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The present study investigates, experimentally and numerically, the tensile behavior of copper-clad aluminum composite wires. Two fiber-matrix configurations, the conventional Alcore/Cu-case and a so-called architectured wire with a continuous copper network across the cross-section, were considered. Two different fiber arrangements with 61 or 22 aluminum fibers were employed for the architectured samples. Experimentally, tensile tests on the two types of composites show that the flow stress of architectured configurations is markedly higher than that of the linear rule of mixtures' prediction. Transverse stress components and processing-induced residual stresses are then studied via numerical simulations to assess their potential effect on this enhanced strength. A set of elastic-domain and elastoplastic simulations were performed to account for the influence of Young's modulus and volume fraction of each phase on the magnitude of transverse stresses and how theses stresses contribute to the axial stress-strain behavior. Besides, residual stress fields of different magnitude with literature-based distributions expected for cold-drawn wires were defined. The findings suggest that the improved yield strength of architectured Cu-Al wires cannot be attributed to the weak transverse stresses developed during tensile testing, while there are compelling implications regarding the strengthening effect originating from the residual stress profile. Finally, the results are discussed and concluded with a focus on the role of architecture and residual stresses.

Chapter 1 Introduction

Lightness, low cost, strength, and damage tolerance and are the major qualities of interest in physical metallurgy. Manufacturers are constantly looking forward to maximizing efficiency by achieving the above features. A prospect of copper scarcity in decades to come [1] has prompted the wire-manufacturing industry to rethink its approach and fabrication techniques in some cases. Abundant demand and rising prices of copper for electrical applications highlight the importance of cutting product costs. It has been long known that composites are able to combine the advantages of two or more individual materials. A known example is copper-clad or copper-coated aluminum wire (CCA) where partial replacement of copper by cheaper aluminum brings substantial cost savings. Moreover, these wires can provide improved strength to weight ratio and increased conductivity per pound of material due to the lower density of aluminum [2]. A profound understanding of the mechanical behavior of theses composite wires is necessary to obtain optimal products with improved service lifetime. The current dissertation is an attempt to develop a better understanding of the mechanics of Cu-Al wires of conventional and novel configurations with an emphasis on their tensile strength.

Wires have been around for thousands of years now. Early wires were produced by hammering or strip twisting to make high-quality fine wire for jewelry. However, quantity and strength requirements prompted the development of the manufacturing process. Cold drawing is a metalworking technique that is mainly used to produce wires and tubes on an industrial scale. The principle is reducing a wire diameter by drawing it through converging dies. Modern wiredrawing required drawplates (a type of drawing die) and conical dies. Furthermore, a transition from hand-and water-powered equipment gave rise to industrial-scale production creating the present-day portfolio of diverse drawn products. Nowadays, wires can be found everywhere from common items, such as guitar strings, to cable supports in suspension bridges and electrical wires [3]. Figure 1 is a simplified schematic of the wire drawing process. Among the various drawing products, pure copper wire for electrical applications is one of the most important. However, the demand prospect for copper has created concerns over constrained supplies. Figure 2 shows an estimation of global copper demand until 2100 under different scenarios detailed in Ref. [4]. The trend is expected to lead to a significant rise in copper prices, particularly in view of a global transition to renewable energies. This necessitates innovations to save as much copper as possible. Soaring copper prices during the 1960s hit the electrical wire manufacturers hard. This became the motivation for them to look for a substitute. Cheaper and lighter aluminum was a good candidate; however, it could not fully replace copper because of disadvantages such as lower strength and lower conductivity. Therefore, they combined the conductivity and joinability of copper with the light weight and low cost of aluminum into copper-clad aluminum wires (abbreviated as CCA). For the same conductivity, theses wires, offer 50% reduction in weight and cut costs by 30-40% compared to pure copper wires [5]. Today, copper-clad aluminum products for electrical applications are available in various forms, for example sheet, strip, and more commonly wires. CCA wires are used in the power industry and a number of other sectors such as automobiles. Recently they have also found advanced aerospace applications in satellites and spacecrafts for weight reduction purposes [2], [6]. A schematic of a conventional CCA wire is shown in Figure 3. Figures 4a and4b show a number of bimetallic copper-aluminum electrical conductors, in various configurations [7], [8].

Figure 4: Copper-aluminum electrical conductors of various shapes (taken from Refs. [7], [8], and [11])

Certain fiber (Al) -matrix (Cu) configurations have proved superior in some aspects such as high/low-frequency electrical conductivity and thermal diffusivity [9], [10]. An example configuration (so-called architectured) is given in figure 4c [11]. The principal question around which this research is centered is as follows:

-How does the fiber-matrix configuration (architecture) influence the microstructure and mechanical behavior of Cu-Al wires of various configurations and volume fractions?

The structure of the manuscript is as follows. The literature review chapter outlines the research context by putting forward the relevant concepts and finally details the pathway towards the goals of this study. The rest of the manuscript is presented in article format with the author's publications on the topic making up the thesis' next chapters. The first article describes the manufacturing process of conventional and architectured Cu-Al composite wires. It also examines the microstructure as well as their mechanical behavior, revealing the superior yield strength of architectured wires over the conventional CCAs. The second article is a numerical investigation of the potential mechanisms leading to the aforementioned superior yield stress of architectures wires. The third article then explains the conceivably responsible mechanism based on the manufacturing-induced residual stress profiles developing in conventional and architectured Cu-Al wires. The last paper looks into the impact of the strain-hardening law on the FEM prediction of residual stresses in Cu-Al wires. An introductory section precedes each chapter (paper) explaining the objectives, relevance and its connection to the subject. A concluding section follows the last chapter to state the major conclusions and the potential prospects of this research.

Chapter 2

Literature review

This chapter provides the state-of-the-art of the manufacturing and mechanical behavior of (co)drawn/(co)extruded rods and wires. Firstly, wire drawing and its general principles as well as the microstructure and mechanical properties of drawing products are covered. Secondly, codrawing, its applications, experimental studies, and the corresponding features and concepts are introduced. The third section, then, reviews the use of analytical and finite element models to investigate various aspects of wiredrawing such as manufacturing residual stresses. In the fourth section, a review of experimental methods of residual stress measurement is presented to clarify how the numerical results could possibly be verified. A summary of the objectives of the work concludes this chapter. Since the manuscript is consisted of the published articles as the different chapters, each chapter contains a literature review section. Consequently, the present chapter leaves out some of the literature and concepts discussed in the articles to avoid redundancy.

I. Wire drawing: theory and general principles

Wire drawing is a multifaceted manufacturing technique with several parameters interplaying.

A review of those parameters involved and how they influence one another as well as the analytical relationships to calculate important parameters such the drawing force and average flow stress are provided below.

I.1. Process overview

A sound understanding of wiredrawing theory makes it possible to control and optimize existing processes. It also allows for a sustainable development of new technologies [12]. The following lines provide an overview of the theory and mechanics of the technique.

There are relationships between numbers of factors that greatly influence deformation in wiredrawing. Wire chemistry, approach angle (shown in figure 5), lubrication, drawing speed, and area reduction are among the most important factors. Figure 4 shows a more detailed schematic of the profile of a typical wire drawing die [13], [14].

Figure 5: Profile of a typical wiredrawing die (taken from Ref. [13])

Energy considerations (the work of drawing) provides extensive information about the mechanics of wire drawing. The total energy required to draw a wire of a given material to the desired size is always greater than expected in practice. This comes from the inefficiencies that do not contribute in reducing the cross-sectional area. Such inefficiencies merely increase energy requirements and negatively affect wire quality. The work consumed at a given drawing bench goes into achieving the deformation and overcoming the friction between wire and die.

The deformation work itself is made up of two components. One component is the energy that changes the dimensions of the wire. The other is redundant work that causes internal shearing and distortion by changing the flow direction without contributing to dimensional change. Deformation inefficiencies are mainly governed by the approach angle (Figure 6). According to figure 6, the smaller the approach angle is, the larger the friction will be and, consequently, the power consumption increases. On the other hand, however, larger approach angles promote the formation of dead zones and internal shearing (redundant work). Therefore, an optimum approach angle needs to be identified [12], [13]. A short description of how to compute force and stress in the drawing process is presented below [13], [14]. Assuming ideal deformation (without friction and redundant work), the true strain and stress a given drawn wire experiences is calculated as follows:

𝜀 = ln (1) 
'A0' and 'Af' represent the original and final wire cross-sections respectively. The resulting stress is:

𝜎 = 𝛾̅ 𝜀 (2) 
Where '𝛾̅ ' is the average flow stress assuming that the stress-strain behavior in work hardening obeys Hollomon's equation among the other empirical relationships available [14], [15]:

𝛾̅ = (3) 
'K' and 'n' denote the strength coefficient and strain hardening exponent in the order given. However, practically speaking, frictional work and redundant deformation are always present. Therefore, the above relations that are based on homogenous, ideal deformation can greatly underestimate the actual values. Numerous methods have been proposed in the literature to take account of inhomogeneous deformation. The following equation from Ref. [14] is presented here including the influence of the die angle (approach angle) and the coefficient of friction at the wire-die interface on the draw stress:

𝜎 = 𝛾̅ (1 + )𝜑 ln (4) 
'α' is the die angle and 'μ' is the coefficient of friction in the above equation. In addition, 'φ' is a factor that accounts for inhomogeneous deformation having to do with the die geometry.

The corresponding drawing force is as follows:

𝐹 = 𝐴 𝜎 (5) 
As mentioned earlier, deformation in wiredrawing is influenced by several interconnected parameters. A brief overview of how those parameters are related is provided in the next paragraphs.

Friction at the wire-die interface is closely connected with the die angle. A smaller die angle creates a greater wire-die contact length and therefore increases the friction work. A large die angle has the opposite effect. Moreover, there is an inverse relationship between friction and drawing speed. The greater the drawing speed, the smaller is the Coulomb coefficient of friction. Furthermore, larger die angles promote redundant work. The reason is the sharper change of the material flow direction away from the wire axis. Therefore, an optimal choice of the appropriate die angle seems indispensable (according to figure 6). Bearing in mind the opposing relationships of friction and redundant work with die angle, an optimum value should minimize both friction and redundant deformation. It is difficult to choose a suitable approach angle without considering cross-sectional area reduction. The delta (∆) factor is a helpful geometrical parameter that accounts for both. Basically, it is the ratio of the height of the deformation zone to the length (wire-die contact length) of the deformation zone and is calculated as follow [13]:

∆= 1 + (1 -𝑟) (6) 
Where '𝛼' is the approach angle in radians and 'r' is the area reduction:

𝑟 = (7) 
On the one hand, low ∆ values, because of either small approach angle or high section reduction, result in increased friction and surface heating. On the other hand, higher ∆ values give rise to redundant deformation and work hardening near the wire surface. A ∆ factor value ranging between 1.5 and 3 is often regarded as optimum in commercial operations. There are also secondary considerations such as die pressure, back pull, thermal effects, die life and wear that are not to be discussed here. The deformation-zone geometry, represented by the ∆ parameter, also influences the properties of drawn products. Homogeneity, cracking tendency, residual stress patterns, and porosity are a number of such properties [13], [16], [17].

I.2. Microstructure of drawn products

As any other manufacturing process, the plastic deformation involved in wire drawing brings about microstructures with specific characteristics. The next subsections are aimed at providing an overview of how the process affects the microstructure.

I.2.1. Texture evolution

Ideal polycrystalline metals and alloys are made up of randomly oriented grains. These grains tend to rotate towards preferred orientations upon plastic deformation, during metal forming processes such as wire drawing. The existence of such specific orientations is referred to as crystallographic texture. The nature of texture depends on the type of material and the metal forming technique. In cold-drawn face-centered cubic (fcc) metals (such as copper and aluminum), the <111> directions align parallel to the drawing direction making up the main component of texture. This texture with a <111>-fiber axis is called fiber texture. Fiber texture changes into a <100>-fiber following primary recrystallization. It is known that materials properties vary with crystallographic directions in single crystals of materials like Ni and Cu. Young's modulus of pure copper largely depends on the texture developments resulting from either number of processing passes (plastic deformation) or heat treatment and approximately ranges between 60 and 200 GPa (see figure 7) [18]. Texture development in polycrystals can similarly give rise to anisotropic properties along various directions. This feature can be utilized to customize certain polycrystalline materials for specific applications. A suitable combination of drawing and annealing steps can modify the relative intensity of different texture components in favor of a given desired property. An example of such applications is presented in figure 8. It shows the (100) pole figures of two gold wires of a standard diameter of 0.010 in (to be bonded on computer chips), with different drawing and annealing schedules. There is a marked difference between intensities of the two texture components. The <111> component provides a higher yield strength than the <100> component. Therefore, the tensile strength of these gold wires could be adjusted by varying the relative intensities of the texture components. Texture inspection is a quick method for quality and process control [19], [20]. unpublished results] (Taken from Ref. [20]).

Shamsuzzoha [19] examined the microstructure of a heavily-drawn pure Al sample with a combined use of transmission electron microscopy and x-ray diffraction techniques. His results revealed the formation of a strong <111> fiber texture after a single pass of wire drawing. Cho et al. [21] investigated the recrystallization and grain growth of copper and gold bonding wires. They report the development of <111> and <100> texture components during the drawing of both copper and gold wires with the <111> component being dominant in case of the gold wire. Moreover, they define three stages during the annealing of cold-drawn copper and gold wires. The first stage is marked by sub-grain growth, persistence of elongated grains. Furthermore, the volume fraction of <100> increases whereas that of <111> decreases. During the second stage, a mixture of newly recrystallized and elongated grains appear. Grain growth and equiaxed grains are characteristic of the third stage where the <111> component grows at the expense of the <100> component. Figure 9 [21] shows the microstructural evolution of a copper bar of an initial diameter of 7 mm after drawing, with intermediate and final annealing steps. 5) FA ( 6) (taken from Ref. [21]).

The dominant fiber texture component varies with the crystal structure. Cold-drawn pearlitic wires develop a <110> texture, especially in the ferrite phase. The texture intensity increases with the drawing plastic strain. The higher strength of steel wires is commonly attributed to the <110> texture of ferrite [22].

I.2.2. Grain size and morphology

It is known that drawing/extrusion operations can change the aspect ratio and morphology of grains by giving rise to the formation of elongated grains along the deformation axis. The following figures provide a number of examples showing size and morphological modifications following wire drawing and heat treatment. Figure 10 demonstrates longitudinal optical micrographs of a pure aluminum sample of an initial grain size of 500 to 1000 µm. Figures 10 (a) and (b) show the as-received and single-pass drawn samples, respectively. Figure 10 also provides further evidence of morphological evolution of the grains. Figure 11 represents the grain size and aspect ratio variations of the copper wire in figure 9, throughout its different drawing and annealing steps. This figure also highlights the notion of steady state grain size of severely deformed materials. Its implications will be further discussed later in this chapter.

Figure 11: Grain size and aspect ratio as a function of process step for figure 9 (taken from Ref. [21])

In pearlitic steel wires, pearlite colonies become elongated along the drawing direction with the increase of the drawing strain. Larger strains also further reduce the pearlite interlamellar spacing. In a small number of pearlite colonies whose axes make large angles with the drawing direction, however, the cementite platelets were found to be severely bent and slid against each other. Evolution of the microstructural features of pearlitic steel wires, without inherited texture, at different drawing strains is shown in figure 12 [22]. 

I.2.3. Dislocation density and evolution in drawing/extrusion

It is known that severe plastic deformation operations can influence the dislocation density and evolution, depending on the forming technique, material, temperature, processing variables, and so forth. As an example, the dislocation density in copper during quasi-static severe plastic deformation has been reported to be within 1.5⋅10 14 -3⋅10 16 m -2 , at large strains [23]. Figure 13 [24] displays the development of dislocation density with the number of passes of equal-channel angular pressing (ECAP) and multi-directional forging (MDF) at different temperatures. When considering (co)drawing, dislocation evolution in drawn steel wires is more widely studied than other materials. Figure 14, for example, presents a simplified schematic of the development of pearlitic microstructure during wire drawing and subsequent annealing [25]. Geometrically necessary dislocations (GNDs) form to accommodate non-uniform plastic strain gradients [26]. They can profoundly influence the mechanical behavior of deformed products through a number of ways such as size effect, as in co-drawn Cu-Nb wires [27] (discussed later in the manuscript), or by giving rise to back stresses.

I.3. Wire drawing residual stresses

Residual stresses, also referred to as internal stresses, exist in the material independent of any external load (figure 16). A key feature of theses stresses is their quality of being selfequilibrating, meaning that their compressive and tensile components sum to zero net force and moment within the whole volume. Various mechanisms can create residual stresses as follows [28]:

1. Non-uniform plastic deformation during manufacturing processes such as forging or rolling 2. Surface modification treatments, like plating (metal coating on a conductive surface) and peening

Material phase and/or density changes throughout processes with large thermal gradients including welding and casting

There are three length scale-based categories of residual stresses. Manufactured components form Type I macro-stresses extending over large distances from mm upwards. Type II residual stresses span over micron scales. They develop due to incompatibility between neighboring grains in metals. Type I macro-stress, either residual or applied, can cause Type II microstresses. Type III residual stresses are on the atomic scale around dislocations and crystal interfaces. The three types are illustrated in figure 15. Superposition of loading and residual stresses could be beneficial or harmful. It would depend on the sign and location of the residual stresses. The surface compressive residual stresses in tempered glass (figure 16) is an instance of an advantageous case. When harmful, however, they can lead to premature fracture, lowered yield and fatigue strength. Residual stresses can cause undesirable effects in other ways as well.

For example, where dimensional precision is required, distortions occurring due to a redistribution of residual stresses after cutting/machining can pose problems. Heat treatment or incremental machining (to converge on the desired dimensions) are common solutions to reduce residual stresses and preserve dimensional accuracy [28]. It is known that the inhomogeneity associated with metal forming processes generates residual stresses [30]. These operations bring about large plastic strains on the order of several hundred percent and elastic strains as small as tenths of one percent. Residual stresses form due to plastic strain differences as small as elastic strains. Therefore, elastic strains cannot be neglected in cold-worked products whose service life depends on the residual stress profile (though often neglected in hot forming). The elastic-plastic flow curve represented in figure 17 shows how non-uniform deformation gives rise to the formation of residual stresses (RS). Inhomogeneous shape changes occur when a metal is being deformed below its recrystallization temperature (cold worked). The three points in figure 17 explain this non-uniformity assuming what follows.

Three regions of a workpiece plastically deform to different points on the stress-strain curve (1, 2, and 3 in Fig. 12) during cold working (wire drawing in the present research). Elastic recovery after removal of the load is expected to bring those regions back to the corresponding points (1', 2', and 3') on the strain axis if they were independent of each other. However, the principle of continuity requires all regions to have the same strain. Therefore, some regions develop tensile (1") and others form compressive (3") residual stresses upon return. Residual stresses are selfequilibrating and every distribution must satisfy the zero net force condition [31]. Cold drawing also causes a characteristic axial RS pattern with tensile components near the surface and compressive components in the center. Figure 18 shows a typical axial RS profile through the cross section of a cold-drawn wire [32], [33]. The gradient and magnitude of the residual stress profile in cold drawn wires and bars, however, depends on the die geometry [34]. 

I.4. Tensile behavior of drawn products

It is known that the plastic deformation associated with the different forming methods brings about higher strength at the expense of ductility. This is the common trend observed in various techniques such as rolling, extrusion and drawing. For instance, larger plastic deformation leads to higher yield strength but reduced elongation to failure (ductility) in Cu and Al [35]. Figure 19 illustrates how strength and ductility of pure copper evolve after cold-drawing at ambient and cryogenic temperatures [36]. As another example, figure 20 shows the development of the tensile strength of cold-drawn iron wires as a function of the drawing strain [37]. The flow stress of certain materials such as high-purity copper and aluminum approaches to a saturation value, σsat, at high strains induced by metal forming operations. Figure 21 illustrates this for pure copper and pure aluminum samples processed by equal channel angular pressing (ECAP) [38].

Figure 19: Stress-strain curves of copper, measurements at 293 K (taken from [36]).

Figure 20: Tensile strength (a), the increase rate of strength (b), the elongation (c) and engineering stress strain curves (d) of cold-drawn iron wires as a function of drawing strain (taken from [37]). 

II. Co-drawing/Co-extrusion

As mentioned earlier, metallic composites could be of interest to the industry for economic reasons or potential mechanical or thermal advantages. Co-drawing is the simultaneous drawing of two or more metals in a single forming operation. Figure 22 displays a schematic diagram of the co-drawing process [39]. Assuming Proportional sound flow ( = , Figure 22), the same drawing strain, stress, and force relationships can be used, as presented earlier in the wiredrawing process overview section. Ri and Ro are the initial radii of the core and sleeve, in the order given. The final values, after being passed through a convergent die, with a semi-cone angle of α, are Rif and R0f. Within the deformation zone, the angle of the core/clad interface (αi) could be different from the die semiangle (α), leading to different amounts of deformation experienced by the core and sleeve. This can be verified by determining the area reduction (=ΔA/A), or true strains (=ln[Ainitial/Afinal]) for each. The die pressure during co-drawing/co-extrusion creates a bond between the components being deformed together. A number of researchers refer to it as cold pressure bonding (at room temperature). Co-deformation can be done using conventional drawing/extrusion equipment at the appropriate temperature for the metal system being formed [39], [40].

II.1. General applications

Co-drawing/Co-extrusion has a variety of manufacturing applications including electrical conductors, powder or difficult-to-form materials, and multifilamentary superconductors. These techniques, occasionally, offer benefits over conventional drawing/extrusion methods. As an example advantage, co-extrusion makes it possible to deform a material with a high ductile-tobrittle transition temperature as the core of a co-extrusion billet with a ductile clad material.

The soft cladding would shield the core against effects such as die chill and consequently cracking [39], [41]. For electrical applications, copper-clad aluminum conductors in the form of wire, rod, and bus bar are commonly available. Copper-clad wires of intermetallic superconductors in superconducting magnets is another wide commercial use of these techniques.

II.2. Experimental studies of co-extrusion/co-drawing

An organized experimental study of co-extrusion/co-drawing started as of 1950s and 1960s, with a particular attention to copper-clad aluminum rods and zirconium cladding of nuclear fuels. The principal conclusions from these early studies is presented in the following lines. The bimetallic configuration, hard-sleeve/soft-core or soft-sleeve/hard-core, is very determining in terms of the deformation behavior. Incompatible deformation can lead to fracture of bimetallic products, even when both phases are ductile. A hard sleeve co-deformed with a soft core, under proper conditions, could result in proportional deformation and subsequently sound products. However, if the core is hard and the sleeve is soft, the sleeve will experience greater deformation. A strong interfacial bond between the core and sleeve promotes core fracture by developing large tensile stresses in the core. Conversely, a weak bond prevents the core from being deformed by making it act as a mandrel. As a result, only the sleeve deforms. Silver-clad high temperature superconductors, co-extruded in copper cans (Cu/Ag/YBCO and Cu/Ag/BSCCO composites) and microfabrication of ceramic components are other examples of using the co-extrusion technique. Figure 23 shows the effect of die angle on the success of hydrostatically extruded bimetallic rods [39]. Initial reports on hydrostatic extrusion came out in the early 1970s. This investigation was mainly concerned with achieving flawless products from co-extruding of hard cores with soft clads. The goal was to determine the processing conditions that bring about compatible deformation of core and clad, resulting in a defect-free product on both the exterior and the interior. Experimental results (flow behavior during hydrostatic extrusion) along with the corresponding processing maps for the hydrostatic co-extrusion of copper-lead and aluminumlead composite rods are presented in Figure 24. A considerable literature also considers the relationship between the extrusion pressure and the core/clad volume fraction of hydrostatically extruded copper-clad aluminum rods using earliermentioned analytical methods. Although qualitatively verified, there is insufficient experimental data to compare against the processing maps obtained from these methods. Another body of literature addresses experimental measurement of residual stress distribution, supplemented by finite element calculations, in co-extruded/co-drawn composite rods. The purpose of these studies was to establish empirical rules controlling the relationship between process variables and material properties to achieve sound products. The experiments confirmed the expected residual stress distribution in hard-clad/soft-core rods (copper-clad aluminum). The experimental observations also highlighted the importance of bonding strength, at the core/clad interface, to maintain the integrity of the product [39]. Aluminum-clad magnesium rods [42], multifilamentary Cu-Nb wires (for generating intense-pulsed magnetic fields) [43], so-called "Architectured' Cu-Al composite wires (for electrical applications) [10], and superconducting MgB2 wires [START_REF] Oh | Superconducting MgB2 Wire Drawing Considering Anisotropic Hardening Behavior and Hydrostatic Effect[END_REF] are more recent examples of co-drawing/co-extrusion products.

