation structure evolved from elongated dislocation cells to subgrains and finally to 

equiaxed grains with diameters of approximately 200–500 nm. In addition, the fraction of 

HAGBs increased with the number of passes. In another study, Khatibi et al. [207] investigated 

the influence of purity and process parameters on the fatigue behavior of ultrafine-grained 

(UFG, grain size < 1 µm) Cu produced by HPT. They found that the extremely fine 

microstructure of the HPT specimens and their enhanced tensile strength led to a considerable 

increase in fatigue life for HPT-processed samples, with the improvement attributed to the 

refined microstructure and the resulting high tensile strength. 

Another important SPD method that is widely used on Cu alloys is accumulative roll 

bonding (ARB) [221]. This method is also capable of producing multi-laminated composites 

from Cu and other metals, such as Cu-Ag [222], Cu-Al [223], Cu-Ni [224], Cu-Fe [225], and 

Cu-Nb [226] systems. These multilayered composite structures can simultaneously harness the 

combined benefits of each constituent material [227–229]. As an example, the study by You et 

al. [222] can be mentioned, in which bulk Cu/Ag multilayered composites with high strength, 

excellent electrical conductivity, and outstanding thermal stability were fabricated through a 

process involving repeated cycles of cutting, cleaning, stacking, and roll bonding for up to 15 

passes. In a very recent study, Safahi et al. [230] fabricated a Cu-W composite using the ARB 

method. High-purity Cu sheets were first laser-drilled to create periodic holes, which were then 

filled with W wires to form an ordered reinforcement pattern. The wire-reinforced sheets were 

stacked and subjected to two ARB cycles at RT. This process produced a well-bonded Cu-W 

interface with no detectable porosity. Their resulting composite exhibited a tensile strength of 

328.5 MPa, an increase in hardness from 128.6 HV to 188.3 HV, and maintained a satisfactory 

level of electrical conductivity. In the ARB process, powders can also be applied between the 

sheets, which results in additional benefits that contribute to the improvement of mechanical 

properties [231–233]. A simplified schematic illustration of the ECAP, HPT, and ARB 

processes is presented in Figure 7, while two particularly important SPD methods employed in 
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this study, MaxStrain processing using the Gleeble thermomechanical simulator and KoBo 

extrusion, are described in detail in the following sections. 

 

Figure 7: Simplified schematic illustration of (a) ECAP, (b) HPT, and (c) ARB processes. 

 

2.2.4.2.2 MaxStrain Process 

MaxStrain processing, which is performed using the MaxStrain module of the Gleeble 

thermomechanical simulator, is a notable SPD technique that enables the systematic 

investigation of a wide range of deformation parameters and facilitates the study of 

microstructural evolution under diverse thermomechanical processing conditions [234–237]. 

In simple words, MaxStrain processing involves compressing the central region of a square 

cuboid sample with two opposing anvils with precise control over process variables such as 

force, strike, anvil speed, and temperature [3]. After the initial compression, the sample is 

rotated 90° along its longitudinal axis and compressed again in a perpendicular direction, and 

this process is repeated until the desired level of accumulated strain is achieved [238]. During 

deformation in MaxStrain processing, repeated multi-axial compression of the sample allows 

for the accumulation of the desired total equivalent plastic strain up to the ductility or geometric 

stability limit of the material. In a single compression operation, the magnitude of the 

equivalent plastic strain can range from minimal values up to values as high as 0.6, and the 

simulator can provide the implementation of arbitrary holding times for the sample both before 

and after each deformation. 

Figure 8(a) shows the entire Gleeble thermomechanical simulator used for the experiments 

in the current PhD program, and Figure 8(b) shows the MaxStrain module within it with the 
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various components of the apparatus labeled. During the MaxStrain processing, the sample can 

be either constrained at its two side ends or left to freely expand during the deformation 

(unconstrained) [239]. Consequently, the material flows in the transverse direction when the 

sample is deformed under constrained conditions, whereas it predominantly flows in the 

longitudinal direction under unconstrained conditions. As a result, the length of the constrained 

sample remains approximately unchanged after the deformation, while the length of the 

unconstrained sample increases [239]. As an illustrative example, Figures 8(c) and 8(d) show 

the deformed samples in the constrained and unconstrained modes, respectively, following 

MaxStrain deformation. 

 

Figure 8: (a) The Gleeble thermomechanical simulator; (b) the MaxStrain module; MaxStrain-processed 

samples in (c) constrained and (d) unconstrained conditions. 

 

Nevertheless, like all SPD processes, the MaxStrain process has some limitations that must 

be considered when interpreting results. For instance, the small sample size used in physical 

simulators may not fully represent bulk material behavior due to thermal gradients and grain-

scale volume effects. Boundary effects, specifically interfacial friction between the sample and 

anvils, typically induce non-uniform strain distribution (barrelling). Furthermore, while high 

strain rates and temperatures are attainable, maintaining isothermal and homogeneous 

deformation under extreme conditions remains a challenge. Finally, MaxStrain utilizes discrete 

multi-axial loading that may not fully replicate the continuous shear components found in 

industrial processes like rolling or extrusion. 
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2.2.4.2.3 KoBo Extrusion 

Among SPD methods with potential for large-scale industrial application, extrusion with 

oscillatory reversible rotation of the die, commonly referred to as KoBo extrusion, emerges as 

an efficient technique [240]. This process integrates the primary deformation associated with 

forward extrusion with an additional shear deformation induced by oscillatory die rotation at 

the end of the extrusion container [241–246]. As a result, the material undergoes plastic 

deformation through conventional forward extrusion combined with cyclically varying shear 

deformation arising from changes in the deformation path [247–249]. This method combines 

high extrusion ratios with reduced forming forces, facilitates the processing of hard-to-deform 

alloys at lower temperatures, and induces intensive microstructural refinement, which leads to 

superior mechanical and functional properties [250–252]. Figure 9 presents a simplified 

schematic illustration of the various components of the KoBo extrusion equipment. During the 

KoBo extrusion process, several process variables, such as the punch speed, shape and internal 

diameter of the container and the reversibly rotating die, oscillation frequency, and oscillation 

angle, affect the equivalent strain in the extruded component [245]. Any modification in these 

variables alters the equivalent strain inside the extruded billet, and consequently, affects the 

microstructure and properties of the final product [253]. For these reasons, the KoBo extrusion 

method can be regarded as an effective and reliable approach for practical applications, with 

considerable potential for further development and successful industrialization. 

 

Figure 9: Simplified schematic illustration of various components of the KoBo extrusion equipment. 

 

KoBo extrusion can also be applied to achieve effective consolidation of dispersed metal 

and alloy chips, enabling the production of long products under cold forming conditions 

[240,254,255]. During the process, the combination of high compressive stresses and cyclic 

shear deformation promotes fragmentation of surface oxides and enhances intimate contact 

between chip fragments. This facilitates bonding across their interfaces, resulting in a durable 

metallurgical connection and a consolidated structure that is typically homogeneous. 
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2.2.5. Grain Refinement 

In most polycrystalline metallic materials under typical conditions, grain refinement is 

among the most effective strategies for enhancing mechanical properties (particularly YS) and 

is largely interpreted through the Hall-Petch relationship [256–258]. As noted earlier, the Hall-

Petch principle explains that finer grains increase boundary barriers to dislocation motion and 

result in greater strength and hardness. In metallic materials, grain refinement can be achieved 

through conventional thermomechanical processing, which typically delivers grain sizes in the 

micrometer range, or through advanced SPD techniques, which can produce UFG or 

nanocrystalline (grain size < 100 nm) grain structure, depending on the material as well as the 

processing parameters [259]. 

Beyond strengthening, grain refinement can also influence other material properties, either 

beneficially or adversely. In most conventional polycrystalline metals, grain refinement 

generally improves high-cycle fatigue resistance by increasing strength and delaying crack 

initiation. In contrast, severely deformed UFG and nanocrystalline metals often show limited 

or even reduced fatigue resistance due to restricted cyclic plasticity [197]. Moreover, grain 

refinement typically does not enhance fracture toughness in ductile metallic alloys; in many 

systems it can even reduce it, as the associated strength increase often outweighs the potential 

benefits related to delayed crack initiation or modest crack-path deflection [260]. In certain 

cases, smaller grains may also improve corrosion behavior, depending on the material and 

environment [261]. For instance, Miyamoto et al. [262] reported that when the grain size is 

reduced in UFG Cu, Cu2+ ions dissolved at grain boundaries can easily flow in the close vicinity 

of the surface of grain interiors, interrupting the supply and reduction reaction of O2. This 

process leads to a lower corrosion rate in UFG Cu. 

Nonetheless, UFG or nanocrystalline grains may exhibit reduced thermal stability due to 

their high grain boundary energy and large boundary fraction, which can promote grain growth 

if grain boundary mobility is not effectively suppressed [263–265]. Additionally, fine grains 

may compromise ductility in some ductile metals [266]. Despite these trade-offs, grain 

refinement remains a reliable and widely applied method for tailoring the performance of 

metallic materials across diverse industrial applications. 
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2.3. Electrical Conductivity 

Electrical conductivity (σ) is a fundamental property of materials that quantifies their ability 

to conduct electric current. It is defined as the reciprocal of electrical resistivity (ρ) [4]: 

 

 𝜎 =
1

𝜌
 (7) 

 

where ρ is measured in ohm-meters (Ω.m) and σ in Siemens per meter (S/m). Metals exhibit 

high electrical conductivity due to delocalized electrons in their conduction band that move 

freely under an electric field [267]. In metals, electrical resistivity typically rises with 

increasing temperature due to enhanced electron-phonon scattering [268]. Consequently, 

electrical conductivity decreases with increasing temperature, approximately following the 

inverse of a linear resistivity–temperature relationship at high temperatures [269]. At RT, pure 

Cu is the second most electrically conductive metal after Ag, with its high conductivity arising 

primarily from high electron mobility in a delocalized 4s-derived band crossing the Fermi level, 

and further influenced by hybridization with nearly filled 3d states that shape the Fermi surface 

and scattering behavior [270,271]. It is also noteworthy to mention that although Ag has 

slightly higher conductivity (σ = 63 MS/m [272]), Cu is preferred in industry because it offers 

the best trade-off between conductivity, cost-effectiveness, and ease of fabrication [273]. 

Here, an important consideration regarding the solid solution strengthening of Cu alloys is 

the relationship between the concentration of solute atoms and the heating of the alloy during 

service. The heating of a conductor, such as a Cu wire, is primarily due to Joule heating, 

expressed as [274]: 

 

 𝑄 = 𝐼2𝑅𝑡 (8) 

 

where I is the electrical current, R the electrical resistance, and t the duration of current flow. 

According to this relationship, any increase in resistance results in greater heat generation for 

the same applied current [275]. In solid solution Cu alloys, solute atoms (such as Mg) in the 

Cu lattice scatter conduction electrons, which increases the electrical resistivity of the material. 

Consequently, as the concentration of such solute atoms increases (even within the solubility 

limit), the resistivity of the alloy can rise, which leads to slightly higher heating during service. 

This effect is particularly important in high-performance applications where excessive heat 

generation can negatively impact performance, reliability, or efficiency. Therefore, to 
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minimize heating while still benefiting from solid solution strengthening, it is generally 

preferable to use alloys that have the least detrimental effect on the electrical conductivity 

(Figure 3) and to apply the lowest effective concentration of solute atoms necessary to achieve 

the desired mechanical properties. 

The simultaneous achievement of high strength and favorable electrical conductivity still 

represents a notable challenge in the development of Cu-based alloys [2]. This difficulty arises 

from the intrinsic interplay between mechanical strengthening mechanisms and electron 

transport [26]. Most strengthening approaches, such as solid solution alloying, grain 

refinement, work hardening, and precipitation, introduce crystal defects, such as vacancies, 

solute atoms, dislocations, grain boundaries, and second-phase particles into the crystal lattice, 

which act as scattering centers for conduction electrons [276,277]. The increased frequency of 

electron scattering events directly elevates the electrical resistivity of the alloy or, in other 

words, reduces its conductivity [278–280]. This trade-off is particularly critical in functional 

materials such as Cu alloys, where the simultaneous enhancement of mechanical properties and 

high electrical conductivity is essential for practical applications in areas such as power 

transmission, electronic devices, and advanced functional systems. Consequently, the design 

of next-generation Cu alloys requires strategies that dissociate mechanical strength from 

electron scattering. 

 

2.4. Review of Previous Research on Cu-Mg and Cu-Mg-Ca Alloys 

The fundamental principles discussed in the preceding sections pave the way to the present 

literature review, which systematically overviews the previous studies that were performed 

aiming at improving the mechanical properties of Cu-Mg and Cu-Mg-Ca alloys while 

minimizing the degradation of the electrical conductivity. This literature review provides the 

foundation for discussing the approaches and contributions of the present PhD work. Before 

proceeding with the discussion, it is worth noting that some studies have also investigated the 

synthesis and properties of bulk metallic glasses in the ternary Cu-Mg-Ca system [281–283]. 

As a representative example from previous studies on ameliorating the mechanical 

properties and electrical conductivity of Cu-Mg-Ca alloys, the study of Li et al. [37] can be 

mentioned in which they fabricated an economical Cu-0.29Mg-0.21Ca (wt.%) alloy by non-

vacuum melting and casting, followed by thermomechanical processing. They reported that 

cold deformation significantly refined the initial grain structure into fine grains containing 
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abundant substructures, with an average size of approximately 400 nm. After homogenization 

at 780 °C for 1 h, subsequent cold rolling with an 80% reduction, and annealing at 200 °C for 

1 h, the alloy exhibited outstanding comprehensive properties. Specifically, it achieved a UTS 

of 545 MPa, a YS of 526 MPa, an elongation of 3.6%, and an electrical conductivity of 71.79% 

IACS (Figure 10). The high electrical conductivity was attributed to the addition of Ca, which 

purified the Cu-Mg matrix by reacting with impurity elements while causing minimal electron 

scattering. The high strength was mainly ascribed to the combined effects of dispersion 

strengthening, solid solution strengthening, substructure strengthening, and dislocation 

strengthening, with substructure strengthening playing a dominant role. 

 

Figure 10: (a) Vickers hardness, (b) UTS, and (c) electrical conductivity of Cu-0.29Mg-0.21Ca (wt.%) alloy in 

different states (Adapted with permission [37]. Copyright 2017, Elsevier). 

 

In another study, Ma et al. [42] fabricated Cu-0.43Mg and Cu-0.41Mg-0.06Ca (wt.%) alloys 

by melting and casting (in an air atmosphere), followed by ECAP processing at RT for up to 

12 passes using route BC. They observed that the initially coarse grains were significantly 

refined after 12 ECAP passes, with the average grain size reduced to approximately 0.57 μm. 

At the same time, the coarse Cu5Ca phase was fragmented into particles with sizes of about 1–

3 μm. As shown in Figure 11, after processing, the Cu-Mg-Ca alloy exhibited excellent 

comprehensive properties, including a YS of 619 MPa, an electrical conductivity of 67.86% 

IACS, and an elongation to fracture (EL) of 10.4%. When compared with a Cu-Mg alloy 

processed under the same conditions, the Cu-Mg-Ca alloy showed an increase in YS of 30 MPa 

and an improvement in electrical conductivity of 0.63% IACS, while maintaining nearly the 

same EL. These enhanced properties were attributed to the combined effects of ECAP 

processing and Ca addition. They also observed that Cu-Mg-Ca alloy possessed a higher 

hardness across almost all ECAP passes compared to the Cu-Mg alloy. They reported that the 

ECAP process contributed most significantly to the strength improvement, accounting for more 
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than 80% of the final YS after 12 passes. In addition, Ca addition promoted grain refinement, 

improved work-hardening behavior, and enhanced electrical conductivity. 

 

Figure 11: Hardness, electrical conductivity, YS, and EL for Cu-0.43Mg and Cu-0.41Mg-0.06Ca (wt.%) alloys 

as a function of ECAP passes (Adapted with permission [42]. Copyright 2019, Elsevier). 

 

In a similar investigation, Ma et al. [28] subjected the same ternary Cu-0.41Mg-0.06Ca 

(wt.%) alloy to the ECAP process for up to 12 passes via route BC at RT and measured the 

hardness across the entire transverse planes. After a single ECAP pass, the hardness in the 

central region was found to be 9.4% higher than that in the bottom region (Figure 12). The 

microstructure in the central region consisted of elongated grains, whereas the bottom region 

exhibited slightly distorted grains. In addition, the crystallographic texture in the central region 

followed the ideal ECAP texture orientations, while the texture in the bottom region showed a 

clear deviation from any ideal ECAP texture orientation. With increasing numbers of ECAP 

passes, the differences in hardness and microstructure between the two regions gradually 

diminished, and the deviation of the crystallographic texture in the bottom region progressively 

decreased. After 8 ECAP passes, both regions exhibited identical hardness, similar UFG 

microstructures, and comparable crystallographic textures. The authors attributed the initial 

regional differences to non-uniform strain arising from friction between the sample and the die 

wall rather than from the corner gap, and the gradual weakening of these differences to the 

strain-hardening behavior of the alloy. 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 28 

 

 

Figure 12: Color-coded contour maps illustrating the hardness distribution across the transverse planes of the 

Cu-0.41Mg-0.06Ca (wt.%) alloy: (a) prior to the ECAP process, and after (b) 1, (c) 2, (d) 4, (e) 8, and (f) 12 

ECAP passes (Reproduced with permission [28]. Copyright 2020, Elsevier). 

 

In another noteworthy study, Ma et al. [32] applied ECAP for up to 16 passes to a Cu-0.2Mg 

(wt.%) alloy at temperatures of 200 °C and 400 °C. Their results (Figure 13) showed that 

samples processed at 200 °C consistently exhibited higher microhardness than those deformed 

at 400 °C across all ECAP passes due to more obvious strain hardening and more efficient 

grain refinement at the lower temperature. In contrast, the higher processing temperature 

promoted faster grain recovery and recrystallization, which led to coarser grains and a lower 

hardness increment. However, ECAP conducted at 200 °C led to lower electrical conductivity 

compared to processing at 400 °C, caused by the higher density of grain boundaries (including 

LAGBs) and increased dislocation multiplication that occurred during deformation at the lower 

temperature, which enhanced electron scattering and thereby increased electrical resistivity, 

whereas greater DRV occurred at 400 °C. 
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Figure 13: Variation in (a) microhardness and (b) electrical conductivity of a Cu-0.2Mg (wt.%) alloy at 200 °C 

and 400 °C vs. the number of ECAP passes (Adapted under the terms of CC BY 4.0 license [32]. Copyright 

2014, MDPI). 

 

Regarding the influence of Mg content, the study by Rodríguez-Calvillo et al. [33] provides 

a useful example. They investigated the microstructural evolution and strengthening behavior 

of two Cu-Mg alloys containing 0.2 and 0.5 wt.% Mg, processed by ECAP at RT for up to 16 

passes following route BC. Significant grain refinement was observed after the second ECAP 

pass and continued with increasing passes. After 16 passes, average grain sizes of 

approximately 0.31 μm and 0.24 μm were achieved for the Cu-0.2Mg and Cu-0.5Mg alloys, 

respectively, mainly as a result of continuous DRX (CDRX). The recrystallized fraction 

remained below 30%, and the resulting recrystallized grain sizes were about 0.22 μm for Cu-

0.2Mg and 0.18 μm for Cu-0.5Mg. ECAP processing also led to a marked improvement in 

mechanical properties. After 16 passes, the UTS reached about 570 MPa for the Cu-0.2Mg 

alloy and 750 MPa for the Cu-0.5Mg alloy, and the Cu-0.5Mg alloy consistently exhibited 

better tensile properties compared to the Cu-0.2Mg alloy across all ECAP passes. The 

strengthening was mainly attributed to grain and subgrain refinement and solid solution 

strengthening, with the subgrain structure providing the dominant contribution, while 

deformation was primarily accommodated by dislocation glide rather than twinning. 

Regarding Cu-Mg alloys with high Mg content, a recent study by Strzępek et al. [124] 

provides valuable insight. In their work, cast rods of Cu-Mg alloys containing 2, 2.4, 2.8, 3, 

3.2, 3.6, and 4 wt.% Mg were produced using a continuous casting process. The authors 

reported that solution treatment at 700 °C for 10 h led to the dissolution of Mg-rich phases in 

alloys containing up to 3 wt.% Mg. In contrast, alloys with higher Mg contents retained Mg-

rich phases, which fragmented during subsequent cold upsetting when the materials were in 

the cold-drawn condition. This behavior suggests limited deformability in two-phase Cu-Mg 
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alloys, even after prior solution treatment. Furthermore, after solution treatment, all studied 

Cu-Mg alloys could undergo cold upsetting to a strain of 50% without the formation of cracks. 

Based on these results, the authors concluded that Cu-Mg alloys can be successfully subjected 

to cold deformation after solution treatment or, alternatively, to hot deformation in the as-cast 

state. In a comparable study, Strzępek et al. [120] reported that the above-mentioned Cu-Mg 

alloys in the as-cast state exhibited mechanical properties comparable to or higher than those 

of commercial brass or bronze alloys, while also having lower density and significantly higher 

electrical conductivity. At the end, it should be noted that several other comparable studies 

have also investigated Cu-Mg and Cu-Mg-Ca alloys; however, to maintain conciseness, only 

the most important examples are included in this section. 

 

2.5. Manufacturing Technologies for Cu-Mg-based Alloys 

As mentioned earlier, Cu-Mg alloys are widely used in industry due to their combination of 

good mechanical properties, reasonable electrical conductivity, and corrosion resistance [284]. 

Alloys with up to 0.7 wt.% Mg are commonly produced industrially, while higher Mg contents 

(such as 2.8–3.2 wt.%) are largely experimental and studied to assess their mechanical behavior 

and fatigue strength [285,286]. In this regard, Strzępek et al. [286] have mentioned that the 

manufacturing technology used for wire drawing has a critical influence on the final properties 

of Cu-2.8Mg and Cu-3.2Mg (wt.%) wires. In their study, wires with 2.8–3.2 wt.% Mg were 

produced from 14 mm cast rods down to a final diameter of 3 mm using two different processes: 

a laboratory chain drawbench with a constant low drawing speed of approximately 0.25 m/s 

and an industrial drum-type drawing machine with significantly higher drawing speeds 

reaching up to 2.5 m/s. Both technologies successfully produced 3 mm wires regardless of Mg 

concentration. However, the manufacturing method strongly affected surface quality, defect 

formation, tensile strength, and fatigue performance of the fabricated alloys. Cu-2.8Mg wires 

showed smooth surfaces with both laboratory and industrial drawing processes. In contrast, 

Cu-3.2Mg wires were highly sensitive to the manufacturing technology. Industrially drawn Cu-

3.2Mg wires developed severe delamination and brittle fractures during unwinding due to high 

drawing speeds and direct coiling, while laboratory-drawn ones showed only minor surficial 

damage but remained straight. Cu-2.8Mg wires achieved higher UTS than Cu-3.2Mg wires, 

with industrially drawn Cu-3.2Mg exhibiting the lowest values due to its more developed two-

phase microstructure and process-induced defects. Fatigue testing was possible only on Cu-

2.8Mg wires. Laboratory-drawn Cu-2.8Mg wires showed superior fatigue strength, especially 
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above 100 MPa; below 55 MPa, industrially drawn wires performed better. Laboratory 

fractures typically initiated centrally with parallel beach marks, whereas industrial ones showed 

surface-initiated cracks and larger residual fracture zones due to residual stresses from high-

speed drawing and coiling. Overall, they noted that the manufacturing technology, specifically 

drawing speed, strain rate, coiling method, and equipment type, plays a decisive role in 

determining the formation of surface and internal defects, tensile strength, and fatigue 

resistance of Cu-Mg wires. They concluded that proper control of these technological 

parameters is essential to achieve the required structural integrity and reliable performance 

under cyclic loads. 

