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Abstract: The influence of heat treatment and deformation on the microstructure and properties of
a Cu–Ni–Si alloy/AA8030 alloy composite wire was studied. After aging at 450 ◦C for 60 min, the
composite wire exhibited relatively high comprehensive properties, with ultimate tensile strength,
elongation, and electrical conductivity values of 253 MPa, 11.1%, and 55.3% IACS, respectively.
Microstructural analysis revealed that precipitation and dislocation strengthening played important
roles in the aged Cu–Ni–Si alloy cladding, whereas grain boundary and dislocation strengthening
contributed to the strength of the AA8030 alloy. Then, the wire underwent five passes of drawing
with a total deformation of 75%. Significant work hardening changed the ultimate tensile strength,
elongation, and electrical conductivity of the composite wire to 422 MPa, 3.3%, and 53.6% IACS,
respectively. CuAl2, CuAl and Cu9Al4 layers were formed at the composite interface during aging.
The CuAl2 and Cu9Al4 layers grew toward the Al alloy and Cu alloy, respectively, whereas the CuAl
layer grew toward both the Al alloy and the Cu alloy.

Keywords: Cu/Al composite; composite wire; Cu–Ni–Si alloy; AA8030 alloy; composite interface

1. Introduction

Layered Cu/Al composites, which combine the advantages of Cu and Al, such
as light weight, low cost, and good thermal and electrical conductivity, have been em-
ployed in a wide range of applications, including power transmission and heat transfer
equipment [1–3]. Using a Cu/Al composite to replace pure Cu or Cu alloy conductors in
aircraft is of great importance for reducing the weight of aerospace power systems while
also promoting the overall design and application development of aerospace equipment.
However, the advancement of aerospace technology and the more severe service environ-
ment in that field have placed greater demands on the mechanical properties of conductor
materials, such as strength and creep resistance [4–7]. The development of a novel Cu
alloy/Al alloy composite is a viable solution to the aforementioned challenges.

Cu–Ni–Si alloys are utilized for electrical components because of their high electrical
conductivity and strength [8–11]. The AA8030 aluminum alloy is used for electrical con-
ductors because of its good strength, electrical conductivity and creep resistance [12–15].
Compared with pure Cu/pure Al composites, these two types of materials can improve
the properties of composites. The strength and electrical conductivity of Cu–Ni–Si alloys
are usually improved by solution and aging treatments, but the solution temperatures of
Cu–Ni–Si alloys are higher than the melting point of the AA8030 alloy, so composites of
these alloys cannot be solution-treated. To solve the above problems, the authors developed
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a compositional design for Cu–Ni–Si alloy cladding and fabricated a Cu–Ni–Si alloy-clad
AA8030 alloy composite via continuous casting composite technology [16]. Owing to the
strong cooling effect of continuous casting, the second-phase precipitation of the Cu–Ni–Si
alloy during solidification was suppressed, and a good solid solution effect was obtained
after casting, allowing us to eliminate the solid solution treatment. This was reported in
our previous work [16].

Moreover, Cu–Ni–Si alloys are age-hardened copper alloys in which fine and dis-
persed precipitated phases are formed after aging treatment, giving these alloys excellent
strength, elasticity, electrical conductivity, and stress relaxation resistance, and the aging
temperatures for Cu–Ni–Si alloys generally range from 400 ◦C to 500 ◦C [17,18]. Consider-
ing that the AA8030 alloy is a work-hardened Al alloy, its microstructure and properties
need to be regulated through deformation and annealing treatments, and the annealing
temperature for the AA8030 alloy typically ranges from 250 ◦C to 350 ◦C [19]. The differ-
ence in these heat treatment temperatures poses a significant challenge in the preparation
of high-performance Cu–Ni–Si alloy/AA8030 alloy composites. As a result, it is crucial to
clarify the effects of aging and deformation on the overall microstructure and properties of
Cu–Ni–Si alloy/AA8030 alloy composites.

