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Abstract. The presented study deals with preparation of Al-Cu clad composite wires with two 

different stacking sequences via the intensive plastic deformation technology of rotary 

swaging (RS). The aim of the work was to provide detailed characterization of the effects of 

RS on the development of structure and residual stress within the composites and their 

components. The results showed that fine more of less equiaxed grains with no prevailing 

preferential orientations were present within all the Al and Cu composites’ components of the 

final 5 mm thick wires, which points to the occurrence of dynamic recovery/recrystallization 

during processing. The analyses of grains misorientations revealed that residual stress was 

locally present primarily in the Cu components; the Al components did not exhibit substantial 

presence of residual stress, which is in accordance with the observed structure relaxation. The 

tensile tests of the swaged composites revealed both the stacking sequences to exhibit 

comparable ultimate tensile strength, however, the plasticity differed notably. 

Introduction 

Research and development in virtually all the industrial fields has led to the emergence of 

numerous modern components, as well as to the introduction of a variety of innovative 

materials, such as plasma and laser melted alloys [1], (pseudo)alloys manufactured via 

powder metallurgy [2], high entropy alloys (HEAs) or multi-principal element (MPE) alloys 

[3,4], hierarchical and hybrid materials [5,6], functionally graded materials [7], and 

composites [8]. The latter can be of various types; the most characteristic are the Metal Matrix 

Composites (MMCs) [9] offering the advantages of the individual component metals and, at 

the same time, benefiting from the additions of dispersed particles/fibres. Nevertheless, 

laminated and clad composites consisting of several layers of various metals, each one of 

which introduces characteristic properties to create their unique combination within the final 

product, are also popular, since composites combining several metals together feature 

enhanced combinations of properties when compared to the individual components [10–13]. 

Among the widely researched composite systems consisting of bulk metallic components, 

i.e. layers, is the Al/Cu one [14]. Copper is favoured for its excellent electric and heat 

conductivity, while aluminium is preferred for its high conductivities and favourable 

combination of low density and reasonable strength [15]. Beside these (and other) advantages, 

both the metals have a wide applicability, e.g. in the automotive and electrotechnics. 

However, they both feature the tendency to form intermetallic compounds when in contact, 

i.e. to form intermetallics at mutual interfaces, especially at high (elevated) temperatures. 
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Clad composites consisting of multiple layers bond together at mutual interfaces are 

typically produced by welding, however, welding can introduce local structure modifications 

and formation of brittle intermetallics [16]. Nevertheless, clad composites can also be 

fabricated at room temperature via methods of (intensive) plastic deformation, which provides 

an advantageous solution for production of clad composites at room temperatures, or under 

cold conditions. Considering the layered Cu/Al composites, even post-process heat treatment 

at temperatures above 300°C has been documented to introduce the development of 

intermetallics, which makes post-processing of these composites unfavourable despite the fact 

that it also supports structure restoration and grain refinement within both the metals [17]. 

Methods of severe plastic deformation (SPD) are especially advantageous for preparation of 

clad composites since they can typically be performed at low/room temperatures. Among the 

widely researched and/or used SPD methods are, e.g., equal channel angular pressing (ECAP) 

[18,19] and its modifications (ECAP-PBP [20], TCAP [21], TCMAP [22], etc.), high pressure 

torsion (HPT) [23], accumulative roll bonding (ARB) [24], and rotary swaging (RS) [25–27], 

which was used to manufacture the herein studied composites. 

Rotary swaging (RS) is a versatile industrially applicable intensive plastic deformation 

technology enabling to manufacture various axially symmetrical products via a repeated 

action of a set of rotating dies, which incrementally affects the surface of the work-piece with 

compressive radial forces and thus introduces a favourable combination of shear and 

compressive strains [28]. The nature of the process enables to avoid large stress gradients and 

supports progressive grain refinement, which introduces improvement of mechanical and 

utility properties [29].  

The presented study deals with preparation of Al-Cu clad composite wires with two 

different stacking sequences via room temperature rotary swaging. The aim of the work was 

to provide a detailed characterization of the effects of RS on the development of structure and 

residual stress within the 5 mm swaged composite wires. 

Experimental 

The originally used metals were commercially pure (CP) copper (with 0.002 wt.% O, 0.015 

wt.% P, and 0.002 wt.% Zn), and CP electro-conductive aluminium (with 0.20 wt.% Si, 0.25 

wt.% Fe, and 0.05 wt.% Cu). The clad composites fabricated from the Cu and Al were 

gradually swaged from the original 30 mm diameter to the final wires having 5 mm in 

diameter. Both the stacking sequences originally consisted of a sheath with 30 mm in 

diameter, and 19 reinforcing wires having 3 mm in diameter each. The stacking sequence I 

consisted of Al sheath and Cu wires, whereas the stacking sequence II consisted of Cu sheath 

and Al wires. To acquire the idea of the composite design, Fig. 1 depicts a cross-sectional cut 

through the stacking sequence I swaged composite with 10 mm in diameter. 