II.3. Material flow during co-drawing/co-extrusion and determining factors

The success of a co-drawing/co-extrusion operation is contingent upon a wide variety of factors such as the core-clad configuration. Hard-core/soft-clad and soft-core/hard-clad are the two main configurations of co-extruded/co-drawn materials. There are many parameters influencing the flow pattern and quality of co-deformed products listed in Table 1 [39].

Table 1 Determining co-drawing/co-extrusion parameters [39] As mentioned above, several parameters control the success of co-extrusion/co-drawing. These are metallurgical and mechanical compatibility of the clad and core along with the degree to which the flow of the components is laminar through the die. The laminarity of flow depends on the process variables such as the die geometry. Depending on how ideal the co-deformation condition is, different modes of flow could arise.

Proportional sound flow ( = , Figure 22) and even less desirable disproportional sound flow ( ≠ , Figure 22), and cladding (no deformation of core) are considered successful coextrusion/co-drawing. In other cases, due to either incompatible clad and core or non-optimum operational conditions, various defects can occur. These defective phenomena include shaving (back flow of clad), non-uniform (wavy) flow (resulting in rough and irregular core-clad interface), and fracture of either the sleeve or the core. There are analytical and numerical procedures available allowing to design dies minimizing the required work for co-extrusion/codrawing with the least non-laminar flow [39]. The following section reviews them. 

II.4. Mechanical properties of co-drawn/extruded products

Deformation processes such as drawing and extrusion are among the various solid-state techniques for manufacturing metallic composites. Bimetallic hybrid materials can incorporate the desirable properties of two metals into one product. For example they can bring about high specific strength, corrosion resistance, and high electrical or thermal conductivity. There are several studies in the literature reporting significantly high tensile strength for bimetal composite wires, such as Cu-Nb (figure 25) [27].

The mechanical behavior of theses composites is a function of a variety of factors including the mechanical interactions between the fiber and matrix (not significant in bimetallic composites), interfacial reactions, thermal expansion effects, size effects, and the fabrication process [START_REF] Ochiai | Effect of Interface on Deformation and Fracture Behaviour of Metallic Matrix Fibre-Reinforced Composites[END_REF]. The rule of mixtures is a common approach to predict some mechanical properties of metallic composites using averaged mechanical properties and volume fractions of the constituent phases [27]. The next section further explains this concept. 

II.5. Rule of mixtures

Co-deformation through drawing or extrusion has been an industrial-scale production technique for a long time. Bimetal composite wires such as Cu/Al, Cu/Ni, Cu/Ag, and Mg/Al are example products fabricated via the above methods. The mechanical behavior of a composite material is largely dependent on its constituents, their volume fraction, and processing history. A proper understanding of this dependence helps with making reliable predictions about its mechanical performance. The rule of mixtures (RoM) can be used to provide a fair approximation of a number of properties of bimetal composite wires. Better predictions may be expected when the core (fiber) and the outer layer (matrix) of a bimetal composite are on the order of mm [START_REF] Feng | On the rule of mixtures for bimetal composites[END_REF]. Figure 26 displays the upper and lower bounds of a given property, predicted by the rule of mixtures [START_REF] Tehrani | Advanced electrical conductors: an overview and prospects of metal nanocomposite and nanocarbon based conductors[END_REF]. The following linear (Voigt) and inverse (Reuss) mixture rules, for axial loading parallel to the fiber orientation and transverse loading perpendicular to the fiber orientation, respectively, estimate the strength of a given bimetal composite wire/rod (𝜎 ) [START_REF] Feng | On the rule of mixtures for bimetal composites[END_REF], [START_REF] Karl | Metal matrix composites: custom-made materials for automotive and aerospace engineering[END_REF]:

𝜎 = 𝜎 𝑉 + 𝜎 𝑉 (8) 
𝜎 = 𝜎 = 𝜎 (9) 
Where 𝜎 and 𝜎 are the fiber and matrix strengths respectively. Vf and Vm are the corresponding volume fractions (𝑉 = 1 -𝑉 ). However, as the scale becomes finer (nm), the strength of the composite can significantly deviate from the RoM prediction. The deviation is often positive (greater than the RoM prediction). There are several cases of such deviations reported in the literature. However, the way the mechanical properties of each constituent is measured also affects the RoM deviation from the experimental strength. It is important whether the constituent samples for mechanical testing are cut from the composite itself or they are taken from similarly processed monolithic specimens of each constituent [27], [START_REF] Feng | On the rule of mixtures for bimetal composites[END_REF], [START_REF] Volkov | Abnormally high strength and low electrical resistivity of the deformed Cu/Mg-composite with a big number of Mg-filaments[END_REF]. An example of discrepancies between the actual yield strength values and those predicted by the rule of mixtures is illustrated in figure 27 for various bimetallic composite systems [START_REF] Feng | On the rule of mixtures for bimetal composites[END_REF]. 

III. Modeling of (co)extrusion/(co)drawing

Analytical and numerical analyses help find the right processing parameters for sound (co)extrusion/(co)drawing. In addition, the residual stress distribution and the variation of steady-state extrusion pressure/drawing force as a function of the cross-sectional area reduction, billet composition, and core/clad disposition can be assessed. There are four principal approaches as follows [39]:

1-Deformation energy methods 2-Lower-bound (slab) analyses 3-Upper-bound analyses 4-Finite element analyses

III.1. Analytical models

In the deformation energy method, the total work of extrusion is assumed to be equal to the homogenous work of deformation. This would neglect the role of friction at the workpiece/die, redundant work, strain and strain-rate hardening. Nevertheless, more detailed forms of this method account for friction and the tooling geometry. This approach establishes a relationship between extrusion pressure and extrusion ratio such that:

𝑃 = [(1 -𝑓)𝜎 + 𝑓𝜎 ] ln 𝑅 = 𝐾 ln 𝑅 ( 10 
)
Where P is the extrusion pressure and f is the volume fraction. 𝜎 and 𝜎 stand for the flow stresses of clad and core materials, respectively, averaged over the strain, temperature, and strain rate associated with the extrusion.

The lower-bound (slab) analyses are based on calculating the forming loads required to maintain an assumed draw stress in the deformation zone of the die. The yield condition of the material in the die region, with the stress state consisting of an axial component, (𝜎 ), and a radial component, (𝜎 ), is assumed to be:

𝜎 = (𝜎 -𝜎 ) (11) 
These analytical models can be used to evaluate the evolution of drawing parameters (drawing stress, axial stress, and die pressure) as a function of the process parameters (reduction ratio, semi die angle, coefficient of friction, drawing velocity, and strain rate). Figures 28 (a In the upper-bound analyses, the power needed to sustain an assumed kinematically admissible velocity field is calculated. In 1976, Avitzure [START_REF] Avitzur | Handbook of Metal-forming Processes[END_REF] introduced the regime of sound product for an extruded solid bimetallic, axisymmetric rod. He assumed both clad and core as rigidperfectly plastic materials having different flow stresses. An upper bound to the extrusion pressure was determined by calculating the sum of homogenous power of deformation and the power required to overcome redundant work and friction. The analysis is valid for both dispositions of soft core-hard clad and hard core-soft clad. A velocity field that allows both clad
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and core flow and converge towards the die apex leads to sound product. Core fracture, on the contrary, was modeled by assuming a velocity that causes the core to separate into segments. The combination of process variables and materials properties for which the calculated deformation power based on the "sound" velocity field was less than that of the field leading to core fracture was considered the proper regime. Typical results (for co-drawing) in the form of maps showing the boundary between a sound product and expected fracture are presented in Figure 29 for different materials properties and processing variables. The following maps account for various parameters including the relative sleeve to core strength, core/clad volume fraction, tooling geometry (such as the die semi-angle and reduction ratio) [39]. 

III.2. Finite element modelling

Analytical models, although useful and widely adopted, have limitations when dealing with special types of problems and complex geometries. Moreover, they often involve simplifying assumptions that could be far from reality. Numerical models, on the other hand, can address many of these issues. Finite element analysis (FEA) is the most recent tool for studying of (co)drawing/(co)extrusion. Depending on the purpose of the study, the constitutive equation describing the material behavior could vary. When the flow behavior of a metal is of interest, a rigid-plastic model could be sufficient.

Nonetheless, if residual stresses in the formed product are required, an elastic-plastic model will be needed. More advanced constitutive equations consider phenomenological models for metal plasticity and internal variables such as back-stress accounting for kinematic hardening. When it comes to co-drawing/co-extrusion, a model that describes the nature of interface could be important. The model should be able to allow sliding and separation between the core and clad, taking into account friction coefficient, since an interfacial bond can form. Earlier models assumed strong bonding between the core and clad. Today, there are many commercial (such as DEFORM, ABAQUS, and MSC-MARC) and non-commercial (such as LAGAMINE, developed at the University of Liège) finite element codes available for a wide variety of applications including forming processes like co-drawing/co-extrusion. In addition, there are constitutive laws within these codes that enable identification of core or clad damage based on criteria such as the Cockcroft-Latham fracture criterion [39], [START_REF] Chaboche | A review of some plasticity and viscoplasticity constitutive theories[END_REF]. Figure 30 is a schematic of a typical finite element model of a wiredrawing set-up [START_REF] Park | Effect of Wire-Drawing Process Conditions on Secondary Recrystallization Behavior During Annealing in High-Purity Copper Wires[END_REF]. Alexander and Hartley [START_REF] Alexander | On the Hydrostatic Extrusion of Copper-Covered Aluminum Rods[END_REF] used the finite element method to predict plastic flow in a steadystate situation. Both materials were assumed to be rigid-plastic. They showed that there is good agreement between numerical and experimental predictions of the shape of the core/clad interface in the die region. Further to that, Pacheco and Alexander [START_REF] Pacheco | On the hydrostatic extrusion of copper-covered aluminium rods[END_REF] extended the previous work in an attempt to calculate the stress in the deformation region (the core/clad interface in particular). They also studied the extrusion pressure as a function of the extrusion ratio and the relationship between the bond strength (core/clad) and the clad tendency to fracture. An agreement between the experimental and numerical results was reported in both cases.

Dehghani [START_REF] Dehghani | Computer simulation of hydrostatic co-extrusion of bimetallic compounds[END_REF] used a strain-rate independent elastic-plastic constitutive equation in ABAQUS to examine residual stresses in hydrostatically co-extruded copper-clad Glidcop composites (a family of copper-based metal matrix composite alloys) as functions of material characteristic and process variables. The deformation was assumed isothermal (at room temperature). He reports compressive residual stress in the core and tensile residual stress in the clad for a configuration with a stiffer clad than the core. This observation was qualitatively backed by experimental measurements. However, there was not exact agreement between numerical predictions and experimental results. Figure 31 shows the distribution of radial, axial, and tangential stresses in a hydrostatically extruded Glidcop rod from this study, for the die semi angle (α) and extrusion ratio (R) mentioned in the figures. An analytical model developed by Hartley and Bullough [START_REF] Bullough | Residual stresses in codeformed composite cylinders[END_REF] also supports the above pattern of residual stresses in copper-clad aluminum rods, another bimetal composite in which the clad is stiffer than the core [39]. In this work, they put forward a procedure for calculating residual stresses in co-deformed composite cylinders. The evolution of residual stresses in coextruded
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rods of copper-clad aluminum is exhibited in Figure 32, as a function of the core volume fraction for a give extrusion ration.

Figure 32: Variation of interfacial stress components with volume fraction of AI core in a Cu-AI composite rod (taken from [START_REF] Bullough | Residual stresses in codeformed composite cylinders[END_REF] and recreated).

More recently, Lei et al. [21] conducted a finite element study to investigate the effect of various co-drawing parameters on the geometry precision and residual stress distribution in copper-clad aluminum wires. They, numerically, examined different possible combinations of the die semiangle (α), length of bearing zone (L), transition arc radius (R), and reduction ratio (β) in an orthogonal experiment. An optimal set of parameters is finally introduced: (α = 6°, L = 4.5 mm, R = 3 mm, β = 1.82%). Kittner and Awiszus [42] combined the use of FEA and experiments to minimize cracking at the interface of hydrostatically extruded aluminum-clad magnesium rods. Figure 33 displays the axial strain contours during extruding of the two composite systems Al99.5/AZ31 and AlMg4.5/AZ31. These contours provide a measure of the final product quality. This is an example of damage identification in bimetal composites using FEA.

- For the stronger sleeve materials, AlMg4.5, REF 004, the strain difference between the core and the sleeve is quite higher than for the sleeve material Al99.5, REF 003 (taken from Ref. [42])

Lechner et al. [START_REF] Lechner | Optimization of the Indirect Extrusion Process of Copper-Clad Aluminum Rods by Methods of Statistical Experimental Designs and Numerical Analyses[END_REF] used finite element analysis to model indirect extrusion of copper-clad aluminum rods. The results were then analyzed using statistical design of experiments (DOE) to determine the optimal processing variables. DOE evaluates several parameters influencing the rod quality. An example parameter considered for optimization is the occurrence of sleeve fracture whose different modes are demonstrated in figure 34. Oh et al. [START_REF] Oh | Superconducting MgB2 Wire Drawing Considering Anisotropic Hardening Behavior and Hydrostatic Effect[END_REF] used a finite element model to assess the deformation behavior of a powder mixture during multi-pass drawing of multi-filamentary magnesium diboride (MgB2) wires. They accounted for anisotropic hardening behavior and hydrostatic effect of the powder mixture in their model. 

III.3. Residual stress prediction: the question of constitutive equation

Back stress is a long-range stress that results from piling up of GNDs [START_REF] Yang | Back stress strengthening and strain hardening in gradient structure[END_REF]. It can cause phenomena such as the Bauschinger effect, because of which, the flow stress of the material decreases when the loading direction is reversed [START_REF] Gao | Significant Bauschinger effect and back stress strengthening in an ultrafine grained pure aluminum fabricated by severe plastic deformation process[END_REF]. This finds importance when it comes to drawing/extrusion operations where it has been verified that cyclic loading occurs during even single-pass wire drawing [START_REF] Panteghini | Effects of the strain-hardening law in the numerical simulation of wire drawing processes[END_REF]. Therefore, any constitutive equation that is to describe the elastoplastic behavior of numerically drawn/extruded materials should account for the internal variable "back stress". Pure kinematic and mixed isotropic-kinematic hardening models (opted depending on the material) incorporate the back stress effect. The yield surface development under different hardening laws is displayed in Figure 36 [START_REF] Sun | Influence of strain-hardening models and slopes on the predicted residual stresses in structural steel S235 weldments[END_REF]. As is shown, the yield surface of a pure isotropic model merely expands while that of a pure kinematic model only translates.

The yield surface of a mixed model, however, allows both expansion and translation.

Figure 36: Schematic illustration of constitutive material models (taken from Refs. [START_REF] Sun | Solid-state phase transformation and strain hardening on the residual stresses in S355 steel weldments[END_REF] and [START_REF] Sun | Influence of strain-hardening models and slopes on the predicted residual stresses in structural steel S235 weldments[END_REF])

Figure 37 shows the evolution of numerically predicted maximum principal stress of a point placed on the axis of a steel wire (normalized with respect to the yield stress (σI/σy)) as a function of the normalized drawing time. A point on the wire axis is chosen where the shear components of stress are zero and the acting radial and axial components are the principal stresses. As can be observed, firstly, there are loading-unloading cycles during a wire drawing pass and, secondly, the two different hardening laws (pure kinematic and pure isotropic) lead to a significant difference between the normalized maximum principal stress results [START_REF] Panteghini | Effects of the strain-hardening law in the numerical simulation of wire drawing processes[END_REF]. The latter highlights the fact that the right choice of strain hardening law is of prime importance for fininte element simulations of wiredrawing. 

IV. Experimental measurement of residual stress

Residual stress measurement techniques primarily target type I residual stresses. Although, several techniques can be scaled down to determine Type II and possibly type III stresses. Earlier methods of residual stress measurement involved cutting the material and observing the dimension changes. Over time, these methods became more sophisticated with non-destructive approaches such as X-ray, magnetic, and ultrasonic techniques being introduced and developed simultaneously [28].

In many cases, residual stresses develop large gradients. Therefore, the spatial resolution and penetration depth of the measurement technique are important considerations along with the measurement cost and speed. There are two major classes of residual stress measurement methods. 1. Relaxation/destructive methods relying on the residual stress redistribution after material cutting and 2. Non-destructive residual stress measurement techniques (when specimen damage is not acceptable). Each method has its own challenges and limitations. In relaxation methods, the challenge is that residual stresses are relieved by removing the material containing those stresses. Consequently, measurements need to be done on the adjacent remaining material. Separate stress and measurement locations create mathematical challenges. On the other hand, some non-destructive measurement techniques typically need identification of a "stress-free" reference state to interpret the measurement results. Achieving this reference state could be quite difficult. Because of such challenges, there is normally a gap between the accuracy of residual and applied stress measurements. However, the available measurement methods have become mature over time, diminishing the accuracy gap [28]. The following paragraphs provide an overview of various established and novel destructive and non-destructive techniques.

Starting by Relaxation/destructive methods the splitting method involves creating a deep cut into a specimen and measuring the opening/closing of the neighboring material. This would determine the sign and an estimation of the size of residual stresses. This method is mainly used for quick quality control purposes during production. In the sectioning method, the residually strained material is cut out in a sequence, with strain gages attached to it. The layer removal method, as the name implies, uses the deformation caused by removing a sequence of layers of material to quantify residual stresses. This method is better suited to flat plates and cylindrical specimens where there is a variation of residual stresses with depth. Figure 38 indicates the strain gage set-up for residual stress measurement via this technique (on flat and cylindrical specimens). The use of the layer removal method on a cylinder is often called "Sach's Method". The most widely used relaxation technique is the hole-drilling method. Residual stresses are calculated using the deformation of the area around a small hole drilled in the surface. Strain gages and more recently full-field optical techniques measure the deformation. This method provides reliable and rapid results suiting a wide variety of specimen types. Hole-drilling is a well-developed, standardized (as ASTM E837) technique. It also allows depth-profiling of inplane residual stresses to depth equal to the hole radius. The ring-core method is a variant of the hole drilling method. Here, instead, the hole is made around the gage volume (the surface on which deformation measurements are made). Its advantage over the hole-drilling method is the possibility of identifying larger residual stresses since it provides larger surface relief strains. However, it creates much more specimen damage and is technically more complicated to implement. The deep-hole method is another variant combining both the hole-drilling and ringcore methods. It involves drilling a deep hole and measuring the diameter change during overcoring of the surrounding material. This technique is very useful for measuring of deep interior residual stresses in large specimens like steel and aluminum castings or large rock masses. Figure 39 displays a schematic of the last three methods discussed above [28]. (taken from Ref. [28])

The slitting method, also known as the crack compliance method, the sawcut method or the slotting method, is similar to the hole-drilling method with the difference that a slit is made in the surface (rather than a hole). Strain gages can be attached on the front or back surfaces as shown in figure 40 [28]. The applicability of a number of the foregoing methods have been recently investigated on the microscale, using focused ion beam combined with digital image correlation (FIB-DIC).

Although not standardized yet, the FIB-DIC method has proved useful in the study of a range of ceramic and metallic coatings and alloys, such as Au, Pt, Ti, TiW, TiN, Si3N4 and bulk metallic glasses (BMGs). It is also applicable to bulk materials. The FIB-DIC method involves milling typical geometries (hole, ring-core, single/double slot) of the order of 1-10 µm [START_REF] Lord | A Good Practice Guide for Measuring Residual Stresses using FIB-DIC[END_REF].

It is conceptually similar to macro-scale methods. The technique involves milling of standard geometries with focused ion beam (FIB) in a sequence of steps, each step imaged with a scanning electron microscope (SEM). The displacements resulting from residual stress relaxation are then captured utilizing digital image correlation (DIC), with sub-pixel accuracy. Subsequently, the residual stresses in the material are calculated using the displacement data along with the finite element analysis. Figure 41 shows a number of common FIB-DIC geometries. Figure 42 presents the pros and cons of each [START_REF] Lord | A Good Practice Guide for Measuring Residual Stresses using FIB-DIC[END_REF]. The contour method is a newly developed full-field residual stress measurement technique. The general procedure is as follows. A sample containing residual stresses is cut through its cross-section via a wire EDM (electrical discharge machining). A coordinate measuring machine (CCM) or a laser profilometer then measures the surface height profiles of the cut surfaces. Finally, the residual stresses perpendicular to the cut surface are calculated using FEA.

The contour method allows 2D mapping of the residual stress distribution over the entire material cross-section, while other techniques, such as layer removal and hole drilling, only provide one-dimensional profiles. As an example, figure 43 shows the axial residual stress profile within the cross-section of a railway rail, measured by the contour method [28], [START_REF] Kelleher | The measurement of residual stress in railway rails by diffraction and other methods[END_REF]. Non-destructive residual stress measurement methods comprises diffraction methods and a variety of other methods relying on acoustic, magnetic, and other properties of materials. Diffraction methods are based on electromagnetic radiations' ability to determine the distance between atomic planes in crystalline/polycrystalline materials. In these methods, X-rays and neutrons commonly interact with orderly-arranged atoms and crystallites. It involves absorption of a given radiation and then radiating it back with the same frequency. Resulting emissions are strong at certain orientations and weak at other orientations. Bragg's law describes the angles at which strong emissions occur:

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (8) 
In the above equation, n is an integer, λ is the wavelength, d is the distance between the diffraction planes, and θ is the Bragg angle. Figure 44 shows the diffraction principles. Under applied/residual stress, external/internal elastic strains move atoms to new equilibrium positions bringing about a shift of the diffraction peaks (figure 45). X-ray diffraction, as a truly non-destructive technique, with a penetration of the order of 0.025 mm is the most widely used diffraction method. It is often perceived as a surface stress measurement method due to its shallow depth of penetration. In the XRD method, the Xradiation penetrates only a few microns. A plane stress state with the stress normal to the surface being zero could be assumed. There are three ASTM Standards available for XRD stress measurements. X-ray diffraction stress instrumentation has greatly advanced towards better portability, compactness, and operational speed for field applications. X-ray diffraction provides measurement times of a few seconds and spatial resolutions of less than one square mm, in addition to automated stress mapping. Synchrotron X-ray uses higher-energy X-rays than the traditional XRD method. Therefore, it makes deeper penetrations, of the order of mm, possible. Synchrotron radiation facilities generate "hard" X-rays greater than 50 keV in energy (less than 0.25 Å wavelength) whereas traditional XRD uses "soft" X-rays (18 to 5 keV corresponding to 0.7 to 2 Å in wavelength). The strain is measured using either equation 8 or by holding the Bragg angle constant (low Bragg angles of the order of 10 degrees) and determining the change in the energy of the diffracted X-rays. The energy of the diffracted Xrays change with the strain (change in lattice spacing). An energy dispersive X-ray detector identifies such changes. High-energy radiations from synchrotron sources penetrate several tens or even hundreds of mm into a material as mentioned above. Thus, a plane stress state will no longer be a valid assumption and a full three dimensional stress condition should be considered. The residual strain is determined by subtracting the unstressed lattice parameter from the parameter under stress. Therefore, the unstressed lattice parameter uncertainty could be a major source of error in synchrotron diffraction residual stress measurement. Small measurement times (msec) and cubic micrometer stress resolution are other advantages of this technique in addition to its bulk residual stress measurement capability. A schematic of a synchrotron facility is outlined in figure 46 [28].