 

2.6. Summary of Literature Review 

In the preceding sections, it was demonstrated that Cu has played a pivotal role in 

technological development due to its favorable combination of strength, ductility, and excellent 

electrical and thermal conductivity; however, its relatively low strength can be significantly 

enhanced through alloying. Cu alloys, including brasses and bronzes, as well as specialized 

systems such as Cu-Ni, Cu-Al, and Cu-Be, provide a wide range of mechanical and functional 

properties for diverse engineering applications. Particular attention was given to Cu-Mg alloys, 

which offer a desirable balance between strength and electrical conductivity, especially at Mg 

contents above 0.1 wt.%, where strengthening results primarily from solid solution effects with 

the formation of Cu2Mg precipitates becoming relevant at higher Mg contents. Nevertheless, 

increasing Mg content can lead to reduced conductivity due to enhanced electron scattering. 

Incorporation of Ca in Cu-Mg-Ca alloys further improves strength and thermal stability 

through the formation of Cu5Ca second-phase particles, while maintaining relatively high 

conductivity. It was also highlighted that the mechanical properties of Cu alloys can be tailored 

through established strengthening mechanisms, including solid solution strengthening, 

precipitation strengthening, second-phase hardening, and grain refinement, particularly when 

combined with SPD techniques that promote UFG microstructures. Overall, previous studies 

indicate that careful control of composition and processing routes enables Cu-Mg-based alloys 

to achieve a favorable balance between strength, ductility, and conductivity, although 

simultaneously maximizing these properties remains a key challenge. 

Building upon the identified research gap and the scientific relevance of this topic, and 

following a comprehensive review of the existing literature, three complementary and 

systematically designed approaches were adopted to fulfill the objectives of this PhD program. 
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Two approaches were specifically developed to address limitations in current knowledge and 

to provide new insights into the design of HSHC binary Cu-Mg and ternary Cu-Mg-Ca alloys. 

Particular emphasis is placed on achieving an optimized balance between strength and ductility 

without significantly compromising electrical conductivity. By integrating alloy design with 

advanced processing strategies, and guided by the principles of physical metallurgy and 

microstructural engineering, this work aimed to contribute to a deeper understanding of the 

underlying structure–property relationships in these systems. The third approach aimed at the 

fabrication of a high-performance Cu/Mg composite through careful control of processing 

parameters and composite architecture. Each approach is presented in detail in the subsequent 

sections, together with a comprehensive discussion and interpretation of the corresponding 

results and outcomes. 

 

3. This Investigation 

3.1. Approach 1: Ca Addition, Heat Treatment, and MaxStrain Processing 

This approach focused on enhancing the mechanical properties of a solid solution Cu-0.7Mg 

(wt.%) alloy through the addition of a precisely controlled amount of Ca, the application of 

industrially relevant heat treatments of relatively short duration, and SPD processing using the 

MaxStrain module of the Gleeble thermomechanical simulator. The primary objective of this 

approach was to systematically investigate the synergistic effects of Ca addition, heat 

treatment, and SPD processing on microstructural evolution and the resulting mechanical 

properties and electrical conductivity. Therefore, particular attention was given to identifying 

processing conditions that enable an optimal balance between strength, ductility, and electrical 

conductivity. In order to provide a clear overview of the experimental design and sequence of 

processing steps, the overall workflow adopted in this approach is schematically illustrated in 

the flowchart presented in Figure 14. The following sections present a comprehensive 

description of the experimental procedures, followed by a detailed analysis and discussion of 

the corresponding results and their implications. 
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Figure 14: Schematic representation of the overall workflow employed in Approach 1, presented in a simplified 

flowchart format. 

 

3.1.1. Methodology 

3.1.1.1. Materials Fabrication 

The investigated alloys were produced by melting high-purity Cu, Mg, and Ca elements 

(99.99 wt.%) in a graphite crucible coated with boron nitride (BN) using an induction furnace. 

To prevent oxidation during casting and subsequent heat treatments, a continuous flow of argon 

gas was maintained throughout all steps. The melts were cast into preheated cylindrical steel 

molds with an internal diameter of 43 mm and a length of 200 mm, followed by air cooling to 

RT. The as-cast ingots were then machined to a diameter of 39.5 mm to remove surface defects 

resulting from casting. Subsequently, differential scanning calorimetry (DSC) was performed 

on the as-cast alloys, and based on the obtained results, heat treatments were applied (discussed 

in detail in their relevant sections). Finally, in accordance with the requirements of the 

MaxStrain process, specimens with dimensions of 10 × 10 × 27.2 mm3 were cut from the 

longitudinal direction of the billets. 

 

3.1.1.2. Chemical Composition Analysis 

After casting, the concentrations of the constituent elements in the alloys were determined 

using energy-dispersive X-ray spectroscopy (EDS). The quantitative EDS results for the 

investigated alloys are summarized in Table 4. In order to ensure the accuracy and reliability 

of the compositional measurements, all analyses were performed using the PROZA correction 

method, which compensates for matrix effects related to atomic number, X-ray absorption, and 

fluorescence. In addition, the EDS system was calibrated and validated using certified 

reference standards with high purity, including Cu and Mg (both 99.999 wt.%) standards 

obtained from Astimex Standards Ltd. (catalog no. METM25-44), as well as a Ca reference 
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derived from CaSO4 (catalog no. MINM25-53). The combined use of matrix corrections and 

calibration with certified reference standards significantly minimized systematic errors in 

quantitative EDS analysis and improved measurement precision, consistency, and the 

reliability and reproducibility of the compositional data for the studied alloys. 

Table 4: Elemental quantification by EDS in as-cast binary and ternary alloys. 

Element 
Concentration (wt.%) 

Cu Mg Ca Impurities 

Binary Alloy 99.33 ± 0.05 0.67 ± 0.05 — < 0.01 

Ternary Alloy 99.17 ± 0.05 0.71 ± 0.06 0.12 ± 0.04 < 0.01 

 

3.1.1.3. Differential Scanning Calorimetry 

Given the novelty of the developed alloys and the lack of available data on their thermal 

behavior and phase transformation characteristics during heating and cooling, DSC analysis 

was employed to systematically characterize their thermal transition behavior. This technique 

enables the identification of characteristic thermal events, such as phase transformations and 

melting reactions, and provides insight into the stability and transformation behavior of the 

alloys over the investigated temperature range [287]. For this purpose, rectangular specimens 

with dimensions of 2 × 2 × 8 mm3 were machined from each alloy and subjected to DSC 

analysis to determine their melting and critical phase transformation temperatures. The 

measurements were performed using a Setaram Setsys 16/18 DSC instrument, in which each 

specimen and an empty reference crucible were placed inside a thermoelectric disc furnace. 

The samples were heated linearly to 1200 °C at a rate of 10 °C/min under a constant argon 

atmosphere and subsequently cooled to RT at the same rate. Throughout the thermal cycles, 

temperature and heat flow signals were continuously recorded and analyzed using Setsoft 

software. The resulting DSC thermograms were then used to identify characteristic thermal 

events and determine the critical transition temperatures of the investigated alloys. 

 

3.1.1.4. MaxStrain Processing 

In this approach, the samples were subjected to either 20 or 40 passes of deformation in an 

unconstrained condition, with molybdenum disulfide (MoS2) used as a lubricant at the two side 

ends of the sample holders to enable sample elongation in the longitudinal direction with less 

friction. A thermocouple was also inserted at the side ends of the samples to constantly record 

their temperature throughout the deformation process. However, the average temperature 
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recorded during the deformation process was approximately 32.5 °C, with the highest 

temperature roughly reaching 37 °C. In fact, the high thermal conductivity of the alloys caused 

rapid transfer of the heat generated by each deformation pass to the sample holders and the rest 

of the apparatus and prevented heat accumulation and the subsequent temperature increase 

within the samples. Therefore, considering the fact that the melting point of pure Cu is about 

1085 °C [288], the small temperature variations observed during MaxStrain processing are 

negligible under the specific experimental conditions employed in this study and are not 

expected to influence the deformation behavior of the samples. 

 

3.1.1.5. Microstructural Characterization 

Microstructural characterization was performed on specimens cut using a wire electrical 

discharge machining (WEDM) system equipped with a 0.3 mm brass wire, which ensured high 

dimensional accuracy while minimizing temperature rise and mechanically induced 

deformation as well as residual stresses at the cut surfaces. Samples prepared for optical 

microscopy were subjected to standard metallographic preparation, including successive 

mechanical grinding up to 2000-grit SiC paper, followed by polishing with 3 µm and 1 µm 

alumina suspensions. The polished surfaces were subsequently chemically etched using a 

solution containing 5 g FeCl3, 3 ml HCl, and 97 ml ethanol for 5–10 s to reveal grain structure 

and intermetallic phases. Detailed compositional analysis and fractographic examination were 

carried out using a Hitachi S-3400N scanning electron microscope (SEM) operated at an 

accelerating voltage of 15 keV, which enabled high-quality imaging and compositional 

contrast. Crystallographic characterization was conducted by electron backscatter diffraction 

(EBSD) using a JEOL JSM-7100F SEM equipped with an EDAX EBSD detector and operated 

at an accelerating voltage of 20 kV. EBSD data acquisition and subsequent analysis were 

performed using OIM TSL software. To improve the quality and reliability of the EBSD 

datasets, post-processing procedures included a single iteration of grain dilation clean-up and 

confidence index standardization. These steps reduced the presence of misindexed points and 

improved the reliability and interpretability of crystallographic orientation mapping and grain 

boundary determination. 

 

3.1.1.6. Mechanical Properties Assessment 

The mechanical properties of the investigated alloys were characterized through hardness 

measurements and quasi-static uniaxial tensile testing. Hardness was evaluated using the 
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Vickers method under a load of 1 kg (HV1) with a dwell time of 10 s, employing a Struers 

Duramin A300 hardness tester. Multiple indentations were performed for each condition to 

obtain representative hardness values. Due to the limited size of the severely deformed region 

in the MaxStrain-processed samples, tensile testing was carried out using miniature specimens 

with geometries shown in Figure 15(a). These specimens were precisely cut from the central 

region of the deformation zone, in the transverse direction perpendicular to the pressing 

direction after the 20th (and 40th) pass (Figure 15(b)), to obtain a representative assessment of 

the deformed material. Tensile tests were conducted at RT using an MST QTest/10 universal 

testing machine at an initial strain rate of 10-3 s-1. For each condition, three tensile tests were 

performed to ensure repeatability and reliability of the measured mechanical properties. 

 

Figure 15: (a) Dimensions and (b) spatial location of minisamples used for performing the tensile test. 

 

3.1.1.7. Electrical Conductivity Evaluation 

The electrical conductivity of the samples was determined using the 4-wire Kelvin 

resistance measurement technique, which minimizes the influence of contact and lead 

resistances and is therefore well suited for low-resistance materials. Each specimen, with a 

cross-sectional area of approximately 2 mm2 and a gauge length of 4 mm, was cut along the 

same orientation as the tensile test minisamples to ensure consistent characterization of the 

material. During the tests, a controlled electrical current was supplied through two outer probes, 

and the resulting voltage drop was measured independently using two inner probes, which 

enabled the accurate calculation of the electrical resistivity of the alloys [289]. In addition, the 

current was supplied by a Fluke 5700A calibrator, and the voltage response was recorded using 

a Keithley 2182A nanovoltmeter, providing high measurement sensitivity and stability. 
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Preliminary measurements indicated a slight temperature rise at applied currents above 1 A due 

to Joule heating, as well as a comparable contribution from thermal electromotive forces at 

currents below 200 mA. Based on these observations, a test current of 750 mA was selected to 

balance signal resolution and thermal stability. All measurements were performed at RT, and 

each specimen was measured four times to improve data reliability and assess measurement 

repeatability. A simplified schematic of the 4-wire Kelvin resistance measurement setup is 

shown in Figure 16. 

 

Figure 16: Simplified illustration of the 4-wire Kelvin resistance measurement setup. 

 

3.1.2. Results and Discussion 

3.1.2.1. Characterization of As-Cast Alloys 

Figure 17(a) presents the as-cast macrostructure of the binary Cu-Mg alloy, which exhibits 

a well-defined columnar grain structure characteristic of directional solidification. The 

microstructure consists of a homogeneous single-phase Cu-Mg solid solution, with an average 

grain thickness of 927 ± 129 µm. Such columnar grains typically form under strong thermal 

gradients, where grain growth is oriented along the heat flow direction [290]. In contrast, Figure 

17(b) shows that the addition of Ca to the ternary Cu-Mg-Ca alloy leads to a significant change 

in grain structure. The as-cast macrostructure shifts from the columnar morphology observed 

in the binary alloy to a predominantly equiaxed grain structure, with an average grain diameter 

of 883 ± 93 µm. This transition indicates that Ca promotes the formation of new nucleation 

sites during solidification and reduces the dominance of directional grain growth. As a result, 

Ca enhances heterogeneous nucleation and/or restricts grain growth, leading to a more refined 

and equiaxed structure, suggesting that Ca acts as an effective grain refiner in this alloy system. 

A similar observation was also made by Guo et al. [29], in which they found that adding up to 

0.33 wt.% Cr to a Cu-0.16Mg (wt.%) alloy noticeably refined the as-cast grain structure. 
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Figure 17: Macrostructures of as-cast (a) binary and (b) ternary alloys. 

 

For better clarity, Figure 18 has been included to show the microstructure of the ternary Cu-

Mg-Ca alloy at higher magnification, revealing the presence of primary intermetallic particles 

formed during solidification with an average diameter of 7.1 ± 1.8 µm. These intermetallic 

particles are distributed throughout the microstructure, occurring both along grain boundaries 

and within grain interiors. This distribution indicates that the particles formed during 

solidification are not restricted to a single microstructural region (such as grain boundary 

zones) but instead appear in multiple characteristic locations within the grains, suggesting a 

broadly dispersed second phase in the as-cast condition. 

 

Figure 18: Optical microscopy image of the microstructure of the ternary alloy. 
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Based on the binary Cu-Ca phase diagram shown in Figure 4, the observed second-phase 

particles were expected to correspond to the Cu5Ca intermetallic compound. However, to verify 

this assumption, detailed SEM investigations were carried out, and the corresponding elemental 

mapping results are presented in Figures 19(b) to 19(d). In addition, EDS analyses were 

performed on regions 1 and 2 indicated in Figure 19(a), with the quantitative results shown in 

Figure 20. The elemental mapping results in Figure 19 clearly reveal that Cu (Figure 19(b)) 

and Mg (Figure 19(c)) are homogeneously distributed across the entire microstructure, whereas 

Ca (Figure 19(d)) is predominantly concentrated within the shown second-phase particle. This 

distinct elemental segregation strongly supports the identification of these particles as Cu5Ca 

intermetallic phases. 

 

Figure 19: (a) SEM image of the ternary alloy acquired in backscattered electron (BSE) mode, and the 

corresponding elemental mapping images for (b) Cu, (c) Mg, and (d) Ca elements. 

 

Figure 20(a) shows the EDS spectrum obtained from area 1 marked in Figure 19(a), 

confirming that the matrix phase consists of a solid solution of Mg in Cu. This observation is 

consistent with the nominal chemical composition of the alloy and with the Cu-Mg binary 
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phase diagram presented in Figure 2. In contrast, the EDS spectrum of area 2, shown in Figure 

20(b), reveals that the second-phase particles are primarily composed of Cu and Ca, with a 

measured Cu/Ca atomic ratio of 4.18. This ratio closely approaches the ideal stoichiometric 

value of 5 for the Cu5Ca intermetallic compound. Accordingly, the intermetallic particles 

observed in the ternary alloy can be confidently identified as the Cu5Ca phase. It should be 

noted that the small amount of Mg detected in the EDS spectrum of area 2 can be attributed to 

electron beam penetration beyond the Cu5Ca particles into the underlying Cu-Mg matrix, 

resulting in the detection of trace Mg contributions. 

 

Figure 20: EDS analysis results for (a) area 1 and (b) area 2 marked in Figure 19(a). 

 

3.1.2.2. DSC Analysis 

As mentioned earlier, DSC analysis is often performed to investigate precipitation processes 

in metallic alloys as they are subjected to heating and cooling cycles [291]. In general, 

endothermic peaks observed during heating are commonly associated with precipitate 
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dissolution and melting reactions, whereas exothermic peaks may correspond to precipitation 

or solidification processes. During cooling, exothermic peaks typically indicate heat release 

associated with solidification and the formation of secondary phases [292]. Figure 21(a) 

displays the DSC thermogram of the binary alloy for the heating mode, in which no visible 

peaks were observed during heating except for one endothermic peak at 1094 °C, which 

corresponds to the melting of the alloy. Likewise, in its cooling mode, there is only one distinct 

exothermic peak at 1053 °C that represents the solidification of the alloy (Figure 21(b)). These 

observations are consistent with the microstructural analysis, which revealed that in the binary 

alloy, all Mg atoms were completely dissolved in the Cu matrix without the formation of the 

Cu2Mg intermetallic phase. It must also be noted that the variation in peak temperatures in 

heating and cooling modes is due to the superheating and supercooling, which occurred as a 

result of the constant rate of temperature change during the DSC analysis [293]. 

 

Figure 21: DSC thermograms for the binary alloy in (a) heating and (b) cooling modes. 
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Meanwhile, as shown in Figure 22(a), during heating of the ternary alloy, a small 

endothermic peak was observed at 856 °C prior to the main melting peak at 1078 °C, which 

indicates the occurrence of a distinct endothermic transformation, likely associated with phase 

dissolution or a secondary reaction. Similarly, the DSC cooling curve of the ternary alloy 

(Figure 22(b)) revealed an additional exothermic peak at 799 °C following the primary 

solidification peak at 1044 °C, which suggests the presence of an exothermic transformation, 

possibly related to the formation of secondary phases or precipitation. Taking into account 

these observations, an annealing temperature of 650 °C was selected prior to SPD processing 

to avoid the onset of such thermal transformations and to ensure microstructural stability during 

subsequent processing. 

 

Figure 22: DSC thermograms for the ternary alloy in (a) heating and (b) cooling modes. 
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3.1.2.3. Annealing Processes 

Based on the results obtained from the DSC analysis and microstructural observations, the 

annealing treatments illustrated in Figure 23 were carried out prior to subsequent MaxStrain 

processing. In summary: 

i. Annealing at 650 °C for 90 min followed by water quenching (applied to both binary and 

ternary alloys), followed by 40 passes of MaxStrain processing; 

ii. Annealing at 650 °C for 75 min followed by water quenching (applied only to the ternary 

alloy), followed by 20 passes of MaxStrain processing; 

iii. Annealing at 650 °C for 15 min followed by air cooling (applied only to the ternary alloy), 

followed by 20 passes of MaxStrain processing. 

These annealing routes were designed to homogenize the as-cast microstructure of both binary 

and ternary alloys and to promote a more uniform distribution of Mg atoms within the matrix 

at the atomic scale and reduce chemical segregation and microstructural heterogeneity. 

Moreover, the annealing durations were intentionally kept relatively short to maintain 

industrial applicability and to minimize excessive grain growth. 

 

Figure 23: Thermomechanical processing routes used in Approach 1. 

 

In annealing routes (i) and (ii), quenching was considered to introduce residual thermal 

stresses into the alloys through rapid cooling, particularly in the ternary alloy where the 

difference in the coefficient of thermal expansion (CTE) between the Cu5Ca intermetallic 

particles and the Cu-Mg matrix are capable to generate internal stress fields during rapid 

cooling and contribute to a quench-strengthening effect [294,295]. It is well established that 

Cu possesses a FCC crystal structure, with lattice parameters of a = b = c = 3.615 Å and α = β 

= γ = 90° [296,297], as illustrated in Figure 24(a). Given the relatively low Mg content in both 

alloys (0.7 wt.%), it can be assumed that Mg atoms are predominantly dissolved in the matrix, 

forming a substitutional solid solution by replacing a small fraction of Cu atoms within the 

FCC lattice. As a result, the dominant crystal structure of the matrix remains FCC (although 
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the presence of Mg in solid solution may induce a slight lattice distortion). In contrast, the 

Cu5Ca intermetallic phase exhibits a totally different crystallographic structure. As shown in 

Figure 24(b), the Cu5Ca unit cell is characterized by lattice parameters of a = b = 5.074 Å and 

c = 4.074 Å, with α = β = 90° and γ = 120°, which is consistent with a hexagonal crystal system 

[298]. This mismatch in crystal structures between the single-phase Cu-Mg solid solution 

matrix and the Cu5Ca intermetallic particles leads to differences in their physical properties, 

including their CTE. Therefore, in the case of the ternary alloys, heating to 650 °C caused both 

the Cu-Mg matrix and the Cu5Ca particles to undergo thermal expansion. However, due to their 

different CTE values, the expansion was not uniform, which resulted in an increase in the 

density of dislocations in the Cu-Mg matrix adjacent to the Cu5Ca particles at the onset of the 

annealing process. As the annealing continued, the microstructure gradually approached a new 

stable equilibrium by the end of the soaking period at 650 °C. However, upon quenching the 

alloy to RT, a non-equilibrium thermal contraction occurred. Both the Cu-Mg matrix and the 

Cu5Ca particles experienced rapid shrinkage, generating a new population of dislocations 

around the Cu5Ca particles within the matrix to maintain structural cohesion. This thermally 

induced increase in dislocation density was more pronounced in the ternary alloys compared 

to the binary alloys, which also provided a higher density of other defects, which is expected 

to result in a higher degree of grain refinement during subsequent MaxStrain processing. 

 

Figure 24: Schematic illustrations of the crystal structures of (a) Cu [297], and (b) Cu5Ca [298] unit cells. 

 

In addition, the annealing routes (i) and (ii) were intended to promote partial spheroidization 

of the Cu5Ca particles in the ternary alloy, which was expected to result in improving ductility 

by reducing stress concentration sites during subsequent deformation. Interestingly, a 

noticeable change in particle morphology was observed in the ternary alloys following the 
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mentioned heat treatments, wherein a portion of the irregular Cu5Ca particles present in the as-

cast condition transformed from sharp-edged to more spheroidized shapes. Illustrative 

examples of this morphological evolution are shown in Figures 25 and 26, which present the 

irregular and spheroidized Cu5Ca particles in the ternary alloy before and after the heat 

treatment process using the routes (i) and (ii), respectively. 