This study focuses on Cu–Ni–Si alloy-clad AA8030 alloy composite wires prepared by
continuous composite casting, rolling and drawing, and studies the effects of deformation
and heat treatment parameters on the microstructure, interfacial layers, and properties
of these composite wires. Furthermore, the evolution mechanisms of the mechanical and
electrical properties of the composite wires are explored, offering fundamental theoretical
guidance for the development and preparation of high-performance Cu alloy/Al alloy
composite materials.

2. Materials and Methods
2.1. Material Preparation

Cu–Ni–Si alloy/AA8030 alloy composite wires were prepared by continuous com-
posite casting, groove rolling and drawing, and the density value for the composites was
4.94 g/cm3. The AA8030 alloy used was a commercially available alloy, and Cu–Ni–Si alloy
was prepared by combining pure Cu, pure Ni, and pure Si in a vacuum melting furnace.
Due to the strong cooling effect of continuous casting composite technology, the as-cast
Cu–Ni–Si alloy had a good solution effect [16], and the Cu–Ni–Si alloy could be aged with-
out solution-treatment. The preparation process was as follows: a Cu–Ni–Si alloy/AA8030
alloy composite billet with a diameter of 20 mm and a cladding thickness of 2 mm was
prepared via the continuous casting composite technology reported in reference [16], as
shown in Figure 1a,b; subsequently, the composite billet was processed through 8 passes of
groove rolling and 11 passes of drawing to obtain a composite wire with a diameter of 2 mm
and a cladding thickness of 0.2 mm, as illustrated in Figure 1c and d. The composition of
Cu–Ni–Si alloy and AA8030 alloy were confirmed by inductively coupled plasma-optical
emission spectrometry, as shown in Table 1.

Table 1. Chemical compositions of the Cu–Ni–Si alloy and the AA8030 alloy (wt.%).

Alloy Cu Al Ni Si Mg Fe Zn

Cu–Ni–Si Bal. — 1.00 ± 0.02 0.23 ± 0.02 — — —
AA8030 0.23 ± 0.02 Bal. — 0.04 ± 0.01 0.05 ± 0.01 1.00 ± 0.01 0.02 ± 0.01
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Figure 1. The Cu‒Ni‒Si alloy-clad AA8030 alloy composite rod (a) and its cross section (b) after 
continuous casting composite technology; the Cu‒Ni‒Si alloy-clad AA8030 alloy composite wire (c) 
and its cross section (d) after groove rolling and drawing. 
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improve the properties of the Cu‒Ni‒Si alloy, the composite wires were subjected to aging 
in a chamber furnace at temperatures of 400 °C and 450 °C for durations ranging from 15 
to 120 min. Then, in order to further improve the strength of the AA8030 alloy, the wires 
that underwent the optimized aging process were subjected to cold drawing to improve 
their strength. The drawing process involved a total of 5 passes, with a diameter reduction 
of 0.2 mm in each pass. 

2.3. Characterization and Testing 
The grain morphology of the Al alloy was observed via electron backscattered dif-

fraction (EBSD) on a JEM-7900F scanning electron microscope (SEM) (JEOL, Akishima, 
Japan) with a scanning voltage of 20 kV and a scanning step length of 0.05 µm. Data pro-
cessing was performed via the HKL Channel 5 system. The microstrains of the Cu alloy 
and Al alloy were evaluated by XRD analysis via a TTRIII X-ray diffractometer (Rigaku, 
Akishima, Japan) with a scanning angle range of 20–100° and a scanning rate of 6°/min, 
and all data were collected using Kα radiation. A JEM-7900F SEM (JEOL, Akishima, Ja-
pan) equipped with an energy dispersive spectrometer (EDS) was used to analyze the in-
terface structure of the composite wire. A JXA-8530F Plus electron probe microanalyzer 
(EPMA) (JEOL, Akishima, Japan), operated at an acceleration voltage of 15 kV and a probe 
current of 10 nA, was used to investigate the elemental distributions at the composite in-
terface. TEM samples were prepared via a ThermoFisher Scios-2 dual-beam electron mi-
croscope (Waltham, MA, USA). The process for preparing the TEM samples was as fol-
lows: samples with a length of approximately 12 µm, a width of approximately 6 µm, and 
a thickness of approximately 1.5–2.0 µm were lifted from the region of interest via an ion 
beam with a voltage of 30 kV and a current of 80–2000 pA; then, each sample was thinned 
to electron transparency (100–150 nm) via a voltage of 30 kV and a current of 0.1 nA. The 
microstructures of the Cu alloy, Al alloy and composite interface were analyzed via trans-
mission electron microscopy (TEM) with a Thermo Fisher Talos F200X G2 instrument 
(Waltham, MA, USA) at an accelerating voltage of 200 kV. 