Neutron diffraction is another diffraction method relying on penetrating radiations and measuring of the Bragg angle of the scattered radiation (related to the spacing between crystallographic planes). Neutrons interact with the nucleus of the atom as opposed to X-rays which interact with electrons. Neutron radiation interacts strongly with both low-Z and high-Z (atomic number) atoms, and, therefore, penetrates equally well into high-Z as well as low-Z materials up to several cm. This allows for bulk stress measurement. Neutron energies with wavelengths within 0.7 to 3 Å are commonly used for neutron diffraction stress measurement. This method can resolve elastic strains with less than one-millimeter accuracy through volumes with thicknesses ranging between 0.1-1.5 meters (without sectioning or layer removal). Because of the tri-axial state of stress at depth, the unstressed lattice spacing needs to be precisely known for accurate neutron diffraction stress measurement. This could prove challenging if an alloy is being measures. Other limitations are the necessity to bring the component to a neutron source, measurement times taking several minutes to over an hour, and costly measurements (at least three required in one small gage volume) [28]. There is a variety of other methods, briefly explained in the paragraphs below. Magnetic Barkhausen Noise (MBN) is the most extensively used magnetic method for residual stress measurement. It is based on the number and magnitude of abrupt magnetic re-orientations of magnetic domains of a ferromagnetic material during magnetization reversal.

Many engineering materials, except for most steels and some ferromagnetic ceramics, are not ferromagnetic and MBN is not applicable to them. The technique's range of stress sensitivity is ± 300 MPa and has a measurement depth of a few mm. Each measurement takes a few seconds and the spatial resolution is in the sub-mm range. The ultrasonic acoustic methods can determine various material properties including crystallographic orientation, grain size, phase composition, and residual/applied stress. The general principle involves measuring of the reflected, transmitted, or scattered wave from an ultrasonic (acoustic) wave induced in the material. Residual strains affect ultrasonic propagation in metals and the acoustic wave velocity. For stress measurement, the velocity of some mode of ultrasonic wave is measured. However, parameters other than residual strains, such as grain size, second phases, and crystallographic texture also influence the wave velocity that can introduce uncertainties. This method provides measurement times of a few seconds and volume resolutions of several cubic mm. Thermoelastic residual stress measurement is based on changes in thermal energy of elastically strained materials. As an instance, there are methods developed to detect changes in infrared emission due to small changes in the temperature of dynamically or statically (including residual) stresses materials. This method is rather qualitative and is suitable for comparing components. Photoelastic methods (birefringent methods) benefit from the optical property, birefringence, that arises in certain transparent materials under stress. The refractive index of birefringent materials changes with direction. A reflection polariscope can observe and measure strain-induced birefringence. Indentation can also provide mostly qualitative measurements of residual stresses. A given material containing tensile or compressive residual stresses tends to exhibit lower or higher apparent hardness, respectively. The right choice of residual stress measurement method relies upon several factors including:

1. Measurement objective 2. Specimen damage: acceptable or not acceptable? It should be noted that each method has its own limitations and strengths. Figure 47 makes a comparison between different techniques in terms of their measurement penetration and spatial resolution [28]. The present work specifically concerns itself with the microstructure and tensile behavior of cold-drawn conventional and novel Cu-Al composite wires of different fiber (Al) -matrix (Cu) configurations. A combination of experimental and numerical approaches were utilized to investigate the different aspects of these wires.

Firstly, a comprehensive investigation into the microstructural and mechanical aspects of heattreated and non-heat-treated Cu-Al wires of different volume fractions and configurations was carried out. On the microstructural side, this study looked into the evolution of grain size, texture and the formation of intermetallics at the Cu-Al interface. Moreover, mechanical properties such as the yield strength, ductility, and hardness of these wires were studied.

Findings from this study led to further research on the tensile behavior of conventional and novel Cu-Al wires in the as-drawn state (without heat-treatment).

Secondly, as mentioned in describing the rule of mixtures, certain mechanical properties (such yield strength) of composite materials (including bimetallic composites) often positively deviate from theoretically expected values (i.e. greater than expected). An understanding of the above behavior can potentially provide interesting industrial implications.

Thirdly, in the context of optimizing the wire drawing process, manufacturers usually consider a common set of parameters including die geometry (reduction ratio and die semi-angle), lubrication (friction), and drawing velocity. An optimal combination of these parameters can ideally enhance the quality of drawn products and reduce power consumption by modulating friction, redundant work, and residual stress profiles. Supplementary thermomechanical processes are also sometimes applied to improve the wire strength through relieving residual stresses. As described later in the manuscript, the fiber -matrix configuration in bimetal composite wires may be regarded as a parameter capable of contributing to optimization. Therefore, changing the fiber-matrix configuration (architecture), alone, may favorably modify the strength, thermal, electrical and other properties of a bimetallic wire for a given drawing set-up. The role of architecture as an optimization factor in co-drawing of bimetal Cu-Al wires, in particular, is understudied.

Fourthly, the interrelationship between the microstructure and macroscopic behavior of materials is quite well known. In view of the fact that a primarily numerical approach has been followed throughout the study, it is of crucial importance for any numerical model to represent the microstructure of the material, properly enough. There are internal variables accounting for microstructural features that could be incorporated into the constitutive laws describing the macroscopic behavior of materials. This has been examined in numerical prediction of the axial residual stress profiles of cold-drawn Cu-Al wires (conventional configuration). The results suggests possible implications for the manufacturers.

According to the above summary, the following questions could be formulated as the major research problems to be addressed in this work:

-How does co-drawing make the microstructure of Cu-Al wires of conventional and novel configurations evolve?

-How does the fiber (Al) -matrix (Cu) configuration (architecture) affect the tensile behavior of Cu-Al composite wires and what are the corresponding implications?

-How determining is the choice of constitutive equation in finite element modelling of the Cu-Al wiredrawing process?

Chapters 1 and 2 highlighted the rising demand for Cu-Al conductors. One of the most common forms of theses bimetallic composites are Cu-Al wires for electrical applications. Wiredrawing is often the technique to manufacture them. The manufacturing process involves large strains and the drawing products may be subjected to intermediate or post-drawing heat-treatment. Therefore, significant modifications of microstructural and mechanical properties could be expected. These aspects are rather understudied in the literature concerning Cu-Al composite wires. The following chapter presents a comprehensive investigation into the microstructure and mechanical behavior of a range of non-heat-treated and differently heat-treated Cu-Al wires of various fiber (Al) -matrix (Cu) configurations and diameters.

The first part of the next chapter provides a background to the research. Then, an overview of the materials, manufacturing and heat-treatment methods follows. The third section includes the results of microstructural studies (texture, grain size evolution, intermetallic formation and so on) and mechanical testing (tensile and hardness tests) of various Cu-Al wires. The following section then discusses the results and finally comes to conclusions. The conclusion section underlines the implications of this work and brings new questions to answer, particularly with regard to the tensile strength of so-called "architectured" Cu-Al wires.

The work presented in this chapter is published in the journal of Materials Characterization as a paper titled "Microstructure and mechanical properties characterization of architectured copper aluminum composites manufactured by cold-drawing". It should be noted that the above study began and was conducted by the Master's intern, Nga Nguyen, under the project 'Condulight'. The author of this thesis also provided experimental contributions performing some mechanical testing and EBSD analyses.

Outline of the thesis chapter III The present study investigates the mechanical behavior of severely plastic-deformed Cu-Al composite wires with different diameters and heat-treatments. Each composite holds 61 restacked copper-clad aluminum wires. The bimetal composites were cold-worked up to diameters ranging from 1 mm to 3 mm, without any intermediate heat treatment. All the wires contain 61 hexagonal Cu-Al fibers with a continuous copper network extended from the outer surface into the center of the samples. Tensile tests were then performed on the as-drawn and heat treated wires. The latter were treated at 400 • C for 30 min and 6 h. The heat treatments firstly induce recrystallization in both constituents, giving rise to a fine-grained microstructure and secondly prompt the formation of several intermetallics. Without heat treatment after processing, the architectured composites exhibit a ductility value similar to the conventional copper-clad aluminum wires and larger yield stresses compared to them, regardless of the diameter. The intermetallic compounds, forming as a result of heat treatment, affect the yield stress, ductility and strain hardening mechanisms. Finally, the results are discussed in terms of grain size, texture, intermetallics volume fraction and mechanical coupling between the phases.

Introduction

The rising price of copper due to a huge demand for this material on the one hand, and its high density (8.96 g. cm -3 ) on the other hand, has convinced manufacturers to replace it, when possible, with aluminum. For instance, Cu-Al bimetallic composites are currently used for such purposes. These composites can be obtained via various techniques including roll-bonding [1][2][3], friction stir-welding [4], stir casting [5], electroplating [6], cold-drawing [7], hydrostatic extrusion [8] or spark plasma sintering [9]. Cu-Al composites can reduce weight and costs up to 40% and 30% respectively [10].

In the wire industry, the aforementioned Cu-Al composite, known as Copper-Clad Aluminum Wire, abbreviated as CCAW or CCA, is commonly manufactured by cold-drawing using an outer copper case surrounding an aluminum core which are then simultaneously cold drawn to the desired diameter. In this composite, the copper shell provides good conductivity whereas the aluminum core serves as a light structural material with lower conductivity than copper. CCAs offer acceptable high conductivity for high frequency currents where the Cu phase acts as the current path because of the skin effect. However, at lower frequencies, the Al core also contributes to the electrical conductance reducing, in turn, the overall conductivity.

In the literature, various architectured CCAs have been proposed, creating a continuous copper network (or path) extended across the cross section, intented to increase the conductivity at low frequencies without having to reduce the volume fraction of aluminum. These new composites, manufactured by cold rotary swaging [11,12] and also restacking cold drawing [13] were obtained using intermediate heat treatments (HT) aiming to recover ductility during the process. However, such heat treatments cause intermetallic compounds growth along the Cu/Al interfaces which could be detrimental to the electrical conductivity and the mechanical behavior.

In a recent work, the authors proposed a new and promising restacking method, without any interoperational annealing, to fabricate an architectured Cu-Al composite with a continuous copper network inside the cross section [14]. As dynamic recovery occurs during large plastic deformation, the resistivity of the above-mentioned composite in the as-cold-worked state was found to depend on neither the plastic deformation nor the wire diameter throughout processing. A postprocessing heat treatment of these composites increases the resistivity only slightly, due to the formation of intermetallic compounds (IMCs). If the volume fraction of IMCs remains below 12%, the increase in the resistivity stays below 10% [14]. In service, Cu-Al wires could be subjected to high loads and hereby both good conductivity and proper mechanical properties are required. The large strains undergone by the wires during processing or the intermetallics formation associated with heat treatment can lead to early embrittlement of the wire making it unsuitable for industrial applications. Following the work of Hug and Bellido [15], a compromise between the mechanical properties (ultimate tensile strength and ductility) and the electrical conductivity could be achieved by suitable heat treatments.

The key objective of this work is hence to investigate the mechanical behavior of these new architectured copper-aluminum wires under different heat treatment conditions. To this end, samples were colddrawn to final diameters ranging from 3 mm to 1 mm. They were then mechanically and microstructurally characterized in both as-drawn and heat treated states. Heat treatment conditions of 400 • C for 30 min and 6 h were considered in order to understand the role played by plastic deformation and the microstructure in terms of grain size, texture and IMCs volume fraction. The best mechanical properties were observed for the sample heat-treated at 400 • C for 30 min. The volume fraction of IMCs and the final diameter were also found to influence the mechanical behavior, which is discussed in terms of grain size, texture and composite effect.

Elaboration procedure and material/mechanical characterization

The composites were manufactured using 99.97% purity OFHC (Oxygen Free High Conductivity) copper and 99.5% purity aluminum previously annealed during 3 h at 500 • C for Cu and 300 • C for Al. The heat treatment operations were carried out in a secondary vacuum (P O2 = 10 -6 mbar) to prevent oxidation and to enable the recrystallization of both materials required to sustain the large strains involved by the process. The first step in the sample manufacture procedure is colddrawing of a CCA wire up to a diameter of 1 mm, using a copper tube of an outer diameter of 12 mm, with a wall thickness of 2 mm, and a 7.5 mm diameter aluminum rod. The die diameter was gradually decreased throughout the first step to avoid fracture during the process. Each wire took 34 passes for the diameter to change from 12 to 1 mm. 61 1 mm-CCA wires were then restacked into a 12 mm-copper tube with a 1 mmthick wall and were further cold-drawn to obtain the intended architectured copper-clad aluminum composite wires (abbreviated as ACCA in the following lines). Three sets of wire samples of final diameters of 1, 1.7 and 3 mm were fabricated. The average plastic strain experienced by the wire during the process ranges between η = 7.37 and η = 9.57 (see Table 1), estimated from Eq. ( 1), in which S 0 and S represent the initial and final cross-sectional areas in the order given. Readers are referred to a previous article [14] for further details about the fabrication process. Fig. 1 illustrates the typical cross section of an ACCA wire after the manufacture process observed by optical microscopy.

η = ln ( S 0 S ) (1) 
In order to investigate the role played by the intermetallic compounds and the microstructure on the mechanical behavior, three kinds of wires were investigated: as-drawn (AD), annealed at 400 • C during 30 min (HT1) and annealed at 400 • C during 6 h (HT2). These heat treatments are expected to lead to different volume fractions of IMCs with a low initial dislocation density due to the recrystallization of the heavily strained Al and Cu grains.

These wires were then subjected to tensile tests using specific wire grips in order to reduce stress concentration throughout the test. An electro-mechanical 10 kN-MTS C43 machine was used to perform the crosshead displacement-controlled tests at room temperature. Strain was recorded using a conventional extensometer with a gauge length of 25 mm. During the test, the average strain rate was close to 10 -4 in order Table 1 Microstructural characteristics of all investigated architectured and non-architectured Cu-Al samples including grain size (GS expressed in μm), maximal density pole (I, expressed in Multiple Ramdom Distribution -M.R.D.), and the volume fraction (f w ) of each phase. AD (As-Drawn), HT1 (400 • C -30 min) and HT2 (400 • C -6 h), represent the heat treatment conditions considered after processing. to reduce viscous effects. Three tensile tests were carried out for each set of samples of different diameter and heat-treatment condition to take into account the experimental scattering of the mechanical properties. Nanoindentation tests (MTS NanoXP systems) were also performed on the cross section of the samples to obtain the hardness of each phase, prior to the tensile tests, for the different wire diameters and heat treatment conditions. Berkovich diamond tip (nominal tip radius of curvature of 20 nm) was employed and all hardness measurements were displacement-controlled up to a penetration depth of 200 nm. Spacing between each indent was set to 1 μm in order to avoid interaction between plastics zones of each indent but also to capture the hardness of the IMCs. Before analyzing each sample, a preliminary calibration experiment on the same fused quartz specimen was performed to ensure reliable measurements.

The microstructure of all samples was analyzed by Scanning Electron Microscope (SEM) coupled with Electron Dispersive Spectrum (EDS) and Electron BackScattered Diffraction (EBSD). Due to the small grain size, for the as-drawn samples, Transmission Electron Microscopes (TEM) using different analysis modes, i.e. ASTAR (FEI TECNAI) and STEM (Scanning Transmission Electron Microscopy -JEOL ARM 200F) were also employed for the microstructure analysis. Fracture surfaces of the samples were also analyzed by SEM in order to investigate the fracture mechanisms. For SEM and nanoindentation, samples were prepared by conventional SiC polishing followed by a final step of vibratory polishing or electropolishing.

Results

Microstructural characterization

The phase, grain size and texture of all ACCA samples of different diameters and heat treatment conditions (AD, HT1 and HT2) were determined using SEM and TEM (for the sake of consiceness, only a few analysis are reported in the following paragraphs). Fig. 2 illustrates the initial microstructure of the as-drawn sample, observed by TEM. A typical Cu/Al interface, at higher magnification, is indicated on Fig. 2(a) in the bright field STEM mode. Copper is in the top left area of the image whereas aluminum is in the bottom right corner. As shown in this figure of the cross sectional plane, grains are equiaxed in the cross-section, with an average spacing between boundaries of around a few hundred nanometers for each phase. Fig. 2(b) shows at higher magnification, in bright field STEM mode, of a typical Cu/Al interface. As reported in a previous article [16], no IMC could be detected along such an interface, except for a small fraction of nanoscaled Al 2 O 3 resulting from the colddrawing process. The grains are mostly dislocation-free, however, few grains also exhibit dislocation walls/cells (encircled in the Fig. 2(b)).

Grain orientation maps and pole figures of each phase were acquired, from the cross section, using ASTAR analysis. Cu and Al (001), ( 011) and (111) pole figures are plotted in Fig. 2(c) and (d) for the 3 mm diameter as-drawn sample, respectively. A fiber texture with major 〈111〉 and minor 〈001〉 orientations, was characterized for both phases, in agreement with the results from previous researchs on the influence of cold drawing on the texture of pure Cu [17,18] and pure Al [19]. Fig. 2(e) and (f) represent the Cu and Al grain orientation maps, respectively. The post-processing fraction of very low angle grain boundaries (misorientations ≤5 • -VLAGBs) characterized in each phase, is about 20%. This feature is in accordance with the results from the study conducted on wire drawing and accumulative roll bonding of pure copper by Hanazaki et al. [20]. The fraction of high angle grain boundaries is about 10%.

Fig. 3(a), which shows the SEM-EDS map of a heat-treated sample, highlights the copper and aluminum distribution in the cross section of a 3-mm diameter ACCA wire after HT2. InterMetallics Compounds (IMC) are clearly exhibited. For the same sample, Fig. 3(b) and (c) illustrate the Cu and Al grain orientation maps, respectively. Preferred grain orientations are clearly visible in both phases. As reported in the as-drawn condition, these preferential orientations lead to a large volume fraction of VLAGBs presented in Fig. 3(d) for Cu and Al. A large amount of annealing twins were also formed in copper because of its low stacking fault energy.

Fig. 4 illustrates the three principal IMCs, Al 4 Cu 9 , AlCu and Al 2 Cu that have been characterized in two previous papers for the same samples [14,16], in agreement with literature [21][22][23][24]. For short heat treatment conditions (300 • C during 15 min to enable the TEM observation of the IMC interface), the bright field TEM image of a 1.7 mm diameter ACCA (Fig. 4(a)) reveals that the AlCu layer is the thinnest one. This trend is not modified for longer heat treatment duration as illustrated in Fig. 4(b) for a 1.7 mm ACCA wire submitted to HT2. In this case, the thickness of the IMCs layer is about 25 μm. More details about the IMCs characterization can be found in a previous article [16].

(001), ( 011) and (111) pole figures of the cross section for a 3 mmdiameter ACCA wire, heat-treated under HT2 conditions, are plotted in Fig. 5(a) and (b) for copper and aluminum, respectively. The same pole figures for a 1 mm-diameter ACCA wire, after HT2, are plotted in Fig. (c) and (d) for Cu and Al in the order given. Because fewer grains were analyzed for aluminum, discret spots, rather than a continuous distribution (as seen for Cu), appear in the Al pole figures. Comparing the texture component and their related density for Al and Cu for each heat treatment, Fig. 5 illustrates that the texture evolution depends on the material.

Table 1 summarizes the following characteristics of each ACCA sample: final diameter, average plastic strain during the process (estimated from Eq. ( 1)), Grain Size (GS) of the Cu and Al phases, alongside their corresponding maximal density pole (indicating the texture intensity, I). The volume fractions (f w ) of Al, Cu, Al 4 Cu 9 , AlCu and Al 2 Cu are also estimated using the average aluminum area and the growth kinetics of the intermetallic compounds reported in previously published papers for the same materials [14,16]. The same microstructural characteristics for the conventional CCA wires are also included in this table.

Tensile tests

Fig. 6(a), (b) and (c) show the engineering tensile curves for the AD, HT1 and HT2 ACCA wires respectively. Tensile curves of the conventional 1 mm-diameter CCA wires, with the same heat treatment conditions, are also included in the figures for comparison purposes.

For the as-drawn samples (Fig. 6(a)), the yield stress for three different diameters is very similar during the tensile test. This result can be attributed to the dynamic recovery occurring in both phases during the process, leading to similar grain size and texture (see Table 1). The ductility of both ACCA and CCA wires is generally low (average fracture strain about 0.01). The ACCA wires, however, exhibit larger yield stress compared to CCA ones, probably due to the larger volume fraction of copper in the architectured samples and their lower grain size.

For the HT1 conditions (Fig. 6(b)), the tensile behavior is strongly dependent on the wire diameter. The yield stress increases from MPa to 180 MPa with a decrease in diameter from 3 to 1 mm. The yield stress of the 1 mm-diameter architectured wires is 80 MPa higher than the value for a conventional 1 mm-diameter CCA wires. The recrystallization occuring during the heat treatment clearly enhances ductility with an increase in plastic strain at fracture, for instance, from 0.01 (asdrawn) to 0.2 (HT1) for the 3 mm diameter. Nevertheless, the plastic strain at failure strongly depends on the wire diameter. Similar trends are observed for the HT2 sample (Fig. 6(c)). An analogy between the HT1 and HT2 yield stress values reveals that, for a given wire diameter, longer heat treatments lead to higher yield stresses. The smallestdiameter HT2 sample exhibits brittle behavior, probably due to the larger volume fraction of IMCs, as reported in Table 1. An unexpected plateau of almost constant stress can be seen beyond the elastic domain on the stress-strain curve of the two sets of heat-treated samples (HT1 and HT2). A number of serrations are also observed along the plateau, as Fig. 7 illustrates the strain hardening rate as a function of strain, for the heat treated samples. It can be observed from this figure that the strain hardening rate evolution (θ) can be divided into four different stages. The first one, characterized by a strong decrease in θ, appears at strains lower than 0.01 and can be ascribed to the gradual generalization of plasticity within the material [25,26]. This plasticity generalization is expected to occur gradually between the two phases due to their differing Youngs modulus and yield stress values (typically around 400 MPa of as-drawn Cu [27,28] and 200 MPa for as-drawn Al [29]). Moreover, due to the different grain orientations in each phase, a plasticity generalization is also expected from the well-oriented grains (with respect to the tensile axis) to the poor oriented ones. Then, the unexpected plateau of low hardening rate appears in the stage I ′ . The strain range at this stage depends on the wire diameter, duration of heat treatment and seemingly the IMC volume fraction.

The stage II begins as the plateau fades away. Here, the curve exhibits θ values around 2000 MPa, the same as the strain hardening rates reported for large-grain pure copper [30] and aluminum [31]. Following a short transition, the stage III, with an almost constant θ value, extends up to fracture. Furthermore, this stage begins at lower strain values for HT2 compared to HT1. All the above-mentioned stages, including the transition (labelled trans.) between stage II and stage III, are designated in Fig. 7(b) for the HT2 3 mm-diameter wire.

Nanohardness

Nanoindentation tests were carried out in order to examine the effect of the sample characteristics (architecture, wire diameter and heat treatment) on the mechanical behavior of each phase. To this end, the cross-sections of 1 mm and 3 mm-diameter samples of CCA and ACCA in the as-drawn and HT2 states were analyzed. Modulus and hardness profiles across the Cu/Al and Cu/IMC/Al interfaces were acquired for all samples. Fig. 8 represents the aforesaid type of profile for the HT2 3-mm diameter ACCA sample. Two intermetallic compounds named IMC1 and IMC2 with modulus values of about 90 and 130 GPa respectively, can be observed in this figure in agreement with the previous works on CCA [15]. It can be concluded from the literature [32,33], that IMC1 and IMC2 are related to Al 2 Cu and AlCu in the order given. The hardness is almost the same for both IMCs with values around 9 GPa, being also consistent with the literature [21].