 

Figure 25: Optical microscopy microstructures of the ternary alloy (a) before and (b) after application of heat 

treatment process route (i). 

 

 

Figure 26: SEM-BSE microstructures of the ternary alloy (a) before and (b) after application of heat treatment 

process route (ii). 

 

3.1.2.4 MaxStrain Processing 

Figure 27 illustrates the strike pattern as a function of operation time during the MaxStrain 

process in route (i), highlighting a systematic deformation response characterized by 

alternating compression levels between odd and even passes. In simple words, the sample 

exhibited a slight increase in transverse thickness following the initial compression. This can 

be attributed to the plastic flow and constrained deformation, which results in a barreling effect. 
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This transverse expansion increased the effective distance between the anvils during the 

subsequent compression pass and, therefore, reduced the imposed anvil movement compared 

to the preceding pass. This alternating deformation behavior was consistently observed 

throughout the entire processing sequence, which indicates stable material flow conditions and 

a repeatable deformation pattern under the applied MaxStrain processing parameters. The 

presence of the barreling effect made it impractical to accurately calculate the percentage of 

compression applied in each deformation pass. As a result, a simulation of the deformation 

process was considered the most reliable approach for determining the equivalent strain 

distribution within different regions of the deformation zone. Accordingly, the entire 

deformation sequence was simulated, as described in detail in the following section. Based on 

the data obtained from the Gleeble thermomechanical simulator, the positions of the anvils 

relative to the center of the sample were recorded as 2.22 mm and 2.47 mm at the end of the 

39th and 40th deformation passes, respectively. This corresponds to nominal final sample 

thicknesses of 4.44 mm and 4.94 mm at the end of the 40th pass, assuming ideal deformation 

without considering the barreling effect during the final pressing step. However, the 

experimentally measured average thicknesses at the center of the deformation zone after 

completion of the entire deformation process were 4.83 ± 0.06 mm and 4.97 ± 0.05 mm. The 

discrepancy between the nominal and measured values can be attributed to the combined 

effects of transverse barreling and elastic springback. 

 

Figure 27: Strike pattern used for performing the MaxStrain process in route (i). 

 

Likewise, the strike patterns of routes (ii) and (iii) are presented in Figure 28. The 

experimentally measured average thicknesses at the center of the deformation zone after 
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completion of the full deformation process were 5.58 ± 0.14 mm and 5.73 ± 0.07 mm, 

respectively, at the end of the 20th pass. 

 

Figure 28: Strike pattern used for performing the MaxStrain process in routes (ii) and (iii). 

 

3.1.2.5. Simulation of the MaxStrain Process 

As discussed in the previous section, the occurrence of barreling during each deformation 

pass made it impractical to determine the equivalent strain for individual passes, as well as the 

total accumulated strain over the entire deformation process. Therefore, the entire deformation 

process was simulated using FORGE® NxT software (version 3.2). To ensure close agreement 

between the simulation and the experimental conditions, the final anvil height for each 

deformation pass was derived from experimental measurements and used to define the 

corresponding anvil displacement. In the simulation, the anvils were consistently initialized at 

the same position, 8 mm above the surface of the undeformed specimen, to ensure uniform 

starting conditions. The final anvil position at the end of each pass was then adjusted based on 

experimental data obtained from the Gleeble thermomechanical simulator to allow the 

simulation to accurately reflect the imposed deformation in each stage. Figures 29(a) to 29(f) 

display the simulation results for 1/2 of the sample after 40 passes of MaxStrain processing, 

with transverse cutting planes inserted at 1 mm intervals starting from the center of the 

deformation zone to allow for the observation of the distribution of equivalent strain inside the 

deformation zone. As expected, the equivalent strain distribution was non-uniform throughout 

the sample, with higher strain concentrations observed at both the center and the corners of the 

deformation zone. The results further indicated that, as the cutting plane moved away from the 

center of the deformation zone, the location of maximum equivalent strain gradually shifted 

from the center toward the corners of the transverse plane. 
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Figure 29: Distribution of equivalent strain after 40 passes of MaxStrain processing in transverse planes located 

at distances of (a) 0 mm, (b) 1 mm, (c) 2 mm, (d) 3 mm, (e) 4 mm, and (f) 5 mm from the center of the 

deformation zone. 

 

In addition, analysis of the equivalent strain distribution after 40 passes of MaxStrain 

processing, as illustrated in Figures 30(a) and 30(b) for the central longitudinal and central 

transverse planes, revealed a maximum equivalent strain of 5.0 at the center of the deformation 

zone, indicating the region of most intense deformation. In contrast, the minimum equivalent 

strain values, approximately 2.6 and 1.2 in the central longitudinal and transverse planes, 

respectively, were observed at the corners of these planes, reflecting comparatively lower 

levels of deformation toward the outer regions. 
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Figure 30: Calculated values for the equivalent strain in (a) central longitudinal and (b) central transverse 

planes after 40 passes of MaxStrain processing. 

 

Likewise, Figures 31(a) to 31(c) present the simulation results for the primary halves of the 

specimens subjected to 20 passes of MaxStrain processing. Cross-sectional planes taken along 

the principal directions at the specimen center are included to clearly illustrate the internal 

distribution of equivalent strain and to enable direct comparison of strain variations along 

different orientations. 
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Figure 31: Simulation results illustrating the distribution of equivalent strain after 20 passes of MaxStrain 

processing in (a) central transverse, (b) central longitudinal (X–Z), and (c) central longitudinal (X–Y) planes. 
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For this processing condition (20 passes, routes (ii) and (iii)), the maximum equivalent 

strain, approximately 3.5, was observed at the center of the central transverse plane (Figure 

31(a)), which identifies this region as the location of the most intense plastic deformation. The 

strain magnitude gradually decreased with increasing distance from the center toward the edges 

and corners of the plane, which reflect the heterogeneous nature of the deformation imposed 

during processing. A similar trend is evident in the major longitudinal planes shown in Figures 

31(b) and 31(c), where the equivalent strain reaches its highest value at the central region of 

plastic deformation, again with a maximum of about 3.5, and progressively decreases along the 

principal directions away from the center. These results indicate that the most pronounced 

strain-hardening effect is expected to occur in the central region of plastic deformation, where 

the equivalent strain is highest and deformation is most concentrated. Accordingly, all 

microstructural analyses were focused on this region in order to capture the areas most 

significantly affected by MaxStrain processing and to ensure a representative assessment of the 

material’s response under the most severe deformation conditions. For ease of reference, Table 

5 summarizes the processing history and lists the abbreviated names assigned to each sample, 

which are used throughout this work. 

Table 5: Summary of processing history and abbreviated sample names for Approach 1. 

Samples’ names Processing history 

BC Binary alloy, as-cast 

TC Ternary alloy, as-cast 

BC-M40 BC processed by MaxStrain (40 passes, RT) 

TC-M40 TC processed by MaxStrain (40 passes, RT) 

BC-90Q BC annealed at 650 °C for 90 min, water-quenched to RT 

TC-90Q TC annealed at 650 °C for 90 min, water-quenched to RT 

BC-90Q-M40 BC-90Q processed by MaxStrain (40 passes, RT) 

TC-90Q-M40 TC-90Q processed by MaxStrain (40 passes, RT) 

TC-75Q TC annealed at 650 °C for 75 min, water-quenched to RT 

TC-15A TC annealed at 650 °C for 15 min, air-cooled to RT 

TC-75Q-M20 TC-75Q processed by MaxStrain (20 passes, RT) 

TC-15A-M20 TC-15A processed by MaxStrain (20 passes, RT) 

 

3.1.2.6. Microstructure of MaxStrain-Processed Samples 

Figures 32(a) to 32(d) illustrate the inverse pole figure (IPF) maps acquired from the center 

of the central transverse plane at the deformation zone of the samples subjected to 40 passes of 

MaxStrain processing. This plane is oriented perpendicular to the A2 pressing direction shown 
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in Figure 30(b). In these maps, HAGBs are marked by black lines to clearly distinguish grain 

boundaries with misorientation angles greater than 15°. Due to the inherent difficulties in 

reliably indexing intermetallic particles using EBSD, the IPF maps for the TC-M40 and TC-

90Q-M40 samples were intentionally obtained exclusively from the Cu-Mg matrix phase. To 

compensate for this limitation, SEM investigation was employed to separately analyze and 

characterize the Cu5Ca intermetallic particles present in these samples. Based on the 

quantitative data obtained from the EBSD analysis, the average grain sizes were measured to 

be 5.6 µm for the BC-M40 sample and 4.0 µm for the BC-90Q-M40 sample. Interestingly, the 

TC-M40 and TC-90Q-M40 samples exhibited significantly finer microstructures, with average 

grain sizes of 1.8 µm and 1.5 µm, respectively. 

The first notable observation from the IPF mapping results is that the MaxStrain-processed 

ternary samples exhibited a smaller average grain size compared with the corresponding binary 

samples. This grain refinement can be primarily attributed to the presence of Cu5Ca 

intermetallic particles in the microstructure of the ternary alloys, acting through two main 

mechanisms. First, as illustrated in Figure 17, the TC sample already displayed a finer initial 

grain structure compared to the BC sample. Second, these particles served as effective obstacles 

to dislocation motion during deformation, which promoted dislocation accumulation and 

resulted in a higher dislocation density. Since CDRX is associated with the rearrangement of 

deformation-induced dislocations into subgrain boundaries and the progressive increase in their 

misorientation toward HAGBs, the higher dislocation density in the ternary samples increased 

the stored deformation energy and provided a stronger driving force for progressive grain 

subdivision and CDRX [299,300]. However, because the deformation was carried out at RT, 

limited atomic mobility and restricted grain boundary migration constrained the extent of 

CDRX, and complete microstructural transformation through CDRX was not achieved under 

the applied processing conditions. In other words, only partial CDRX occurred during 

MaxStrain processing within the processing conditions used in this approach. This behavior is 

clearly reflected in the IPF maps of the processed samples, which reveal a heterogeneous 

microstructure consisting of a mixture of coarse deformed grains and fine grains generated 

through progressive grain subdivision. The coexistence of these grain populations provides 

strong evidence for the occurrence of partial CDRX induced by MaxStrain processing under 

the applied deformation conditions. 
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Figure 32: IPF maps of (a) BC-M40, (b) BC-90Q-M40, (c) TC-M40, and (d) TC-90Q-M40 samples. 

 

In order to evaluate the fraction of CDRXed grains among samples, grain orientation spread 

(GOS) maps were created using EBSD data. GOS represents the average variation in 

orientation between the average grain orientation and all measurements within a single grain 

[301]. Generally, a higher GOS value indicates a more pronounced lattice distortion and a 

higher dislocation density [302]. Therefore, using a critical GOS value allows for the 

differentiation of CDRXed grains from deformed grains and the calculation of the volume 

fraction of CDRXed grains [303]. In alignment with previous studies [304–306], the minimum 
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threshold of GOS < 2° was considered to distinguish CDRXed grains from deformed grains. 

Figures 33(a) to 33(d) show the GOS maps corresponding to Figures 32(a) to 32(d), with grains 

having GOS values less than 2° represented in red, grains having GOS values equal to or greater 

than 2° shown in blue, and LAGBs outlined by black lines. 

 

Figure 33: GOS maps of (a) BC-M40, (b) BC-90Q-M40, (c) TC-M40, and (d) TC-90Q-M40 samples (grains 

having a GOS value less than 2° are shown in red). 
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Within these GOS maps, regions displayed in red can be classified as CDRXed grains, 

whereas blue regions correspond to deformed grains with higher internal misorientation. 

However, it is important to emphasize that, within the framework of the present study, the use 

of GOS maps alone is not sufficient for a comprehensive evaluation of grain refinement. This 

limitation arises because the samples were subjected to 40 passes of repetitive deformation, 

during which grains that recrystallized at earlier stages were subsequently deformed in later 

passes. As a result, some of the early CDRXed grains accumulated additional distortion and 

therefore appear in the GOS maps with values exceeding the 2° threshold, which led to their 

classification as deformed grains. Despite this limitation, the fraction of grains exhibiting GOS 

values lower than 2° remains a meaningful and useful parameter for comparing the relative 

extent of CDRX among the different samples. A higher proportion of low-GOS grains was 

observed in the ternary samples compared with the binary samples. This observation is 

consistent with the earlier discussion and further supports the beneficial role of Cu5Ca 

intermetallic particles in enhancing dislocation accumulation and facilitating CDRX in the 

ternary alloys during MaxStrain processing. 

The EBSD results also showed that the grain sizes in BC-90Q-M40 and TC-90Q-M40 

samples were comparatively smaller than those in BC-M40 and TC-M40 samples. This 

difference can be attributed to the higher dislocation density within the grains of BC-90Q and 

TC-90Q samples, as well as the residual thermal stresses introduced during quenching, which 

facilitated the grain refinement process through subsequent MaxStrain deformation. In fact, the 

higher dislocation density in BC-90Q and TC-90Q samples enabled more pronounced grain 

refinement during MaxStrain processing by facilitating the formation of dislocation cell 

structures, which subsequently transformed into LAGBs and further evolved into HAGBs 

[307]. The GOS results also showed that the TC-90Q-M40 sample had a greater proportion of 

grains with a GOS value less than 2° compared to the TC-M40 sample, which is consistent 

with the above explanation of the beneficial influence of the prior heat treatment process on 

grain refinement during MaxStrain processing. 

Figure 34 displays the results of the SEM analysis conducted on Cu5Ca intermetallic 

particles within the TC-M40 and TC-90Q-M40 samples. Remarkably, despite undergoing the 

deformation process, the Cu5Ca particles retained their structural integrity. However, upon 

closer inspection, it was observed that some cracks had formed within these particles. Figures 

34(b) and 34(d) show the bird's-eye view of the Cu5Ca particles in the TC-M40 and TC-90Q-
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M40 samples, clearly showing the presence of distinct cracks within these particles, which are 

identifiable by variations in depth. 

 

Figure 34: (a) SEM and (b) bird’s-eye view images TC-M40 sample; (c) SEM and (d) bird’s-eye view images 

TC-90Q-M40 sample. 

 

Figure 35 illustrates the distribution of misorientation angles for the samples subjected to 

40 passes of MaxStrain processing. A comparative analysis shows that the TC-M40 and TC-

90Q-M40 samples contain a higher fraction of HAGBs than the BC-M40 and BC-90Q-M40 

samples. Since HAGBs are commonly associated with more advanced stages of grain 

refinement and recrystallization, this indicates a more pronounced microstructure refinement 

in the ternary alloys. This observation is consistent with the earlier discussion, which attributed 

the enhanced grain refinement in the TC-M40 and TC-90Q-M40 samples to the presence of 

Cu5Ca intermetallic particles. These particles acted as effective obstacles to dislocation motion 

and promoted dislocation accumulation and rearrangement, which in turn facilitated the 

formation of new grain boundaries. In contrast, the BC-M40 and BC-90Q-M40 samples, being 

essentially single-phase, lack such second-phase particles and therefore exhibited 

comparatively less efficient grain subdivision. The higher fraction of HAGBs in the ternary 

alloys thus reflects more extensive grain subdivision and the formation of newly recrystallized 

grains during deformation. On the other hand, both the BC-90Q-M40 and TC-90Q-M40 

samples exhibit a greater HAGB fraction than their non-heat-treated counterparts (BC-M40 

and TC-M40). This suggests that the prior heat treatment contributed to a more favorable initial 

microstructure, which enhanced the effectiveness of subsequent MaxStrain processing. These 

results highlight the combined influence of alloy composition and pre-processing heat 

treatment on the development of refined microstructures, emphasizing their role in promoting 

the formation of HAGBs and, consequently, improved structural homogeneity. 
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Figure 35: Distribution of misorientation angles (a) BC-M40, (b) BC-90Q-M40, (c) TC-M40, and (d) TC-90Q-

M40 samples. 

 

Now, building on the comparative results obtained for the binary and ternary alloys, the 

focus shifts to examining the influence of different processing conditions within the ternary 

alloy system. Given that the ternary alloy demonstrates a more pronounced microstructural 

response to thermomechanical processing, it has been deliberately selected for this comparative 

investigation. Figures 36(a) and 36(b) present the IPF maps obtained from EBSD data for the 

central transverse plane of the plastic deformation region in the TC-15A-M20 and TC-75Q-

M20 specimens, respectively. To maintain consistency with previous analyses and facilitate a 

direct crystallographic comparison, the longitudinal direction is oriented perpendicular to the 

A2 direction (the pressing direction during even passes), and HAGBs are denoted by black 

lines. Given the limitations of EBSD in resolving second-phase particles, indexing was 

restricted to the Cu-Mg matrix; consequently, SEM analysis was utilized to characterize the 

morphology and distribution of Cu5Ca intermetallic particles. The results demonstrate 

significant grain refinement with increasing deformation: the average grain size decreased from 
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2.2 µm in the TC-15A-M20 specimen to 1.6 µm in the TC-75Q-M20 specimen. In particular, 

the EBSD results demonstrated that annealing at 650 °C for 75 min followed by quenching in 

agitated water prior to MaxStrain processing (route (ii)) resulted in a greater degree of grain 

refinement in the deformed specimen than annealing at the same temperature for 15 min 

followed by air cooling before MaxStrain processing (route (iii)). The IPF maps also reveal a 

heterogeneous microstructure comprising coarse elongated grains and fine equiaxed grains in 

both samples, which suggests the occurrence of partial CDRX during MaxStrain processing. 

However, as the deformation was performed at RT (which is also below the temperature 

typically required for DRX in Cu alloys [308,309]), limited atomic mobility and restricted grain 

boundary migration constrained the extent of CDRX and prevented complete microstructural 

transformation under the applied processing conditions. 

 

Figure 36: IPF maps of the TC-15A-M20 and TC-75Q-M20 samples. 

 

The more pronounced grain refinement observed in the TC-75Q-M20 specimen relative to 

the TC-15A-M20 specimen is further evidenced by the GOS maps obtained from the EBSD 

data. Consistent with the methodology adopted in the previous analyses, a critical GOS 

threshold of 2° was used to differentiate recrystallized grains from deformed grains. Figures 

37(a) and 37(b) show the GOS maps of the TC-15A-M20 and TC-75Q-M20 specimens, 
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respectively, corresponding to the same regions presented in Figures 36(a) and 36(b). In these 

maps, grains with GOS values below 2° are highlighted in red, whereas grains with GOS values 

equal to or greater than 2° are outlined in blue, and LAGBs are marked by black lines. 

Accordingly, the red regions represent recrystallized grains, while the blue regions correspond 

to deformed grains. A comparison of the two specimens indicates that the TC-75Q-M20 sample 

contained a higher fraction of grains with GOS values below 2° than the TC-15A-M20 

specimen. This finding suggests that annealing for 75 min followed by quenching was more 

effective in promoting the occurrence of CDRX during the subsequent MaxStrain deformation 

than annealing for 15 min followed by air cooling. It should, however, be emphasized that GOS 

measurements alone were not sufficient for a comprehensive assessment of grain refinement 

in the present study. Owing to the 20 cycles of repetitive deformation, grains that had 

recrystallized during the earlier stages of processing may have undergone subsequent 

deformation, leading to GOS values greater than 2°. Nevertheless, the fraction of grains with 

GOS values below 2° remained a reliable parameter for the comparative evaluation of the 

extent of recrystallization between the specimens. 

 

Figure 37: GOS maps of the TC-15A-M20 and TC-75Q-M20 samples. 
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Figure 38 presents the distribution of misorientation angles measured in the TC-15A-M20 

and TC-75Q-M20 samples. As anticipated, comparison of these distributions reveals a higher 

fraction of HAGBs in the TC-75Q-M20 specimen than in the TC-15A-M20 specimen. This 

finding is consistent with the earlier discussion and indicates that annealing for 75 min followed 

by quenching in agitated water promotes more pronounced grain refinement after MaxStrain 

processing, compared with annealing for 15 min followed by air cooling. Furthermore, this 

trend is in full agreement with the observations reported for samples subjected to 40 passes of 

MaxStrain processing, which confirm the reproducibility of the effect across different 

deformation conditions. 

 

Figure 38: Distribution pattern of misorientation angles (a) TC-15A-M20, and (b) TC-75Q-M20 specimens. 

 

As expected, it was also observed that the Cu5Ca particles remained largely undeformed 

after 20 passes of MaxStrain deformation, which highlights their mechanical stability under the 

performed deformation conditions. However, some of these particles developed cracks as a 

result of the deformation, as indicated by the arrows in Figures 39(a) and 39(b) for the Cu5Ca 

particles in the TC-15A-M20 and TC-75Q-M20 specimens, respectively. 
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Figure 39: SEM-BSE images of Cu5Ca intermetallic particles in (a) TC-15A-M20, and (b) TC-75Q-M20 

specimens. 

 

3.1.2.7. Mechanical Properties 

The hardness test results revealed that the BC and BC-90Q samples exhibited average 

hardness values of 60 ± 2 HV and 69 ± 3 HV, respectively. Similarly, the TC and TC-90Q 

samples demonstrated average hardness values of 80 ± 4 HV and 82 ± 8 HV, respectively. 

These results indicate that the TC sample achieved an average hardness approximately 33% 

higher than that of the BC sample. This notable increase can be attributed to the presence of 

uniformly dispersed Cu5Ca intermetallic particles within the microstructure of the TC sample. 

Owing to their inherently higher hardness compared with the Cu-Mg solid solution matrix, 

these intermetallic particles effectively impede plastic deformation and thereby enhance the 

overall hardness of the alloy. In addition, the results show that the heat treatment process led 

to a further increase in average hardness for both alloy systems. Specifically, the binary alloy 

exhibited an increase of approximately 15%, while the ternary alloy showed a more modest 

increase of about 2%. The relatively smaller hardness improvement in the ternary alloy may be 

associated with the presence of pre-existing strengthening phases prior to heat treatment. The 

increased hardness observed in the heat-treated samples can be primarily attributed to a higher 

dislocation density generated during quenching, as well as the development of residual thermal 

stresses within the material, which, together, contributed to enhanced hardness. Likewise, the 

TC-15A and TC-75Q specimens exhibited mean hardness values of 78 ± 4 HV and 81 ± 4 HV, 

respectively, which indicate that annealing at 650 °C for 75 min followed by quenching in 

agitated water resulted in an ~4% increase in mean hardness compared with annealing for 15 

min followed by air cooling. 
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For the MaxStrain-processed samples, it was not practical to determine a single 

representative average hardness value due to the pronounced strain inhomogeneity observed 

across the samples, as illustrated in Figures 29 to 31. To account for this variation, hardness 

measurements were systematically performed along the primary A1 and A2 directions marked 

in in Figures 30 and 31. The indentations were made in the central transverse plane of the 

samples at regular intervals of 0.45 mm to allow for a detailed assessment of the spatial 

variation in hardness. The hardness values obtained from these measurements are presented in 

Figure 40. It can be seen that the hardness distribution in all MaxStrain-processed samples 

generally resembled the equivalent strain distribution predicted by the simulations, irrespective 

of the number of passes or the alloy composition. This agreement suggests that the simulated 

model reasonably captured the spatial variation of plastic deformation during processing. 