Figure 1. The Cu–Ni–Si alloy-clad AA8030 alloy composite rod (a) and its cross section (b) after
continuous casting composite technology; the Cu–Ni–Si alloy-clad AA8030 alloy composite wire
(c) and its cross section (d) after groove rolling and drawing.

2.2. Experimental Procedure

Cu–Ni–Si alloys are age-hardened copper alloys, and the strength and electrical con-
ductivity of Cu–Ni–Si alloys are usually improved by aging treatment. First, in order to
improve the properties of the Cu–Ni–Si alloy, the composite wires were subjected to aging
in a chamber furnace at temperatures of 400 ◦C and 450 ◦C for durations ranging from 15
to 120 min. Then, in order to further improve the strength of the AA8030 alloy, the wires
that underwent the optimized aging process were subjected to cold drawing to improve
their strength. The drawing process involved a total of 5 passes, with a diameter reduction
of 0.2 mm in each pass.

2.3. Characterization and Testing

The grain morphology of the Al alloy was observed via electron backscattered diffrac-
tion (EBSD) on a JEM-7900F scanning electron microscope (SEM) (JEOL, Akishima, Japan)
with a scanning voltage of 20 kV and a scanning step length of 0.05 µm. Data processing
was performed via the HKL Channel 5 system. The microstrains of the Cu alloy and Al
alloy were evaluated by XRD analysis via a TTRIII X-ray diffractometer (Rigaku, Akishima,
Japan) with a scanning angle range of 20–100◦ and a scanning rate of 6◦/min, and all data
were collected using Kα radiation. A JEM-7900F SEM (JEOL, Akishima, Japan) equipped
with an energy dispersive spectrometer (EDS) was used to analyze the interface structure
of the composite wire. A JXA-8530F Plus electron probe microanalyzer (EPMA) (JEOL,
Akishima, Japan), operated at an acceleration voltage of 15 kV and a probe current of 10 nA,
was used to investigate the elemental distributions at the composite interface. TEM samples
were prepared via a ThermoFisher Scios-2 dual-beam electron microscope (Waltham, MA,
USA). The process for preparing the TEM samples was as follows: samples with a length of
approximately 12 µm, a width of approximately 6 µm, and a thickness of approximately
1.5–2.0 µm were lifted from the region of interest via an ion beam with a voltage of 30 kV
and a current of 80–2000 pA; then, each sample was thinned to electron transparency
(100–150 nm) via a voltage of 30 kV and a current of 0.1 nA. The microstructures of the
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Cu alloy, Al alloy and composite interface were analyzed via transmission electron mi-
croscopy (TEM) with a Thermo Fisher Talos F200X G2 instrument (Waltham, MA, USA) at
an accelerating voltage of 200 kV.

Hardness testing was conducted with a VTD512 Vickers microhardness tester (LEICA,
Wetzlar, Germany) with a load of 100 g and a dwell time of 15 s. Five measurements from
different areas of each sample were recorded, and the average value was calculated. The
ultimate tensile strength of the composite wires was tested at 0.5 mm/min via a CTM2500
material testing machine, the length of the wires was 150 mm, and the gauge length was
100 mm. Three samples for each condition were tested, and the average values of the
properties were calculated to obtain the test results. The room temperature electrical
conductivity of each composite wire was tested via an Applent AT-516-type precision DC
resistance tester (Applent, Changzhou, China), and the length of the sample was 100 mm.
The measurement was repeated 5 times for each sample to obtain an average value.