Using the above-mentioned profiles, average values of hardness and modulus for Cu and Al are calculated for each sample and a summary of the results is presented in Table 2. The experimental values and their corresponding experimental uncertainty values are reported with a confidence level of 95%. Taking into account the dispersion of the experimental modulus values in the as-drawn state, the sample characteristics show almost no impact on this parameter revealing no phase transformation or damage as a result of the process. Regarding the ACCA wires, the copper hardness is lower at the outer surface than in the inner part. This feature is probably due to the larger plastic strain sustained by the restacked CCA wires throughout the process. A comparison between the hardness values of Al and Cu in the architectured and non-architectured samples shows that the ACCA wires exhibit higher hardness values that could be attributed to the higher plastic deformation undergone during wire manufacturing.

In the HT2 heat-treated conditions, no statistically significant differences in hardness and module appear between the 1 and 3 mm diameter samples due to the sample recrystallization. A comparison between the aluminum and copper hardness values in the as-drawn and heat-treated states shows insignificant variations. However, for the two investigated sample diameters, the heat treatment leads to a decrease in modulus for Al and Cu phases, probably due to the texture evolution during the HT. This decrease is larger for copper than for aluminum. Regardless of the samples heat treatment condition and diameter, it is worth noticing that the average ratio of Al hardness to Cu for the ACCA samples is about 0.5 indicating the occurrence of a similar hardening mechanism in each phase.

Fracture surfaces

Fig. 9(a) and (b) illustrate the fracture surfaces of two 1 mm-diameter ACCA specimens, the former in the as-drawn and the latter in HT1 state (the results are similar for the other diameters and the second heat treatment condition). In the as-drawn state, a transgranular ductile fracture of Al and Cu can be observed in Fig. 9(a). Contrary to Al, where larges dimples can be seen, no dimples are observed in the copper phase. Moreover, this figure reveals that fracture at the Cu-Cu interface between the re-stacked wires occurs, most probably due to a weak mechanical bonding during the process [3]. Post-heat treatment Al fracture surface (Fig. 9(b)) shows no modification of the fracture mechanism. This figure is, furthermore, indicative of better bonding built at the Cu-Cu interface of the restacked wires. Few dimples appear across the interface, presumably because of the superficial contaminants resting across the copper wires during the process as reported in [16]. The IMC layer cracks perpendicularly to the tensile direction (perpendicular to the image plane) as expected and indicated in Fig. 9(b). This figure also shows several IMC/IMC and Al/IMC cracks, developed locally.

Those IMC and IMC/metal crack formations are confirmed by the longitudinal section observation, below the fracture surface, illustrated in Fig. 9(c). At fracture, all IMCs layers are regularly broken into parts of about 30 μm. IMC/Al cracks are frequently observed contrarily to IMC/ Cu which are not observed revealing the higher strength of the Cu-IMC bonding compared to the IMC-Al one.

Discussion

The results presented above show the influence of architecture and heat treatments on the strain and fracture mechanisms of the architectured Cu-Al composites. These results are discussed in terms of the architecture, intermetallic compounds volume fraction and grain size in the following paragraphs.

Effect of the manufacture process on the microstructure

Taking into account the microstructural analysis reported in section 3.1, the grain size and texture of the as-drawn ACCA samples do not seem to be dependent on the wire diameter. Submicrometer grains are observed in Cu and Al for all as-drawn ACCA samples with the crystallographic directions of 〈111〉 and 〈001〉 as major and minor components of the texture, respectively. These results suggest the occurrence of dynamic recovery throughout the process, leading to an almost steady microstructural state. For the CCA specimens, the grain size is larger than ACCA ones due to the lower plastic strain associated with the process. Additionally, the texture of the Al and Cu phases of the CCA and ACCA wires are similar to those of the drawn pure FCC metals, suggesting that the strain distribution pattern brought about by the process (which influence the texture formation), does not vary in the cold drawn Cu-Al composites.

The volume fraction of the IMCs in the heat-treated samples depends on the final diameter of the wire and the heat treatment conditions, varying between 0.03 (3 mm diameter -400 • C 30 min) and 0.26 (1 mm diameter -400 • C 6 h). Al 2 Cu has the largest volume fraction among the IMCs in all the samples. However, predominance of Al 2 Cu is in contradiction with the observations reported by Kim and coworker [23] for Cu/Al/Cu trilayers obtained by Roll-Bonding (RB) which exhibit a larger volume fraction of Al 4 Cu 9 .

Fig. 8. Modulus and hardness profile for a 3 mm diameter architectured copper-aluminum composite obtained by cold-drawing via restacking method after the 400 • C 6 h heat treatment.

Table 2

Modulus and hardness measurements of copper and aluminum phases in 1 mm and 3 mm-diameter samples of CCA and ACCA in as-drawn (AD) and HT2 (400 

Table 3

Volume fraction of the <111>, < 001> and < 110> texture components for the different samples characterized in this study. These values are computed using a 10 misorientation with respect to the crystal directions. The effect of processing on the heat treated samples, in terms of grain size and texture, depends on the material. As expected, an increment in the grain size of copper, for a given diameter following longer heattreatments, is observed. The grain size is also affected by the wire diameter for a given heat treatment since recrystallization is dependent on the accumulated strain energy during the process. Fig. 5(a) and (c) show that texture still exists in the copper phase of the heat treated samples after recrystallization. Moreover, the texture components and intensities depend on the heat treatment duration and wire diameter. Table 3 summarizes, for Cu and Al, the grain volume fraction with <111>, 〈001〉 and 〈110〉 crystal orientation along the tensile axis, for the different samples characterized in this study.

For the shorter heat treatments (HT1), the <001> fiber component prevails over the <111>, independently on the wire diameter. Park and Lee [18] suggested that the aforementioned increase in the volume fraction of the <001> fiber component indicates that only primary recrystallization, controlled by the stored strain energy, takes place in copper. In this case, the maximal density pole associated with the texture is still high.

For longer-duration heat treatments, the ACCA samples with 1.7 mm and 3 mm diameter exhibit a slighlty higher volume fraction of <111> oriented grains compared to the <001>. The occurrence of primary and secondary recrystallization (controlled by grain growth) in these two samples leads to a reduced texture intensity [18]. As observed in Fig. 3 (b), during this secondary recrystallization, grain growth for copper is more pronounced in <111> oriented grains compared to the <001>, in agreement with previous work published on Ag wires [34]. As a result the <111> component volume fraction increases according to Table 3. For the 1 mm diameter sample in the HT2 conditions, no further texture evolution compared to shorter heat treatment is characterized, revealing that secondary recrystallization did not occur for this sample due to the high plastic strain involved during the process.

The post-heat-treatment aluminum grain orientations are similar to those already reported for the cold-drawn wires [35,36]. Both primary and secondary recrystallization take place within shorter heat-treatment periods in this material due to the lower homologous temperature of aluminum compared to copper. Subsequently, Fig. 3(c) shows the majority of grains orientated towards <111> along the wire axis. Park and Lee [18] concluded that the volume fraction of <111> increases by extending the heat treatment duration, prompting a rise in the maximal density pole value, as already reported for aluminum alloys processed by multi directional forging [37].

Effect of the architecture on the mechanical behavior of the as-drawn samples

Fig. 6(a) demonstrates a difference between the yield stress values of the conventional and architectured Cu-Al composites in the as-drawn state. Because of the significant dynamic recovery that takes place in both Cu and Al during processing, the wire diameter seems to have little impact on the yield stress of either architectured or non-architectured samples. These results are consistent with those reported for pure copper samples manufactured by wire drawing and accumulative roll bonding, for which the flow stress depends on the process plastic strain only trivially if this parameter is larger than 2 [20]. Assuming that a conventional rule of mixture can be employed for the CCA and ACCA samples for which there is no size effect involved (large characteristic dimensions for the copper and aluminum path), the average experimental yield stress for CCA and ACCA can be compared, as a first approximation, to the predictions of the Voigt (upper bound -linear relationship) and Reuss (lower bound -inverse relationship) boundaries of the rule of mixture. To this end, the mechanical behavior of copper and aluminum in tension were separately investigated with the same test configuration for the composite wires. The pure Cu and Al samples (same material as for the composite wires) were fabricated under the same conditions as the CCA and ACCA specimens to have the different degrees of plastic strain undergone by CCA and ACCA wires into consideration.

In order to achieve this aim, 1 mm-copper-copper wires were first obtained from cold drawing of a copper tube and a copper rod of the same dimensions of the Cu and Al counterparts used for manufacturing the CCA sample. For this pure 1 mm diameter Cu wire similar to CCA, the yield stress is about 380 MPa. 61 of these all-copper wires were then restacked into a copper tube and further cold-drawn to a diameter of 1 mm to ensure reaching the same strain level as the 1 mm-ACCA sample (i.e η = 9.5). The yield stress of this full-copper ACCA counterpart is about 410 MPa in agreement with the 380 MPa saturation stress reported in previous works for strains up to 10 [27,28]. An aluminum rod and an aluminum tube of the same dimensions of those employed to fabricate the ACCA samples were first cold-drawn to 1 mm (η = 2.5). The yield stress of the full-aluminum CCA counterpart is about 197 MPa. Further drawing of these wires, when restacked into an annealed aluminum tube, was unsuccessful due to the large hardness contrast between them. Assuming the ratio of the yield stress of aluminum to that of copper to be similar for CCA and ACCA (as observed for the nanohardness values -see Table 2), the yield stress of full pure aluminum-ACCA counterpart is expected to be about 210 MPa.

Using these values of yield stress for Cu and Al, and considering a pure plastic perfect behavior (associated with the dynamic recovery during the process), the upper and lower boundaries for the theoretical rule of mixtures are plotted for the yield stress in Fig. 10, as a function of the aluminum volume fraction for CCA and ACCA wires. The average experimental values for the CCA (51% of Al) and ACCA (26% of Al) are also indicated for comparison purposes.

The prediction of the rule of mixture is 50 MPa lower than the experimental yield stress value for the CCA sample, demonstrating some potentially weak extra hardening because of the two phases involved and their corresponding interfaces. The yield strength of the ACCA sample, however, shows a positive 100 MPa deviation from the prediction of the rule of mixtures and is additionally higher than the yield stress of the full-copper ACCA counterpart. For Cu/Al/Cu trilayers obtained by RB, an opposite trend was reported for the ultimate tensile strength which is slighly lower than the value predicted by the linear rule of mixtures [23]. A clear hardening effect of the composite architecture is then characterized.

In the as-drawn state, the dominant <111> crystal direction alongside the wire axis exhibits the highest Young's modulus difference between Cu and Al. Using the values reported in the literature [38], obtained from the compliance matrix for the <111> orientation, the elastic modulus of copper and aluminum are 191 and 76 GPa, in that order. The coupled effect of this difference in elastic properties and yield strength results in residual stresses induced during the process [39][40][41]. Following the analytical computations by Bullough and Hartley [41] of residual stress in a 50%-Al CCA wire strained up to 4 (equivalent to a 1 mm-diameter CCA wire in this study), axial compressive stresses of about 80 MPa are expected in aluminum, whereas there would be around 70 MPa of tensile stress in copper. Tensile residual stresses in copper, however, decrease for lower volume fractions of aluminum and increases at higher plastic strains. Low Al volume fraction and large processing strains lead to a higher level of compressive stresses in the aluminum component of the ACCA samples compared to the CCA samples. The stress level leading to plastic flow in the aluminum phase is then higher in the ACCA sample compared to the CCA sample, which in part explains the wider gap between the experimental yield stress and the Voigt prediction.

Furthermore, at the onset of plasticity in copper (which deforms plastically first), strong plastic strain incompatibilities will appear between this phase and aluminum (which still behaves elastically). This strain incompatibilities may enhance the formation of strong backstresses and geometrically necessary dislocations in copper phase near the interfaces between the two phases. As the interface density by volume unit is larger for the ACCA compared to CCA, this phenomenon may also explain the extra-hardening of the architectured composite characterized in this study. An extensive investigation of the role played by the architecture on the process induced residual stresses and the influence of the interface must be performed to better understand the origin of this such elevated yield stresses. 1, the grain size of the HT2 sample is larger than the HT1 one. In agreement with those results, the grain size strengthening is then lower for HT2 than for HT1. Moreover, the difference in Schmid factor between each texture component (0.401 for a theoretical <001> versus 0.27 for <111> one) can impact the yield stress, depending on the type of the recrystallization (primary or secondary) occurring during the heat-treatment. The yield stress of the ACCA wires is then a function of the heat treatment-dependent characteristics such as the volume fraction of IMCs, grain size and texture.

Influence of the heat-treatments on the mechanical properties of the Cu-Al composites

Regardless of the grain size, larger volume fractions of IMCs decrease the UTS as a result of early fracture. Such early fracture, happening in the samples with larger volume fractions of IMCs, may result from the large tensile stresses undergone by the brittle compounds but also from the weak metal/IMC interface in the samples with large IMC thicknesses, according to the literature [2,3].

The volume fraction of IMCs also affects the strain hardening stages of the architectured Cu-Al composites. Firstly, the occurrence of the stage I ′ with no or weak hardening is clearly related to the IMCs as no static strain aging is expected for this material. This stage is connected with the serrated flow, observed on the stress-strain curve, similar to those observed during dynamic strain aging (see Fig. 6(c) inset). In some cases, these serrated parts are observed for larger plastic strains (see black arrows in Fig. 6(c)) and have been also reported by Kocich and coworkers for Cu/Al/Cu trilayers [12]. These authors incriminated the propagation of shear bands within the metallic composites. However, since the oscillations primarily appear at the onset of plasticity in the samples with different volume fractions of IMCs, the gradual fracture of the intermetallic compounds which cannot bear rather high tensile strains (see Fig. 9(c)), is believed to cause the stage I ′ to appear.

Second of all, the stage III, with a constant strain hardening rate of around 800 MPa, reveals that dislocation annihilation processes (which generally act in pure copper and aluminum) may be counterbalanced by a dislocation generation mechanism. The dimples observed on the fracture surface of the copper network in the HT1 sample are typical of its larger stress triaxiality compared to as-drawn samples [42]. This may result from a change in the stress state within copper and aluminum phases because of the radial deformation restriction imposed by the IMCs (only few interfacial cracks observed in Fig. 9). Moreover, according to the litterature [43], stress concentration in Al and Cu phases can occur at large plastic strains, as a result of fracture in IMCs. The stress concentration points suggests that dislocation generation probably counterbalances the dislocation annihilation mechanism by crossslip.

Conclusions

In this study, architectured Cu-Al composite wires were manufactured via cold drawing applying a restacking method. The mechanical properties of the wires, including hardness and tensile behavior, were examined, under the following heat treatment conditions: as-drawn, 400 • C -30 min and 400 • C -6 h. The conclusions made are listed below:

• The microstructure, in terms of grain size, texture, IMC type and its volume fraction strongly depends on the manufacturing conditions; • in the as-drawn state, the improvement of the mechanical properties for ACCA, partly coming from the larger volume fraction of copper, highlights the important role played by the architecture, the difference between the elastic modulus of Cu and Al and the density of the Cu/Al interface. • a comparison between the as-drawn and heat-treated samples shows that the two heat treatments lead to a reduction in the yield stress and an increase in the ductility, if the IMC volume fraction remains low, because of the recrystallisation of both Al and Cu phases. The recrystallization is also responsible for heat-treatment dependence of texture components; • the volume fraction of the intermetallics significantly influences the yield stress, fracture strain and strain-hardening mechanisms, by inducing new stages on the strain-hardening curves, compared to those of the conventional pure copper and aluminum.

The architectured composite wires, with low intermetallic volume fractions, exhibit slightly improved mechanical properties, compared to those of conventional copper-clad aluminum wires. Considering the good electrical conductivity of those architectured wires, they could be considered as innovative alternatives to the conventional copper-clad aluminum wires, for carrying electric currents over an even wider range of frequencies. An ongoing study is already carried out to better understand how both the architecture and intermetallics influence the mechanical properties of Cu-Al composite wires.

Introduction to Chapter 4

Chapter 3 covered the microstructural and mechanical properties of a variety of conventional (CCA) and so-called architectured (ACCA) Cu-Al wires. Among the findings introduced in the previous chapter, it was observed that the yield strength of the as-drawn architectured wire, with 25% Al, shows a significant positive deviation from the linear rule of mixtures. This conclusion stands out because it implies that the above architectured wire has a greater tensile strength than even its full-copper counterpart does. The implication sounds counterintuitive since pure copper has a higher yield strength than pure aluminum. Therefore, a full-copper wire drawn up to the same strain as the architectured wire is expected to exhibit higher strength than any as-drawn composite wire containing pure Al. The observation, however, runs counter to the expectation. Chapter 5 is an attempt to explain the origin of such tensile behavior in asdrawn architectured Cu-Al wires.

The introduction section of chapter 4 reviews the literature on the mechanical properties of Cu-Al and other bimetallic composite wires and rods of various configurations. The experimental procedure to manufacture and tensile test the conventional and architectured Cu-Al wires comes next. The third section of chapter 4 details the numerical approach adopted to examine the credibility of the two hypotheses that presumably provide an explanation for the improved tensile strength of architectured Cu-Al wires. The hypotheses are 1-transverse stresses developing during tensile testing of composite wires and 2-manufacturing-induced residual stresses. These hypotheses were numerically tested to discover which could possibly explain the difference between the tensile behavior of conventional and architectured Cu-Al wires. The results and a point-by-point discussion of them then precedes the conclusions listed at the end of the chapter.

The work presented in this chapter is published in the journal of Materials as a paper titled "Experimental and Finite Element Analysis of the Tensile Behavior of Architectured Cu-Al Composite Wires".

Outline of the thesis chapter IV

Introduction

Abundant copper demand for electrical applications from various sectors has prompted manufacturers to reduce material costs by replacing this rather expensive and high-density metal partly or entirely. Lower-density and more affordable aluminum-copper (Al-Cu) composite wire is an example of such efforts. The following paragraphs provide a summary of the different features of Al-Cu wires and several other similar composite systems (developed by various techniques) already investigated. The missing aspects and the property of interest to be researched in the current work are then presented at the end of this section. Among those already-studied features are the investigations covering the mechanical behavior and finite element modelling of the manufacture processes of severely cold worked composite systems akin to the one under study in this work. Khosravifard and Ebrahimi [1] investigated the parameters affecting the interface strength of extruded Al/Cu clad bimetal rods along with FEM analysis of the extrusion process. Feng et al. [2] examined the compressive mechanical behavior of Al/Mg composite rods with different types of Al sleeve.

Gu et al. [3] modelled the elastic behavior of architectured and nanostructured Cu-Nb composite wires produced by accumulative drawing and bundling (a severe plastic Materials 2021, 14, 6305 deformation technique) in a multiscale manner. Priel et al. [4] did a computational study (validated by experiments) on co-extrusion of an Mg/Al composite billet and suggested a set-up named "Floating Core" as being ideal.

Knezevic et al. [5] made a comparison between three die designs with a material-based approach towards the extrusion of bimetallic tubes discussing the criteria that are to be met for proper solid-state bonding.

Moreover, a great deal of research has been done addressing the mechanical behavior of metallic and non-metallic fiber-reinforced composites. Ochiai [6] performed an extensive study on the effect of interface on deformation and fracture behavior of metallic matrix fiber-reinforced composites. Kelly and Lilholt [7] researched stress-strain curve of a fiberreinforced composite of tungsten wires embedded in a pure copper matrix. Kelly and Tyson [8] studied tensile properties of metallic fiber-reinforced composite systems of copper/tungsten and copper-molybdenum. Ebert et al. [9] analyzed the stress-strain behavior of concentric composite cylinders. Sapanathan et al. [10] spiral extruded an aluminum/copper composite to study its bond strength and interfacial characteristics. Hao et al. [11] developed a novel multifunctional NiTi/Ag hierarchical composite, inspired by the hierarchical design of the tendon, by repeated assembling and wire drawing. Tyson and Davies [12] investigated the shear stresses associated with stress transfer during fiber reinforcement with the help of photoelasticity. Superconducting materials embedded into a copper matrix as multifilaments [13] and aluminum-steel fiber composites [14] are the other systems with similarities to the Al-Cu composites under investigation in the current study.

The conventional copper-clad aluminum wire (CCA or single-Al-fiber Al-Cu composite wire) is currently being widely used in the electrical industry [15]. Architectured copper-clad aluminum wire (ACCA or multi-Al-fiber Al-Cu composite wire), however, has proved to be superior in a variety of areas offering improved thermal diffusivity [16] and proper electrical conductivity at both low and high frequencies. Moreover, in a previous article, the authors have reported that ACCA samples exhibit rather complex mechanical behavior in both as-drawn and heat-treated states (see [17] for more details).

The novelty of this work is the investigation of the origin of the understudied mechanical behavior of the novel architectured Cu-Al composite wires and its promising implications in terms of the in-service reliability. The objective of this article is then to better understand the mechanical behavior of Cu-Al wires with different fiber-matrix configurations. Along with the conventional CCA wire, two architectured configurations (ACCA) with different numbers of Al fibers were investigated. A first assessment of the mechanical properties based on the experimental tensile curves is proposed, revealing improved flow stress for architectured configurations.

Numerical simulations of CCA and ACCA configurations were then performed to find the impact of fiber-matrix configurations on the axial stress-strain behavior of these materials. Particularly, the influence of I-transverse interactions and II-processing-induced residual stresses on the mechanical behavior were investigated. The use of finite element analysis is necessary when dealing with the mechanical behaviors that are not easy to understand and interpret experimentally. Crack and fracture behavior are instances of such studies [18,19]. A great complexity in the current work is the experimental measurement of radial and circumferential stresses developing at the interface of the fine Al fibers (tens of micron wide) and the Cu matrix during tensile testing of Arcitectured and even conventional Cu-Al wires. The results show that the processing-induced residual stresses most probably explain the exceptional mechanical properties of architectured wires.

Material and Experimental Procedure

Copper clad aluminum wires are produced by cold-drawing. For all wires, fully annealed high purity Oxygen Free High Conductivity (OFHC) copper and 99.5% pure Al were employed. For the fabrication of CCA, a copper tube of an outer diameter of 12 mm and inner diameter of 8 mm and an approximately 8 mm-aluminum rod were simultaneously cold-drawn down to 3 mm. For the ACCA drawing, CCA wires were restacked in a copper tube and were further cold-drawn. For these specific architectured wires, two configurations were manufactured, one with 61 restacked 1 mm-CCA wires (labelled ACCA 61 ) and a second one with 22 restacked 1.7 mm-wires (labelled ACCA 22 ). All wires were cold-drawn down to 3 mm without inter-operational heat-treatments. For the CCA wires, the aluminum volume fraction is about 50% whereas values of 25% and 32% are associated to the ACCA 61 and ACCA 22 , respectively. Details about the manufacturing process can be found in the two previous articles [15,17]. The corresponding cross-sections of the three microstructures, imaged via optical microscopy, are illustrated in Figure 1. Simulation of the CCA and ACCA behavior under tensile loading requires the stressstrain data of each component (Al and Cu). For that reason, as-drawn samples of both pure Cu and Al with the aforementioned compositions (threes samples each) were prepared for tensile testing to provide the FEA software with the required input. To prepare the above tensile test samples, an aluminum rod and a copper rod of the same initial diameter of 8 mm, heat-treated for three hours at 300 • C and 500 • C respectively, were cold drawn down to 2 mm each. This was to have the same amount of plastic deformation undergone by a 3 mm-CCA composite wire (considered for simulations) stored in pure Al and Cu samples.