Specifically, the highest hardness values were consistently observed at the center of the 

deformation zone, whereas comparatively lower values were recorded in the intermediate, 

edge, and corner regions of the samples. This behavior can be primarily attributed to the higher 

equivalent strain experienced in the central region, which promoted a more pronounced strain-

hardening effect. In fact, the intensified plastic deformation in the center of the deformation 

zone increased dislocation density and enhanced dislocation interactions, restricted their 

mobility, and contributed to higher local hardness. In contrast, the lower strain levels in the 

middle, edge, and corner regions resulted in less pronounced microstructural refinement and, 

consequently, comparatively lower hardness. 

Another noteworthy observation that warrants explanation is that in the ternary alloy 

samples the presence of Cu5Ca intermetallic particles locally influenced the hardness 

distribution due to the inherent microstructural heterogeneity of the material. Since these 

intermetallic particles act as obstacles to dislocation motion and contribute to strengthening 

through particle-matrix interactions (such as load transfer and constrained plastic deformation), 

they affected the local mechanical response during indentation. As a result, indentations that 

interacted with or included these intermetallic phases exhibited locally elevated hardness 

values compared to the surrounding matrix. This effect can be explicitly seen in Figure 40(d) 

in hardness measurements in the A2 direction. 
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Figure 40: Hardness measurement results for (a) BC-M40, (b) BC-90Q-M40, (c) TC-M40, (d) TC-90Q-M40, 

(e) TC-15A-M20, and (f) TC-75Q-M20 samples. 

 

The tensile test results for samples subjected to 40 passes of MaxStrain processing are 

presented in Figure 41. It must be mentioned that due to the small dimensions of the 

miniaturized specimens used in these tests, the use of an extensometer for direct displacement 

measurement was not feasible. Instead, the lengths of the fractured specimen segments (later 

illustrated in Figure 43) were measured individually and then summed to obtain the total 
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change in length (ΔL). This value was subsequently divided by the initial gauge length (2.5 

mm) to determine the standard engineering strain (ΔL/L0), which is reported as the EL value 

for each sample. 

An initial assessment of the tensile test data indicates that the TC sample exhibited YS and 

UTS values that were both approximately 13% higher than those of the BC sample. However, 

this increase in strength was accompanied by a reduction in ductility, with the EL of the TC 

sample being about 15% lower. A similar trend was observed for the heat-treated samples, 

where the TC-90Q sample demonstrated an 11% increase in YS and a 15% increase in UTS 

compared to the BC-90Q sample, while its EL was reduced by approximately 13%. The 

observed enhancement in strength for the ternary alloy samples can be primarily attributed to 

the presence of insoluble Cu5Ca intermetallic particles within the microstructure. These 

particles remained stable and largely undistorted during deformation and served as effective 

barriers to dislocation motion. By interrupting the continuous glide of dislocations within the 

Cu-Mg matrix, the intermetallic particles increased the resistance to plastic deformation. As a 

result, a higher applied stress was required to deform the ternary alloys, which led to the 

observed increase in strength relative to the corresponding binary samples. Chen et al. [310] 

also observed a comparable effect in an as-cast Cu-0.32La (wt.%) alloy. In their TEM analysis 

of the tensile specimens, they identified a large amount of dislocation lines surrounding the 

intermetallic Cu6La particles, along with substantial dislocation pile-ups in the matrix. They 

explicitly reported that these Cu6La intermetallic particles effectively inhibited the motion of 

dislocations, acting through second-phase (dispersion) strengthening. 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 65 

 

 

Figure 41: Tensile test data obtained for samples subjected to 40 passes of MaxStrain processing and their 

corresponding initial counterparts. 

 

Tensile test results also show that the heat treatment process also slightly enhanced the YS, 

UTS, and EL of both binary and ternary alloys, with a more pronounced effect observed in the 

ternary alloy. The increased YS and UTS were the result of the presence of residual thermal 

stresses and the higher dislocation density within the alloys, which were induced by the 

annealing and quenching process. Specifically, in the case of the TC-90Q sample, attention 

should also be given to the difference in the CTE values of the Cu-Mg matrix and Cu5Ca 

intermetallic particles. Upon heating the TC sample up to 650 °C, both the Cu-Mg matrix and 

Cu5Ca particles experienced volume expansion. Due to the difference in CTE values of the 
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matrix and Cu5Ca particles, the dislocation density increased in the vicinity of Cu5Ca particles 

at the beginning of the annealing process, and after 90 min, it reached a new equilibrium state. 

However, upon quenching the alloy to RT, in which both the Cu-Mg matrix and Cu5Ca particles 

underwent thermal shrinkage, a non-equilibrium volume change occurred, which resulted in 

the generation of new dislocations in the vicinity of Cu5Ca particles in the TC-90Q sample to 

maintain the integrity of the alloy. This higher dislocation density in the TC-90Q sample 

resulted in its better mechanical properties compared to the TC sample. 

Notably, the increase in EL of the BC-90Q sample attained by the heat treatment process 

can be attributed to the homogenization of the as-cast microstructure that took place through 

the annealing treatment, which resulted in a more homogeneous distribution of Mg atoms 

inside the Cu-Mg matrix and improved the ductility. In the case of the TC-90Q sample, the 

increase in EL could also be attributed to the partial spheroidization of Cu5Ca particles that was 

shown in Figure 25. Although spheroidization remained partial due to the relatively short 

annealing time, it still provided satisfactory results by reducing stress concentration sites at the 

edges of these particles during deformation. To be more specific, the sharp edges of the Cu5Ca 

particles in the TC sample served as stress concentration points during deformation, promoting 

crack formation and reducing the ductility of the material. However, this issue was solved in 

the TC-90Q sample via the annealing process, which partially transferred the irregular-shaped 

Cu5Ca particles into more spherical-shaped ones, and resulted in a more uniform stress 

distribution around these particles during the tensile test, which showed its effect on the better 

EL of the material. 

After MaxStrain processing, the YS of the BC, BC-90Q, TC, and TC-90Q samples increased 

significantly by 239%, 265%, 233%, and 265%, respectively. Similarly, the UTS exhibited 

substantial improvements of 92%, 94%, 82%, and 96% for the same samples. This behavior is 

characteristic of deformation-induced strengthening in metallic materials and has been 

extensively documented in both pure Cu as well as Cu-based alloys [311–314]. During the 

MaxStrain process, repeated deformation generated a high density of dislocations within the 

severely deformed grains, which led to pronounced dislocation hardening. In addition, the 

process promoted grain refinement through the occurrence of partial CDRX, which increased 

the fraction of HAGBs. The higher grain boundary density effectively impeded dislocation 

motion and enhanced resistance to plastic deformation and, consequently, contributed to the 

overall strengthening of the alloys. However, MaxStrain processing also leads to a reduction 

in EL, with decreases of 59%, 46%, 47%, and 49% observed in the BC-M40, BC-90Q-M40, 
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TC-M40, and TC-90Q-M40 samples compared to their pre-MaxStrain counterparts, 

respectively. 

The tensile test results for the samples subjected to 20 passes of MaxStrain processing, 

together with their initial counterparts, are presented in Figure 42. For the initial condition, the 

TC-75Q specimen exhibited a 5% higher YS, a 4% higher UTS, and a 6% greater EL compared 

with the TC-15A specimen. The improvements in strength are attributed to the higher 

dislocation density and the presence of residual thermal stresses in the TC-75Q material relative 

to TC-15A. In addition, the slightly higher ductility of TC-75Q is associated with its more 

homogeneous microstructure and the reduced morphological irregularity of the Cu5Ca 

particles. In particular, the irregularly shaped Cu5Ca particles in TC-15A acted as stress 

concentration sites during deformation and promoted earlier crack initiation. In contrast, the 

partially spheroidized particles in TC-75Q facilitated a more uniform stress distribution under 

tensile loading and resulted in a modest increase in EL. Same as previous observations, a 

pronounced enhancement in tensile properties was observed for both materials following 

MaxStrain processing. Compared with their initial states, the TC-15A-M20 and TC-75Q-M20 

specimens exhibited increases in YS of 229% and 232% and in UTS of 86% and 91%, 

respectively. 

Nevertheless, these improvements were achieved at the cost of reductions in elongation of 

48% for TC-15A-M20 and 44% for TC-75Q-M20. The substantial strengthening can be linked 

to the processing-induced microstructural evolution. During MaxStrain processing, severe 

cyclic deformation introduced a high density of dislocations, particularly in regions adjacent to 

Cu5Ca intermetallic particles. Concurrently, CDRX promoted grain refinement and 

transformed the initially coarse grains into a finer structure and increased the fraction of 

HAGBs. The combined effects of dislocation accumulation and grain boundary strengthening 

effectively impeded dislocation motion and, consequently, led to a significant increase in 

strength. 
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Figure 42: Tensile test data obtained for samples subjected to 20 passes of MaxStrain processing and their 

corresponding initial counterparts. 

 

3.1.2.8. Fractography 

Figures 43(a) and 43(e) respectively show the broken pieces of the BC-M40 sample and its 

corresponding fracture surface. This sample exhibited a moderate level of EL of 12.8%, which 

is a typical EL value observed in SPD processed Cu alloys [15]. Figures 43(b) and 43(f) 

respectively show the broken pieces and the fracture surface of the BC-90Q-M40 sample. 

Notably, the BC-90Q-M40 sample exhibited a better EL value of 18.0%, which can be 

attributed to the homogenization of the initial as-cast microstructure, achieved through the 

annealing process. The presence of larger and deeper dimples on the fracture surface of the 

BC-90Q-M40 sample relative to the BC-M40 sample indicates its enhanced elongation 

compared to the BC-M40 sample [315]. 
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Figure 43: Broken pieces of (a) BC-M40, (b) BC-90Q-M40, (c) TC-M40, and (d) TC-90Q-M40 samples; 

fracture surfaces of (e) BC-M40, (f) BC-90Q-M40, (g) TC-M40, and (h) TC-90Q-M40 samples. 
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Likewise, both TC-M40 and TC-90Q-M40 samples displayed intermediate values of 14.0% 

and 14.8%, respectively, which are comparable to previously reported EL values in SPD 

processed Cu-Mg-Ca alloys [42]. Similar to the binary samples, the presence of some deeper 

dimples on the fracture surface of the TC-90Q-M40 sample indicates its better elongation 

compared to the TC-M40 sample. Here, an important observation is the presence of nearly 

undeformed Cu5Ca intermetallic particles within dimples in both the TC-M40 and TC-90Q-

M40 samples, as evident in Figures 43(g) and 43(h). This observation aligns with the SEM 

findings regarding the Cu5Ca intermetallic particles (Figure 39), which showed that these 

particles remained undeformed after undergoing the MaxStrain processing, but some cracks 

were formed within them. 

The broken fragments and the fracture surface of the TC-15A-M20 specimen are 

respectively shown in Figures 44(a) and 44(c). This specimen demonstrated a moderate level 

of elongation to failure of 15.6%, which is in the usual range of the typical elongation value 

recorded for SPD processed Cu-Mg alloys [33,42,316]. Likewise, Figures 44(b) and 44(d) 

respectively present the broken pieces together with the fracture surface of the TC-75Q-M20 

specimen, which exhibited a slightly better elongation value of 17.6%, which is attributable to 

the relatively better homogenization of the initial as-cast microstructure accomplished through 

a longer annealing process compared to the TC-15A-M20 specimen. The heterogeneous dimple 

morphology observed on the fracture surfaces of both specimens is consistent with their 

microstructural heterogeneity and is characteristic of a ductile fracture mode governed by 

microvoid nucleation, growth, and coalescence. Larger dimples are often associated with 

regions containing coarser microstructural features and more pronounced localized plastic 

deformation, whereas smaller dimples are typically observed in finer, recrystallized regions 

that deform more uniformly. Furthermore, nearly undeformed but partially fragmented Cu5Ca 

intermetallic particles are present within dimples across the fracture surfaces. These particles 

likely served as preferential sites for void nucleation during deformation, either through particle 

fracture or particle-matrix decohesion and, consequently, contributed to the development of the 

characteristic dimpled fracture morphology. 
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Figure 44: The fractured pieces of (a) TC-15A-M20, and (b) TC-75Q-M20 specimens; fracture surface of (c) 

TC-15A-M20, and (d) TC-75Q-M20 specimens. 

 

3.1.2.9. Electrical Conductivity 

The electrical conductivity results for samples that were exposed to 40 passes of MaxStrain 

process are presented in Figure 45. The results show that the BC sample exhibited a 

conductivity of 39.1 ± 2.4 MS/m (67.4% IACS), which decreased to 37.5 ± 2.7 MS/m (64.7% 

IACS) after heat treatment. In contrast, the TC sample demonstrated an electrical conductivity 

of 33.9 ± 2.3 MS/m (58.4% IACS), which remained unchanged after heat treatment (33.9 ± 2.4 

MS/m), suggesting a stable electrical response to the heat treatment. The fact that all 

investigated alloys displayed significantly lower electrical conductivity than pure Cu comes 

from the detrimental influence of Mg-induced solid solution strengthening on electron transport 

due to increased lattice distortion and electron scattering. On the other hand, a clear distinction 

can be observed between the electrical conductivity values in binary and ternary alloys. The 

TC and TC-90Q samples exhibited electrical conductivities approximately 13% and 10% 

lower, respectively, than those of the BC and BC-90Q samples, which clearly highlights the 

adverse effect of Ca addition on the electrical conductivity. In fact, this reduction can be 
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attributed to the presence of Cu5Ca intermetallic particles, which act as additional electron-

scattering centers and disrupt the continuity of the conductive Cu-Mg matrix. Consequently, 

the combined effects of solute atoms and intermetallic phases impeded the free movement of 

electrons and led to a further decrease in electrical conductivity in the ternary samples 

compared to the binary samples. The approximately 4% reduction in electrical conductivity 

observed for the BC sample after heat treatment can be primarily attributed to the higher 

dislocation density in the BC-90Q sample compared with the BC condition. In contrast, for the 

ternary alloy, the effect of heat treatment on electrical conductivity was relatively minor when 

compared with the pronounced detrimental influence of Cu5Ca intermetallic particles. This 

finding indicates that, in Cu-Mg-Ca alloys, microstructural features associated with 

intermetallic phases play a more dominant role in governing electrical conductivity than heat-

treatment-induced changes in defect density. Consequently, annealing these alloys at 

temperatures below the dissolution threshold of the dissolution of intermetallic phases, 

followed by quenching, may represent an effective approach to improving mechanical 

properties while largely preserving electrical conductivity. 

After MaxStrain processing, the electrical conductivity values were measured as 37.6 ± 2.6 

MS/m (64.8% IACS) for the BC-M40 sample, 34.5 ± 2.4 MS/m (59.5% IACS) for the BC-

90Q-M40 sample, 33.5 ± 2.1 MS/m (57.8% IACS) for the TC-M40 sample, and 33.2 ± 2.2 

MS/m (57.2% IACS) for the TC-90Q-M40 sample. These values represent reductions of 

approximately 4%, 8%, 1%, and 2%, respectively, relative to their corresponding initial 

conditions. The observed decrease in electrical conductivity can be primarily attributed to 

microstructural changes induced by the MaxStrain process. In particular, MaxStrain processing 

led to a higher fraction of HAGBs and introduced a substantial density of lattice defects, 

including dislocations and point defects. These microstructural features acted as effective 

electron-scattering centers and impeded electron transport within the Cu-Mg matrix. As a 

result, the increased scattering of conducting electrons led to a measurable reduction in 

electrical conductivity [317]. However, it can also be seen that this reduction in electrical 

conductivity was considerably less pronounced than the detrimental effect associated with Mg-

induced solid solution strengthening. Moreover, the conductivity decrease resulting from 

MaxStrain processing was smaller in the ternary alloys than in the binary alloys, which indicate 

that the presence of Cu5Ca intermetallic particles in the ternary systems exerts a more 

significant adverse influence on electrical conductivity than the MaxStrain processing itself. 
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Figure 45: Electrical conductivity values for the binary and ternary samples (a) before and (b) after the 

exposure to 40 passes of MaxStrain processing. 

 

Regarding the samples exposed to 20 passes of MaxStrain processing, according to the 

values recorded as the electrical conductivity of the specimens represented in Figure 46, the 

TC-15A specimen possessed a conductivity of 33.9 ± 2.6 MS/m (58.4% IACS), the same as 

the value for the TC-75Q specimen (33.9 ± 2.1 MS/m). As discussed above, the fact that the 

conductivities of both the TC-15A and TC-75Q specimens are 41.6% lower compared to 

annealed pure Cu (58 MS/m [21]) is the result of the Mg-induced solid solution as well as the 

presence of Cu5Ca intermetallic particles in their microstructure. Moreover, the identical 

electrical conductivity values for the TC-15A and TC-75Q specimens indicate that in this case, 

the electrical conductivity was independent of both annealing duration and cooling rate. The 

results also show that the application of MaxStrain processing has led to an approximately 1% 

reduction in the conductivities of the specimens, as evidenced by the conductivity value of the 

TC-15A-M20 specimen measured 33.6 ± 1.9 MS/m (57.9% IACS), and the TC-75Q-M20 

specimen recorded 33.5 ± 2.2 MS/m (57.8% IACS). Same as the discussion above, this can be 

attributed to the introduction of a higher percentage of HAGBs and crystallographic defects, 

including point defects and dislocations, within both the TC-15A-M20 and TC-75Q-M20 

specimens during the MaxStrain processing, which contributed to a more pronounced electron 

scattering within these specimens and their lower electrical conductivity [318]. 
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Figure 46: Measured electrical conductivity values of the samples prior to and following exposure to 20 passes 

of MaxStrain processing. 

 

Figure 47 presents the UTS vs. electrical conductivity values for the samples fabricated and 

investigated in this approach. The chart also indicates the minimum threshold values of UTS 

and electrical conductivity, as proposed by Yang et al. [15] required for the classification of 

HSHC Cu alloys. Based on the obtained results, although the initial samples do not satisfy these 

criteria, all MaxStrain-processed samples (both 20-pass and 40-pass conditions) exceed the 

proposed thresholds and can therefore be considered to meet the criteria for HSHC Cu alloys. 

This outcome indicates the effectiveness of MaxStrain processing in enhancing the mechanical 

strength of the alloys while maintaining electrical conductivity within the specified limits. 

Moreover, the combined improvement in strength and conductivity suggests the potential of 

MaxStrain processing as a viable approach for developing Cu-based alloys with a favorable 

balance of mechanical and functional properties. 

Nevertheless, it is important to emphasize that, while MaxStrain processing represents a 

powerful research tool for systematically investigating the influence of a wide range of 

processing parameters on the microstructure, mechanical behavior, and physical properties of 

metallic materials, its current application is largely limited to experimental studies and research 

purposes rather than industrial implementation. In laboratory settings, this technique is 

particularly valuable because it allows precise control over deformation conditions and enables 

detailed investigation of how processing history affects material response. More specifically, 

previous studies have used MaxStrain processing across a wide range of metals and alloys to 

better understand key underlying mechanisms such as grain refinement, recrystallization 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 75 

 

behavior, dislocation generation and evolution, and defect interactions [319–327]. These 

mechanisms play a key role in determining the final properties of metallic materials. As a result, 

the method enables researchers to establish fundamental structure-property relationships that 

are often difficult to isolate or study using conventional metal forming techniques. 

However, from an industrial perspective, the practical implementation of MaxStrain 

processing has not been noticably reported. In fact, its inherently time-intensive nature, 

discontinuous processing sequence, and limitations in sample size introduce significant 

challenges for large-scale production, where high throughput, process reproducibility, and 

scalability are critical requirements. These constraints make direct industrial translation 

difficult under current conditions. Consequently, it can be concluded that while the MaxStrain 

process offers significant advantages for scientific exploration and alloy development at the 

laboratory scale, bridging the gap between laboratory research and industrial application will 

likely require the development of adapted or hybrid processing strategies. Such approaches 

would need to preserve the beneficial microstructural effects observed in experimental studies 

while simultaneously meeting the efficiency, cost, and scale demands of industrial 

manufacturing. 

 

Figure 47: UTS versus electrical conductivity values for the investigated samples in Approach 1. 
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3.1.3. Conclusions of Approach 1 

In summary, this approach investigated the effects of Ca addition, heat treatment, and SPD 

processing using the MaxStrain module of the Gleeble thermomechanical simulator on the 

microstructural features, mechanical properties, and electrical conductivity of Cu-0.7Mg 

(wt.%) alloy. Based on the obtained results, the following conclusions can be drawn: 

1.1. The addition of 0.1 wt.% Ca to the Cu-0.7Mg (wt.%) solid solution led to the formation of 

Cu5Ca intermetallic particles, which were uniformly distributed both along the grain 

boundaries as well as inside the grains. The presence of these particles promoted a 

transformation of the as-cast columnar macrostructure into a predominantly equiaxed grain 

structure. 

1.2. The TC sample exhibited a 33% increase in hardness, a 13% increase in YS, and a 13% 

increase in UTS compared to the BC sample, which was attributed to the strengthening 

effect of the Cu5Ca intermetallic particles present within its microstructure. However, it 

possessed a 15% reduced EL and a 13% decreased electrical conductivity relative to the 

BC sample, which highlights the trade-off between enhanced mechanical strength and 

diminished ductility and conductivity. 

1.3. A heat treatment consisting of annealing at 650 °C for 90 min followed by water quenching 

resulted in a slight increase in both YS and UTS for both BC and TC samples, which was 

attributed to the combined effects of thermally induced residual stresses and an increased 

dislocation density within their resulting microstructures. In addition, the EL value of both 

samples showed a modest improvement, mainly due to the homogenization of the as-cast 

microstructure and, in the case of the TC sample, partial spheroidization of the Cu5Ca 

intermetallic particles. However, this heat treatment led to a 4% decrease in the electrical 

conductivity of the BC sample, which indicates the trade-off between mechanical 

strengthening and electrical performance. 

1.4. Annealing at 650 °C for 75 min followed by quenching in agitated water promoted a more 

homogeneous distribution of Mg atoms within the single-phase Cu-Mg matrix, induced 

partial spheroidization of Cu5Ca intermetallic particles, and generated residual thermal 

stresses. In comparison with the sample annealed at 650 °C for 15 min and then air-cooled, 

these combined effects resulted in increases of approximately 4% in hardness, 5% in YS, 

4% in UTS, and 6% in elongation. 

1.5. The simulation results revealed a non-uniform distribution of equivalent strain inside the 

samples after MaxStrain processing. This strain gradient directly influenced the hardness 
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profile, with the maximum hardness achieved at the center, where the equivalent strain 

was highest, and gradually decreasing toward the edges. 

1.6. Following MaxStrain processing, the ternary samples exhibited finer grain structures with 

a higher fraction of HAGBs compared to the binary samples. This refinement was 

attributed to the presence of Cu5Ca intermetallic particles within their microstructure, 

which effectively promoted CDRX and consequently increased the proportion of CDRXed 

grains. Furthermore, in both binary and ternary alloys subjected to 40 passes of MaxStrain 

processing, a smaller grain size was achieved in their heat-treated states compared to their 

as-cast condition, which was ascribed to the presence of residual thermal stresses as well 

as a higher dislocation density in the heat-treated samples, which facilitated further grain 

subdivision during MaxStrain processing. 