3. Results
3.1. Evolution of the Microstructure and Properties During the Aging Process

Figure 2 shows IPF maps of the longitudinal section of the AA8030 alloy after heat
treatment at 400 ◦C and 450 ◦C for 15–120 min. After heat treatment at 400 ◦C and 450 ◦C
for 15 min, the deformed microstructure of the AA8030 alloy completely disappeared and
was replaced by a recrystallized microstructure, indicating that the degree of softening
reached its maximum. As the heat treatment temperature increased from 400 ◦C to 450 ◦C,
the average diameter of the grains increased from approximately 9 µm to 13 µm. However,
as the heat treatment time increased from 15 min to 120 min at 400 ◦C and 450 ◦C, the
average grain diameter did not increase significantly.
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caused by rolling and drawing during the preparation of the composite wires. As shown 
in Figure 3b, obvious recovery occurred, and the dislocation density decreased sharply 
when the composite wire was aged at 450 °C for 15 min. As shown in Figure 3c, precipitate 
phases with an average size of approximately 7.2 nm formed within the Cu‒Ni‒Si alloy 
when the composite wire was aged at 450 °C for 60 min. The precipitate phase can be 
identified as the Ni2Si phase with an orthorhombic structure and lattice constants a = 0.706 
nm, b = 0.499 nm, and c = 0.372 nm. As shown in Figure 3d, the Ni2Si precipitates were 
coarsened to approximately 50 nm, and long rod-shaped precipitates with lengths of ap-
proximately 200 nm formed within the Cu‒Ni‒Si alloy when the composite wire was aged 

Figure 2. The IPF maps of the longitudinal section of the AA8030 alloy after heat treatment; the black
lines represent grain boundaries (>15◦): (a) 400 ◦C, 15 min; (b) 400 ◦C, 60 min; (c) 400 ◦C, 120 min;
(d) 450 ◦C, 15 min; (e) 450 ◦C, 60 min; (f) 450 ◦C, 120 min.

Figure 3a shows the TEM morphology of the Cu–Ni–Si alloy before aging. High-
density dislocations were produced inside the Cu–Ni–Si alloy because of the deformation
caused by rolling and drawing during the preparation of the composite wires. As shown
in Figure 3b, obvious recovery occurred, and the dislocation density decreased sharply
when the composite wire was aged at 450 ◦C for 15 min. As shown in Figure 3c, precipitate
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phases with an average size of approximately 7.2 nm formed within the Cu–Ni–Si alloy
when the composite wire was aged at 450 ◦C for 60 min. The precipitate phase can
be identified as the Ni2Si phase with an orthorhombic structure and lattice constants
a = 0.706 nm, b = 0.499 nm, and c = 0.372 nm. As shown in Figure 3d, the Ni2Si precipitates
were coarsened to approximately 50 nm, and long rod-shaped precipitates with lengths of
approximately 200 nm formed within the Cu–Ni–Si alloy when the composite wire was
aged at 450 ◦C for 120 min. The rod-shaped precipitates can be identified as the Ni2Si phase.
Additionally, subgrain structures formed within the Cu–Ni–Si alloy when the composite
wire was aged at 450 ◦C for 120 min. During the aging process, the rearrangement of
dislocations led to the formation of dislocation walls. During the recovery process, these
dislocation walls evolved into low-angle grain boundaries and subsequently transformed
into subgrain boundaries.

Metals 2024, 14, x FOR PEER REVIEW 5 of 18 
 

 

at 450 °C for 120 min. The rod-shaped precipitates can be identified as the Ni2Si phase. 
Additionally, subgrain structures formed within the Cu‒Ni‒Si alloy when the composite 
wire was aged at 450 °C for 120 min. During the aging process, the rearrangement of dis-
locations led to the formation of dislocation walls. During the recovery process, these dis-
location walls evolved into low-angle grain boundaries and subsequently transformed 
into subgrain boundaries. 