The final diameter of the rods was obtained from the following relation for calculating the drawing strain:

η = 2 ln D 0 D (1) 
where D 0 and D are the initial and final diameters respectively. An MTS Criterion Model 43 10 kN-universal testing machine (MTS, Eden Prairie, MN, USA) was used to perform displacement-controlled tensile tests at room temperature and the strain was measured via a conventional 25 mm-gage length extensometer. Samples were mounted on specialized wire tensile testing grips to minimize stress concentration and were strained at an initial strain rate of 0.004 s -1 to avoid possible viscous effects. Engineering stress-strain curves of experimentally tensile-tested pure Al and Cu are plotted in Figure 2. The following curves were then converted into true stress-strain curves and were used as input for elastoplastic simulation of CCA and ACCA wires. 

Numerical Procedure

A comprehensive explanation of the simulation approach is presented in the first subsection. The second subsection is devoted to the simulation details.

Parameters and Methodology

The application of finite element method made it possible to effectively study various parameters involved from a behavioral perspective. Assumptions such as perfect fiber-matrix interface and isotropic behavior were made for the sake of simplicity. As mentioned earlier, the two key factors I-transverse stresses and II-residual stresses (RS) were investigated in a set of numerical simulations. To this end, evolution of transverse (radial and circumferential) stress components under a tensile load was modelled in both elastic and elastoplastic domains for CCA samples.

Tensile elastic-plastic behavior of an ACCA model, created from an actual microstructure, was also studied to discover the potentially distinct development of lateral stresses in this novel configuration. For the sake of conciseness, only the ACCA 61 configuration was considered for simulation. The effect of predefined fields of residual stress in both CCA and ACCA wires was also studied independently. The idea was to realize how significant the contribution of lateral and residual stresses could be to the axial stress-strain behavior of these bimetallic composites separately. CCA simulations hold clues to understanding the more complex tensile behavior of the architectured samples (ACCAs).

Transverse Stresses CCA Elastic Simulations

There are complexities associated with the elastoplastic behavior of these materials, originating from the formation of yield fronts and gradual elastic-to-plastic transition [9]. In a first attempt to avoid those intricacies, a number of elastic-domain CCA wire simulations were independently run, with the major parameters involved in the evolution of transverse stresses taken into consideration. Those parameters include Young's modulus and Al/Cu volume fraction.

Therefore, two 10-mm-long CCA samples of the same outer diameter of 3 mm (arbitrary dimensions), containing an aluminum core and a copper case were modelled. One of the two samples contains 75% Al (2.6 mm-Al core) and the other 25% Al (1.5 mm-Al core). The volume fraction of the experimental CCA wire lies in between these two values. This was to account for the role of volume fraction when one of the phases prevails.

It is known from the literature that the elastic behavior of pure copper is largely anisotropic. Its Young's modulus depends on the texture developments and can range between 60 and 200 GPa as plotted and discussed by Pal-Val et al. [20] for different crystallographic directions. For that reason, three different Young's modulus values of 60, 170 and 200 GPa, corresponding to the dominance of [001], [011] and [111] orientations in the order given, were chosen to take account of Young's modulus effect. Unlike Cu, the elastic behavior of Al is almost isotropic and the Young's modulus alterations of pure aluminum and many aluminum alloys, following cold working and heat-treatment, vary slightly by 10 percent at most [21]. Hereby, an average value of 70 GPa was considered for Al. The elastic-domain impact of Poisson's ratio value difference between the components of bimetallic fiber-composites is generally trivial [9]. In summary, three Young's modulus values for Cu and 2 volume fractions were opted for a total number of 6 simulations. The CCA elastic simulations are summarized in Table 1. 

CCA and ACCA Elastoplastic Simulations

It is known that radial and circumferential stresses may become more important in terms of contribution to the axial stress-strain behavior as one of the two phases in a bimetallic cylindrical composite plasticizes first and the other remains elastic within a certain strain range. This is because the already-yielded component could be assumed to have a Poisson's ratio of 0.5 (due to the incompressible nature of plasticity) and the other would still possess the elastic-domain Poisson's ratio value. Therefore, the difference between the values of Poisson's ratio of the two materials would become greater for a certain range of strain before the elastic component begins to behave plastically as well [9].

Hereby, numerical tensile testing of a set of 3 mm-diameter CCA wires (actual dimension) of four different Al/Cu volume fractions was opted to be modelled with elastic-plastic behavior (without accounting for the Al/Cu interface and residual stresses). Four volume fractions were chosen to have a statistically better approximation of the order of magnitude of transverse stresses. The goal was to discover the degree to which lateral stresses, alone, can possibly influence the tensile behavior. Table 2 lists all the CCA elastoplastic simulations performed. Having insights provided from the elastoplastic simulation of CCA wires, a 3-mm diameter ACCA 61 wire was modelled from the actual microstructure of its transversal cross section (see Figure 3a). The wire contains 61 Al fibers (about 25 percent of the total volume fraction) embedded in a Cu matrix. The corresponding finite element models are presented in Figure 3a,b. 

Residual Stresses

Mechanical residual stresses built up during cold drawing of metals are known to come from the non-uniform nature of plastic deformation in this process. There is a qualitative feature from the literature based on which residual stress simulations are argued in this paper. This feature is the formation of a rather wide range of compressive residual stresses in the central part of a cold-drawn bar and a narrower range of tensile residual stress in its outer part, away from the center. Axial tensile residual stresses forming near the wire surface have detrimental effects on the tensile strength of drawn wires. Modifying the residual profile through the wire cross section by reducing those stresses and boosting the formation of compressive residual stresses favors the yield strength [22]. Atienza and Elices [23] suggest such RS distribution for cold drawn steel wires investigated both numerically and experimentally. Ripoll et al. [24] report a similar RS distribution pattern in their investigation of tungsten wires. Bullough and Hartley [25] introduce an analytical model for co-deformed Cu-Al rods confirming the above-mentioned RS distribution.

Consistent with the literature on the magnitude and distribution pattern of drawinginduced residual stresses, a behavioral assessment was conducted. One objective was to analyze how the distinct fiber-matrix configuration of an ACCA sample can possibly affect the axial stress-strain behavior of Al-Cu composite wires of the same Al/Cu volume fraction but different architecture.

For the sake of simplicity, this comparison was made irrespective of the fact that ACCA is more strained than CCA and more compressive residual stresses are expected to form in architectured wires. Hereby, the aforementioned 3-mm ACCA sample containing about 25% Al and its corresponding 3-mm CCA sample with 25% Al were considered.

Same-diameter cylinders of compressive residual stress were defined in the center of both wires with hollow cylinders of the same width under tensile residual stress, as illustrated in Figure 4a,b. Residual stress modelling and analyses were based on the values reported for copper-clad aluminum wires fabricated by hydrostatic extrusion [25]. The analytical model proposed in [25] is applicable for both hydrostatic extrusion and wire drawing processes and provides a good first approximation for this behavioral evaluation. Simulation details are presented in the following section. It must be noted that all the above simulations were merely intended to test the assumptions made earlier regarding the role of transverse and residual stresses and no verification of the experimental results was planned. Indeed, the exact development of residual stresses in the architectured composite wires is not straightforward. The simulations were applied towards identifying the potential source of the strengthening effect observed in the architectured Cu-Al wires (reported by [17]). 

Numerical Modelling Details

The FEA software Abaqus/CAE (ABAQUS Inc., Johnston, RI, USA) was utilized to perform all simulations. All CCA samples were meshed using a mixture of hexahedral elements of type 'C3D8R' and wedge elements of type "C3D6 (both of linear geometric order, from the standard element library) to generate a regular symmetric mesh. However, the ACCA sample was meshed using only hexahedral elements. Independent Al and Cu parts were then assembled by merging the interfacial elements that satisfies the perfect interface assumption and allows the development of transverse stresses. All models were assigned a boundary condition of type "ZSYMM" (symmetry about a constant z-plane) on the fixed end.

An arbitrary displacement of 0.005 mm (0.05% strain-within the reasonable range of elastic domain) was applied on all the CCA elastic models listed in Table 1. Engineering stress-strain data from tensile testing of the as-drawn pure Al and pure Cu samples were calibrated and converted into true stress-strain curves in Abaqus/CAE as input for elastoplastic simulation of the 3-mm diameter CCA samples mentioned in the previous section.

The elastic-plastic behavior of the aforementioned ACCA sample (≈25% Al) of a gauge length of 25 mm was also studied by straining it up to one percent. The use of CCA input for simulating the tensile testing of ACCA is acceptable to a fairly good approximation due to stress saturation in both Al and Cu at high strains (see [17]). Chinh et al. [26] also report stress saturation in highly strained Al.

In order to model the elastic-plastic behavior of CCA and ACCA composite wires in presence of residual stresses, the 25%Al-ACCA wire and its corresponding CCA sample (containing 25% Al) were chosen. Next, for comparison purposes, a cylindrical section of the same diameter of 1.5 mm was defined in the center of both ACCA and CCA samples.

As explained in the previous section, residual stress values for simulation were taken from Ref. [25]. Therefore, predefined stress fields of -90 MPa (compressive) in the central cylinder and +10 MPa (tensile) in the remaining hollow cylinder were defined.

It should be noted that the aforementioned values were considered as single uniform values through the cross section of the wire rather than the actual curved-shape residual stress distributions (see the references presented in Section 3.1.2 Residual Stresses). This analytical model-based assumption was made for the sake of simplicity and comparison and does not satisfy the residuals stresses' self-equilibrium requirement. It is however consistent with the literature in terms of the sign of expected residual stresses. Furthermore, to emphasize the favorable impact of compressive residual stresses in the central section of ACCA samples and to reveal its implication for the research problem, a separate simulation with -120 MPs (rather than -90 MPa) and +10 MPa was performed.

Results

Experimental Tensile Tests

Figure 5 illustrates the mechanical behavior in tension of the earlier-mentioned CCA, ACCA 61 , and ACCA 22 wires along with the pure copper and pure aluminum counterparts. When it comes to the CCA wire, the tensile curve lies between the pure Cu and pure Al ones, in good agreement with the rules of mixtures' prediction. For a total strain of 0.01, the flow stresses of pure Cu and Al wires are about 450 and 250 MPa, respectively. For the same total strain, the CCA wire containing 50% Al exhibits a flow stress of about 360 MPa which is close to the rule of mixtures' predicted value of 350 MPa. Compared to the CCA case, the two ACCA wires show an increased flow stress that is closer (ACCA 22 ) or even larger (ACCA 61 ) than that of the corresponding pure copper wire. In that case, the rule of mixture is clearly not fulfilled revealing a complex mechanical behavior that can be attributed to the aforementioned transverse interactions or residual stresses.

CCA Elastic Simulations

In order to investigate the role played by the elastic-domain transverse interactions on the mechanical behavior of CCA an ACCA wires, elastic simulations were performed as a first attempt. When it comes to the CCA, the following graphs show the impact of the two parameters Young's modulus and Al/Cu volume fraction on the development of tensile testing-induced radial and circumferential stresses versus the normalized distance along the diameter of each wire in the elastic domain.

Effect of the two parameters on the distribution and magnitude of transverse stresses are visualized in Figure 6a-d, which represent the radial and circumferential stress profiles of the 75% Al-CCA sample and Figure 6c,d that illustrate those of the 25% Al-CCA sample. For a total elastic strain of 0.05%, average axial stress values of ≈63 and ≈45 MPa developed along the wire axis in the 25% Al-and 75% Al-sample, respectively. The ratio on the graphs' legend is the ratio of the Young's modulus of Cu to Al. The Al core and Cu case areas are delineated on the curves. As observed in Figure 6, the magnitude of transverse stresses evolved in both 25%-and 75%Al-samples is utterly small (on the order of tenths of a megapascal). The magnitude of the corresponding axial stresses are, however, significantly higher as mentioned above. The magnitude of radial and circumferential stresses in both CCA samples of different volume fractions slightly increases as the Young's modulus ratio becomes greater. It reaches its maximum for the ratio E Cu /E Al = 200/70. Additionally, the higher the volume fraction of copper is, the greater the radial stress component in the Al core and Cu case would be. The circumferential stress component though increases in the Al core and decreases in the Cu case at higher volume fractions of Cu.

CCA and ACCA Elastoplastic Simulations

Figure 7 shows the axial stress-strain curves of the CCA samples of the four aforementioned volume fractions simulated with elastic-plastic behavior along with the experimental pure Cu and Al curves. The tensile stress increases with a rise in the Cu volume fraction as expected. Figure 8a,b summarize how transverse stresses evolve during numerical tensile testing of CCA wires with four different volume fractions. The 3D graphs of Figure 8 contain two horizontal and one vertical axes. One of the two horizontal axes represents the axial strain and the other axes show the distribution of radial/circumferential stress (at each strain level) versus the normalized distance along the diameter of each wire between each 0 and 1 with the corresponding volume fraction of Al determined. The Al core and Cu case areas are depicted on the distribution profiles. The three stages indicated in three different colors correspond to the strain ranges of the three common regions on the axial stress-strain curve of concentric composite cylinders (CCA wires in this study) arising from the varying Poisson's ratio of each phase during tensile testing [9]. The main purpose of the 3D diagrams is to demonstrate the order of magnitude of transverse stresses that develop during numerical tensile testing of CCA wires and therefore a further explanation about those three regions is avoided. The maximum magnitude of radial and circumferential stresses in samples of all volume fractions is reached at the onset of the second stage as the first component (Cu) begins yielding. A comparison between the magnitude of the various stress tensor components from Figures 7 and8 underpins the fact that the axial stress remains by far the predominant component in both elastic and plastic domains of CCA wires during tensile-testing. Figure 9 shows the simulation axial-stress-strain curve of the ACCA wire containing 25% Al. Radial and circumferential stress fields at a total strain of ≈0.2% are illustrated in Figure 10a,b, respectively. This is the strain level at which the maximum magnitude of transverse stresses was reached during numerical tensile-testing of the architectured sample. Similar to CCA wires, the above strain level corresponds to the onset of stage II at which one of the components begins yielding first in the ACCA sample. The radial and circumferential stress distribution patterns across the ACCA wire cross-section is though distinctively different from those of the CCA wires throughout tensile testing. The most prominent feature is the channels of negative and positive transverse stresses evolving in the inter-fiber space of the copper matrix, pairs of which are depicted in Figure 10a,b (white circles). Figure 10c,d show the distribution of radial and circumferential stresses at the end of the numerical tensile test (at ≈1% strain). The magnitude of transverse stresses nears zero and their distribution becomes homogeneous at this stage. Note that a coarser mesh than that of Figure 3b was used to reduce the computational cost since the numerical solution was well converged with even coarser mesh. 

Residual Stresses

Stress-strain curves of numerically tensile-tested ≈25%Al-ACCA and 25%Al-CCA wires, with and without predefined residual stress fields, are plotted in Figure 11. The stress-strain curves of residual stress-free ACCA and CCA lie over one another as shown in this graph. Figure 11 allows comparisons to be made between CCA and ACCA samples. It reveals the role of architecture. It is implicative of the consequential impact of the residual stress profile and particularly compressive residual stresses built up in the inner section of cold-drawn samples. According to Figure 11, -90 MPa of compressive and 10 MPa of tensile residual stress with the earlier-mentioned configuration put the yield strength of CCA and ACCA by about 10 and 15 MPa above the stress-free curves respectively. A higher-magnitude compressive residual stress of -120 MPa (i.e., -120 MPa/10 MPa) increases the yield strength by about 20 MPa. Please note that these positive deviations are not meant to imply that the presence of residual stresses improve the yield strength. Near-surface tensile residual stresses could actually have deleterious effects on the tensile strength as referred to earlier. It is merely because of the way the residual stress fields are defined based on the analytical model in [25]. Residual stress-free curves are simply presented as a baseline for comparison. The red curves with residual stress fields are to be compared. 

Discussion and Outlook

The experimental results revealed a slightly increase in the tensile flow stress of the two architectured Cu-Al wires compared to the rule of mixtures' prediction. The two key parameters I-transverse stresses and II-processing-induced residual stresses were investigated via finite element analysis as the potential sources of this behavior. The two different features and their implications on the mechanical behavior are discussed in the following section.

Elastic-Domain Transverse Stresses in CCA Samples

The features of interest in the elastic-domain simulations of CCA wires were the order of magnitude of radial and circumferential stresses and the ways this magnitude changes influenced by the parameters involved. Figure 6a-d illustrate how the two parameters Young's modulus and volume fraction of each phase affect the evolution of transverse stresses as explained in the results section. It is evident from those figures that the maximum magnitude of both radial and circumferential stress components is on the order of tenths of a megapascal in all cases. This is while the axial stress component developed in the CCA samples for a corresponding elastic strain of 0.05% (from the linear rule of mixtures) is on the order of about 63 MPa for the 25%Al-ACCA and 45 MPa for the 75%Al-ACCA sample. This implies the quite weak contribution of transverse stresses evolved in the elastic domain of axially strained CCA wires, consistent with the analytical model developed by Ebert et al. [9] for concentric cylindrical composites.

Transverse Stresses in CCA and ACCA Samples with Elastic-Plastic Behavior

It was pointed out earlier that there is a strain range between the onset of plasticity in the first and second components of a bimetallic cylindrical composite during which a greater Poisson's ratio difference and consequently higher-magnitude transverse stresses may be expected. However, two other major factors also determine the significance of the developed radial and circumferential stresses contributing to the axial stress-strain behavior. The two other factors are 1-volume fraction of each phase, 2-the ratio of their elastic moduli [9]. The Young's moduli of experimentally tensile-tested as-drawn pure copper and pure aluminum are 129 and 66 GPa, respectively (Figure 2). Figure 8a,b with four different volume fractions of numerically tensile-tested CCA wires provide a good approximation of the order of magnitude of radial and circumferential stresses. It can easily be seen from these figures that the maximum magnitude of transverse stresses would not exceed a few megapascals for different Al/Cu volume fractions. This is because of the relatively small ratio of the Young's modulus of Cu to that of Al (calculated from the experimental stress-strain curves) and again implies the negligible contribution of transverse stresses to the axial stress-stain behavior of CCA wires whose axial stressstrain curves are plotted in Figure 7. Furthermore, it can be deduced from Figure 8b that the greater the volume fraction of one component is, the smaller the magnitude of circumferential stress would be in that component.

Evolution of the maximum radial and circumferential stress values during numerical tensile-testing of a ≈25%Al-ACCA wire modelled from its actual transverse cross-section (see Figure 3a,b) is shown in Figure 10a,b. The maximum magnitude of transverse stresses (about ±2 MPa) developed in the ACCA sample is of almost the same order of magnitude of maximum transverse stresses in its CCA counterpart (25%Al-75%Cu). This indicates the fact that architecture does not change the magnitude of transverse stress components and the magnitude is merely a function of volume fraction. The distribution of radial and circumferential stresses, however, interestingly changes due to the novel fiber-matrix configuration of ACCA compared to CCA. It can be observed in Figure 8a that the sign of the radial stress component in both Al core and copper case of CCA wires remains positive throughout the tensile test. Figure 8b also indicates that the sign of the circumferential component in CCA wires is positive in the Al core and negative in the Cu case all along the test.

Nevertheless, there are channels of both negative and positive radial and circumferential stresses in the inter-fiber space of the Cu matrix of ACCA wires throughout the tensile test, as shown in Figure 10a,b. This feature may have important implications in terms of interfacial damage initiation and propagation.

However, the feature of interest in this study is the magnitude of transverse stresses developed during tensile testing of CCA and ACCA wires. To conclude Sections 5.1 and 5.2, it can be inferred that the magnitude of radial and circumferential stresses evolved in CCA and ACCA wires is quite small that transverse stresses cannot be considered as the underlying reason behind the improved yield strength of ACCA wires.

Mechanical Bonding at the Al-Cu Interface

The mechanical bonding at the Al-Cu interface of both cold-drawn CCA and ACCA wires is one of the key aspects to be studied when it comes to the axial stress-strain behavior of these bimetallic composites. The focus of this numerical study is, however, to discover the origin of the enhanced strength of ACCA. There are studies attributing the positive deviation from the rule of mixtures (RoM) and improved strength of similar bimetallic composite systems, such as Cu-Nb, to the interface. Those observed strengthening effects have been justified by models such as Hall-Petch Barrier and Geometrically Necessary Dislocations (GND). However, both models are valid where there is a size effect involved and interface (fiber) spacing is on the order of nanometer [27]. Whilst there are nearly 200 grains, as large as 500 nm each, situated in the space between every two Al fibers in the 25%Al-ACCA sample investigated in this study and therefore no size effect is expected. Perfect interface was one of the assumptions made in this work given that any sort of imperfection can potentially bring about loci of stress concentration and be detrimental to the yield strength. Although, all the interface-related discussions are relevant as long as the fiber-matrix bonding is in place. Possible sources of strengthening are the focal points of the current investigation and therefore the Al-Cu interface was not considered since it is not expected to bring about any strengthening effect as argued above. Although, it is intended to conduct a separate study into understanding the bond strength and interfacial behavior of Al-Cu composite wires in both as-drawn and heat-treated conditions in prospect.

Residual Stresses

A comparison-based approach was adopted towards realizing the impact of residual stresses on the axial stress-strain behavior of CCA and ACCA wires. One should note that residual stresses already contribute to the tensile stress-strain curve of the cold-drawn pure Cu and Al rod samples used as simulation input. However, co-deformation and architecture are expected to form more compressive residual stresses consistent with the following analysis. As illustrated in Figure 11, the simulation curves of the residual stressfree 25%Al-ACCA and 25%Al-CCA samples (dark blue curves) almost entirely overlap because of their similar Al volume fraction as discussed in the Section 5.2. In a first attempt to discover the net effect of architecture in presence of predefined residual stress fields, CCA and ACCA samples were compared irrespective of the different amount of plastic deformation they actually experience.

A comparison between the numerical stress-strain curves of the 25%Al-ACCA and 25%Al-CCA wires in Figure 11 shows that the ACCA curve (red with horizontal diamond markers) lies well above the CCA curve (dashed red curve). This clearly demonstrates that the architecture can improve the yield strength under entirely similar conditions (identical residual stress field configurations-see Figure 4) in presence of drawing-induced residual stresses. This can be ascribed to the fact that the novel fiber-matrix configuration of ACCA compared to that of CCA of the same volume fraction, brings more of the stronger phase (that is the copper matrix) into the central part of the composite wire where there is a region of processing-induced compressive residual stresses. This mechanism is consistent with the smaller deviation of the ACCA 22 wire from the rule of mixtures' prediction when compared with the ACCA 61 since the volume fraction of copper in the compressive stress area is lower in ACCA 22 .

Moreover, a second comparison with the purpose to provide insights into discovering the origin of the improved strength of ACCA can be made between the two similar ACCA 61 simulations with compressive residual stress fields of different magnitude (solid red curves with markers-see Figure 9). The stress-strain curve of the ACCA sample with a greater compressive residual stress field obviously deviates upwards and shows greater yield strength by lying above. To determine the implications, as mentioned in the Residual Stresses subsection of the Numerical Procedure section, drawing-induced residual stresses come from the non-uniform plastic deformation evolved during the process according to the literature. Bringing some portion of the copper to the center of the wire in the architectured samples could be expected to bring about deformation that is more homogeneous. This can reduce the undesirable tensile residual stresses near the surface of the wire that in turn leads to the prevalence of compressive residual stresses built up in the central region of ACCA wires. Hence, the stress-strain curve of an ACCA sample can exhibit significantly high yield strength in the exact same fashion that the ACCA sample with a larger compressive residual stress field behaves in Figure 11.

This strong implication necessitates further simulations and experimental work to model the manufacture process and drawing-induced residual stresses along with experimental measurements of these stresses. A sound comprehension of the tensile behavior of Al-Cu composite wires lays the groundwork for developing a deeper understanding of the mechanical properties of both conventional and novel configurations with different heat-treatment conditions, which in turn leads to optimum production of theses wires.