1.7. 20 passes of MaxStrain processing also led to a substantial enhancement in YS, with the 

TC-15A-M20 and TC-75Q-M20 specimens exhibiting increases of 229% and 232%, 

respectively, relative to their non-deformed counterparts (TC-15A and TC-75Q). UTS was 

also remarkably improved, increasing by 86% for TC-15A-M20 and 91% for TC-75Q-

M20. However, these strength gains were accompanied by a reduction in ductility, as 

evidenced by decreases in elongation of 48% for TC-15A-M20 and 44% for TC-75Q-M20. 

1.8. The electrical conductivity of the ternary samples was consistently lower than that of their 

binary counterparts in all processing conditions. Furthermore, the MaxStrain-processed 

samples exhibited a slight reduction in electrical conductivity relative to their initial 

conditions, which was attributed to the increased fraction of HAGBs and the elevated 

density of defects. Nevertheless, all MaxStrain-processed samples, whether subjected to 

either 20 or 40 deformation passes, retained conductivity values exceeding the minimum 

threshold required for classification as HSHC Cu alloys. 
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3.2. Approach 2: Combination of Different Deformation Methods 

By adopting a different strategy from the previous approach, which involved the 

incorporation of intermetallic particles into the microstructure, the present approach focused 

on enhancing the mechanical properties of a single-phase Cu-Mg solid solution through the 

integration of conventional deformation techniques, such as forward extrusion, with SPD 

methods including KoBo extrusion and MaxStrain processing. Therefore, no additional 

alloying elements were introduced into the Cu-Mg system to ensure that any observed changes 

in properties can be attributed exclusively to the applied deformation processes. A detailed 

account of the experimental procedures, along with the corresponding results and discussion, 

is presented in the following sections. To clearly outline the experimental design and the 

sequence of processing steps, the overall workflow employed in this approach is schematically 

presented in the flowchart shown in Figure 48. 

 

Figure 48: Simplified flowchart illustrating the overall workflow adopted in Approach 2. 

 

3.2.1. Methodology 

3.2.1.1. Material Fabrication 

The Cu-Mg alloy was fabricated according to the procedure described in Section 3.1.1.1. 

After casting, the as-cast ingots were subjected to homogenization annealing at 650 °C for 90 

min to reduce chemical and microstructural heterogeneities formed during solidification and 

were then air-cooled to RT. Billets with a length of 100 mm were subsequently cut from the 

ingots along the longitudinal direction and were then machined to a diameter of 39.5 mm to 

remove residual surface defects, such as oxide layers and casting irregularities, and to ensure 

compliance with the dimensional requirements for the subsequent extrusion process. 

 

3.2.1.2. Extrusion Processes 

Taking into account the fact that the billets initially expanded to completely fill the extrusion 

container before the onset of the extrusion process, the cross-sectional area was reduced from 
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an initial circular cross section with a diameter of 40 mm (~1257 mm2) to a final square cross 

section with a side length of 10 mm (100 mm2). Therefore, the nominal extrusion ratio (𝑅 =

𝐴0 𝐴𝑒⁄ ) for both forward extrusion and KoBo extrusion was ~12.6 based on the configuration 

used for this study. Owing to the oscillatory motion of the reversibly rotating die, which reduces 

the required extrusion force [328], the KoBo extrusion could be successfully performed at RT. 

The punch speed was set to 0.5 mm/s, and the reversibly oscillating die was ordered to rotate 

at a frequency of 6 Hz with an oscillation amplitude of ±8°. Extrusion was carried out using a 

hydraulic press with a maximum capacity of 1.5 MN. To minimize friction between the billets 

and the extrusion container, MoS2 was applied as a lubricant. For the forward extrusion process, 

the billets were preheated to 400 °C to enhance material flow and facilitate deformation during 

extrusion. 

 

3.2.1.3. MaxStrain Processing 

Following the performed preparation and extrusion steps, samples in the annealed, forward-

extruded, and KoBo-extruded conditions were each subjected to 40 passes of MaxStrain 

processing at room temperature. The processing was carried out under the same conditions 

described in Section 3.1.2.4, following the identical pattern illustrated in Figure 27. Table 6 

summarizes the processing history and lists the abbreviated names assigned to each sample, 

which are used throughout the remainder of this work. 

Table 6: Processing history and abbreviated sample names for specimens in Approach 2. 

Sample name Processing history 

Annealed As-cast alloy → Annealed at 650 °C for 90 min → Air cooled to RT 

AM Annealed sample → MaxStrain processed for 40 passes at RT 

FM Annealed sample → Forward extruded at 400 °C → MaxStrain processed for 40 passes at RT 

KM Annealed sample → KoBo extruded at RT → MaxStrain processed for 40 passes at RT 

 

All methodological procedures, including the simulation parameters, SEM analysis, 

mechanical properties assessment, and electrical conductivity evaluation, were conducted in 

accordance with the methods described in Section 3.1.1. As previously noted, multiple repeated 

measurements were performed for all experimental tests to improve statistical reliability and 

to minimize experimental uncertainty. 
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3.2.2. Results and Discussion 

3.2.2.1. Calculation of Equivalent Strain 

3.2.2.1.1. Extrusion Processes 

The simulation results for the forward extrusion and KoBo extrusion processes are presented 

in Figures 49 and 50, respectively. As shown in Figures 49(a) and 50(a), the distribution of 

equivalent strain within the initial segments of the extruded billets is non-uniform in both 

processes. This indicates that, at the early stage of deformation, the material flow had not yet 

stabilized, which led to local variations in strain. Due to this inhomogeneity and the associated 

transient deformation effects, these regions were excluded from further analysis, and only the 

steady-state portions of the extruded billets were considered for the rest of investigations. It 

was also evident that, despite the use of the same extrusion ratio in both processes, different 

levels and distributions of equivalent strain developed within the extruded billets. This 

difference was attributed to the distinct deformation mechanisms inherent to forward extrusion 

and KoBo extrusion, as well as differences in their processing temperatures, which influenced 

material flow behavior and strain accumulation during deformation. Figures 49(b) and 50(b), 

which correspond to the steady-state regions of the extruded billets, showed that the maximum 

equivalent strain in the forward-extruded sample occurred at the edges and corners, where 

frictional constraints and material flow resistance are typically the highest. In contrast, for the 

KoBo-extruded billet, the highest strain was mainly concentrated at the corners, although 

elevated strain levels were also observed near the outer regions. Notably, the equivalent strain 

values at the edges and corners of the KoBo-extruded billet were higher than those observed in 

the forward-extruded counterpart. This behavior was explained by the additional plastic 

deformation introduced by the oscillatory motion of the reversibly rotating die in the KoBo 

extrusion process. This motion generated a superimposed torsional (shear) component on the 

primary compressive deformation, which enhanced material flow, promoted more intense 

plastic straining, and ultimately led to greater strain accumulation in the processed material. 

In addition, the simulation results indicate that the equivalent strain at the center of the 

forward-extruded billet reached a value of 2.3, which is approximately 10% higher than the 

corresponding value of 2.1 obtained at the center of the KoBo-extruded billet. This difference 

can be attributed to the combined effects of deformation temperature and the distinct 

deformation characteristics of the two processes. As noted, all simulations were performed 

under conditions closely replicating the actual deformation processes, including the respective 

processing temperatures and associated material flow conditions. Specifically, the relatively 
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higher deformation temperature used in the forward extrusion process (400 °C) reduced the 

flow stress of the material and, as a consequence, facilitated plastic deformation, which 

promoted more effective strain accumulation in the central region of the billet. In contrast, the 

lower effective deformation temperature associated with the KoBo extrusion process, together 

with its different deformation mode, resulted in comparatively lower strain development at the 

billet center. As a result, a higher equivalent strain was obtained in the central region of the 

forward-extruded billet compared with that of the KoBo-extruded billet. 

 

Figure 49: Distribution of equivalent strain in (a) the initial product and (b) the steady-state region of the 

forward-extruded billet. 
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Figure 50: Distribution of equivalent strain in (a) the initial product and (b) the steady-state region of the KoBo-

extruded billet. 

 

These simulations represent the first stage of the overall modeling procedure. The steady-

state regions of the extruded billets shown in Figures 49(b) and 50(b) were extracted and used 

as input data for the simulation of the MaxStrain process, and the results are subsequently 

discussed. 
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3.2.2.1.2. MaxStrain Processing 

Figures 51, 52, and 53, respectively, present the simulation results for one half of the AM, 

FM, and KM samples. In each case, a central transverse cutting plane was introduced through 

the middle of the deformation zone perpendicular to the longitudinal direction of the samples 

to enable a detailed examination of the equivalent strain distribution within the core region. 

The simulation results demonstrated that the initial non-uniformity in equivalent strain 

distribution within the extruded billets resulted in a fundamentally different equivalent strain 

gradient following the MaxStrain processing. For the AM sample, a maximum equivalent strain 

of 5.0 was attained at the center of the deformation zone, while the minimum equivalent strain, 

with a value of 1.6, was observed near the corner of the central transverse plane, as shown in 

Figure 51. Furthermore, it is also important to note that the nature of the MaxStrain process, 

which imposes a high amount of plastic deformation sequentially in two mutually 

perpendicular directions, led to variations in the calculated equivalent strain along adjacent 

edges of the samples. This behavior reflects the complex strain path and non-uniform 

deformation imposed during MaxStrain processing, which contributed to the development of 

localized strain gradients across the cross section. 

 

Figure 51: Distribution of equivalent strain in the central transverse cutting plane of the AM sample. 

 

The distribution of equivalent strain within the central transverse plane of the FM sample 

exhibited a pattern similar to that observed in the AM sample. As illustrated in Figure 52, the 
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maximum equivalent strain was 7.5 at the center of the plane, intermediate values of 6.6 and 

6.2 were observed along the edges, and the minimum value of 4.9 occurred at the corner. This 

distribution indicated a pronounced strain concentration in the central region, accompanied by 

a gradual reduction toward the edges and corners, which reflects the influence of the imposed 

deformation path during processing. 

 

Figure 52: Distribution of equivalent strain in the central transverse cutting plane of the FM sample. 

 

In the meantime, the KM sample exhibited a distinctly different distribution of equivalent 

strain compared to the FM and AM samples. As shown in Figure 50, in the initial KoBo-

extruded billet, the regions near the corners and edges already displayed relatively high 

equivalent strain, which further increased via MaxStrain processing. As a result, the central 

transverse plane of the KM sample reached a maximum equivalent strain of 9.4 at the corner, 

while the minimum equivalent strain of 5.6 was observed at a location approximately midway 

between the center and the corner, as shown in Figure 53. The equivalent strain at the center of 

the plane was calculated to be 7.8, and the strains along the edges were 8.0 and 9.0, 

respectively. This pronounced heterogeneity in strain emphasizes the strong influence of the 

initial deformation state on the final strain distribution. These results highlight the critical role 

of processing history in determining the ultimate equivalent strain achieved in the samples. 

Specifically, the different initial strain distributions in the forward-extruded billets (Figure 49) 

and KoBo-extruded billets (Figure 50) led to fundamentally distinct strain patterns following 
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MaxStrain processing. In other words, the FM sample (Figure 52) and the KM sample (Figure 

53) display significantly different equivalent strain distributions, because the initial distribution 

of equivalent strain strongly governs the evolution of strain during subsequent deformation. 

 

Figure 53: Distribution of equivalent strain in the central transverse cutting plane of the KM sample. 

 

3.2.2.2. Post-Deformation Microstructures 

The IPF maps obtained from the center of the central transverse plane within the 

deformation zone of the MaxStrain-processed samples are presented in Figure 54. The image 

length direction is perpendicular to the pressing direction of the 40th pass, and HAGBs are 

highlighted by black lines within the images. Based on quantitative EBSD analysis, the average 

grain size at the center of the central transverse plane was determined to be approximately 5.8 

µm for the AM sample, 1.4 µm for the FM sample, and 2.0 µm for the KM sample. During 

deformation in both extrusion routes and during MaxStrain processing, CDRX is suggested to 

be the dominant mechanism governing grain refinement. For the AM sample (Figure 54(a)), 

the microstructure exhibits a heterogeneous grain morphology characterized by the coexistence 

of coarse and elongated grains as well as fine and equiaxed grains, which is indicative of partial 

CDRX. In fact, since MaxStrain processing was performed at RT, limited atomic mobility and 

restricted grain boundary migration constrained the extent of CDRX and prevented complete 

microstructural transformation under the applied processing conditions. 
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Figure 54: IPF maps showing the microstructures of (a) AM, (b) FM, and (c) KM samples. 

 

In the case of the FM sample, since the forward extrusion was carried out at 400 °C (which 

corresponds to approximately 0.5 Tm of the alloy) prior to the MaxStrain processing, this 

relatively high pre-deformation temperature provided sufficient thermal activation to facilitate 

a greater extent of partial DRX during the forward extrusion itself, which provided a more 

favorable initial microstructure for subsequent MaxStrain deformation at RT, resulting in a 

higher final extent of CDRX. As a result, a higher fraction of fine equiaxed grains can be 

observed in the FM sample compared to the AM sample, as clearly shown in Figure 54(b). This 

microstructural refinement is further reflected in the EBSD quantitative analysis, which 

revealed that the average grain size of the FM sample is approximately 76% smaller than that 

of the AM sample. 

In the meantime, although the calculated equivalent strain at the center of the central 

transverse plane of the KM sample was about 4% higher than that of the FM sample, EBSD 

results indicated that the KM sample possessed an average grain size approximately 43% larger 

than that of the FM sample, as seen in Figures 54(b) and 54(c). The presence of coarser grains 

in the KM sample, despite its slightly higher imposed strain, suggests a more pronounced 

influence of deformation temperature relative to strain magnitude in governing the extent of 

CDRX and grain refinement. Meanwhile, compared with the AM sample, the KM sample still 

demonstrated significant grain refinement, with an average grain size reduction of 

approximately 66%. The kernel average misorientation (KAM) maps for the AM, FM, and KM 

samples are presented in Figure 55. The AM sample, which experienced a limited extent of 

CDRX, is characterized by a higher fraction of LAGBs, which is indicative of a deformation-
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dominated microstructure with a high density of subgrain boundaries. In contrast, the FM and 

KM samples exhibited lower LAGB fractions, which is consistent with a higher extent of 

CDRX, where progressive subgrain rotation and increasing misorientation lead to the 

transformation of LAGBs into HAGBs. 

 

Figure 55: KAM maps of (a) AM, (b) FM, and (c) KM samples. 

 

Figure 56 presents the misorientation angle distributions of the AM, FM, and KM samples. 

It can be seen that the FM and KM samples show a higher fraction of HAGBs compared with 

the AM sample, which is consistent with the trends observed in the IPF and KAM analyses. 

This increase in HAGBs can be attributed to the development of finer grain structures, as grain 

refinement generally promotes the formation of a larger number of grain boundaries with 

higher misorientation angles due to progressive subgrain rotation and boundary evolution. In 

addition, the higher HAGB fractions in the FM and KM samples suggest a greater extent of 

recrystallization compared with the AM sample. This interpretation aligns well with the IPF 

maps, which indicated a lower proportion of recrystallized grains in the AM condition 

compared to the FM and KM samples. Overall, the misorientation angle distributions provide 

strong support for the microstructural changes observed in the IPF and KAM results and 

indicate that a more advanced recrystallization process occurred in the FM and KM samples, 

which contributed to their refined grain structures. 
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Figure 56: Distribution of misorientation angles in (a) AM, (b) FM, and (c) KM samples. 
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3.2.2.3. Mechanical Properties 

The hardness test results demonstrated that the annealed alloy exhibited a relatively uniform 

average hardness of 59 ± 2 HV, which reflects its homogeneous microstructural condition after 

annealing. For the MaxStrain-processed samples, a single representative average hardness 

value was not appropriate due to significant strain inhomogeneity; therefore, hardness was 

evaluated through a series of indentations performed at regular 0.45 mm intervals along the A1 

and A2 directions within the central transverse plane, as shown in Figures 50 to 53, to capture 

the spatial variation in hardness. As expected, the observed hardness distribution within the 

MaxStrain-processed samples closely followed the equivalent strain distribution predicted by 

the simulation, which indicates a strong correlation between local strain accumulation and 

hardness. 

For the AM sample, the highest hardness was measured at the central location, with a value 

of 138.3 HV, which was higher than those recorded in the middle and edge regions (Figure 

57(a)). Similar to the preceding discussion in Section 3.1.2.7, this variation in hardness can be 

attributed to the higher equivalent strain concentrated at the center of the sample, which results 

in a more pronounced strain-hardening response in this region. Similarly, the FM sample 

exhibited its maximum hardness at the center of the central transverse plane, reaching 163.7 

HV (Figure 57(b)). From this central position, the hardness values showed a gradual and 

consistent decrease toward the edge regions, which indicates a clear hardness gradient across 

the section. In the case of the KM sample, the maximum hardness was also observed at the 

center, with a value of 159.7 HV. However, unlike the AM and FM samples, the edge region 

of the central transverse plane in the KM sample displayed relatively higher hardness than the 

middle regions located between the center and the edge (Figure 57(c)). The KM sample also 

demonstrated improved hardness uniformity across its cross section compared to the FM and 

AM samples, which reflect a more homogeneous strain-hardening distribution within the center 

of the deformation zone within this sample. In a comparable study, Mou et al. [329] observed 

a similar correlation between equivalent strain and hardness. In their study, simulation results 

indicated that the surface region of H62 brass subjected to multi-cycle constrained groove 

pressing (CGP) exhibited a higher equivalent strain than the interior, which led to higher 

surface hardness compared to the interior. 
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Figure 57: The hardness profiles for (a) AM, (b) FM, and (c) KM samples. 
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The tensile test results obtained for the investigated samples are presented in Figure 58. Due 

to the small dimensions of the minisamples used in the tensile tests, it was not feasible to 

employ an extensometer for direct displacement measurement during loading. Therefore, 

following the procedure described in Section 3.1.2.7, the EL value for each sample was 

determined by individually measuring the lengths of the fractured tensile specimens (Figure 

59) to ensure reliable and consistent results. The annealed alloy exhibited a YS of 119 ± 11 

MPa, an UTS of 232 ± 15 MPa, and an EL of 33.5 ± 1.6, which are similar to the values reported 

in the literature for non-deformed Cu-Mg alloys [30,33]. 

The tensile test results for the AM sample demonstrated that MaxStrain processing resulted 

in a substantial enhancement of the mechanical strength of the annealed alloy. Specifically, the 

YS and UTS increased by approximately 251% and 95%, respectively, compared to the 

annealed condition. The pronounced improvement in YS can be primarily attributed to the 

significant grain refinement achieved during processing. According to the Hall-Petch 

relationship [330], a reduction in grain size increases the resistance to dislocation motion and 

leads to a higher YS. In addition to grain refinement, the increased dislocation density 

introduced during MaxStrain processing likely also contributed to the observed strengthening. 

Likewise, the increase in UTS can be attributed to the combined effects of grain refinement, 

strain hardening, and the elevated dislocation density introduced during processing, which 

enhance the resistance to plastic deformation. However, the EL of the AM sample was reduced 

by approximately 32% compared to that of the annealed alloy. This reduction in ductility is 

associated with the increased density of crystal defects, such as dislocations and subgrain 

boundaries, which limit dislocation mobility and reduce the material’s ability to accommodate 

uniform plastic deformation [331]. This is also consistent with the observation that the AM 

sample, which exhibited the lowest fraction of recrystallized grains, showed the lowest 

elongation. In contrast, the FM and KM samples, which exhibited a higher fraction of 

recrystallized grains and correspondingly lower dislocation densities, showed slightly higher 

elongation values. 

In general, the tensile test results demonstrated that performing an extrusion step on the 

annealed alloy prior to MaxStrain processing, whether by forward extrusion or KoBo extrusion, 

led to a significant additional improvement in the mechanical properties. Specifically, the FM 

sample exhibited YS and UTS values that were 288% and 121% higher, respectively, than 

those of the annealed alloy. The KM sample showed an even greater enhancement, with YS 

and UTS values increased by 360% and 169%, respectively, relative to the annealed condition. 
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This pronounced strengthening can be attributed to the combined effects of extrusion and 

subsequent MaxStrain deformation. In particular, the prior extrusion step is suggested to have 

promoted a higher extent of recrystallization during MaxStrain processing and resulted in a 

finer grain structure (as shown in Figure 54). Moreover, the pre-deformation imposed by 

extrusion likely increased the dislocation density and, consequently, enhanced the strain-

hardening response during MaxStrain processing. The combined contribution of increased 

recrystallization, refined grain size, and strain hardening accounts for the superior YS and UTS 

observed in the FM and KM samples and demonstrates the effectiveness of combining 

extrusion with MaxStrain deformation in strengthening Cu-Mg alloys. 

 

Figure 58: Data obtained from the tensile test results for all investigated samples in this approach. 

 

3.2.2.4. Fractography 

The fractured specimens and the corresponding fracture surface of the AM sample are 

presented in Figures 59(a) and 59(d), respectively. The fracture surface exhibits typical ductile 

fracture features, characterized predominantly by the presence of dimples formed through 

microvoid nucleation, growth, and coalescence, typical for metallic materials [332]. Similarly, 

the fracture surfaces of the FM and KM samples, shown in Figures 59(e) and 59(f), also display 

ductile fracture behavior with well-defined dimple structures. Notably, all samples exhibited 

fracture surfaces with a heterogeneous dimple morphology. In these surfaces, larger dimples 

were associated with coarse-grained regions, whereas smaller dimples corresponded to fine-

grained zones. Consistent with the EBSD results presented in Figure 54, the FM and KM 

samples, characterized by a higher fraction of fine recrystallized grains, exhibited a greater 
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proportion of fine-sized dimples on their fracture surfaces. This observation further supports 

the strong correlation between grain refinement, microstructural homogeneity, and ductile 

fracture behavior. 

 

Figure 59: Broken pieces and the corresponding fracture surfaces of (a,d) AM, (b,e) FM, (c,f) KM samples. 

 

3.2.2.5. Electrical conductivity 

The measured electrical conductivity values of the investigated samples are presented in 

Figure 60. It can be seen that the annealed alloy exhibited an electrical conductivity of 39.2 ± 
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2.5 MS/m, corresponding to 67.6% IACS, which is 32.4% lower than that of pure Cu. This 

reduction reflects the effect of Mg addition in solid solution, as solute atoms act as scattering 

centers for conduction electrons and thereby decrease electrical conductivity. Following 

MaxStrain processing, the electrical conductivity further decreased to 37.9 ± 2.3 MS/m (65.3% 

IACS) for the AM sample. This additional reduction can be attributed to the increased density 

of defects, such as dislocations and grain boundaries, introduced during severe plastic 

deformation, which enhance electron scattering [35,333]. 