 
Figure 3. TEM micrographs of Cu‒Ni‒Si alloy after aging at 450 °C for various durations: (a) 0 min; 
(b) 15 min; (c) 60 min; (d) 120 min. 

Figure 4 shows SEM images of the interface of the composite wire after heat treatment 
at 400 °C and 450 °C for 15–120 min. After aging at 400 °C and 450 °C for 15–120 min, three 
interface layers formed at the interface of the composite wire. When the aging temperature 
was 400 °C, as the aging time increased from 15 to 120 min, the thickness of the interface 
layer gradually increased from 3.7 µm to 9.5 µm. When the aging temperature was 450 
°C, as the aging time increased from 15 to 120 min, the thickness of the interface layer 
gradually increased from 4.6 µm to 17.8 µm. To distinguish the three interface layers, EDS 
quantitative analysis was performed, and the results are shown in Table 2. Many studies 
[2–5] have shown that Cu9Al4, CuAl, and CuAl2 were formed in the Cu-Al composite in-
terface during solid diffusion. The EDS quantitative analysis in Table 2 is consistent with 
previous research [2–5], thus it can be determined that the interface layer is composed of 
Cu9Al4, CuAl, and CuAl2 layers. 

Table 2. EDS results for the interfacial phases in Figure 4. 

 1 2 3 4 5 6 
Al (at.%) 65.2 49.8 32.9 67.5 52.9 31.9 
Cu (at.%) 34.1 50.2 67.1 32.5 47.1 68.1 

Interfacial phase CuAl2 CuAl Cu9Al4 CuAl2 CuAl Cu9Al4 

Figure 3. TEM micrographs of Cu–Ni–Si alloy after aging at 450 ◦C for various durations: (a) 0 min;
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Figure 4 shows SEM images of the interface of the composite wire after heat treatment
at 400 ◦C and 450 ◦C for 15–120 min. After aging at 400 ◦C and 450 ◦C for 15–120 min, three
interface layers formed at the interface of the composite wire. When the aging temperature
was 400 ◦C, as the aging time increased from 15 to 120 min, the thickness of the interface
layer gradually increased from 3.7 µm to 9.5 µm. When the aging temperature was 450 ◦C,
as the aging time increased from 15 to 120 min, the thickness of the interface layer gradually
increased from 4.6 µm to 17.8 µm. To distinguish the three interface layers, EDS quantitative
analysis was performed, and the results are shown in Table 2. Many studies [2–5] have
shown that Cu9Al4, CuAl, and CuAl2 were formed in the Cu-Al composite interface
during solid diffusion. The EDS quantitative analysis in Table 2 is consistent with previous



Metals 2024, 14, 1330 6 of 17

research [2–5], thus it can be determined that the interface layer is composed of Cu9Al4,
CuAl, and CuAl2 layers.
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Table 2. EDS results for the interfacial phases in Figure 4.