Conclusions

The tensile behavior of as-drawn conventional copper clad aluminum and architectured Al-Cu composite wires reveals an improvement in the strength of the architectured fiber-matrix configuration. The influence of the two key parameters 1-transverse and 2-residual stresses as the potential sources of the above behavior were examined using finite element analysis. The tensile response of axially strained conventional (CCA) and architectured (ACCA) copper-clad aluminum wires were then simulated under the influence of those two parameters. The findings suggest the following conclusions:

•

The effect of the various possible Al-Cu Young's modulus ratios and volume fractions on the evolution and magnitude of transverse stresses was found to be trivial (a few tenths of a megapascal) in Al-Cu composite wires.

•

Contribution of transverse stresses to the axial stress-strain behavior of both CCA and ACCA wires is insignificant (3 MPa on average at most).

•

Distribution of transverse stresses in architectured Al-Cu wires is interestingly different from that of conventional CCA wires showing channels of both negative and positive radial and circumferential stress components throughout the tensile test.

•

Drawing-induced residual stresses with magnitudes on the order of tens/hundreds of megapascals have strong implications in terms of the observed strengthening effect of architecture.

•

ACCA wires show improved strength compared to CCA wires in presence of identical compressive and tensile residual stress fields because of the novel fiber-matrix configuration of the architectured samples.

•

More uniform plastic deformation in ACCA wires and the formation of compressive residual stresses in the central portion of the Cu matrix are highly likely the reasons behind the enhanced yield strength observed in ACCA composite wires.

Introduction

Begun in the late 1960s, copper shortage prompted efforts to standardize Cu-Al composite wires. A desire for optimum mechanical, electrical, and thermal properties has been around ever since. Wire drawing is the technique of producing a variety of wire products. Wires have numerous applications from musical instrument strings and suspension bridge cables to electrical wires. This necessitates thorough investigations to find optimum drawing parameters for wire production [1]. The inhomogeneous nature of plastic deformation in metal-forming processes leads to the formation of residual stresses. These stresses could be unfavorable or favorable in terms of strength. This determines how reliable a product would be in service [2]. It is known that colddrawn wires and tubes develop residual stresses that are tensile on the surface and compressive in the interior [3,4]. The following lines provide an overview of studies dealing with optimization of different drawn products. A review of several articles on Cu-Al composite wires follows to conclude the introduction.

Common optimization methods and parameters of interest

Baumann et al. [5] applied finite element analysis (FEA) to suggest a more advantageous die geometry for drawn steel wires used to fabricate automobile torsion bars. The modified geometry, based on the principle of gradation extrusion, minimizes near-surface tensile residual stresses. This would eliminate follow-up operations such as heat treatment or shot peening to improve the dynamic stability of torsion bars.

Ruiz-Hervias et al. [3] examined the effect of a postdrawing treatment known as "skin-pass" on the residual stress profile of ferritic and pearlitic steel rods. The treatment proved to be effective in reducing the detrimental tensile residual stresses on the surface of ferritic steel rods. Kim et al. [6] developed a multiple reduction die (MRD) for drawing austenitic stainless steel 304L wires. They combined FEA and an artificial neural network (ANN) to optimize the drawing process variables. This led to the conclusion that the MRD forms a more favorable residual stress pattern than the conventional single dies. Atienza et al. [7] studied the adverse influence of tensile surface residual stresses on the number of cycles to rupture of cold drawn eutectoid steel wires. They concluded that postdrawing treatments could significantly improve the wire's fatigue limit and resistance to environmentally assisted cracking (EAC). Stabilizing (thermomechanical process), rolling, and supplementary drawing (small area reduction) are instances of such treatments. Zottis et al. [8] investigated the effect of die misalignment and inhomogeneous lubrication on the residual stress profile of a cold drawn SAE 1045 steel bar. Atienza and Elices [9] researched the relationship between the residual stress profile and stress relaxation in the cold drawn steel wires of prestressed concrete. They chose three sets of samples with different post-drawing treatments for this purpose. Stabilized wires exhibited better stress relaxation behavior relative to asdrawn and rolled wires. Ripoll et al. [10] proposed two approaches for reducing the detrimental tensile residual stresses on the surface of drawn tungsten wires (lighting industry filaments). Finite element analyses of the two approaches I-die geometry optimization and II-post-drawing bending operations, proved both effective in modifying the residual stress pattern. Martinez et al. [11] looked into the effect of die angle, bearing zone, and friction coefficient on the cold drawing of electrolytic tough pitch (ETP) copper. Finite element analysis complemented their study. Dixit and Dixit [12] conducted a comprehensive research on a variety of process variables and drawing parameters for wires of three different materials (copper, aluminum, and steel). Reduction ratio, die semi-angle, friction coefficient, and back-pull were the process variables. Die pressure, drawing stress, and separation force were the drawing parameters. Having applied FEA, they observed that larger area reduction and decreased die semi-angle or friction coefficient lead to more homogenous products. Banda [13] used FEA to study the effect of die design and processing parameters on the development of Chevron (internal) and surface cracks during multi-pass drawing of copper wires. The established models suggested that all the geometrical parameters except for the exit angle would influence ductile damage. Dmitriy [14] investigated the distribution of residual stress components in cold drawn 5083 aluminum alloy. He ran numerical simulations to determine the role of area reduction value and die angle. The results indicate that the role of die angle is more noticeable up to reduction values between 35 and 40%. Rodríguez-Alabanda et al. [15] analyzed and optimized the multi-stage wiredrawing process of 1370 aluminum alloy applying the finite element method. Die semi-angle, bearing length, delta factor, Δ (related to die geometry), friction coefficient, and drawing speed were among the parameters they considered for the study. Hassan and Hashim [16] recommend different optimum die angles for different area reductions of cold-drawn 1100 aluminum alloy wire. They also report an increase in the drawing force with an increase in the bearing length. Moreover, they suggest smaller area reduction, lower friction coefficient, and a larger die angle to avoid a rise in the drawing force.

As mentioned above, inhomogeneous deformation is the origin of drawing residual stresses. This becomes more important when dealing with composite wires. Composites are made of two or more materials with differing mechanical properties such as critical resolved shear stresses (CRSSs) [17]. There are a number of techniques for manufacturing Cu-Al composite wires.

Cu-Al composite wires

Several researchers used rotary swaging for producing copper-clad aluminum wires (CCA) [18][19][20]. Different extrusion techniques such as indirect and hydrostatic extrusion are other methods of fabricating theses wires [21,22]. However, drawing is the more common technique for producing CCAs. There are studies in the literature approximating the magnitude and distribution of residual stresses in cold-drawn CCA wires through analytical and numerical approaches. Bullough and Hartley [23] developed an analytical model for calculating residual stresses in copper-clad aluminum wires. Their model accounts for CCA residual stresses arising from elastic interactions and thermal expansion mismatch between the two phases (Al and Cu). It can be applied for both drawing and extrusion processes. Lei et al. [24] studied the effect of drawing parameters on the residual stress distribution and quality of CCA wires with the help of FEA. They considered the reduction ratio, die semi-angle, length of bearing zone, and transition arc radius in an orthogonal experiment. The investigation finally offers optimal parametric values for the given set-up. Dashti et al. [25] introduced the residual stress profile as the main factor contributing to the tensile behavior of composite Cu-Al wires. The potential effect of the way fiber and matrix components are arranged relative to each other (fiber-matrix configuration) in composite wires is missing in the previous investigations.

Purpose of the current investigation

The present study puts forward a novel approach towards homogenized deformation and modification of the residual stress profile in cold-drawn Cu-Al composite wires. A new fiber-matrix configuration of Cu-Al wires, known as Architectured copper-clad aluminum wire (ACCA), has already proved to be superior in terms of yield strength [26]. The current work intends to explain that superiority through comparisons with a conventional CCA wire of the same Cu/ Al volume fraction (25%Al) obtained with the same wiredrawing set-up. A primarily numerical approach, applying the finite element analysis, was adopted for that purpose. There are already advantages reported for the Cu-Al wires of the novel fiber-matrix configuration in terms of electrical conductivity and thermal diffusivity [26,27]. The favorable tensile strength of ACCA wires, along with the aforementioned advantages, offers promising opportunities for the Cu-Al composite wire manufacturers. The following sections present the experimental and numerical procedures and then the results. Finally, a discussion revolving around the favorably distinct features of ACCAs, causing their advantageous residual stress profile and homogenous deformation, leads to the conclusions.

Materials and methods

Experimental procedure

As introduced in the previous section, conventional (CCA) and Architectured (ACCA) wires (Fig. 1a andb) are the two types of Cu-Al composite wires under study in this work. 3 mm-diameter samples of both, containing 25% Al, were manufactured via cold-drawing. Pure OFHC (Oxygen Free High Conductivity) copper and 99.5% pure Al were the materials employed. The starting Cu and Al were annealed for 3 h at 500 and 300 °C before drawing. To obtain the CCA wire, a 6 mm-Al rod was put into a 12 mm-Cu tube of an inner diameter of about 6 mm. They were then co-deformed down to a diameter of 3 mm (≈25%Al). The ACCA wire was previously manufactured through a set of steps detailed in Refs. [28] and [26]. The as-drawn CCA sample was then tensile-tested (3 samples). The purpose was to compare its yield strength with that of its ACCA counterpart (same diameter and same Al volume fraction). The tensile curve of the as-drawn ACCA wire was available from a previous study [26]. To provide the FEA software with the Al and Cu constitutive equations (true stress-strain curves), pure Cu and pure Al rods of an initial diameter of 8 mm were drawn down to 2 mm, and were then tensile tested (3 samples each). This amount of section reduction provides the same amount of plastic deformation the co-deformed Cu and Al phases experience during the manufacturing of the CCA wire according to the following equation: D 0 and D are the initial and final diameters of the rod respectively. Room temperature displacement-controlled tensile tests were carried out using a 10 kN-universal testing machine 'MTS Criterion Model 43'. A conventional 25 mm-gage length extensometer measured the axial strain. Moreover, specialized grips for wire tensile testing were used to minimize stress concentration. All wire samples were strained at an initial strain rate of 0.004 s -1 to avoid possible viscous effects.

Numerical procedure

The finite element software package "Abaqus" was employed for the numerical analyses. To simulate the last pass of the manufacture process (drawing) of both CCA and ACCA wires, their 3D models were first constructed from their actual microstructures (Fig. 2). The last pass was considered to compare the 3 mm-diameter-drawing products (CCA and ACCA). The ACCA wire was entirely meshed with full-integration linear elements (C3D8). The CCA wire was meshed with a mixture of C3D8 and wedge elements (C3D6) to obtain an axisymmetric mesh. Elastic-plastic material behavior was used to define plasticity in Abaqus. It is known that above a plastic strain of about 2, the yield points of cold-drawn pure Cu and pure Al remain almost constant. This happens due to the stress saturation phenomenon occurring beyond a certain strain level. This has been experimentally validated [26] and is reported in the literature [29]. Therefore, the same constitutive equations (pure Cu and pure Al tensile curves) were introduced in Abaqus for the drawing simulation of both CCA and ACCA (despite A 3D implicit dynamic model (Abaqus/Standard Analysis) was then created to numerically draw both CCA and ACCA wires from 3.4 mm down to 3 mm (≈ 20% area reduction). The model includes deformable wires and an analytical rigid die, designed according to the die specifications provided by the supplier (Fig. 3). The boundary conditions were set choosing a drawing velocity of 35 m/s and a totally fixed die.

The friction coefficient at the wire-die interface was set to zero for the sake of simplicity. This is not accurate but very close to reality. Powdered soap as lubricant brings about a friction coefficient ranging between 0.033 and 0.061 [30]. Additionally, the two assumptions I-perfect fiber-matrix interface (Cu-Al) and II-isotropic behavior were made. Three residual stress components (radial, circumferential, and tangential) develop inside numerically drawn CCA and ACCA wires. These stress components were extracted along paths defined through the cross section of drawn wires. Furthermore, the equivalent plastic strain (called 'PEEQ' in Abaqus), a scalar representing the amount of inelastic deformation, was profiled along the diameter of both numerically drawn CCA and ACCA wires. These profiles were plotted for comparisons to be made between the two fiber-matrix configurations (CCA and ACCA). They are presented in the 'Results' section in detail.

Results

As explained earlier in the 'Experimental Procedure' subsection, 3 mm-CCA and ACCA wires, containing 25% Al, were tensile tested for comparison. Their experimental tensile curves along with the stress-strain curves of pure Cu and pure Al (from the displacement-controlled tensile tests) are plotted in Fig. 4. It can be seen from the figure Fig. 4 Experimental stress-strain curves of 25%Al-ACCA, 25%Al-CCA, pure Cu, and pure Al wires that the 0.2% yield stress of ACCA (450 MPa) is higher than CCA's (350 MPa) by about 100 MPa. Moreover, ACCA's flow stress lies above the Cu stress-strain curve (by tens of MPa) while containing the same 25 percent aluminum (weaker phase). Table 1 lists the yield strength and Young's modulus of the wire samples in Fig. 4. A residual stress-based numerical study followed to enable interpretation of the tensile behavior of composite wires through comparison. Therefore, wire drawing of ACCA and CCA wires was modelled with the setup explained above. Figure 5 shows the composite wires during (Fig. 5a andc) and after processing (Fig. 5b andd).

Next, radial, axial, and circumferential residual stress components were profiled along the diameter of both CCA and ACCA wires. Diameters from the middle parts of the wires, away from their ends, were selected to avoid potential edge effects (shown in Fig. 6 for the axial residual stress). Figure 7 shows the three above-mentioned stress profiles plotted versus the normalized distance along the diameter of both wires (CCA and ACCA).

The general trend in Fig. 7 indicates that the residual stress variation from the surface to the center of the wire is less sharp in ACCA when compared with CCA. The maximum tensile and compressive residual stresses of the axial component in ACCA, for example, are about 186 and -229 MPa, in the order given, while they are 294 and -315 MPa in the CCA wire. Moreover, that portion of the copper phase brought to the center of the wire in the ACCA configuration develops negative axial residual stresses (compressive) along with the Al fibers. It should be noted that the spikes appearing on the ACCA curves are due to the chosen path intermittently passing through the Cu and Al phases across the cross-section. Furthermore, the CCA residual stress curves show the same trend predicted by Bullough's analytical model [23] predicting residual stresses through the cross-section of these wires. Table 2 summarizes the information that can be extracted from the residual stress profile of greater interest (S22) in terms of the tensile behavior (to be explained in the "Discussion" section). As mentioned earlier in the "Results" section, the ACCA wire shows a higher flow stress (and even yield strength) than its full-copper counterpart (numerically drawn). The following figure compares the axial residual stress profiles of ACCA and the full-copper wire of the same diameter (both undergone the yield strength saturation level plastic strain) to be discussed in the "Discussion" section (Fig. 8).

The other criterion, used to judge the homogeneity of deformation, was the equivalent plastic strain (PEEQ) as pointed out in the 'Numerical Procedure' subsection. It is calculated through the following formula [31]: pl , pl | 0 , and ε pl are equivalent plastic strain, initial equivalent plastic strain, and strain-rate tensor respectively.

Having the CCA and ACCA wire models cut in halves (longitudinally), their contour plots of PEEQ in the middle section (marked out with arrows) of the wires are shown in Fig. 9a andb respectively. The PEEQ variations along the diameter of both wires (red paths in Fig. 9) were then plotted in Fig. 10. Figure 10 demonstrates how the equivalent plastic strain develops through the cross-section of CCA and ACCA. The defined path along the copper matrix of the ACCA wire is frequently interrupted by aluminum fibers. This gives its curve a jagged appearance. The spikes correspond to the discontinuities caused by the Al phase undergoing more plastic deformation. They prevent both phases from developing steep PEEQ variations in ACCA. In other words, those discontinuities over the cross section cause less variation in the copper-and aluminum-domains of ACCA in comparison to CCA. In contrast, Cu and Al exhibit sharp PEEQ variations along the wire diameter in CCA. The observed trends and their implications in terms of the residual stress profile are further explained in the 'Discussion' section.

Discussion

Experimental investigation of the yield strength

It was observed from the experimental part of the study that the yield strength of the ACCA wire (450 MPa) is remarkably higher than its CCA counterpart (350 MPa) containing the same Al volume fraction (25%). ACCA also has a higher flow stress than copper (Fig. 4). In order to explain this, it should be noted that transverse stresses (radial and circumferential) developing during tensile testing of bimetallic composite wires are quite weak [32]. Moreover, the interface (Cu-Al bonding) is not expected to bring about any strengthening effect. Because firstly, any imperfection causes stress concentration, local yielding, and consequently lowered strength. Secondly, no size effect and corresponding strengthening mechanisms [33] are involved because of the 100 μm-spacing between every two Al fibers in ACCA. Therefore, the effect of second-order internal stresses arising from the incompatible plastic strain field from co-deformation of the two-phase composite wires is believed to be minimal.

The evidence, however, leads to the important role of processing-induced residual stresses according to the results and the body of literature presented earlier in the 'introduction' section. The architectural features of ACCA are believed to bring improvement to the mechanical properties through homogeneous deformation. The homogeneity comes from the relatively uniform distribution of the Al phase in the copper matrix in ACCA. Contrarily, the Al phase is all concentrated in the center of the CCA configuration. This creates a sharp contrast between the Al core and Cu case during drawing in terms of the rate of increase of the lattice strain through the CCA cross section. In ACCA, however, the presence of the Cu phase all over the wire cross section helps diminish the aforementioned contrast. The differing rates of increase of the lattice strain in multi-phase materials give rise to the formation of residual stresses [34]. The greater the above difference is, the larger the developed residual stresses will be. Depending on their sign, theses residual stresses can have deleterious effects on the tensile strength as discussed earlier in the text. The finite element method was applied to investigate the homogeneity of deformation and residual stress profile in both CCA and ACCA wires. The following subsection discusses the simulation results making comparisons between the two fiber-matrix configurations.

Numerical analysis of the mechanical behavior

Having profiled the different residual stress components along the diameter of CCA and ACCA wires (Figs. 6 and7) noticeable differences could be observed. It was mentioned in the "Introduction" section that the tensile axial residual stresses, near the surface, are detrimental to the yield strength. The Architectured wire, ACCA, modifies the residual stress profile in two major ways:

Firstly, ACCA brings some portion of the 75% copper to the center of the wire as pointed out earlier. This would save that portion from the deleterious tensile axial residual stresses developing near the wire surface. Therefore, the Cu phase in the compression zone (the central part of the wire) desirably develops compressive residual stresses instead. The Al phase has a lower flow stress than Cu and thus develops compressive axial residual stresses in both CCA and ACCA during co-deformation [35].

The second way ACCA changes the residual stress profile could be explained via the equivalent plastic strain as a measure of the homogeneity of deformation. As previously stated, Fig. 10 exhibits the development of the equivalent plastic strain through the cross section of CCA and ACCA wires. The Cu phase in CCA shows a drastic drop in the plastic deformation it experiences along the diameter. That is to say, the equivalent plastic strain varies sharply in Cu from the wire surface to the Cu/Al interface. Nevertheless, in ACCA, the Cu phase is stretched all over the cross-section, frequently interrupted by Al fibers along the diameter. The spikes on the equivalent plastic strain curve of ACCA represent the Al fibers. Therefore, the different Cu intervals experience different amounts of plastic deformation depending on their location through the cross section of the wire. However, in contrast to CCA with two wide symmetric Cu intervals on the sides, the variation of the equivalent plastic strain through each narrow Cu interval in ACCA is relatively small. According to the literature presented in the "Introduction" section, inhomogeneous deformation gives rise to the development of steep residual stress variations. The variation of the equivalent plastic strain is indicative of the homogeneity of deformation. The wider this variation, the more inhomogeneous the deformation and consequently the sharper the variation of the residual stress profile would be. It can be seen from Fig. 7 that the three residual stress components vary sharply in the Cu matrix of CCA from the wire surface to the Cu/Al interface. The frequent Cu-Al discontinuities through the ACCA cross section, however, prevent the Cu phase from developing sharp residual stress variations. Residual stress variation in the Cu matrix of ACCA is significantly smaller through the wire cross-section. This variation becomes especially important when it comes to the axial residual stresses. The maximum axial residual stresses in Cu (near the wire surface) are 294 and 186 MPa for CCA and ACCA respectively.

In simple terms, the 25% Al in ACCA is divided into 61 small fibers, rather than a large single fiber (CCA), embedded into a copper matrix. This makes ACCA a more homogeneous fiber-matrix configuration in comparison to CCA. A more homogeneously configured composite wire improves the homogeneity of the plastic deformation during the wire drawing process. That in turn prevents the formation of large tensile residual stresses near the wire surface that are detrimental to the yield strength. A superposition of the axial load and the near-surface tensile residual stresses, during tensile testing, lowers the yield strength of wires [36]. This would have a more marked adverse effect on the tensile strength of CCA in comparison to ACCA since the former develops much larger near-surface tensile residual stresses. This explains the superiority of ACCA over CCA in terms of the tensile strength. Furthermore, the higher flow stress (and yield strength) of ACCA than the full-copper wire can be justified with the same argument based on the unfavorable near-surface tensile residual stresses.

Srinivasan [22] states that a higher core-case friction coefficient in Cu-Al composite wires, manufactured via hydrostatic extrusion, can lead to a more homogeneous residual stress distribution in the Cu sheath. It is apparent that the ACCA configuration creates a much larger Cu-Al interface area than CCA. Therefore, more effective friction and resultantly a more homogeneous residual stress profile could be expected in ACCA. The current simulations cannot take account of this potential effect since the fiber-matrix interface was assumed perfect. If true, this could be considered as a supporting proof for the advantageous fiber-matrix configuration of ACCA in the as-drawn state.

Table 2 in the "Results" section presents complementary pieces of information about the axial tensile residual stress profile. It was discussed above that the ACCA wire develops a significantly smaller maximum axial tensile residual stress in comparison to CCA. Additionally, Table 2 shows that the novel configuration shifts this peak away from the wire surface (towards the wire center) by 120 μm. Moreover, the surface axial tensile residual stress in ACCA (21 MPa) is smaller than that of CCA (201 MPa) by 180 MPa. Therefore, even though fatigue is not within the scope of the current study, better fatigue properties could probably be expected for ACCA wires in comparison to the conventional CCA. Furthermore, according to the table, the fraction of the diameter under the deleterious axial tensile residual stresses is by 7% smaller in the architectured wires (ACCA).

Conclusions

The current research suggests a new way of optimizing the mechanical behavior of cold-drawn Cu-Al composite wires. The common approach is the improvement of the many operational parameters involved (such as the die geometry). This work, however, studies the effect of the fiber (Al)matrix (Cu) arrangement (relative to one another) on the tensile strength of the composite wire. To that end, a set of experimental and numerical analyses were carried out. The following lines list the conclusions:

• The novel Architectured Cu-Al composite wire (ACCA) provides significantly better yield strength than its conventional counterpart (same diameter and Al volume fraction). • ACCA wire (containing 25% Al) exhibits higher flow stress than even full-copper wire.

• Residual stress profile, among other factors, could explain the improved mechanical behavior of Architecture wires. • Conventional copper-clad aluminum wires (CCA) develop large tensile residual stresses near the surface, along the wire axis, during the manufacture process (cold drawing). Those stresses vary sharply in the Cu matrix and are detrimental to the yield strength of the wire. • ACCA's new fiber-matrix configuration allows a uniform distribution of the Cu phase. This leads to a more homogeneous deformation. A uniform plastic deformation prevents relatively large tensile residual stresses from building up near the wire surface. Therefore, the yield strength greatly improves. • Changing the fiber-matrix configuration could favorably modify the processing-induced residual stress profile and enhance the tensile strength of Cu-Al composite wires for a given drawing set-up (independent of operational parameters).

Introduction to Chapter 6

The previous chapters revealed the prominent role of axial tensile residual stresses in determining the tensile strength of Cu-Al wires. Therefore, efforts were made to experimentally verify the numerically predicted axial residual stress profiles. To that end, the optical method, Focused Ion Beam (FIB) -Digital Image Correlation (DIC), was employed. However, the results were not reliable because of several reasons. Firstly, the high sputter yield (atoms sputtered per incoming ion) of copper, the phase containing surface axial tensile residual stresses, creates artifacts and consequently undermines the measurement precision. Secondly, the finite element predictions of axial residual stresses were made using a pure isotropic hardening model which is not entirely realistic. It is known from the literature that cyclic loading occurs during even single-pass wiredrawing. Therefore, a realistic enough constitutive equation should represent backstresses and account for kinematic hardening. The fact that a pure isotropic hardening model has been applied in the previous studies could have led to overestimated expectations of tensile axial residual stresses (rendering their measurement even more challenging).