The FM and KM samples exhibited even lower electrical conductivity compared to the AM 

sample. In particular, the FM sample showed an electrical conductivity of 35.6 ± 3.0 MS/m 

(61.4% IACS), while the KM sample exhibited a further reduced value of 32.0 ± 3.0 MS/m 

(55.2% IACS). Relative to the annealed alloy, the electrical conductivity decreased by 

approximately 3%, 9%, and 18% for the AM, FM, and KM samples, respectively. These results 

indicate the negative effect of deformation-induced microstructural refinement on electrical 

conductivity. The progressive reduction in conductivity can be attributed to the increasing 

density of crystal defects introduced during processing. In particular, the higher fraction of 

recrystallized grains in the FM and KM samples resulted in a greater proportion of HAGBs (as 

evidenced in Figure 56). Since grain boundaries act as scattering sites for conduction electrons 

[334], their increased density likely contributed to the lower electrical conductivity in the FM 

and KM samples compared to the AM sample. 

Nevertheless, it should be mentioned that the adverse effect of deformation-induced 

microstructural refinement on electrical conductivity was less pronounced than the effect 

associated with Mg in solid solution. Despite the additional electron scattering introduced by 

deformation-related defects, solid solution effects remained the dominant factor governing the 

overall reduction in electrical conductivity. Notably, the KM sample, which experienced the 

highest equivalent strain during the deformation processes, exhibited the lowest electrical 

conductivity among all investigated conditions. In contrast, the AM sample, characterized by 

the lowest equivalent strain, showed the highest electrical conductivity among the processed 

samples. This trend further indicates a correlation between accumulated strain, defect density, 

and electrical conductivity in the studied alloy system.  



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 95 

 

 

Figure 60: Measured electrical conductivity values for the investigated samples in this approach. 

 

In conclusion, as illustrated in Figure 61, which presents the relationship between UTS and 

electrical conductivity for all samples produced via Approaches 1 and 2, it can be seen that all 

MaxStrain-processed samples consistently exhibit electrical conductivities exceeding 50% 

IACS and UTS values above 300 MPa. Therefore, based on the definition proposed by Yang 

et al. [15], all of the MaxStrain processed samples in these approaches can be classified as 

HSHC Cu alloys regardless of their processing history. 

 

Figure 61: UTS versus electrical conductivity values for all samples studied in Approaches 1 and 2. 
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3.2.3. Conclusions of Approach 2 

In summary, the effects of forward extrusion at 400 °C and KoBo extrusion at RT, followed 

by additional deformation via the MaxStrain module of the Gleeble thermomechanical 

simulator, on the microstructural features, mechanical properties, and electrical conductivity 

of a Cu-0.7Mg (wt.%) alloy were investigated in this approach. Based on the obtained results, 

the following conclusions can be drawn: 

2.1. The deformation simulations demonstrated that the processing history played a critical role 

in determining the magnitude and spatial distribution of equivalent strain within the 

deformed samples. The results revealed that the initially distinct equivalent strain 

distributions introduced by forward extrusion and KoBo extrusion led to completely 

different equivalent strain patterns after MaxStrain processing. 

2.2. Following MaxStrain processing, the initially coarse-grained microstructure of the 

annealed alloy was transformed into a heterogeneous grain structure comprising both 

coarse elongated grains and fine equiaxed grains, resulting from the occurrence of partial 

CDRX. The fraction of recrystallized grains was noticeably higher in the FM and KM 

samples, which had undergone forward extrusion and KoBo extrusion, respectively, prior 

to MaxStrain processing. Furthermore, EBSD analysis revealed that the FM and KM 

samples exhibited a higher fraction of HAGBs compared to the AM sample, which was 

subjected solely to MaxStrain processing. This higher fraction of HAGBs was attributed 

to the greater extent of recrystallization present in the FM and KM samples. 

2.3. According to the tensile test results, MaxStrain processing led to significant improvements 

in the mechanical strength of the annealed alloy, with the YS and UTS increasing by 251% 

and 95%, respectively. In comparison, the FM and KM samples exhibited even greater 

strengthening, with YS enhancements of 288% and 360%, respectively, and corresponding 

increases in UTS of 121% and 169% relative to the initial annealed condition. These 

improvements were primarily attributed to the combined effects of grain refinement 

associated with enhanced recrystallization, increased HAGB fraction, and deformation-

induced strengthening mechanisms, including the accumulation of dislocations during 

SPD processing. 

2.4. The annealed alloy exhibited an electrical conductivity of 39.2 ± 2.5 MS/m (67.6% IACS), 

which decreased to 37.9 ± 2.3 MS/m following MaxStrain processing (AM sample). 

Furthermore, the FM sample, characterized by a lower equivalent strain than the KM 

sample, exhibited an electrical conductivity of 35.6 ± 3.0 MS/m. In contrast, the KM 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 97 

 

sample, which experienced the highest accumulated equivalent strain, showed a further 

reduction in conductivity to 32.0 ± 3.0 MS/m. Yet, all MaxStrain-processed samples 

satisfied the criteria for classification as HSHC Cu alloys. 

 

3.3. Approach 3: Fabricating Density-Reduced Highly Conductive 
Cu/Mg Composite 

In this approach, instead of fabricating Cu-Mg or Cu-Mg-Ca alloys, a density-reduced 

Cu/Mg composite structure, composed of a pure Cu matrix with continuous pure Mg filaments 

embedded within it, was produced via KoBo extrusion. This design was intended to allow the 

pure Cu matrix to retain its inherently high electrical conductivity, as it remained free of any 

solute elements that could otherwise increase electron scattering and hinder free electron 

transport. On the other hand, the embedded Mg filaments act as a density-reducing second 

phase. While the incorporation of softer Mg inherently lowers the yield strength of the whole 

composite structure compared to solid work-hardened Cu, this configuration was designed to 

balance structural integrity with a significant reduction in overall density. 

 

3.3.1. Methodology 

3.3.1.1. Composite Fabrication 

The matrix of the composite structure was fabricated from as-cast pure Cu ingots, prepared 

according to the procedure described in Section 3.1.1.1. These ingots were machined into 

cylindrical billets with a diameter of 39.5 mm to serve as the primary matrix material. 

Subsequently, seven evenly spaced bores, each with a diameter of 5.5 mm, were drilled along 

the longitudinal direction of the cylinder to accommodate the structural constituent Mg rods, 

as illustrated in Figure 62. The number, size, and arrangement of these bores were intentionally 

selected to promote an effective, uniform, and symmetric spatial distribution of Mg filaments 

and to facilitate symmetrical load transfer between the matrix and the structural consituents. 

The Mg filaments were produced by casting pure Mg, followed by machining to an initial 

diameter of 9.5 mm. They were then extruded to achieve the final diameter of 5 mm required 

for insertion into the Cu matrix. This reduction in diameter via forward extrusion ensured 

dimensional compatibility with the pre-machined bores and also contributed to a more refined 

microstructure of the Mg phase. Prior to assembly, the filaments were carefully cleaned to 

remove residual surface contaminants and oxide layers. The cleaning procedure involved 
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sequential degreasing with acetone, mechanical brushing using a steel brush, rinsing with 

isopropanol, and finally drying by blowing compressed air. This cleaning procedure was 

permormed to promote contamination-free interfacial bonding between the Cu matrix and Mg 

filaments during subsequent processing. The cleaned filaments were then inserted into the 

prepared bores in the Cu matrix. The assembled structure (Cu matrix containing embedded Mg 

filaments) was then heated to 200 °C for 5 min, inserted into the extrusion chamber, and 

subsequently subjected to KoBo extrusion. Figure 63 presents an image of the Mg filaments 

embedded within the Cu matrix prior to the cleaning process. 

 

Figure 62: Schematic illustration of the transverse section of pure Cu matrix prior to the KoBo extrusion. 

 

 

Figure 63: Photograph of Mg filaments embedded within a Cu matrix prior to the KoBo extrusion. 
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The extrusion process was performed with a constant punch speed of 0.5 mm/s. The 

reversibly oscillating die was operated at a frequency of 6 Hz with an oscillation amplitude of 

±8°, using a hydraulic press with a load capacity of 1.5 MN. To minimize friction and ensure 

smooth material flow during processing, MoS2 was carefully applied as a lubricant to the outer 

surface of the Cu matrix prior to extrusion. The diameter of the reversibly rotating die at the 

outlet of the extrusion system was 8 mm. Based on these parameters, the nominal extrusion 

ratio (𝑅 = 𝐴0 𝐴𝑒⁄ ) for this condition was theoretically calculated to be 25, assuming that the 

initial structure first expanded to completely fill the extrusion container before the onset of 

material extrusion [245]. Hardness test, SEM analysis, and electrical conductivity 

measurements were performed in accordance with the procedures described in Section 3.1.1. 

Same as all extrusion processes in which the initial extrudate is not homogeneous, the product 

in this case also exhibited non-uniformity at the early stage of the extrusion due to the fact that 

the system did not yet reach steady-state conditions. More specifically, the early stage of 

extrusion produced material composed predominantly of Cu, and after a certain period, Mg 

filaments began to enter the deformation zone, and the process gradually transitioned to steady-

state with the extruded billet exhibiting a symmetric composite structure. 

 

3.3.1.2. Transmission Electron Microscopy 

Transmission electron microscopy (TEM) investigations were performed using a HITACHI 

H-800 microscope operated at an accelerating voltage of 200 kV, which provides sufficient 

beam energy for high-resolution imaging and microstructural characterization. Where 

applicable, scanning transmission electron microscopy (STEM) observations were conducted 

using the STEM mode available on the instrument. Thin foils suitable for TEM and STEM 

analyses were prepared using a conventional multi-step procedure to obtain electron-

transparent regions. Initially, bulk samples were sectioned and mechanically ground from an 

initial thickness of approximately 1 mm down to ~100 μm in order to reduce the material 

thickness to a level suitable for subsequent fine thinning. Disc-shaped specimens were then 

prepared and subjected to electrochemical polishing using a Struers TenuPol system, which 

selectively removes material to produce thin areas with minimal mechanical deformation. To 

further enhance specimen quality, a final ion polishing step was carried out using a GATAN 

DuoMill. This step helped eliminate residual surface damage and improved surface uniformity, 

which is critical for reliable TEM imaging and analysis. The ion milling conditions were 

carefully controlled to limit the introduction of artifacts. 
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3.3.1.3. X-ray Computed Tomography 

Generally speaking, X-ray computed tomography (XCT) is a nondestructive 3D imaging 

technique that scans the internal structure of an object from a series of X-ray projections 

acquired at different angles [335]. In the context of metallic materials, XCT operates on the 

principle of differential X-ray attenuation, which depends on material density, atomic number, 

and thickness [336]. During a scan, the specimen is rotated between an X-ray source and a 

detector, and the recorded projection data are reconstructed into volumetric datasets using 

numerical algorithms [337]. The resulting voxel-based representation enables visualization and 

quantitative analysis of internal features without sectioning or altering the material. In metallic 

materials research and industrial inspection, CT is extensively used to characterize internal 

defects and structural features such as porosity, cracks, inclusions, lack of fusion, and 

dimensional deviations [338–340]. It is particularly valuable for evaluating metal matrix 

composites [341], additively manufactured metals [342], and welded components [343], where 

internal integrity is critical to performance. In fact, the XCT method provides unique three-

dimensional insight into the internal state of metallic components and support quality control, 

failure analysis, and materials development with a level of detail unattainable by conventional 

surface-based inspection methods [342]. 

The X-ray computed tomography test was performed to obtain three-dimensional images of 

Mg filaments embedded within the Cu matrix. The measurements were carried out using a 

Phoenix V|tome|x S X-ray computed tomography system (Waygate Technologies, formerly 

GE Sensing and Inspection Technologies / Phoenix X-ray, Wunstorf, Germany), which was 

equipped with an X-ray source, a precision rotation stage, and a flat-panel detector [344]. 

During the test, a cone beam of polychromatic X-radiation was generated by accelerating 

electrons emitted from a tungsten filament towards a tungsten target. The sample was mounted 

on the rotation stage and rotated during image acquisition while a series of two-dimensional 

radiographic projections were collected by the detector. In order to achieve sufficient X-ray 

penetration through the Cu/Mg composite while maintaining adequate contrast between the 

constituent phases, the accelerating voltage and tube current were carefully selected. The tube 

voltage primarily controlled the penetration of the X-ray beam, whereas the tube current 

governed the photon flux and image brightness. The test was performed at an accelerating 

voltage of 200 kV and a tube current of 350 µA. Three-dimensional visualization and 

segmentation of the Mg filaments from the Cu matrix, based on grayscale contrast, were 

subsequently performed using the Drishti software package (Ajay Limaye, ANU Vizlab). 
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Multiple renderings were generated from different viewing angles in order to illustrate the 

spatial distribution and morphology of the Mg filaments within the Cu matrix. 

 

3.3.1.4. Compression Test 

A series of compression tests were carried out at RT using a Zwick universal testing machine 

at a constant crosshead speed of 2 mm/min. The compression specimens were prepared in 

accordance with the ASTM E9 standard, with a length-to-diameter (L/D) ratio of 2 [345]. 

During testing, compressive force and crosshead displacement were continuously recorded. 

These data were subsequently converted into engineering stress-strain curves by dividing the 

applied force by the initial cross-sectional area of the specimen and the displacement by the 

initial specimen height. 

 

3.3.2. Results and Discussion 

3.3.2.1. Composite Structure 

Figure 64 presents an SEM image obtained from the transverse cross section of the extruded 

rod, which shows the transverse macrostructure of the fabricated composite. The first 

observation is that the initially symmetrically positioned rods retained their symmetrical 

arrangement after undergoing the KoBo extrusion. This behavior arises from the symmetry of 

all elements with respect to the center, which was ensured by the deliberate design featuring 

one central Mg filament and six others placed at 60° intervals. Moreover, each of these six 

bores was positioned midway between the central bore and the outer edge to ensure the highest 

possible degree of geometric symmetry. Consequently, this design resulted in a symmetric 

material flow during the KoBo extrusion and, as a result, preserved the relative positions of the 

Mg filaments in the final extruded rod. In this regard, a similar observation was reported by 

Volkov et al. [346], who observed that their Cu/Mg composite preserved a highly symmetric 

arrangement after extrusion and subsequent drawing. In our case, the next observation is that, 

following the KoBo extrusion, the Mg filaments had an average diameter of ~1.15 ± 0.12 mm, 

and their initially round shape deviated toward a more serrated morphology. However, as 

shown in Figure 65, which presents a bird’s-eye SEM view of the central Mg filament, no 

observable gaps were present at the Cu/Mg interface. This observation was further verified at 

multiple cross sections, all of which consistently confirmed the absence of any interfacial gaps. 
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Figure 64: SEM image of the macrostructure of the fabricated Cu/Mg composite. 

 

 

Figure 65: SEM bird’s eye view of the central Mg filament within the Cu matrix in the fabricated Cu/Mg 

composite in (a) low magnification and (b) high magnification. 



Doctoral dissertation: M.Sc. Eng. Alireza Kalhor 

Page 103 

 

To characterize the bonding between the Cu matrix and Mg filaments, an SEM line scan 

analysis of the elemental distribution was performed across the transverse interface. The 

results, presented in Figure 66, show a relatively sharp compositional boundary between the 

Cu matrix and the Mg filament, without evidence of a reliable interdiffusion zone at the 

resolution of SEM-EDS. In fact, despite the initial deformation temperature being set to 200 

°C and the actual temperature likely exceeding this value due to heat generated during the 

KoBo extrusion process, the deformation temperature at the deformation zone remained 

insufficient to promote a noticeable solid-state diffusion between Cu and Mg over the 

processing time. As a result, the bonding between the two phases is interpreted to be 

predominantly mechanical in nature rather than long-range atomic-scale mixing. In general, 

diffusion bonding in metallic systems requires a combination of sufficiently high temperature, 

sustained exposure time, and applied pressure to promote atomic mobility and intermixing at 

the interface [347–349]. However, in the present case, these conditions were not met to a degree 

sufficient to produce measurable diffusion. Consequently, the observed Cu-Mg interface is 

consistent with a mechanically bonded composite structure rather than a diffusion-bonded 

system. One final point that requires clarification is that, since pure Mg is significantly softer 

than pure Cu, mechanical grinding and polishing during sample preparation (which caused 

local pull-out or smearing of each phase) resulted in attaching both removed elements mostly 

to the Mg phase. This effect is clearly visible through the Cu particles observable in Figure 

66(a) on the Mg region and also via the more fluctuated elemental distribution in Figure 66(b) 

within the Mg region. Conversely, a much lower amount of detached elements is observed on 

the Cu side due to its higher hardness, which is reflected by the relatively stable elemental 

distribution and minimal fluctuations detected within this region. 

 

Figure 66: (a) SEM image and (b) line scan analysis result across the Cu/Mg interface. 
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3.3.2.2. XCT Scan Results 

In order to provide a comprehensive overview of the internal structure of the extruded rod, 

representative images obtained from various cross-sections and viewing orientations in the 

XCT analysis are presented in Figure 67. Figure 67(a) shows the top view of the extruded rod, 

which is identical to the SEM image of the transverse cross-section shown in Figure 64. Figures 

67(b) and 67(c) present the corresponding side views of the Y-Z and X-Z cutting planes shown 

in Figure 67(a), respectively. These orthogonal views provide complementary perspectives of 

the internal configurations and clearly demonstrate that the Mg filaments are uniformly 

distributed and continuously aligned along the longitudinal (extrusion) direction within the Cu 

matrix. In addition, the 3D images shown in Figures 67(d) and 67(e) provide an integrated 

visualization of the internal filament architecture and allow for a more intuitive understanding 

of their spatial arrangement. They also further confirm the structural integrity and continuity 

of the Mg filaments throughout the Cu matrix, with no observable interruptions, fractures, or 

discontinuities along their longitudinal extrusion direction. Another important observation 

from Figure 67 is that the continuous and straight Mg rods after extrusion confirm highly stable 

KoBo processing conditions, as any deviation from the initially set parameters would have 

disturbed their alignment and symmetry. 

At this stage, it is essential to emphasize one of the key advantages of the fabricated 

composite structure compared to conventional Cu-Mg alloys, which is its reduced density. This 

lower density contributes directly to improved weight efficiency, which is particularly 

advantageous for applications such as transportation systems and aerospace components, 

where minimizing mass is critical and even a modest reduction in density can lead to 

meaningful improvements in overall performance and energy efficiency. Prior to extrusion, the 

theoretical density of the composite was calculated by considering the respective volume 

fractions and densities of the Cu matrix and the embedded Mg filaments. Based on this Rule 

of Mixtures approach, a theoretical density of 8.13 g/cm3 was expected for this composite 

structure, which corresponds to an approximate 9.3% reduction relative to the density of pure 

Cu (~8.96 g/cm3). This value was calculated assuming an idealized condition in which a 

uniform and fully developed filament distribution could be achieved via KoBo extrusion. 

However, following KoBo extrusion, the density of the composite was experimentally 

measured to be approximately 7.85 g/cm3 in the steady-state region of the extruded rod. This 

value corresponds to a reduction of ~12.4% relative to pure Cu and indicates an even greater 

weight-saving effect than initially predicted. 
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The lower experimentally measured density of the fabricated composite, compared with its 

calculated theoretical value, can simply be attributed to non-steady-state conditions during the 

initial stage of the extrusion process. As previously mentioned, the initial portion of the 

extruded rod consisted predominantly of Cu, as the Mg filaments had not yet been effectively 

incorporated into the extruded rod. However, with continued extrusion, a steady-state condition 

was progressively established, and the Mg filaments became uniformly distributed and 

continuously aligned within the Cu matrix. Consequently, the actual Mg-to-Cu volume fraction 

in the steady-state region was actually higher than the value assumed in the initial theoretical 

calculation. This increased relative content of the lower-density Mg phase led to a further 

reduction in the overall composite density and accounted for the experimentally measured 

density value being lower than the theoretical calculation. 

 

Figure 67: XCT analysis results in (a) top view, (b,c) side view, and (d) 3D view; (e) 3D scan of Mg filaments. 
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3.3.2.3. Post-Extrusion Microstructures 

3.3.2.3.1 EBSD Analysis of Cu Matrix 

Figure 68(a) shows the IPF map obtained from EBSD analysis of the Cu matrix after KoBo 

extrusion, which reveals a predominantly equiaxed grain structure with an average grain size 

of 11.2 ± 3.1 µm. Considering the very large imposed deformation during KoBo extrusion 

(nominal extrusion ratio of 25) along with the starting temperature of the deformation process 

being approximately 200 °C, the formation of such a fine equiaxed microstructure suggests that 

significant recovery and recrystallization processes occurred during deformation and shortly 

after deformation while the extruded rod remained at an elevated temperature. Figure 68(b) 

presents the corresponding GOS map, from which it can be observed that the majority of grains 

exhibit GOS values below 2° (red). Such low GOS values are generally associated with 

recrystallized or strongly recovered grains characterized by minimal internal orientation 

gradients and low intragranular misorientation [350]. Therefore, the predominance of low-GOS 

grains indicates that a large fraction of the grains attained a low stored deformation state 

indicative of extensive recovery and recrystallization processes during and after KoBo 

extrusion, before the sample completely cooled down to RT. As mentioned above, it is 

important to consider that such intense plastic deformation itself also generates heat, and thus 

the actual deformation temperature was likely above 200 °C. 

This interpretation is further supported by Figure 68(c), which shows the corresponding 

KAM map. The KAM distribution indicates that most of the analyzed area exhibits values well 

below 5°, with many regions approaching zero. Such low KAM values indicate a relatively low 

degree of local lattice distortion and a reduced density of geometrically necessary dislocations, 

which is characteristic of strongly recovered and recrystallized microstructures [351]. Hence, 

the overall EBSD results are consistent with extensive deformation-induced recovery 

accompanied by recrystallization in the Cu matrix during and shortly after KoBo extrusion. 

Figure 68(d) shows the corresponding (001) pole figure and indicates a shear-modified texture 

with a peak intensity of 6.837, where the {100} crystallographic planes are tilted by 

approximately 45° relative to the extrusion direction. Such texture evolution is characteristic 

of the non-uniform metal flow and intense shear deformation generated during KoBo extrusion. 

The coexistence of a distinct deformation-related texture together with low KAM and GOS 

values is consistent with extensive recovery and recrystallization occurring during deformation 

and/or shortly after extrusion while the material remained at an elevated temperature. 
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Figure 68: (a) IPF, (b) GOS (grain with GOS < 2° are shown in red), (c) and KAM maps, and (d) pole figure of 

the Cu matrix. 

 

3.3.2.3.2. TEM Analysis of Cu Matrix 

For high-resolution characterization of the Cu matrix microstructure, TEM analysis was 

performed to further investigate the substructure developed under the thermomechanical 

conditions of KoBo extrusion. Figure 69 presents TEM images of the Cu matrix in two different 

regions located between the central Mg filament and the surrounding Mg filaments. These 

images, which were intentionally taken from highly deformed regions, reveal a microstructure 

characterized by deformation-induced dislocation cell structures, subgrain formation, and 

heterogeneous dislocation distributions. The dark, irregular perimeter surrounding the brighter 

cell interior is attributed to regions of high dislocation density, corresponding to dense 

dislocation walls (DDWs), while the cell interiors exhibit a comparatively lower dislocation 

density. Such cellular structures have been widely reported in FCC metals such as Cu, which 

is generally classified as a medium-SFE (reported SFE values for pure Cu vary depending on 

the measurement method, but values in the range of ~40–45 mJ/m2 at RT are commonly 

reported and widely accepted [352–355]), as well as in Cu-based alloys subjected to different 
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SPD processing routes [356–360]. The observed dislocation cell structures indicate substantial 

dislocation rearrangement during deformation, which is consistent with dynamic recovery 

processes in Cu. These rearrangements promote the formation of metastable cellular and 

subgrain structures characterized by heterogeneous dislocation distributions. 