 

 

Fig. 1: Example of cross-sectional cut through investigated composites (sheath and 19 wires) 
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Detailed structure analyses of the swaged wires were performed by scanning electron 

microscopy (SEM); Tescan Lyra 3 FIB/SEM microscope equipped with a NordlysNano 

detector for electron back-scattered diffraction (EBSD) analyses was used. The scanned 

images were evaluated with the help of OXFORD Instruments [30] and LEM3 Laboratories 

[31] software. Microhardness measurements were performed using Zwick/Roell equipment; 

the average HV values for the Al/Cu sheath were calculated from a set of ten individual 

values measured across the particular composite cross-sectional cut (excluding the wires), 

while the average HV values for the wires were calculated from a set of ten individual values 

measured throughout all the wires. The samples for all the analyses were prepared via manual 

grinding on SiC papers and final diamond suspension polishing. For EBSD analyses, the 

samples were eventually polished electrolyticaly. 

Results and Discussion 

Mechanical properties. The original values of microhardness for the Cu and Al composite 

components were 84.5 HV, and 25.7 HV, respectively. The results of HV measurements of 

the 5 mm room-temperature swaged composites of stacking sequence I showed that the 

average HV value of the Al sheath was 55.1 HV, while for the Cu wires it was 106.9 HV. The 

HV measurements of the 5 mm room-temperature swaged composites of stacking sequence II 

then resulted in the average HV value of the Cu sheath to be 108.3 HV, while for the Al wires 

it was 34.4 HV.  

Whereas the HV values of the Cu components were comparable for both the stacking 

sequences, the average HV values of the Al component differed significantly. This 

phenomenon can be explained by the mutual effect of the following two factors: 1) the RS 

process affects primarily the peripheral regions of the swaged piece, by the effect of which the 

imposed strain was primarily “consumed” by the prevailing volume of the Al sheath for 

stacking sequence I [32]; and 2) the maximum work hardening ability of the Al sheath was 

achieved during swaging (given by the intrinsic properties of Al, especially the stacking fault 

energy) [15]. 
 

 

Fig. 2: Tensile stress-strain curves for both 5 mm swaged composite wires 

 

The stress-strain curves resulting from the tensile tests of both the 5 mm swaged composite 

wires are depicted in Fig. 2. The tensile tests of the swaged composites revealed both the 

stacking sequences to exhibit comparable ultimate tensile strengths, however, the plasticity 

differed notably. Whereas stacking sequence II composite exhibited the elongation to failure 

of    3.5%, composite with stacking sequence I exhibited the plasticity of less than 1%. The 

stress-strain curve for stacking sequence I featured a steep increase at quite small 

deformations, i.e. stacking sequence I exhibited rapid work hardening at the expense of 
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plasticity. The 5 mm stacking sequence II also exhibited rapid work hardening. Nevertheless, 

its intensity was not as high as for stacking sequence I (the slope of the stress-strain curve was 

less steep).  

The relatively high strength of the swaged composites can primarily be attributed to the 

high volume fraction of Cu for stacking sequence II, and to the maximum achieved work 

hardening of the Al sheath for stacking sequence I (this supposition corresponds to the 

increased microhardness, as mentioned above). On the other hand, the imposed shear strain 

supports increase in plasticity for the Cu [33]. This factor was most probably the reason for 

the increased plasticity of stacking sequence II, whereas the plasticity of stacking sequence I 

was exhausted given by the major portion of work-hardened Al. 

 

Structure analyses. The structure observations revealed the presence of fine more of less 

equiaxed grains within all the Al and Cu composites’ components; the examples document 
Figs. 3a and 3b depicting the orientation image maps (OIMs) of structures of the Al sheath and Cu 

wire (both taken from the peripheral wires’ layer radius) of stacking sequence I, respectively. The 

OIMs also depict the low and high angle grain boundaries (LAGBs and HAGBs), featuring the 

misorientations lower/higher than 15°, as red and black lines, respectively.  