Chapter 6 is an attempt to examine the second point stated above. It looks into the effect of strain hardening law (mixed isotropic-kinematic vs pure isotropic) on the finite element prediction of axial residual stresses in Cu-Al composite wires.

The work presented in this chapter is peer-reviewed to be published in The International Journal of Advanced Manufacturing Technology (after major revisions) as a paper titled "Impact of hardening law on the FEM prediction of residual stresses in copper-clad aluminum wires".

Outline of the thesis chapter VI 

Introduction

Rising copper prices and its shortage [1] have led manufacturers to partially replace copper for different electrical applications. Lighter, cheaper and highly conductive aluminum is a good choice for partial replacement of pure copper. Cu-Al conductors of various compositions and configurations, such as busbar, rod and wire, are currently available. There are a variety of techniques for manufacturing these bimetallic composites. Rotary swaging, caliber rolling, hydrostatic extrusion, and wire drawing [2]- [5] are among them. Cold wire drawing is commonly used to manufacture copper-clad aluminum wires, abbreviated as CCA. Wire drawing involves reducing the cross-sectional area of a wire by pulling it through conical dies [6]. Non-uniform plastic deformation during this process gives rise to a triaxial residual stress state with radial, tangential and axial components [7].

Several researches have investigated the adverse effect of axial tensile residual stresses on the tensile strength and fatigue properties of cold-drawn wires. Atienza et al. [8] associate tensile surface residual stresses with the number of cycles to rupture of eutectoid steel wires. They suggest post-drawing treatments such as stabilizing, rolling and skin pass to enhance the wire's fatigue resistance against environmentally assisted cracking (EAC). Atienza and Elices [9] also argue that the aforementioned residual stress component lowers the yield strength of drawn steel wires. Dashti et al. [5] report that so-called architectured Cu-Al composite wires have a higher yield strength than conventional CCA and full-copper counterparts in the as-drawn state (without heat-treatment). They ascribe it to lower-magnitude near-surface axial tensile residual stresses in architectured wires. Ripoll et al. [10] attribute cracking of drawn tungsten wires to surface residual stresses. They introduce an optimized die geometry and post-drawing bending operations to resolve the issue. It is common practice to use the finite element method (FEM) to predict wire drawing-induced residual stresses. Usually, isotropic hardening is adopted to describe the elastoplastic behavior of materials. However, it should be noted that isotropic hardening is generally not sufficient where non-proportional loading is involved [11]. Wire drawing is performed under complex loading conditions and cyclic loading happens even in single-pass drawing [12]. This can result in discrepancies between isotropic and kinematic hardening models' prediction of manufacturing residual stresses. Panteghini and Genna [12] suggest isotropic hardening as inadequate for accurate calculation of residual stress profiles in steel wires. They argue that an isotropic hardening law significantly overestimates residual stresses and, therefore, kinematic hardening must be adopted. Souza et al. [13] compare the numerically-predicted residual stress profiles of a cold-drawn AISI 1045 steel wire against those of neutron diffraction measurements. There is a considerable difference between the simulation and experimental results. They ascribe it to the fact that anisotropy and kinematic hardening are unaccounted for. Therefore, an appropriate choice of the hardening model seems inevitable for reliable evaluations of residual stresses.

The present work is an attempt to address the unavailability of literature on the hardening lawresidual stress profile relationship in copper-clad aluminum wire or CCA. For that purpose, a numerical study was conducted to investigate how different hardening laws' predictions of residual stresses differ from one another as a function of the Cu/Al volume fraction and the tooling geometry (for the volume fraction 25%Al). The von Mises yield criterion was used with I-pure isotropic and II-combined isotropic-kinematic hardening models. The following sections provide further details about the materials, backstress calculation and the hardening model constants used to simulate wire drawing. Moreover, the residual stress profiles along the wire diameter are presented for all cases together with the corresponding contour plots. Finally, the results and implications are discussed and concluded.

Materials and methods

Experimental procedure

Pure OFHC (Oxygen Free High Conductivity) copper and 99.5% pure Al were first annealed, for 3 hours at 500 and 300 °C, respectively, to have a fully-recrystallized defect-free initial microstructure. In order to obtain the corresponding stress-strain curves, both materials were, then, tensile-tested using a 10 kN-universal testing machine 'MTS Criterion Model 43'. Tensile tests were carried out at room temperature, in a displacement-controlled mode. Specimens were strained at an initial strain rate of 0.004 s -1 to avoid possible viscous effects. A conventional 25 mm-gage length extensometer measured the axial strain. However, cold drawing often induces larger strains than the maximum total strain achievable in a tensile test (commonly between 20-30%), even during a single pass [14]. For instance, in this work, single-pass drawing of Cu-Al wires of different Al volume fractions, with an initial diameter of 12 mm, is numerically modelled for a cross-sectional area reduction of 20%. Starting Cu and Al phases were in the annealed state with zero friction assumed at their interface. The preceding reduction ratio corresponds to a plastic strain of about 22% according to the following equation:

𝜂 = 2ln (1) 
η, D0 and D are, respectively, the amount of plastic strain, initial and final wire diameters. Therefore, both pure Cu and pure Al tensile curves were extrapolated to larger strains in order to provide a better description of the material behavior (Fig. 1). Extrapolation was performed with the Sigmoidal fit function available in Igor whose horizontal asymptote better describes the asymptotic or saturation value of flow stress in pure Cu and pure Al [14]. In order to estimate the backstress evolution with strain for copper, loading-unloading tensile tests were performed according to the procedure previously described in Ref [15], briefly explained as follows.

Dumbbell-shaped samples with OFHC copper of a gage length of 18 and a total length of 70 mm were loaded and unloaded cyclically (Fig. 2) in a strain-controlled tensile test (strain rate = 0.0005 /s). Each loading-unloading loop was then analyzed in terms of its center and radius. The center is assumed to be related to the development of backstress in the material (kinematic hardening) whereas the radius is associated with the effective stress (representing isotropic hardening). A plastic strain offset of 0.0005 was considered to mark the end of elasticity during the unloading sequence. Backstress in pure copper arises due to heterogeneous dislocation structures (such as tangles, walls, cells) and strain incompatibilities between grains [15]. As reported in the literature, heavily strained pure copper develops a steady state microstructure [14]. Consequently, a mathematical formula predicting the saturation level was employed to extrapolate backstress [15]. An average of 50% was considered as the backstress portion of stress up to experimentally measured total strains of about 30%. Having assumed that a steady state reaches, the backstress evolution up to large strains was extrapolated for cold-drawing simulations. For aluminum, the backstress data was taken from the literature for an annealed commercially pure aluminum with the backstress portion of stress being about 16% [16]. The Bauschinger effect is more significant in low stacking fault energy materials. Pure Al has a higher stacking fault energy than pure Cu and, thus, a lower backstress portion of stress [17].

[18], [19] (c) Figs. 3 and 4 display the curve-fitting results for pure Cu and pure Al (over a strain range of 0-0.5) to obtain the isotropic and kinematic parameters (fitting constants) for the mixed isotropickinematic law. The fitting constants for both mixed and pure isotropic models are presented in Table 2. Given the symmetric configuration of the Cu-Al composite wires, a quarter of them with an initial length of 30 mm was created through the finite-element mesh generator, Gmsh [20], for all the volume fractions investigated here. The wires were entirely meshed via reducedintegration linear hexahedron elements with their outer surfaces covered with a layer of reduced-integration linear quadrilateral elements to model the wire-die contact. A wire drawing die of a semi-angle of 8° was also designed and meshed with triangular elements. The wire drawing assembly was then introduced to LAGAMINE through a Gmsh-LAGAMINE interface. Fig. 5 shows the assembly including a quarter of a deformable 25%Al-CCA wire (assuming a perfect Cu-Al bond) together with a rigid body shell representing the interior of the die. The inner faces of the quarter were fixed one in the X-and the other in the Y-direction with the die restrained in all directions. A 50 mm-displacement was applied on the front end of the wire to move it through the die until the other end exits. The experimentally manufactured CCA wires in the authors' preceding studies [21], [22] were cold-drawn using a semi-industrial bench with powdered soap as the lubricant, whose friction coefficient is rather small, ranging between 0.033 and 0.061 [23]. Therefore, the friction coefficient was set to zero in the current simulations. Moreover, since the temperature rise during cold drawing was insignificant, the effect of viscosity and drawing velocity were assumed minimal. As already mentioned, the von Mises yield criterion was considered, without accounting for the potential intrinsic elastoplastic anisotropy of the materials (annealed pure Cu and Al). Backstress-induced anisotropy, alone, can provide accurate enough predictions of the residual stress profile in some cases [12]. The axial residual stress profile along the wire diameter was then plotted for the three volume fractions 25, 50, and 75% Al. A further investigation was carried out to determine how the tooling geometry (die angle and reduction ratio) could possibly affect the difference between the predictions of the axial residual stress profiles, with the above hardening models. The 25%Al-CCA wire was studied among the three volume fractions, for the reasons given later in the text. Accordingly, the 20% area reduction of the 25%Al-composite wire was achieved with 6° and 10° die semi-angles (in addition to the original 8°) in separate simulations. Additionally, the reduction ratio effect was examined within a range of 10-20%, with 5% steps (10, 15, and 20%), with a die angle of 8°. The axial residual stress profiles through the wire cross section were next plotted to show their dependence on the die design. The results and their implications will be discussed in the following paragraphs. As seen in Fig. 7, the smaller the Al volume fraction (core material) is, the more different (in terms of magnitude) the axial residual stress profiles predicted by pure isotropic and mixed isotropic-kinematic hardening models will be. The difference between the maximum tensile and compressive axial residual stresses of the two profiles may be as large as 100 MPa or even more for the 25%Al-CCA wire. However, the discrepancy diminishes as the Al core becomes larger in diameter (i.e. volume fractions, 50 and 75%). Table 4 provides a comparison between the maximal values of tensile and compressive components of axial residual stress for different cases.

Results

Table 4. Maximal values of axial residual stresses predicted by pure isotropic and mixed hardening models.

Figs. 9 and 10 illustrate the impact of die semi-angle (α in Fig. 8) and reduction ratio (R 2 /R0 2 as shown in Fig. 8) on the different hardening models' prediction of axial residual stresses (profiled along the diameter of the 25%-Al wire). The results were obtained according to the explanation given earlier in the subsection, 2.2. As mentioned in section 2, the effect of tooling geometry was investigated for the 25%Al-CCA wire. This choice was made in order to study the impact of die semi-angle and reduction ratio for the sample showing the greatest discrepancy between the pure isotropic and mixed hardening models' predictions (see table 4).

Axial residual stress (MPa) As seen in the above figures, the axial residual stress profiles overlap each other within both studied ranges of die semi-angle and reduction ratio. The difference between the maximum magnitude of tensile and compressive residual stresses, predicted by both hardening models, remain between 90-140 MPa for all cases. The residual stress distribution trend and slope, also, remains almost the same. As is shown in Figs. 9 and 10, a sharp variation of the axial residual stress arises in the copper phase of wires simulated with a pure isotropic hardening model. However, the distribution is relatively smooth in both phases for the wires with mixed isotropickinematic hardening. The difference between the two hardening models' prediction of axial residual stresses and the negligible impact of the tooling geometry on that will be discussed in the next section followed by the conclusions. 
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Discussion

As introduced earlier, even single-pass wire drawing involves cyclic loading and therefore backstress and kinematic hardening need to be accounted for. Thus, a proper estimation of residual stresses requires the use of a realistic enough hardening model to correctly simulate the manufacturing process. Kinematic hardening is often found in conjunction with isotropic hardening [24]. As a result, a mixed isotropic-kinematic hardening model was adopted based on the experimental and literature data for copper and aluminum, respectively. The axial residual stress profiles from the wire drawing simulation of Cu-Al wires of different Al volume fractions (using mixed hardening) were then compared against those predicted by a pure isotropic hardening model as outlined above. In addition to that, the impact of die geometry (semi-angle and reduction ratio) on the different hardening models' prediction of axial residual stress was considered. The subsequent sections discuss the results.

Mixed vs pure isotropic hardening model: axial residual stress profiles

Axisymmetric forming operations, including wire drawing, cause residual stresses to develop since a material element tends to move faster through the die the farther it is from the toolworkpiece interface. Hence, residual stresses form due to elastic recovery after non-uniform plastic strains [25], [26]. When it comes to composite materials, differing mechanical properties of the components, such as yield strength (σ0), also introduce some degree of deformation nonuniformity [27]. Fig. 7 indicates that the 25%Al-CCA shows the most discrepant axial residual stress profiles (predicted by mixed and pure isotropic models) among the three volume fractions studied. This could be explained by two arguments. Firstly, the loading condition in cold drawing is cyclic as opposed to monotonic. The mixed hardening law employed here accounts for cyclic loading by reproducing the Bauschinger effect. Accordingly, the larger the volume fraction of aluminum, whose backstress portion of stress is significantly smaller than copper (≈ 16% vs ≈ 50%), the smaller the residual stress profile discrepancies will be. The mechanism through which kinematic hardening brings about lower-magnitude axial residual stresses with smoother variations can possibly be associated with the plastic-strain-induced anisotropy, represented by backstress. This anisotropy, arising from a translation of the yield surface, possibly lowers the heterogeneity of plastic deformation during wire drawing leading to reduced axial residual stresses with a regular distribution.

Secondly, the deformation heterogeneity during wire drawing extends through a greater thickness in the copper cladding of the 25%Al-CCA. Nevertheless, the plastic deformation nonuniformity evolves over a thinner copper sleeve with the increase of Al volume fraction (50 and 75%). Consequently, a less steep gradient arises in the copper phase from the wire surface to the Cu-Al interface. Therefore, the mixed and pure isotropic hardening models' prediction of magnitude and distribution of axial residual stresses, in the pure Cu sleeve, would not greatly differ from one another at smaller Cu volume fractions. This has interesting industrial implications for standard classes of copper-clad aluminum wires, containing 10-15% Cu, [28] in the sense that a pure isotropic model can presumably predict residual stress with sufficient accuracy.

Die geometry and hardening law: 25%Al-CCA

As stated in "Materials and methods", followed by the corresponding results in the previous section, 25%Al-CCA was chosen in order to look into how different hardening laws' numerical prediction of axial residual stresses can potentially change as a function of the die geometry. The above specimen was opted because of showing a rather remarkable difference between the residual stress profiles depending on the hardening model used to simulate its drawing (isotropic-kinematic or pure isotropic). Wire drawing energy is composed of homogeneous, friction, and redundant work. Homogeneous work is the useful work to reduce cross section. Friction work was assumed insignificant as stated earlier. Redundant work occurs due to changes in the direction of flow of the metal in the die and causes internal shearing and distortion. The last component (redundant work) is closely related to the die geometry [6], [29].

According to Figs. 9 and 10, as explained in the "Results" section, varying the die semi-angle and reduction ratio, within common ranges, would negligibly change the axial residual stress profiles of 25%Al-CCA, predicted by both hardening models. The composite nature of the studied cold-drawn wires conceivably describes these numerical observations. This can be attributed to the fact that the mechanical incompatibility between the pure Cu and pure Al phases prevails any moderate changes of the tooling geometry in determining the axial residual stress profiles, irrespective of the hardening law. It may be argued that die geometry modifications, within above limits, slightly influences the redundant portion of the total energy of cold drawing of Cu-Al wires. However, it should be noted that the above argument is valid as long as the earlier made assumptions of perfect Cu-Al bond and zero friction at the die/workpiece are valid. Generally, sound co-drawing/extrusion is achieved with low die angles, low friction at the die/workpiece, and high interfacial friction between the clad and core [29]. The closer the co-drawing/extrusion operation is to the ideal conditions, the closer the experimental results will be to the above numerical observations.

Conclusions

The present study is aimed at comparing pure isotropic and mixed isotropic-kinematic hardening models with respect to their estimation of axial residual stresses in numerically drawn Cu-Al composite wires of different Al volume fractions. Further to that, the impact of tooling geometry on the hardening laws' prediction of axial residual stresses was investigated for a given volume fraction (25%Al). The conclusions are as follows:

 The higher the volume fraction of pure Cu is in copper-clad aluminum wires (the thicker the Cu sleeve), the more significantly mixed and pure isotropic hardening models will deviate from one another in terms of numerically predicted maximal values of axial residual stresses.

 A pure isotropic hardening model may provide sufficiently accurate estimates of axial residual stresses in CCA wires of relatively large Al volume fractions (70-90%) without needing to consider kinematic hardening Chapter 7

Conclusions and Prospects

Composite materials, in general, and bimetallic composites, in particular, are of great interest because of their capability to bring several advantages together. They can combine benefits such as strength, weight and cost reduction. Because of a growing demand for copper and soaring copper prices, manufacturers have widely turned to Cu-Al electrical conductors. Cu-Al conductors partially replace copper with cheaper, lighter and yet highly conductive aluminum. Cu-Al composite wires are a well-known example of these conductors, manufactured by wiredrawing. Copper-clad aluminum wire or CCA is the common configuration of these wires with an aluminum core inside a copper sleeve. A number of recent studies have examined a novel configuration of Cu-Al wires with multiple aluminum fibers laid within a copper matrix extended through the entire cross section of the wire (so-called architectured wires). The mechanical and microstructural aspects of Cu-Al wires in general and their novel architectured configuration in particular are understudied. The tensile strength of these wires is one of the key parameters determining their service life. The present work attempts to address the lack of literature on this subject. With that goal, the microstructural evolution, manufacturing process and fiber (Al)-matrix (Cu) configuration (architecture) were investigated to realize how they contribute to the tensile strength of Cu-Al composite wires.

I. Conclusions

As mentioned earlier in the manuscript, a novel configuration of Cu-Al wires, so-called architectured or ACCA (as referred to in Chapter 3), has been the subject of a number of recent studies. In view of promising advantages such as, better high/low-frequency current performance and better thermal diffusivity than the conventional configuration, architectured Cu-Al wires have drawn significant attention. Therefore, further research was conducted to investigate a number of their mechanical and microstructural properties under different heattreatment conditions.

Chapter 3 showed how the grain size of ACCA wires of three different diameters (1, 1.7, and 3 mm) varied between 0.4 and 40 μm depending on the heat treatment condition, AD (As-Drawn), HT1 (400 •C -30 min) and HT2 (400 •C -6 h). The ACCA texture in both Cu and Al phases was the typical fiber texture in cold-drawn face-centered cubic (fcc) metals with a strong <111> component and a weak <001> component. The <111>/<001> ratio, however, changes following HT1 and HT2 treatments. The three intermetallic compounds (IMCs), Al4Cu9 AlCu Al2Cu, were identified in heat-treated ACCA wire samples. The volume fraction of these IMCs increased as a function of the duration and temperature of heat treatment. Moreover, heat treatment reduces the yield stress in all ACCA sample and increases ductility in those with a relatively low volume fraction of IMCs. The IMC volume fraction also influences the tensile strength, fracture strain, and strain-hardening mechanisms. The most notable conclusion in this chapter is the capability of architecture (fiber-matrix configuration) to bring about significantly high-tensile strength Cu-Al wires (in the as-drawn state). The above conclusion laid the groundwork for further research presented in the subsequent chapters.

As shown in the previous chapter, the as-drawn architectured wire, containing 25% aluminum, exhibits a positive deviation from the rule of mixtures (by about 100 MPa). This implies a higher tensile strength than even its full-copper counterpart. Chapter 4 puts forward two possible hypotheses that presumably justify the above observation. The two hypotheses are transverse stresses and manufacturing residual stresses. The former arises due to the composite nature of the wires and the differing Poisson's ratio values of the constituents during tensile testing. The latter develop because of the non-uniform nature of plastic deformation during wiredrawing. Both hypotheses were numerically examined as explained in the chapter. The conclusions are as follows. Firstly, the magnitude of transverse (radial and tangential) stresses in both conventional and architectured configurations ranged between tenths of megapascal to only few MPa. Therefore, the first hypothesis can be dismissed since transverse stresses during tensile testing are too small to be able to contribute to the axial stress-strain behavior of Cu-Al wires. Nevertheless, the distribution of transverse stresses in architectured wires is distinctively different from that of the conventional wires (CCAs) with both positive and negative channels of radial and tangential stresses. Secondly, manufacturing residual stresses with orders of magnitude between tens of MPa to hundreds of MPa can most probably explain the earliermentioned observation concerning the remarkably high tensile strength of as-drawn architectured wires. Hence, the second hypothesis needs to be further investigated to realize the mechanism behind the improved yield strength of ACCA.

Chapter 5 endeavors to clarify the way in which different fiber -matrix configurations give rise to different tensile behaviors in conventional and architectured Cu-Al wires, relying on the second hypothesis made in the previous chapter. Comparisons made between experimentally tensile-tested CCA and ACCA wires of the same diameter and Al volume fraction showed the superiority of ACCA in terms of tensile strength. This could be explained by comparing the numerically predicted axial residual stress profiles of the two cold-drawn configurations. The CCA and also pure Cu wires develop relatively much larger near-surface tensile residual stresses (by about 100 MPa) than the novel ACCA wire. Therefore, the conventional CCA and pure Cu wires are expected to experience early local yielding during a tensile test because of the superposition of tensile loads and residual stresses. As a result, they show lower tensile strength than ACCA wires. It may be concluded that the architectured wire develops lowermagnitude near-surface axial tensile residual stresses, most probably, due to a relatively uniform plastic deformation during wire drawing. More homogenous plastic deformation may occur during cold drawing of ACCA because of more uniform distribution of its Al phase across the Cu matrix. Hence, the fiber-matrix configuration could possibly be regarded as a parameter to optimize the manufacturing process for a given drawing set-up, irrespective of all the other factors such as the die geometry, drawing velocity, and lubrication.

A considerable amount of experimental work was done to measure numerically predicted axial residual stresses in cold-drawn Cu-Al wires, given their significance in determing the yield strength of above composite wires. However, the observed discrepancies and measurement difficulties prompted the use of a more realistic constitutive equation to bring numerical predictions of wiredrawing residual stresses closer to reality. To that end, Chapter 6 (in collaboration with ULiège) draws comparisons between the predictions made by a pure isotropic strain-hardening model and a more realistic mixed isotropic-kinematic model (representing backstresses). Further to that, the chapter examines the effect of die geometry on the above predictions. The findings lead to three major conclusions. Firstly, as the Cu sleeve fraction increases, the predictions of residual stress profiles by mixed and pure isotropic hardening models become more significantly divergent. Secondly, a pure isotropic strainhardening model may be sufficient for estimating residual stresses in industrial-class colddrawn conventional CCA wires with a large Al volume fraction (70-90%). Thirdly, moderate die geometry modifications will not influence the prediction of manufacturing residual stresses by either hardening model assuming negligible friction at the die-workpiece interface and significant friction at the Cu-Al interface.

II. Prospects

The findings of the thesis open up new discussions. A number of key questions that potentially provide further ground for research are introduced in the following paragraphs.