 

Figure 69: TEM images of the Cu matrix in the fabricated composite. 

 

3.3.2.3.3. TEM Analysis of Mg Filaments 

Figure 70 presents STEM images of the central region of the central Mg filament and 

another neighboring Mg filament. In both microstructures, individual Mg grains with an 

average diameter of 354 ± 119 nm are distinguishable. This UFG microstructure with its well-

distinguishable grain boundaries is attributed to the cumulative grain refinement induced by 

the initial forward extrusion of the Mg rods and their subsequent KoBo extrusion inside the Cu 

matrix. This observation is consistent with previously reported grain structures in pure Mg 

subjected to SPD processing [361–363]. As an example, Wei et al. [364] reported an average 

grain size of approximately 273 nm in high-purity Mg (99.9%) after HPT processing at RT 

under a pressure of 1 GPa for 10 revolutions, with disk specifications of 10 mm diameter and 

~2 mm thickness. 
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Figure 70: STEM images of the (a) central and (b) outer Mg filaments within the fabricated composite 

structure. 

 

3.3.2.4. Hardness Test 

As represented in Figure 71, the average hardness of the initial Cu matrix was measured as 

47.1 ± 6.3 HV, and the average hardness of the initial Mg filaments was measured as 34.5 ± 

3.8 HV, which align well with previously reported hardness values for annealed pure Cu 

[365,366] and extruded pure Mg [367,368]. Following KoBo extrusion, hardness 

measurements were performed at multiple locations within both the Cu matrix and the Mg 

filaments to improve statistical reliability. The overall average hardness values increased to 

67.5 ± 1.8 HV for the Cu matrix and 38.2 ± 3.6 HV for the Mg filaments. In addition, no 

noticeable difference was observed between the hardness of the central Mg filament and that 

of the surrounding filaments, which is consistent with the similar microstructural 

characteristics observed between these regions (Figure 70). According to the obtained results, 

the average hardness of the Cu matrix increased by approximately 43% following KoBo 

extrusion, and the Mg filaments exhibited an average hardness approximately 11% higher than 

that of the initial Mg filaments. These hardness enhancements can be attributed to the combined 

effects of grain refinement, residual dislocation strengthening, and deformation-induced 

substructures formed during KoBo extrusion within both the Cu matrix and Mg filaments. 
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Figure 71: Hardness measurement results for the Cu matrix and Mg filaments before and after KoBo extrusion. 

 

3.3.2.5. Compression Test 

Due to the structural design of the fabricated composite, standard tensile testing according 

to ASTM requirements was not suitable for obtaining reliable results. Specifically, ASTM 

E8/E8M tensile testing of metallic materials defines standardized specimen geometries with a 

reduced and uniform gauge section to ensure controlled stress conditions during testing [369]. 

In the present case, machining the composite to meet these requirements would have required 

reducing the cross-sectional area of the Cu matrix and reshaping the material into a standard 

dog-bone geometry. Such a reduction would alter the original geometry of the composite by 

increasing the relative cross-sectional contribution of the Mg filaments compared to the Cu 

matrix. This change would modify the load-sharing behavior between the constituent phases 

and, consequently, lead to tensile test results that would not be representative of the actual 

mechanical behavior of the fabricated composite structure. Therefore, to avoid introducing this 

geometric and mechanical inaccuracy, tensile testing was not performed; instead, compression 

testing was carried out as a more suitable method for evaluating the mechanical response of the 

composite without altering its cross-sectional configuration. 

Figure 72 presents the results obtained from compression tests for two different compression 

levels of 61% and 79%. In both conditions, the compressive YS of the composite structure was 

determined to be approximately 119 ± 12 MPa using the 0.2% offset method. However, this 

value is much lower than previously reported compressive YS values for SPD-processed pure 
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Cu [370]. For instance, Yu et al. [371] reported a compressive YS of 221 MPa for extruded 

pure Cu. This difference, however, can be attributed to the presence of Mg filaments, which 

exhibit a significantly lower compressive yield strength than the Cu matrix. For example, Li et 

al. [372] reported a compressive YS of ∼83 MPa for ECAP-processed pure Mg. Under 

compressive uniaxial loading, the Mg phase yields at earlier stages of deformation and 

contributes significantly to the initial nonlinearity of the macroscopic stress-strain response, 

while the Cu matrix provides increasing load-bearing capability as deformation progresses. 

Accordingly, the YS of the composite reflects the combined deformation behavior of both 

constituents, with a strong influence from the early plastic deformation of the relatively softer 

Mg filaments. 

 

Figure 72: Compressive mechanical response of the fabricated Cu/Mg composite at deformation levels of (a) 

61% and (b) 79% compressions. 
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3.3.2.6. Microstructure of Cu Matrix after Compression 

Figure 73 presents the EBSD results for the Cu matrix following the compression tests 

described above. Similar to Figure 68, grains with a GOS value below 2° are highlighted in 

red. The IPF maps reveal that the initially equiaxed grain structure obtained through KoBo 

extrusion has evolved into a heavily deformed and heterogeneous microstructure, comprising 

both large deformed grains as well as some smaller grains that are consistent with deformation-

induced grain subdivision and possible CDRX along with deformation-induced subgrains. 

 

Figure 73: (a,d) IPF, (b,e) GOS, and (c,f) KAM maps of the Cu matrix following compressive deformation to 

strain levels of 61% and 79%, respectively. 
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A higher fraction of grains exhibiting GOS values below 2° was observed after 79% 

compression compared to 61% compression. Since low GOS values are generally associated 

with recrystallized or strongly recovered grains that possess lower internal misorientation, the 

increase in the fraction of such grains suggests enhanced recovery and rearrangement of 

deformation-induced defects, with possible contributions from recrystallization-related 

processes at higher strain levels [373]. In this case, the fraction increased from 1.2% after 61% 

compression to 3.5% after 79% compression. This trend suggests that the higher deformation 

level promoted progressive subgrain subdivision and enhanced recovery, with possible 

contributions from CDRX-related mechanisms. The KAM maps further support these 

observations by showing a higher average KAM value after 79% compression compared to 

61% compression. Because KAM is related to local lattice curvature and geometrically 

necessary dislocation density, the increase in KAM indicates a higher level of localized lattice 

distortion and accumulated strain within the microstructure [374]. This suggests that, although 

recovery and recrystallization activity became more pronounced at the higher compression 

level, substantial plastic deformation was still retained in most parts of the material. 

Consequently, the microstructure after 79% compression remained heterogeneous, consisting 

of regions associated with recovery/recrystallization alongside areas with elevated dislocation 

density and residual deformation. 

 

3.3.2.7. Electrical Conductivity 

Consistent with previous approaches, the 4-wire Kelvin resistance measurement method 

was used to evaluate the electrical conductivity of the fabricated composite structure. The 

composite exhibited an electrical conductivity of 52.6 ± 1.2 MS/m, which indicates a high level 

of electrical conductivity comparable to highly conductive engineering materials. This result is 

consistent with the expected conductivity behavior of the composite, as the continuous Cu 

matrix provided the dominant pathways for electron transport. The reduction in electrical 

conductivity compared with annealed pure Cu can be attributed to the presence of Mg filaments 

and deformation-induced microstructural defects within the Cu matrix, such as increased 

dislocation density, residual stresses, and other lattice imperfections, as well as the presence of 

Cu/Mg interfaces, which can act as additional electron scattering sites and consequently 

increase electrical resistivity. 
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3.3.3. Conclusions of Approach 3 

In this approach, a density-reduced Cu/Mg composite structure composed of a pure Cu 

matrix with pure Mg filaments embedded within it was fabricated using the KoBo extrusion 

method. This configuration was specifically designed to combine the excellent electrical 

conductivity of pure Cu with the low density of the Mg filaments. Based on the obtained results, 

the following conclusions can be drawn: 

3.1. The overall configuration and symmetrical arrangement of the initial composite structure 

were preserved after KoBo extrusion. In the steady-state region of the extruded rod, the 

distribution of Mg filaments closely resembled the initial arrangement. However, due to 

the higher proportion of Cu in the initial segment of the extruded rod, the Mg-to-Cu ratio 

in the steady-state region exceeded the theoretically calculated value. As a result, the 

experimentally measured density of the extruded rod (7.85 g/cm3) was ~3.4% lower than 

the corresponding theoretical density (8.13 g/cm3). 

3.2. SEM line scan analysis across the Cu/Mg interface revealed a sharp compositional 

boundary with no detectable interdiffusion within the detection capability of SEM/EDS, 

which indicated that the bonding formed during KoBo extrusion was predominantly 

mechanical in nature rather than resulting from diffusion-driven processes. 

3.3. The 3D XCT analysis demonstrated that the Mg filaments in the steady-state region of the 

extruded rod were continuously aligned and uniformly distributed along the extrusion 

direction within the Cu matrix. Various cross-sectional views and 3D reconstructions 

further confirmed the structural integrity of the filaments throughout the composite, with 

no evidence of fragmentation, discontinuity, fracture, or other structural interruptions. 

3.4. EBSD analysis of the Cu matrix after KoBo extrusion revealed a fine equiaxed grain 

structure with low GOS and KAM values, together with a shear-modified texture, which 

collectively suggested that warm KoBo extrusion was accompanied by substantial 

dynamic recovery and recovery/recrystallization-related microstructural evolution during 

and shortly after deformation. 

3.5. TEM/STEM analysis revealed that KoBo extrusion produced a heterogeneous substructure 

in the Cu matrix, composed of dislocation cells and subgrains indicative of significant 

recovery, while the Mg filaments developed a UFG microstructure (~354 nm), consistent 

with SPD-induced grain refinement typical of SPD-processed pure Mg. 

3.6. KoBo extrusion significantly increased the hardness of both constituents in the Cu/Mg 

composite, with the Cu matrix showing a ~43% increase and the Mg filaments a ~11% 
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increase, which were attributed to grain refinement, residual dislocation strengthening, and 

deformation-induced substructures developed through KoBo extrusion. 

3.7. Compression testing revealed that the Cu/Mg composite exhibited a reduced initial YS of 

~119 ± 12 MPa, consistent with early plastic yielding of the relatively softer Mg filaments. 

Consequently, the onset of plastic deformation reflected the combined mechanical 

response of both constituent phases rather than the Cu matrix alone. 

3.8. The 4-wire Kelvin electrical resistance measurements showed that the composite structure 

exhibited an electrical conductivity of 52.6 ± 1.2 MS/m, where the continuous Cu matrix 

provided the primary conduction pathways. The reduction in conductivity compared with 

annealed pure Cu was attributed to deformation-induced microstructural features, 

including increased dislocation density, lattice imperfections, and Cu/Mg interfaces, which 

increased electron scattering and, consequently, resulted in a slight decrease in the overall 

electrical conductivity. 

 

4. Discussion and Analysis of Research Findings 
As outlined in the preceding sections, the primary objective of this PhD research was to 

develop HSHC Cu-Mg-based alloys that simultaneously exhibit desirable mechanical 

properties and satisfactory electrical conductivity through the combined application of 

appropriate alloying strategies, controlled heat treatment routes, and deformation strengthening 

via SPD processing. Achieving this objective required a systematic approach to both material 

design and processing methodology, with careful selection and optimization of each stage to 

ensure a balanced combination of strength, ductility, and electrical conductivity. To attain this 

goal, three main approaches were employed, each based on tailoring the microstructure through 

thermomechanical processing. The results and insights gained from these approaches have 

been discussed in detail in the previous sections. In this section, the focus is shifted to a 

systematic analysis and interpretation of the integrated research findings, with particular 

emphasis on highlighting the relationships between processing, microstructure, and the 

resulting mechanical properties and electrical conductivity of the developed alloys. 

First of all, it was found that the addition of 0.7 wt.% Mg to Cu (which is below the solubility 

limit of Mg in Cu [43]) resulted in a favorable improvement in mechanical properties with an 

acceptable reduction in the electrical conductivity. In fact, since the Mg content remained 

within the solubility limit, the Cu-0.7Mg (wt.%) alloy retained a single-phase solid solution 

microstructure, which resulted in its enhanced mechanical properties while also preserving its 
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electrical conductivity within an acceptable range. This combination of increased mechanical 

strength and an acceptable decrease in electrical conductivity makes this composition an 

attractive option for being used in applications that require a balanced combination of 

mechanical and electrical performance. However, it is essential to note that the optimal Mg 

content ultimately depends on the specific performance requirements of the intended 

application. As mentioned earlier, the addition of Mg improves mechanical properties at the 

expense of electrical conductivity due to enhanced electron scattering. Accordingly, for 

applications in which mechanical strength and load-bearing capability are the dominant design 

criteria, a relatively higher Mg content may be justified despite a moderate decrease in 

conductivity. In contrast, for applications where efficient electrical current transmission and 

minimal resistive losses are critical, lower Mg additions are more appropriate to preserve the 

conductivity. Therefore, the selection of Mg content should be guided by a careful assessment 

of the required balance between mechanical performance and electrical efficiency. 

The next important aspect observed in this study is the effectiveness of second-phase 

hardening as a strengthening mechanism when the alloying element is added in very low 

amounts. In this study, Ca was found to be an excellent alloying element for this purpose. It 

was demonstrated that the addition of only 0.1 wt.% Ca to a single-phase Cu-0.7Mg (wt.%) 

alloy led to the formation of the Cu5Ca intermetallic phase, which effectively impeded 

dislocation motion during deformation and thereby contributed to enhanced work hardening 

and promoted microstructural refinement during processing, including an increased fraction of 

HAGBs associated with dynamic recrystallization processes. Consequently, an increase in the 

overall strength of the alloy was achieved. Notably, this strengthening effect was obtained 

without a significant reduction in electrical conductivity, as the primary contribution to the 

decrease in conductivity originated from Mg-induced solid solution scattering rather than from 

the sparsely distributed Cu5Ca second-phase particles. Therefore, the controlled addition of Ca 

can be nominated as an effective strategy for enhancing the mechanical properties of Cu alloys 

through second-phase hardening while largely preserving their functional electrical 

performance. 

Different heat treatment routes were also applied to both binary Cu-0.7Mg (wt.%) and 

ternary Cu-0.7Mg-0.1Ca (wt.%) alloys in order to evaluate their influence on microstructural 

evolution and the resulting changes in mechanical properties. Particularly for the ternary alloy, 

the results indicated that short-term annealing at 650 °C for 90 min promoted partial 

spheroidization of the Cu5Ca intermetallic particles. More specifically, a fraction of the initially 
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irregular and angular particles underwent morphological rounding, while the remainder 

retained their original angular morphology. This microstructural modification led to a slight 

improvement in ductility, as demonstrated by an increase in the measured EL values obtained 

from tensile testing of the heat-treated samples. This improvement was attributed to the reduced 

sharpness of particle corners and edges following heat treatment. In general, it is widely 

accepted that the sharp-edged intermetallic particles in metallic materials act as local stress 

concentration sites during plastic deformation and contribute to localized stress intensification 

and strain incompatibility between the particles and the surrounding matrix [375–378]. Under 

such conditions, these sites may facilitate crack initiation and subsequent propagation and 

potentially contribute to premature failure under loading [379,380]. By reducing the severity 

of these local stress concentrations at the microscopic level, the applied heat treatment 

improved the ability of the ternary alloy to accommodate plastic deformation prior to fracture. 

This behavior is a well-established feature of spheroidization annealing and has been widely 

reported in various Cu-based alloy systems [381–383]. 

The applied heat treatments, consisting of annealing at 650 °C for 90 min or 75 min followed 

by water quenching, produced an increased dislocation density in the vicinity of the Cu5Ca 

intermetallic particles. This was attributed to the mismatch in CTE values between the Cu-Mg 

solid solution matrix and the Cu5Ca intermetallic phase. During annealing at 650 °C, both 

phases expand according to their respective CTE values. Upon subsequent rapid cooling (water 

quenching), the differing contraction rates generated thermal mismatch strains. The 

unconstrained thermal strain in each phase is given by [384]: 

 

 𝜀𝑡ℎ = 𝛼∆𝑇 (9) 

 

where α is the linear coefficient of thermal expansion and ΔT is the temperature change. Owing 

to the CTE mismatch, differential contraction led to strain incompatibility at the particle-matrix 

interfaces [385]. The relatively rigid Cu5Ca particles constrained the surrounding ductile Cu-

Mg matrix and resulted in the development of internal residual stresses to maintain interfacial 

compatibility. When these thermally induced stresses exceeded the local yield strength of the 

matrix, plastic deformation occurred via the generation and multiplication of dislocations 

(primarily geometrically necessary dislocations). Stress concentrations at the interfaces 

promoted the accumulation of these dislocations around the Cu5Ca particles and produced a 

locally elevated dislocation density after quenching. 
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Regarding the influence of processing history, SPD processing was found to be highly 

effective in introducing extremely large plastic strains into the alloys, generating a very high 

dislocation density and consequently a substantial stored strain energy within the 

microstructure. The stored energy associated with dislocations can be approximated as [386]: 

 

 𝐸 ≈
1

2
𝐺𝑏2𝜌 (10) 

where G is the shear modulus, b is the Burgers vector, and ρ is the dislocation density. The 

dramatic increase in ρ during SPD processing provides a significant thermodynamic driving 

force that, despite limited atomic mobility at RT, can promote CDRX [387]. Under these 

conditions, dislocations rearrange into cell structures and subgrains, and progressive lattice 

rotation increases the misorientation across subgrain boundaries. As LAGBs gradually evolve 

into HAGBs, new strain-free or low-strain grains are formed through a continuous boundary 

transformation process rather than classical nucleation-and-growth recrystallization [388]. 

However, in the case of this study, due to limited grain boundary mobility at RT, together with 

solute drag effects arising from Mg atoms in solid solution and Zener pinning exerted by Cu5Ca 

intermetallic particles, boundary migration was significantly restricted. As a consequence, 

recrystallization remained partial rather than complete. 

Regarding the MaxStrain processing, the results also demonstrated that, under the applied 

deformation conditions, while 40 passes resulted in slightly superior performance, 20 passes 

were already sufficient to produce a microstructure and mechanical strength characteristic of 

HSHC Cu alloys. This behavior can be explained by the SPD-induced progressive 

microstructural refinement. As mentioned earlier, with an increasing number of passes, the 

accumulated strain led to intense dislocation multiplication and interaction, which promoted 

the formation of dislocation cells and subgrain boundaries that gradually evolved into HAGBs 

through CDRX, although some regions still contain LAGBs. Consequently, the grain size was 

significantly reduced, and the strength increased primarily through grain boundary 

strengthening, as described by the Hall-Petch relationship (Equation (5)), together with 

contributions from dislocation strengthening. After 20 passes, the microstructure had already 

undergone substantial refinement, which resulted in mechanical properties consistent with 

those required for HSHC Cu alloys under the applied conditions. Increasing the number of 

passes to 40 led to further grain refinement, a higher fraction of HAGBs, and a more 

homogeneous strain distribution throughout the material and resulted in an additional increase 

in strength. Consequently, while 40 passes provided slightly superior mechanical properties 
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compared to 20 passes, the improvement remained incremental, indicating that the material 

approached a saturation-like microstructural regime typical of severely deformed Cu-based 

alloys, where further strengthening becomes progressively limited. 

The next important point to consider is that combining MaxStrain processing with additional 

deformation techniques, such as KoBo extrusion or forward extrusion at 400 °C, resulted in 

further refinement of the grain structure of the samples. This effect arose because the sequential 

application of these processes increased the overall equivalent strain experienced by the 

samples, which in turn increased the dislocation density and stored energy within their 

microstructure. The higher stored energy provided a stronger driving force for the occurrence 

of CDRX and facilitated the formation and evolution of new grains. As a result, the alloys 

subjected to the combined deformation developed a finer and more uniform microstructure, 

which contributed to improved mechanical properties. Importantly, this enhanced 

microstructural refinement was achieved without significantly compromising electrical 

conductivity, which enabled the processed samples to maintain the balance of properties 

required for classification as HSHC Cu alloys. 

In addition to the processing parameters discussed above, it is important to consider 

fabrication cost when designing and producing HSHC Cu alloys, as economic efficiency plays 

an important role in their practical and industrial implementation. In general, the selection of 

alloying elements can have a noticeable impact on the overall production cost, particularly for 

large-scale manufacturing  [389–391]. This is mainly due to the significant variation in the 

market prices of different alloying elements. In other words, even minimal changes in the 

chemical composition can lead to appreciable differences in total raw material cost. Among the 

elements shown in Figure 3, Mg and Ca are relatively low-cost options compared with several 

of the other elements listed, especially when compared with precious metals such as Ag. From 

a cost-efficiency perspective, this makes Mg and Ca particularly attractive for scalable alloy 

design. In contrast, while the incorporation of high-cost elements into Cu alloys can bring a 

better set of mechanical properties and electrical conductivity, it can substantially increase 

material expenses and may therefore limit their economic competitiveness and industrial 

applicability, especially in applications requiring bulk production. Therefore, cost-

effectiveness should be regarded as a key design criterion in the material selection process, 

particularly for mass production, where even small differences in the prices of alloying 

elements can translate into significant variations in overall manufacturing costs. Therefore, the 

use of Mg and Ca as alloying additions to Cu is advantageous not only because of the 
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advantages that they provide for mechanical properties enhancement but also because they 

enable a more cost-efficient alloy design strategy. As discussed above, when added in 

appropriate amounts, Mg and Ca can contribute to improved mechanical strength while 

generally maintaining acceptable electrical conductivity, therefore, offering a favorable 

balance between performance and cost. Consequently, their incorporation not only supports the 

development of HSHC Cu alloys with desirable mechanical and functional properties but also 

significantly enhances cost-effectiveness, which is a critical factor for large-scale fabrication 

and industrial deployment. 

Approach 3 demonstrated the fabrication of a density-reduced Cu/Mg composite structure 

through KoBo extrusion, using pure Cu as the matrix and continuous pure Mg filaments as 

structural constituents, with the aim of combining the excellent electrical conductivity of pure 

Cu with the low density of pure Mg. This composite structure was specifically designed 

because it separated the functional roles of the constituent phases: Cu primarily carried 

electrical current and Mg acted as a density-reducing structural constituent. Following 

extrusion, the Mg filaments remained symmetrically distributed, continuous, and well aligned 

along the extrusion direction, as confirmed by SEM and XCT analyses. This indicated that the 

severe shear deformation associated with KoBo processing did not disrupt filament integrity. 

In addition, SEM-EDS line scans showed a sharp Cu/Mg interface with no measurable 

interdiffusion, which indicated that the bonding between Cu and Mg was predominantly 

mechanical rather than diffusion-driven. From a materials engineering perspective, this is 

important because limiting Cu-Mg interdiffusion suppresses the formation of brittle 

intermetallic phases and minimizes solute-related electron scattering and, consequently, helps 

preserve the electrical (and also thermal) conductivity. 