The observed grain refinement points to the occurrence of recovery/recrystallization 

imparted by the severe imposed strain. The grains within the Al components were evidently 

smaller than within the Cu components, which is primarily given by the fact that the 

activation energy needed to promote relaxation processes within Al is smaller than the 

activation energy of Cu [15]. The supposition of occurring recrystallization was confirmed 

also by the HAGBs analyses (Figs. 3a and 3b show their prevailing portion for both the 

composite components). The volume fractions of HAGBs, i.e. the boundaries the 

misorientation angles of which are larger than 15°, were 54% for Cu and 82% for Al within 

stacking sequence I, and 62% for Cu and 79% for Al within stacking sequence II. Also, the 

orientation image mapping showed that the fine grains within all the investigated composite 

components exhibited no prevailing preferential orientations (i.e. no colour depicting single 

preferential grains’ orientation prevails in the Figures), which confirms the presence of 

relaxation processes. Fig. 3b also shows that the Cu wires of stacking sequence I exhibited the 

presence of bimodal structure. This phenomenon can be attributed to the effects of the following 

phenomena: as confirmed above by the observed work hardening and exhaustion of plasticity, the 

Al sheath of stacking sequence I tended to consume the majority of the imposed energy (given by 

the nature of the RS process and intrinsic properties of Al [15]). Also, the energy needed for grain 

growth (i.e. secondary recrystallization) is generally up to ten times lower than the energy needed 

for primary recrystallization [33]. The mutual effect of these phenomena imparted substructure 

development and grain growth at the expense of further recrystallization during the last swaging 

pass, which resulted in the formation of bimodal structure within the Cu wires. 

 

a)  b)     

Fig. 3. OIMs with LAGBs depicted in red and HAGBs depicted in black for: Al sheath of stacking 

sequence I (a); Cu wire of stacking sequence I (b). 
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Residual stress. The internal grains misorientations depicting the presence of residual stress 

within the structures of the Al sheath and Cu wire (both taken from the peripheral wires’ layer 

radius) of stacking sequence I are shown in Figs. 4a and 4b, respectively, whereas the internal 

grains misorientations within the structures of the Cu sheath and Al wire (both taken from the 

peripheral wires’ layer radius) of stacking sequence II are shown in Figs. 4c and 4d, respectively. 

The results of residual stress analyses showed the grains misorientations, i.e. residual 

stress, to be locally present in the Cu components of both the stacking sequences. Considering 

the results of structure analyses, i.e. the presence of bimodal structure within Cu, this 

phenomenon was primarily caused by the imparted substructure development as the 

misorientations were mostly observed within the growing grains. The Al components within 

both the stacking sequences did not exhibit substantial presence of residual stress, which also 

confirms the suppositions of structure relaxation and occurring recrystallization.  

All the structure phenomena are inevitably affected by the two following processing 

factors. The deformation force affecting the processed material during rotary swaging - consisting 

of two individual components, radial and axial [2]. The designed composite sequence and the used 

composite materials – featuring their individual intrinsic properties, such as stacking fault energy, 

work hardening ability, activation energy for recovery, recrystallization, precipitation, etc. [15]. 

The plastic flow imparted by the swaging force can non-negligibly affect not only the mechanical 

properties, but also substructure development and the presence of residual stress within the 

swaged composites. As documented by the results, the imposed shear strain was sufficient to 

introduce grain refinement and structure relaxation within the Al components of both the stacking 

sequences. On the other hand, the Cu components, the activation energy necessary for relaxation 

processes for which is higher than for Al, exhibited the presence of residual stress. In other words, 

the occurring recovery/recrystallization was not complete after the last swaging pass for the Cu 

component, regardless the stacking sequence. Nevertheless, both the final 5 mm composite wires 

exhibited sufficient bonding of both the components, the present residual stress originating 

primarily from incomplete substructure development, did not negatively affect any of the 

composite wires as a whole product. 

 

a)  b)  

c)  d) 

Fig. 4. Grains misorientations pointing to presence of residual stress in rainbow scale from 0° to 

15° for: Al sheath of stacking sequence I (a); Cu wire of stacking sequence I (b); Cu sheath of 

stacking sequence II (a); Al wire of stacking sequence II (b). 
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Conclusions 

The presented study proved that the technology of rotary swaging is applicable for production 

of long electro-conductive Al-Cu clad composite wires; both the swaged composite wires 

exhibited sufficient bonding of the component metals. The results revealed that, for sufficient 

swaging ratios, the stacking sequence of the individual metallic components had negligible 

effects on the substructure development and residual stress within the composite components; 

both the investigated stacking sequences featured Al components having very fine equiaxed 

grains with minor presence of residual stress, whereas the Cu components featured bimodal 

structures with a local presence of residual stress, which was primarily caused by substructure 

development, i.e. incomplete relaxation during the last swaging pass. Nevertheless, 

differences between the stacking sequences were observed during mechanical testing. Due to 

significant work hardening (microhardness over 55 HV) and exhaustion of plasticity of the Al 

sheath, the composite consisting of Al sheath and Cu wires exhibited very low plasticity 

(<1%), however, the maximum strength (276 MPa) was comparable to the composite 

consisting of Cu sheath and Al wires. 
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