Firstly, given the important role of axial residual stresses in determining the tensile strength of Cu-Al wires of any configuration, it is crucial to verify their magnitude experimentally. As previously stated, the diameter (1-3 mm), geometry, and the heavily textured microstructure of cold-drawn Cu-Al wires in this study restrict the number of applicable methods. In a first attempt to measure the tensile component of near-surface axial residual stresses, the optical method, focused ion beam-digital image correlation (FIB-DIC) was adopted. Starting by the simpler configuration, a conventional CCA wire of an Al volume fraction of 25% with a diameter of 3 mm was chosen. Figure 1 shows the position of the double slot geometry and the corresponding sizes in addition to the region of interest of the DIC analysis (VIC-2D). The relief strain-image number curve is expected to follow a negative slope reaching a plateau at the end of milling, upon relaxation of near-surface tensile residual stresses. However, as seen in figure 1 (d), the expected trend will not appear particularly as the depth of milling increases and its efficiency drops. Moreover, the milling artifacts introduce significant strain measurement errors. Considerations such as choosing an optimal lower milling current, finer speckles (used to capture displacements), and optimizing several other parameter help obtain more reliable results. Nevertheless, the error-prone nature of this technique demands comparisons made against measurement by other established techniques. Bearing in mind the above-mentioned limitations with regard to the right choice of residual stress measurement technique, there are two methods that could possibly be considered. The novel contour method and the specialized non-destructive neutron diffraction method with bulk measurement capabilities are the recommended techniques.

Secondly, the finite element simulations of the wiredrawing process could be brought yet closer to reality by accounting for elastic anisotropy. It becomes important especially in case of copper whose elastic properties are texture-dependent with Young's modulus values ranging between 60-200 GPa depending on the dominant texture component.

Thirdly, certain applications may require the ductility of cold-drawn Cu-Al wires to be restored through heat-treatment. ASTM standards, for instance, comprise both as-drawn and heat-treated classes of these wires. Therefore, an investigation into the tensile behavior of heat-treated Cu-Al composite wires, in presence of brittle intermetallic compounds, seems necessary. It could be a continuation to the third chapter studies on the heat-treated specimens. Occurrence of new strain hardening stages because of intermetallics formation, serrated flow stress on the tensile curves of heat-treated samples, perpendicular and parallel cracking of those intermetllics at the Cu-Al interface are a number of phenomena that deserve further investigation. Fourthly, studying the numerical predictions of axial residual profiles in different bimetallic composite systems can offer a glimpse into the prevalence of the trends observed in the present study. A *paper presented at the 25 th International Conference on Material Forming (ESAFORM 2022) discusses how the axial residual stress profiles of cold-drawn Fe-Al and Cu-Al wires of the same diameter and Al volume fraction are related to their deviation from the linear rule of mixtures. Figure 2 shows the cross sections of the above wires along with their corresponding axial residual stress profiles. The paper argues that for a given volume fraction, the deviation from the linear rule of mixture could be either positive or negative depending on the degree of compatibility between the core and sleeve. In the above case, the Fe-Al and Cu-Al wires show negative and positive deviations from the linear rule of mixtures, respectively. It has been ascribed to the fact that the Fe-Al wire develops larger near-surface tensile residual stresses due to its possibly more non-uniform plastic deformation during wire drawing. Furthermore, investigating the effect of strain hardening laws and architecture on the finite element modelling of the manufacturing process of other bimetallic rods and wires can help verify the universality of the current findings. When it comes to the service lifetime, the fracture behavior and the Cu-Al bond strength in as-drawn and heat-treated CCA and ACCA wires are also points that are worthy of investigation. 

Abstract

This study conducts a comprehensive investigation into the microstructure and mechanical behavior of non-heat-treated and differently heat-treated Cu-Al wires of different configurations and diameters. The manufacturing process involves wiredrawing, which can result in modifications to microstructural and mechanical properties. The findings reveal that architectured wires exhibit higher tensile strength than expected, which is explored through numerical testing of two hypotheses. Evaluations lead to the residual stress profile as a possible explanation for the high tensile strength observed in architectured Cu-Al wires and introduces the fiber-matrix configuration as a parameter that can optimize wiredrawing. Experimental verification of numerically predicted residual stress profiles is also attempted. Although, the experimental measurements were not reliable due to a number of possibilities. A pure isotropic strain hardening model may overestimate expected residual stresses in finite element modelling of Cu-Al cold drawing. Therefore, lastly, a numerical study is conducted to compare the predictions of residual stress profiles in cold-drawn Cu-Al wires with different Al volume fractions using pure isotropic and mixed isotropic-kinematic hardening models.

Keywords : Cu-Al wires, bimetallic composites, wiredrawing, residual stress, FEM, fibermatrix configuration, microstructure, mechanical properties, tensile strength, intermetallics.

Résumé

Ce travail de thèse est dédié à l'étude de la microstructure et le comportement mécanique de fils Cu-Al conventionnels et architecturés élaborés par tréfilage. A travers la réalisation d'essais mécaniques de traction monotone, l'influence du procédé de fabrication sur le comportement mécanique est évalué en fonction de la distribution spatiale des phases. Malgré une microstructure similaire pour chacune des phases, les fils architecturés présentent une limite d'élasticité plus élevée que celle des fils Cu-Al conventionels ainsi que ceux du cuivre pur. La simulation numérique est ensuite utilisée pour évaluer l'origine de cet élévation de propriétés mécaniques montrant l'implication du développement des contraintes résiduelles liées au procédé. Lors du tréfilage de fils architecturés, le profil de contraintes résiduels est atténué comparativement à des fils Cu-Al conventionels avec, en particulier, une forte diminution des contraintes de traction proche de la surface. La prédiction de ces contraintes résiduelles est ensuite investiguée en fonction du type de loi de comportement utilisée, isotrope ou isotropecinématique montrant une tendance à la surestimation de ces contraintes avec des lois isotropes.

Mots-clés : Fils de Cu-Al, composites bimétalliques, étirage, contrainte résiduelle, FEM, configuration fibre-matrice, microstructure, propriétés mécaniques, résistance à la traction, intermétalliques.
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 1 Figure 1: A schematic of the wire drawing process
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 2 Figure 2: An estimation of global copper demand until 2100 under different scenarios (SSP1-5) [4]
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 3 Figure 3: A schematic of a conventional copper-clad aluminum wire (CCA)
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 6 Figure6: Components of work vs approach angle[13] 
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 78 Figure 7: Sections of the copper Young's modulus characteristic surfaces by the (11 0) plane at 300 K (line 1) and 5 K (line 2)(taken from Ref.[18])
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 9 Figure 9: Inverse pole figure maps of copper wires during drawing and annealing. 7ø 1000 µm IA (1) 105 µm (2) IA (3) 48 µm (4) 25 µm (5) FA (6) (taken from Ref.[21]).
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 10 Figure 10: Longitudinal optical micrograph of (a) as received metal, (b) wire drawn metal (taken from Ref. [19])
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 12 Figure 12: Microstructural features of pearlitic steel wires without IT prepared under different drawing strains (a) e = 0; (b) e = 0.3; (c) e = 1.6; (d) e = 3.0; and (e) high magnified of (c). (taken from Ref. [22])
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 13 Figure 13: The evolution of the dislocation density as a function of the number of passes for Cu processed by ECAP at RT as well as AM60 Mg alloy processed by ECAP and MDF at 220°C. (taken from Ref. [24])
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 14 Figure 14: Microstructural evolution during wire drawing and subsequent annealing in pearlitic steel wire (taken from Ref.[25])
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 15 Figure 15: The schematic diagram for different types of residual stress where σ I r, σ II r, and σ III r respectively stand for type I,type II, and type III stresses (taken from[29]).
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 16 Figure 16: Schematic diagram of the cross-section of a sheet of toughened glass showing how residual stresses can exist in the absence of an external load (taken from Ref. [28])

Figure 17 :

 17 Figure 17: A schematic of the elastic-plastic flow curve (taken from Ref. [31])
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 18 Figure18: Typical residual stress distribution in a cold-drawn wire[33] 
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 21 Figure 21: The 0.2% proof stress, σ0.2, as a function of the imposed strain in ECAP for (a) Al and (b) Cu (taken from [38])
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 22 Figure 22: Co-drawing/Co-extrusion set-up (taken from Ref. [39])
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 23 Figure 23: (a) A large die angle causes core fracture, and (b) a small die angle avoids this failure in copper-core/solder clad composites. (c) A large die angle causes core fracture, and (d) a small die angle avoids this failure in solder-clad/copper-core composites. (taken from Ref. [39])
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 24 Figure 24: hydrostatically co-extruded copper-lead and aluminum-lead composite rods: (a) A typical processing map. (b) Examples of core fracture. (c) Examples of sleeve failure. (d) Example of sound flow with proportional deformation. (taken from Ref. [39])
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 25 Figure 25: Successive section views of Cu-Nb nanocomposite wires (taken from Ref. [43])
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 26 Figure 26: Upper and lower bounds predicted by the rule of mixture for a mixture of "a" and "b" materials as a function of their volume fraction (Vf). P is the property of interest and Pa and Pb represent the inherent property of material a and b, respectively (taken from Ref. [47] and recreated).
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 27 Figure27: Deviations of the experimental yield strengths from the ROM predictions as a function of the fraction of strong constituent and the yield strength ratio of two constituents (taken from[START_REF] Feng | On the rule of mixtures for bimetal composites[END_REF]).

  ), (b), and (c) present instances of such applications, showing the development of the drawing stress of a tin-lead wire as a function of the reduction ratio and die semi angle (for given friction coefficient and initial diameter values)[START_REF] Juma | THEORETICAL INVESTIGATION OF WIRE DRAWING OF STRAIN-RATE SENSITIVE[END_REF].

Figure 28 :

 28 Figure 28: The variation of the drawing stress of tin-lead wires against the semi die angle for a coefficient of friction of μ =.02, reduction ratio = (a) 70% (b) 60% (c) 30% Input diameter D1=20 mm (taken from [50]).
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 29 Figure29: Criteria for core fracture in co-drawing for different combinations of relative flow stress and relative core radius as a function of relative flow stress and relative core radius as a function of function of (a) die angle a, (b) reduction, (c) friction at the sleeve/die interface, and (d) friction at the core/sleeve interface (taken from Ref.[39]).
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 30 Figure 30: Geometry of copper wire and die for FEM simulation (taken from Ref. [53])
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 31 Figure 31: Distribution of (a) radial (b) axial and (c) tangential stresses in hydrostatically extruded Glidcop wire (taken from Ref. [56])
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 33 Figure33: Illustration of axial strain difference in two reference simulations with different sleeve materials, the reference simulations correspond to real experimental trials. For the stronger sleeve materials, AlMg4.5, REF 004, the strain difference between the core and the sleeve is quite higher than for the sleeve material Al99.5, REF 003 (taken from Ref.[42])
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 34 Figure 34: Different modes of sleeve fracture; (A) multiple sleeve fractures, (B) single sleeve fracture, and (C) no sleeve fracture (taken from Ref. [58]).

Figure 35

 35 compares the transverse cross-sections of deformed wires of diameters of 8.3 and 6.3 mm with the contours showing the numerical prediction of the powder-density distributions on the right.
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 35 Figure 35: Comparison of the deformed shape in the transverse cross-section of the wire samples between experiments and simulations with a diameter of 8.3 and 6.3 mm. In the simulation results, the contour indicates the predicted density of the powder mixture (taken from Ref. [44])
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 37 Figure 37: Evolution of the normalized maximum principal stress of a point placed on the wire axis during the wire drawing, superimposed to the evolution of the equivalent plastic strain p at the same point. (taken from Ref. [61])
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 38 Figure 38: Layer removal method (a) flat plate and (b) cylinder. (taken from Ref. [28])
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 39 Figure 39: Hole-drilling methods: (a) conventional hole-drilling method, (b) ring-core method and (c) deep-hole method.(taken from Ref.[28])
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 40 Figure 40: Slitting method. (taken from Ref. [28])
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 4142 Figure 41: Examples of FIB-DIC geometries. (taken from Ref. [64])
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 43 Figure 43: Contour Method (a) original stresses, (b) stress-free after cutting, (c) stresses to restore flat surface and (d) measured stress profile of a railway rail. (taken from Refs. [28], [65])
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 4445 Figure 44: Radiation diffraction within a crystal structure d = spacing between lattice planes,  = Bragg angle, and λ = wavelength of the radiation (taken from Ref. [28])
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 46 Figure 46: A schematic of a synchrotron facility. (taken from Ref. [28])
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 7 Nature of residual stress: uniform, varying, surface, interior? 8. Specimen material 9. Required accuracy and spatial resolution 10. Measurement cost and duration, and so on.
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 47 Figure 47: Measurement penetration vs. spatial resolution for various residual stress measurement methods. Courtesy of Michael Fitzpatrick, Open University, UK (taken from Ref. [28])
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 1 Fig. 1. Example of an architectured copper-aluminum composite obtained by the restacking method based on cold-drawn.

Fig. 2 .

 2 Fig. 2. Microstructural analysis of a cross section of 3 mm-diameter architectured Cu-Al wire composite in the as-drawn state: (a) and (b) STEM bright field images of Cu and Al, (c) Cu and (d) Al (001), (011) and (111) pole figures, (e) Cu and (f) Al ASTAR grain orientation maps.

Fig. 3 .

 3 Fig. 3. Microstructural analysis of a cross section of an architectured composite Cu-Al (3 mm diameter) after heat treatment at 400 • C for 6 h: (a) SEM-EDS element map, (b) and (c) Cu and Al EBSD grain orientation maps respectively, (d) Cu and Al grain boundary misorientation diagram.

Fig. 4 .

 4 Fig. 4. IMC observations for a 1.7 mm diameter ACCA wire: (a) bright field transmission electron microscope image for a short heat treatment at 300 • C during 15 min and (b) scanning electron microscope image, using backscattered electrons, for a heat treatment of 400 • C during 6 h (HT2).
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 5 Fig. 5. Pole figures associated to the cross section of the architectured Cu-Al composite wires, heat treated at 400 • C for 6 h with the following diameters: (a) 3 mm diameter -Cu, (b) 3 mm diameter -Al, (c) 1 mm diameter -Cu and (d) 1 mm diameter -Al.
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 6 Fig. 6. Engineering tensile curves of the architectured copper-aluminum composites: (a) as-drawn (AD), (b) heat-treated at 400 • C for 30 min (HT1) and (c) heattreated at 400 • C for 6 h (HT2).

Fig. 7 .

 7 Fig. 7. Evolution of the strain hardening rate versus strain for the following copper-aluminum composites: heat treated at 400 • C (a) for 30 min and (b) for 6 h.

Fig. 9 .

 9 Fig. 9. Microstructure observation at fracture for architectured Cu-Al composites: (a) fracture surface for a 1 mm-diameter wire in as-drawn conditions, (b) fracture surface for a 1 mm-diameter wire heat treated at 400 • C for 30 min and (c) longitudinal section for a 3 mm-diameter wire heat treated at 400 • C for 6 h.
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 10 Fig. 10. Comparison between the Voigt and Reuss prediction for the yield stress of Cu-Al composites.

Fig. 6 (

 6 Fig. 6(b) and (c) clearly show the effect of the volume fraction of the intermetallic compounds on the tensile curves. To make comparisons between the IMCs effect on the mechanical behavior of the samples with different heat treatment conditions, the yield stress and Ultimate Tensile Strength (UTS) as a function of IMC volume fraction in HT1 and HT2 conditions are plotted in Fig.11. For the same volume fraction of IMCs, the yield stress of the sample heat treated at 400 • C for 30 min, is significantly larger than the one heat treated at 400 • C for six hours. As summarized in Table1, the grain size of the HT2 sample is larger than the HT1 one. In agreement with those results, the grain size strengthening is then lower for HT2 than for HT1. Moreover, the difference in Schmid factor between each texture component (0.401 for a theoretical <001> versus 0.27 for <111> one) can impact the yield stress, depending on the type of the recrystallization (primary or secondary)

Fig. 11 .

 11 Fig. 11. Evolution of the yield stress and Ultimate Tensile Strength (UTS) as a function of the volume fraction of the intermetallic compounds. Wire diameter is indicated between brackets for yield stress.
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 1 Figure 1. Illustration of the cross-section of the the different 3 mm diameter wires considered in this study: (a) conventional CCA; (b) architectured wire with 61 aluminum fibers and (c) architectured wire with 22 aluminum fibers.
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 2 Figure 2. Experimental engineering stress-strain curves of pure copper and aluminum (as-drawn).
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 3 Figure 3. ≈25%Al-ACCA sample and corresponding finite element models (a) actual microstructure and corresponding FEA model (b) meshed ACCA wire model.
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 4 Figure 4. Predefined fields of residual stresses in (a) CCA and (b) ACCA wires (transversal cross-section).
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 5 Figure 5. Illustration of the tensile curves of the different wires considered in this study: pure Al, pure Cu, copper clad aluminum (CCA) and architectured copper clad aluminum wire with 61 (ACCA 61 ) and 22 restacked wires (ACCA 22 ).
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 6 Figure 6. Effect of Young's modulus and Al/Cu volume fraction on the magnitude and distribution of radial and circumferential stresses (a,b) 75%Al-CCA wire (c,d) 25%Al-CCA wire.
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 7 Figure 7. Simulation stress-strain curves of CCA samples of four different volume fractions.
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 8 Figure 8. Development of (a) radial and (b) circumferential stresses in numerically tensile-tested CCA wires with various volume fractions.
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 9 Figure 9. Simulation stress-strain curve of ≈25%Al-ACCA sample.
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 10 Figure 10. Cont.
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 10 Figure 10. (a) Radial and (b) circumferential stress distribution and magnitude of ≈25%Al-ACCA sample (at ≈0.2% strain) (c) radial and (d) circumferential stress distributino at the end of the numerical tensile test (at 1% strain).
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 11 Figure 11. Numerical stress-strain curves of ≈25%Al-ACCA and 25%Al-CCA wires (with and without residual stress fields).
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 1 Fig. 1 Micrographs of the cross-section of (a) CCA & (b) ACCA [25] wires

Fig. 2 Fig. 3

 23 Fig. 2 Microstructure and corresponding numerical models: (a) ACCA (b) CCA
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 56 Fig. 5 Cold-drawing of Architectured (ACCA) and conventional (CCA) Cu-Al wires (stresses in MPa): (a) Cross-section reduction during drawing and (b) cold-drawing product (ACCA) (c) Cross-section reduction during drawing and (d) cold-drawing product (CCA)

Fig. 7

 7 Fig. 7 (a) Radial, (b) axial, and (c) tangential residual stress profiles along the diameter (ACCA vs CCA)

Fig. 9

 9 Fig. 9 Location of PEEQ profiles in (a) CCA and (b) ACCA
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 21 Fig. 1. Experimental pure Cu and pure Al stress-strain curves

Fig. 3 .Fig. 4 .

 34 Fig. 3. Experimental and fitted curves of the isotropic segment of pure Cu (≈ 50%) and pure Al (≈ 84%) stress-strain curves

Fig. 5 .

 5 Fig. 5. Wire drawing assembly of a 25%-Al CCA along with the die interior

Fig. 6 Fig. 6 .Fig. 7 .

 667 Fig. 6 exhibits quarters of the above-mentioned CCA wires of different Al volume fractions, showing the evolution of axial stresses at a particular stage during drawing. The axial residual stress component developed in different cases (at the end of the drawing process) is profiled along the diameter of numerically drawn wires in Fig. 7 for comparison purposes. The paths, over which the profiles are plotted, were taken from the relatively uniform middle part of the contour, away from the ends to avoid possible edge effects. The Cu and Al phases are delineated in both Figs. 6 and 7.

Fig. 8 .

 8 Fig. 8. Simple schematic of the die semi-angle, initial and final radii of the wire
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 109 Fig. 10. Axial residual stress profiles of 25%Al-composite wires (CCA), numerically cold-drawn with different reduction ratios and different hardening models (die semi-angle = 8°)
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 1 Figure 1: Focused ion beam-digital image correlation (FIB-DIC) set-up for residual stress measurement (a) double slot geometry sizes (b) region of interest for digital image correlation (c) axial relief strain contour (Exx) (d) typical curve of relief strain vs milling step (image number)
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Figure 2 :

 2 Figure 2: Cross sections of (a) Cu-Al and (b) Fe-Al wires along with the corresponding axial residual stress profiles along their diameters

  

  

Table 1 .

 1 Elastic simulation parameters for investigating the development of transverse stresses in CCA wires.

	Volume Fractions		75%Al-25%Al
	Phase	Poisson's Ratio	Young's Modulus (GPa)
	Cu	0.31	60-170-200
	Al	0.33	70

Table 2 .

 2 Elastoplastic simulation parameters for investigating the development of transverse stresses in CCA wires.

	Volume Fractions	25% Al-50% Al-75% Al-90% Al
	Phase	Poisson's Ratio	Young's Modulus (GPa)
	Cu	0.31	≈129
	Al	0.33	≈66

Table 1 0

 1 .2% Yield strength and Young's modulus of tensile-tested wires

	Wire Sample	0.2% Yield Strength	Young's
		(MPa)	Modulus
			(GPa)
	Cu	420 ± 2	129 ± 2
	Al	220 ± 5	66 ± 3
	CCA (25%Al)	350 ± 5	114 ± 4
	ACCA (25% Al)	450 ± 20	114 ± 10

Table 2

 2 Information from the axial tensile residual stress (ATRS) profile

	Wire type Maximum	Maximum	Surface	Fraction of the
		ATRS	ATRS posi-	ATRS	diameter under
		(MPa)	tion relative	(MPa)	ATRS (%)
			to the wire		
			surface (μm)		
	CCA	294	150	201	32
	ACCA	186	270	21	25

Fig. 8 Axial residual stress profile ACCA versus full-Cu wire
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Table 2 .

 2 Armstrong-Frederick and Voce equation parameters (fitting constants).

Table 3

 3 contains the elastic properties of Cu and Al.

Table 3 .

 3 The Young's modulus (E), shear modulus (G), and Poisson's ratio (𝜈) values for Cu and Al.
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Introduction to Chapter 5

Chapters 4 identified the manufacturing residual stress profile as the possible explanation for the remarkably high tensile strength observed in architectured Cu-Al wires (ACCA). Now, the question that arises is: through which mechanism does the residual stress profile influence the axial stress-strain behavior of Cu-Al wires of various configurations? To answer that, taking a numerical approach for the most part, comparisons were made between the FEA-predicted axial residual stress profiles of conventional and architectured Cu-Al wires. Furthermore, chapter 5 evaluates the fiber-matrix configuration (architecture) as a parameter capable of optimizing Cu-Al wiredrawing. It could be of industrial interest to see if the architecture can optimize the process for a given drawing set-up, independent from other processing parameters (die geometry, friction, drawing velocity and so forth).

The introduction section of chapter 5 overviews the studies dealing with optimization of wiredrawing operations and the interplay between processing parameters. The manufacturing and tensile testing of the architectured wires and its conventional counterpart are described in the "Experimental procedure" sub-section of "Materials and methods". The "Numerical procedure" then outlines the utilization of FEA. The "Results" section contains the data from both experimental and numerical methods. These results are subsequently discussed with the conclusions listed at the end of the chapter.

The work presented in this chapter is published in the "International Journal of Material Forming" as a paper titled "Novel approach to optimize the mechanical properties of Cu-Al composite wires". Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Outline of the thesis chapter V

Numerical procedure

The finite element code, LAGAMINE, developed at the University of Liège, was used to model single-pass wiredrawing of an initially 12 mm-diameter Cu-Al wire whose cross-section decreases by 20% in one pass. As mentioned above, annealed Cu and Al phases with zero interfacial friction were assumed as the starting materials. Using the von Mises criterion, the simulations were run with both mixed isotropic-kinematic and pure isotropic hardening models for Cu-Al wires of three different volume fractions: 25%, 50%, and 75% Al. The commonly used Armstrong-Frederick equation (Equ. 2), after integration (Equ. 3), and the Voce (Equ. 4) equation (able to predict the stress saturation level) were fitted to the experimental data (Figs. 3 and4) to identify the material parameters (listed in Table 2) for the kinematic and isotropic hardening models, respectively. Table 1 presents the parameters in the equations below. 

𝜀̅

Equivalent plastic strain  The mechanical incompatibility between pure Cu and pure Al plays a more determining role than moderate die geometry modifications with regard to predicted axial residual stress profiles, regardless of the hardening model.
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