The fabricated composite structure exhibited a measured density of 7.85 g/cm3, which, 

together with its high electrical conductivity and mechanical performance, resulted in improved 

specific electrical conductivity and specific strength. These are two parameters that are 

especially important for advanced applications in aerospace systems, electrified transportation, 

and lightweight electrical conductors [392]. EBSD and TEM analyses revealed that the Cu 

matrix underwent extensive deformation-induced recovery accompanied by recrystallization-

related microstructural evolution during KoBo extrusion (which was started at 200 °C) and 

resulted in the formation of a fine equiaxed grain structure together with dislocation cell 

substructures and shear-modified texture development. This combination of recovery and 

retained deformation substructure is particularly beneficial because it enables a balance 
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between conductivity and mechanical strength: recovery can contribute to reduced resistivity 

by lowering dislocation density, while grain refinement and residual dislocation structures 

maintain strengthening. Meanwhile, the Mg filaments developed a UFG structure (~354 nm), 

which indicated that the imposed plastic deformation was sufficient to activate substantial grain 

refinement even within the HCP Mg phase, which normally exhibits more limited slip activity 

at RT compared with FCC Cu. 

Compression testing results highlighted the heterogeneous mechanical response of the 

composite, where the Mg filaments yielded earlier than the Cu matrix because of their lower 

strength. Together, such early plastic deformation in composite materials may contribute to 

improved strain accommodation and could be beneficial for energy absorption and damage 

tolerance by promoting local stress redistribution during deformation. Post-compression EBSD 

results suggested that continued deformation was accompanied by dislocation accumulation, 

progressive subgrain subdivision, and possible CDRX-related microstructural evolution, 

containing regions consistent with recovery/recrystallization alongside heavily deformed areas. 

The composite structure maintained a high electrical conductivity of 52.6 ± 1.2 MS/m despite 

severe deformation, which supports the well-established concept that retaining a continuous 

pure Cu network is generally more favorable for preserving electrical conductivity than 

strengthening approaches based on solid-solution alloying, where solute atoms introduce 

additional electron scattering. Overall, this approach demonstrated that KoBo extrusion is not 

only capable of producing structurally stable Cu/Mg composites with reduced density and 

excellent electrical conductivity but also offers a promising route for tailoring other 

fundamental properties through microstructural and phase distribution control. 

 

5. Future Outlook and Opportunities 
During this PhD program, our research extended beyond its primary objectives, and we 

obtained valuable insights into how alloying elements and processing conditions influence the 

microstructure as well as the mechanical and physical properties of Cu-Mg alloys and other 

metallic systems. Based on our findings, the following areas are proposed as promising 

research directions for future investigations. 

At present, high-entropy alloys (HEAs) have emerged as a major focus in physical 

metallurgy owing to their multi-principal-element design and their potential to achieve a 

combination of strength, ductility, and thermal stability [393]. In this context, Cu-based multi-
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component alloys represent a promising direction, as introducing concentrated alloying 

elements (e.g., Zn, Sn, Al, Ni, and others) into Cu can (under suitable conditions) lead to 

compositionally complex or solid-solution microstructures in which short-range order (SRO) 

may be tuned depending on composition and processing conditions. Such controlled SRO in 

Cu-based systems may contribute to dislocation pinning and strengthening effects, which make 

these materials an interesting subject for future research. 

Another highly promising research direction is the application of laser-based additive 

manufacturing to fabricate functionally graded Cu-based alloys in which the alloying content 

varies spatially, ranging from zero (or low concentrations) to optimize electrical conductivity 

to higher concentrations aimed at enhancing mechanical strength. By controlling the spatial 

distribution of alloying elements, this approach could enable a gradual transition of properties 

within a single component and potentially mitigate the traditional trade-off between strength 

and electrical conductivity. Here, laser-based additive manufacturing offers the precision and 

flexibility required to realize such compositional gradients in suitable Cu-based systems, as 

demonstrated in related multi-material and compositionally graded alloys [394], which make 

it a powerful tool for designing location-specific performance in advanced engineering 

applications. 

Finally, but importantly, the application of emerging computational and data-driven 

approaches such as artificial intelligence, machine learning algorithms, materials informatics, 

and big data analytics to the design and optimization of Cu-Mg alloys aimed at improving the 

balance between mechanical properties and electrical conductivity represents a promising and 

increasingly viable research direction. By integrating experimental and computational datasets, 

these methods can help capture complex composition-microstructure-property relationships 

and support the identification of non-intuitive alloying strategies and processing routes within 

the limits of available data and underlying physical constraints [395]. In particular, such 

approaches show strong potential for supporting the quantitative prediction and optimization 

of precipitation behavior (e.g., Cu2Mg and Cu5Ca), including their size, morphology, and 

composition, especially when combined with established thermodynamic and kinetic modeling 

frameworks. Furthermore, data-driven methodologies can accelerate alloy and process 

development by guiding the selection of promising alloying contents and heat-treatment 

parameters that contribute to improved trade-offs among strength, ductility, electrical and 

thermal conductivity, manufacturability, and production cost, thereby substantially reducing 

(although not fully eliminating) the need for extensive experimental trial-and-error. 
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6. Summary and Conclusions 
The effects of Ca addition, heat treatment, conventional deformation, and SPD processing 

using various methods on the microstructural evolution, mechanical properties, and electrical 

conductivity of Cu-Mg-based alloys were systematically investigated within the scope of this 

PhD program. A density-reduced Cu/Mg composite structure was also designed and fabricated. 

In summary, the research was conducted through three approaches: Approach 1: Ca alloying 

combined with heat treatment and MaxStrain processing of the Cu-0.7Mg (wt.%) alloy; 

Approach 2: application of different extrusion routes to the Cu-0.7Mg (wt.%) alloy followed 

by MaxStrain processing; and Approach 3: fabrication of a density-reduced Cu/Mg composite 

structure by KoBo extrusion. Together, the obtained results provided a comprehensive 

understanding of the relationships between alloy composition, processing history, 

microstructural features, mechanical properties, and electrical conductivity in HSHC Cu-Mg-

based alloys. Based on the obtained results, the following conclusions can be drawn: 

(1) The addition of 0.1 wt.% Ca to the binary Cu-0.7Mg (wt.%) alloy altered the 

solidification behavior, and led to the transformation of the as-cast microstructure from 

predominantly columnar grains in the binary alloy to a finer and more equiaxed grain 

morphology in the ternary alloy. This refinement was attributed to the formation of 

Cu5Ca intermetallic particles in the ternary alloy, which effectively acted as preferable 

sites for grain nucleation during solidification. 

(2) Cu5Ca particles were uniformly distributed along the grain boundaries and also inside the 

grains of the ternary alloy. Together with the refined grain structure, they contributed to 

the enhanced mechanical strength, as evidenced by increased hardness, YS, and UTS of 

the ternary alloy compared to the binary alloy. However, these improvements were 

accompanied by reductions in ductility and electrical conductivity, which reflect the 

inherent trade-off between mechanical strengthening and electrical conductivity. 

(3) Heat treatment played a critical role in controlling the microstructural evolution and 

mechanical properties of the investigated alloys. Annealing at 650 °C for either 90 min 

or 75 min, followed by water quenching, promoted a more uniform distribution of Mg 

atoms, partial spheroidization of the Cu5Ca intermetallic particles, the generation of 

residual thermal stresses, and an increase in dislocation density. These combined 

microstructural changes led to improved mechanical properties while causing only a 

slight reduction in the electrical conductivity (only for binary alloy). 
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(4) The obtained results demonstrated that the annealing duration and cooling conditions 

applied after annealing influenced the final microstructure and mechanical properties. 

Longer annealing durations of 90 min and 75 min promoted greater microstructural 

homogenization and a higher degree of partial spheroidization of the Cu5Ca intermetallic 

particles. Subsequent water quenching preserved these microstructural characteristics 

and resulted in simultaneous improvements in strength and ductility. 

(5) In general, SPD processing using the MaxStrain module of the Gleeble 

thermomechanical simulator proved to be an effective approach for disrupting the as-cast 

microstructure, promoting grain refinement, and enhancing the mechanical properties of 

both binary and ternary alloys. The observed strengthening was attributed to the 

combined effects of microstructural refinement, increased dislocation density, and the 

progressive transformation of LAGBs into HAGBs during CDRX, which together 

contributed to improved mechanical properties. 

(6) Simulations of the plastic deformation processes revealed that the accumulated strain 

distribution during extrusion and subsequent MaxStrain processing was highly 

heterogeneous, which resulted in spatial variations in hardness across the MaxStrain-

processed samples. Hardness measurements demonstrated that regions experiencing 

higher equivalent strains exhibited increased hardness values, which highlights the strong 

correlation between local strain accumulation and hardness variation. 

(7) CDRX was identified as one of the key mechanisms contributing to microstructural 

refinement during SPD processing. The presence of Cu5Ca particles in the ternary alloys, 

combined with prior deformation processes, enhanced the fraction of recrystallized 

grains, promoted the development of HAGBs, and contributed to the formation of finer 

microstructures. 

(8) The processing history prior to MaxStrain deformation had a decisive influence on the 

subsequent strain accumulation behavior and resulting mechanical properties. Forward 

extrusion at 400 °C and KoBo extrusion at RT generated distinct initial strain states, 

which influenced the equivalent strain distributions and recrystallization responses 

developed during subsequent MaxStrain processing. 

(9) The combination of extrusion and subsequent MaxStrain deformation was demonstrated 

to be an effective processing route for achieving enhanced mechanical strength in Cu-

Mg alloys. Samples subjected to prior forward extrusion or KoBo extrusion, followed by 

MaxStrain processing, exhibited superior mechanical properties compared with those 
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processed only by MaxStrain, which shows the important role of cumulative deformation 

in improving the mechanical performance of HSHC Cu-Mg alloys. 

(10) Among the investigated processing routes, KoBo extrusion at RT, followed by 40 passes 

of MaxStrain processing at RT, resulted in the most pronounced strengthening effect. 

This improvement was attributed to the higher accumulated equivalent strain, enhanced 

grain refinement, increased fraction of HAGBs, and greater contribution of deformation-

induced strengthening mechanisms. 

(11) The reduction in electrical conductivity observed after SPD processing was primarily 

associated with increased electron scattering arising from the high dislocation density 

and the increased fraction of HAGBs developed during deformation. Nevertheless, this 

decrease in electrical conductivity associated with deformation-induced strengthening 

remained relatively low compared with the Mg-induced conductivity loss. 

(12) Despite the significant strengthening achieved through SPD processing, all fabricated 

Cu-Mg alloys subjected to final MaxStrain processing retained electrical conductivity 

values above the minimum requirements for classification as HSHC Cu alloys. This 

demonstrated the effectiveness of the applied thermomechanical processing routes in 

achieving a favorable combination of high mechanical strength and good electrical 

conductivity. 

(13) KoBo extrusion enabled the successful fabrication of a Cu/Mg composite structure 

consisting of a continuous pure Cu matrix containing embedded pure Mg filaments, while 

the Mg filaments preserved their initial symmetric arrangement along the extrusion 

direction. XCT analysis confirmed that the Mg filaments remained continuous without 

fracture or fragmentation after KoBo extrusion, which demonstrates the effectiveness of 

this processing route in preserving filament integrity during deformation. 

(14) The fabricated Cu/Mg composite structure exhibited a lower density than pure Cu, and 

the continuous Cu matrix contributed to maintaining high electrical conductivity of the 

whole structure by providing continuous conductive pathways. Moreover, interface 

analysis indicated that the bonding between Cu and Mg was predominantly mechanical 

in nature, with no detectable interdiffusion layer observed after KoBo extrusion within 

the resolution limits of SEM-EDS. 

(15) Warm KoBo extrusion induced significant microstructural refinement and evolution in 

both the Cu matrix and Mg filaments of the fabricated composite. The Cu matrix 

developed a fine equiaxed grain structure characterized by relatively low intragranular 

misorientation and reduced local lattice distortion, which indicated the occurrence of 
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recovery-related processes and the formation of stable deformation substructures. 

Meanwhile, Mg filaments exhibited a UFG microstructure typical of SPD-processed Mg. 

(16) The fabricated Cu/Mg composite exhibited a heterogeneous mechanical response during 

compression, characterized by preferential early plastic deformation of the softer Mg 

filaments and progressive load transfer to the Cu matrix as deformation proceeded. This 

behavior highlighted the important roles of interfacial load transfer and phase-specific 

deformation mechanisms in governing the mechanical performance of the composite. 

(17) Electrical conductivity measurements of the Cu/Mg composite demonstrated that, 

although microstructural features introduced during SPD processing slightly reduced 

conductivity compared with pure Cu, the high electrical conductivity of the Cu matrix 

was largely retained. Considering the reduced density of the fabricated composite 

structure together with its high electrical conductivity, this design appeared promising 

for the development of density-reduced highly conductive components. 

In conclusion, this work showed that advanced SPD-assisted processing strategies, 

particularly KoBo extrusion and MaxStrain processing, can provide useful approaches for 

developing high-performance Cu-Mg-based alloys and composites. By carefully controlling 

alloy composition, heat treatment conditions, and deformation routes, an improved balance 

between mechanical strength, ductility, and electrical conductivity was achieved. The obtained 

results provided valuable information about the relationships between processing history, 

microstructural evolution, and properties in Cu-Mg-based systems and highlighted the 

importance of proper alloy design and thermomechanical processing for mitigating the 

conventional strength-conductivity trade-off in Cu alloys. It can be concluded that the 

combination of alloying, heat treatment, and SPD processing offers a promising strategy for 

tailoring the performance of Cu-based alloys and can open opportunities for the development 

of weight-optimized, multifunctional alloys and composites for advanced electrical, electronic, 

and structural applications. 
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ABSTRACT 
This PhD work systematically investigated the effects of Ca addition, heat treatment, 

extrusion-based processing, and severe plastic deformation (SPD) on the microstructure, 

mechanical properties, and electrical conductivity of Cu-0.7Mg (wt.%) alloy, as well as the 

development of a density-reduced Cu/Mg composite structure via KoBo extrusion. The 

addition of 0.1 wt.% Ca to the Cu-0.7Mg (wt.%) alloy promoted the formation of Cu5Ca 

intermetallic particles, which were uniformly distributed inside grains as well as along grain 

boundaries, while also transforming the as-cast columnar microstructure of the binary alloy 

into an equiaxed structure in the ternary alloy. Consequently, the ternary alloy exhibited a 33% 

increase in hardness, a 13% increase in yield strength (YS), and a 13% increase in ultimate 

tensile strength (UTS) compared with the binary alloy, accompanied by a 15% reduction in 

total elongation (EL) and a 13% decrease in electrical conductivity. Subsequent heat treatment 

consisting of annealing at 650 °C for 90 min followed by water quenching induced partial 

spheroidization of the Cu5Ca particles in the ternary alloy and also enhanced the YS, UTS, and 

EL of both alloys. SPD processing using the MaxStrain module of the Gleeble 

thermomechanical simulator resulted in pronounced grain refinement and an increased fraction 

of high-angle grain boundaries (HAGBs), particularly in the ternary alloy, where the 

intermetallic particles effectively impeded dislocation motion during deformation. Sequential 

processing routes involving either forward extrusion at 400 °C or KoBo extrusion at room 

temperature prior to MaxStrain deformation produced substantially finer grain structures, 

reducing grain size by 76% and 66%, respectively, compared with MaxStrain processing alone. 

In the binary alloy, MaxStrain deformation, with or without prior extrusion, increased YS by 

251–360% and UTS by 95–169% relative to the annealed condition due to the combined effects 

of grain refinement and deformation strengthening. Although SPD processing caused minor 

reductions in electrical conductivity, all processed alloys maintained a favorable balance 

between strength and conductivity and remained within the range characteristic of high-

strength and high-conductivity (HSHC) Cu alloys. In addition, a density-reduced Cu/Mg 

composite structure (with a density of 7.85 g/cm3) composed of a pure Cu matrix reinforced 

with continuous pure Mg filaments was successfully fabricated using KoBo extrusion. 

Microstructural analyses confirmed strong mechanical interfacial bonding without detectable 

interdiffusion, continuous and defect-free Mg filament distribution, dynamic recovery and 

recrystallization within the Cu matrix, and the formation of an ultrafine-grained (UFG) Mg 

microstructure with an average grain size of ~354 nm. These microstructural features 

contributed to hardness increases of approximately 43% in the Cu matrix and 11% in the Mg 

filaments. Mechanical properties evaluation revealed an early YS value of ~119 ± 12 MPa for 

the composite structure, which was associated with the onset of plastic deformation of the 

relatively softer Mg filaments within the Cu matrix. Despite deformation-induced defects that 

slightly increased electron scattering, the composite maintained a high electrical conductivity 

of 52.6 ± 1.2 MS/m due to the continuous Cu conduction network. Overall, the results 

demonstrated that the controlled integration of alloying elements, heat treatment, extrusion-

based processing, and SPD constitutes an effective strategy for the development of advanced 

HSHC Cu-Mg alloys and density-reduced Cu/Mg composite structures with a desirable 

combination of mechanical properties and electrical conductivity. 

 

Keywords: High-strength and high-conductivity copper alloys; Solid solution strengthening; Second-

phase hardening; Heat treatment; Microstructure engineering; MaxStrain process; Gleeble 

thermomechanical simulator; KoBo extrusion; Simulation; Mechanical properties; Electrical 

conductivity, Composite materials. 
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STRESZCZENIE 
W niniejszej rozprawie doktorskiej przeprowadzono systematyczne badania wpływu 

dodatku Ca, obróbki cieplnej, procesów przeróbki plastycznej opartych na wyciskaniu oraz 
intensywnego odkształcenia plastycznego (SPD) na mikrostrukturę, właściwości mechaniczne 
i przewodność elektryczną stopu Cu-0,7% mas. Mg, a także opracowanie kompozytowej 
struktury Cu/Mg o obniżonej gęstości metodą wyciskania KoBo. Dodatek 0,1% mas. Ca do 
stopu Cu-0,7Mg (% mas.) sprzyjał powstawaniu cząstek międzymetalicznych Cu5Ca, 
równomiernie rozmieszczonych zarówno wewnątrz ziaren, jak i na granicach ziaren, a także 
powodował transformację kolumnowej mikrostruktury odlewniczej stopu binarnego w 
strukturę równoosiową w stopie trójskładnikowym. W konsekwencji stop trójskładnikowy 
wykazał wzrost twardości o 33%, wzrost granicy plastyczności (YS) o 13% oraz wzrost 
wytrzymałości na rozciąganie (UTS) o 13% w porównaniu ze stopem binarnym, przy 
jednoczesnym obniżeniu całkowitego wydłużenia (EL) o 15% oraz przewodności elektrycznej 
o 13%. Następnie zastosowana obróbka cieplna, obejmująca wyżarzanie w temperaturze 650 
°C przez 90 min z następującym po nim chłodzeniem w wodzie, wywołała częściową 
sferoidyzację cząstek Cu5Ca w stopie trójskładnikowym oraz poprawę wartości YS, UTS i EL 
dla obu stopów. Obróbka SPD z wykorzystaniem modułu MaxStrain symulatora 
termomechanicznego Gleeble doprowadziła do wyraźnego rozdrobnienia ziaren oraz 
zwiększenia udziału granic ziaren wielkokątowych (HAGBs), szczególnie w stopie 
trójskładnikowym, gdzie cząstki międzymetaliczne skutecznie hamowały ruch dyslokacji 
podczas odkształcenia. Zastosowane sekwencje przetwarzania obejmujące wyciskanie 
współbieżne w temperaturze 400 °C lub wyciskanie KoBo w temperaturze pokojowej przed 
odkształceniem MaxStrain doprowadziły do uzyskania znacznie drobniejszej struktury, 
zmniejszając średnią wielkość ziaren odpowiednio o 76% i 66% w porównaniu z samą obróbką 
MaxStrain. W przypadku stopu binarnego odkształcenie MaxStrain, zarówno z wcześniejszym 
wyciskaniem, jak i bez niego, zwiększało YS o 251–360% oraz UTS o 95–169% w porównaniu 
ze stanem wyżarzonym, na skutek połączonego efektu rozdrobnienia ziaren i umocnienia 
odkształceniowego. Pomimo niewielkiego obniżenia przewodności elektrycznej 
spowodowanego obróbką SPD, wszystkie przetworzone stopy zachowały korzystną 
równowagę pomiędzy wytrzymałością a przewodnością oraz mieściły się w zakresie 
charakterystycznym dla stopów Cu o wysokiej wytrzymałości i wysokiej przewodności 
(HSHC). Ponadto, metodą wyciskania KoBo z powodzeniem wytworzono kompozytową 
strukturę Cu/Mg o obniżonej gęstości (7,85 g/cm3), składającą się z osnowy czystej Cu 
wzmocnionej ciągłymi włóknami czystego Mg. Analiza mikrostruktury potwierdziła trwałe 
mechaniczne połączenie międzyfazowe bez widocznej interdyfuzji, ciągłe na całej długości i 
wolne od defektów rozmieszczenie filamentów Mg, dynamiczne odzyskiwanie i 
rekrystalizację osnowy Cu oraz powstanie ultradrobnoziarnistej (UFG) mikrostruktury Mg o 
średniej wielkości ziarna wynoszącej około 354 nm. Cechy mikrostrukturalne przyczyniły się 
do wzrostu twardości o około 43% w osnowie Cu oraz o 11% w filamentach Mg. 
Charakterystyka właściwości mechanicznych wykazała wczesną wartość YS na poziomie ~119 
± 12 MPa dla struktury kompozytowej, odpowiadającą początkowi odkształcenia plastycznego 
stosunkowo bardziej miękkich filamentów Mg w osnowie Cu. Pomimo obecności defektów 
indukowanych odkształceniem, które nieznacznie zwiększały rozpraszanie elektronów, 
kompozyt zachował wysoką przewodność elektryczną na poziomie 52,6 ± 1,2 MS/m, dzięki 
zachowaniu ciągłej struktury Cu jako osnowy. Podsumowując, uzyskane wyniki wskazują, że 
kontrolowane zastosowanie dodatków stopowych, obróbki cieplnej, procesów przeróbki 
plastycznej opartych na wyciskaniu oraz SPD stanowi skuteczną strategię opracowywania 
zaawansowanych stopów Cu-Mg typu HSHC oraz kompozytowych struktur Cu/Mg o 
obniżonej gęstości, charakteryzujących się pożądanym połączeniem właściwości 
mechanicznych i przewodności elektrycznej. 

Słowa Kluczowe: Stopy miedzi o wysokiej wytrzymałości i wysokiej przewodności; Umocnienie 

roztworowe; Umocnienie przez fazę drugą; Obróbka cieplna; Inżynieria mikrostruktury; Proces 
MaxStrain; Symulator termomechaniczny Gleeble; Wyciskanie KoBo; Symulacja; Właściwości 
mechaniczne; Przewodność elektryczna; Materiały kompozytowe. 
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