1 2 3 4 5 6

Al (at.%) 65.2 49.8 32.9 67.5 52.9 31.9
Cu (at.%) 34.1 50.2 67.1 32.5 47.1 68.1

Interfacial phase CuAl2 CuAl Cu9Al4 CuAl2 CuAl Cu9Al4

Figure 5a shows the variations in the hardness of the AA8030 alloy after annealing at
400–450 ◦C for various durations. After groove rolling and drawing, the hardness of the
AA8030 alloy was 111.1 HV. The hardness of the AA8030 alloy decreased to approximately
40 HV when the composite wire was heated at 450 ◦C for 15 to 120 min. As the annealing
temperature increased from 400 ◦C to 450 ◦C, the decrease in the average diameter of the
AA8030 alloy was insignificant, resulting in the hardness of the AA8030 alloy remaining
at approximately 40 HV during the annealing process. Figure 5b shows the variations in
the hardness of the Cu–Ni–Si alloy after aging at 400–450 ◦C for various durations. After
groove rolling and drawing, the hardness of the Cu–Ni–Si alloy was 140.3 HV. When the
composite wire was aged at 400 ◦C for 15 min, the hardness of the Cu–Ni–Si alloy decreased
to 116.4 HV. However, when the composite wire was aged at 400 ◦C for 30 to 120 min,
the hardness increased to approximately 126 HV. When the composite wire was aged at
450 ◦C for 15 min, the hardness of the Cu–Ni–Si alloy decreased to 126.3 HV. However,
when the composite wire was aged at 450 ◦C for 60 to 120 min, the hardness increased to
approximately 150 HV. As shown in Figure 3a,b, the sharp decrease in dislocation density
led to a decrease in the hardness of the Cu–Ni–Si alloy when the composite wire was
aged at 450 ◦C for 15 min. As shown in Figure 3c, Ni2Si phases with an average size of
approximately 7.2 nm formed, and the precipitation strengthening effect enhanced the
strength of the Cu–Ni–Si alloy when the composite wire was aged at 450 ◦C for 60 to
120 min.
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Figure 5. The hardness of (a) AA8030 alloy and (b) Cu–Ni–Si alloy after aging at 400–450 ◦C for
different durations.

The strength of the Cu–Ni–Si alloy was also affected by dislocation strengthening and
precipitation strengthening. During the aging process, a decrease in the dislocation density
led to a decrease in the strength of the alloy. However, precipitation strengthening resulted
in an increase in the strength of the alloy. When the Cu alloy was aged at 400 ◦C, the
increase in strength due to precipitation strengthening was less than the decrease caused by
the reduction in dislocation strengthening, resulting in an overall decrease in the strength of
the alloy. When the Cu alloy was aged at 450 ◦C for 60 to 120 min, the increase in strength
from precipitation strengthening exceeded the decrease due to the reduction in dislocation
strengthening, leading to an overall increase in the strength of the alloy. In conclusion, the
optimal aging temperature for the composite wire was 450 ◦C.

Figure 6 shows the variations in the ultimate tensile strength, elongation and electrical
conductivity of the Cu–Ni–Si/AA8030 composite wire after being aged at 450 ◦C for
15–120 min. The ultimate tensile strength and elongation of the composite wire gradually
increased when it was aged at 450 ◦C for 15 to 60 min. The ultimate tensile strength and
elongation remained stable when it was aged at 450 ◦C for 60 to 90 min. However, the
ultimate tensile strength and elongation of the composite wire decreased when it was
aged at 450 ◦C for 90 to 120 min. Additionally, as the aging time increased, the electrical
conductivity of the composite wire gradually increased. In summary, the optimal aging
process for the Cu–Ni–Si/AA8030 composite wire was aging at 450 ◦C for 60 min, which
resulted in ultimate tensile strength, elongation, and electrical conductivity values of
253 MPa, 11.1%, and 55.3% IACS, respectively.
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The strength of composite wires is influenced by the properties of the matrix alloy
and the thickness of the interface layer. Research has shown [20] that an increase in
the thickness of the interface layer is detrimental to the mechanical properties of Cu–Al
composites. When the composite wire was aged at 450 ◦C for 15 to 60 min, the thickness of
the interface layer gradually increased to approximately 10 µm, the hardness of the Al alloy
was approximately 40 HV, the hardness of the Cu alloy gradually increased from 126 HV to
150.3 HV, and the ultimate tensile strength of the composite wire progressively increased to
253 MPa. Therefore, the strengthening of the Cu alloy was the primary factor contributing
to the increased strength of the composite wire when the composite wire was aged at
450 ◦C for 15 to 60 min. As the aging time increased from 60 min to 120 min, the thickness
of the interface layer gradually increased from approximately 10 µm to approximately
18 µm, the hardness of the Al alloy was approximately 40 HV, the hardness of the Cu
alloy was approximately 150 HV, and the ultimate tensile strength of the composite wire
progressively decreased from 253 MPa to 248 MPa. Therefore, the thickness of the interface
layer was the primary factor contributing to the reduction in the strength of the composite
wire when the composite wire was aged at 450 ◦C for 60 to 120 min.

3.2. Evolution of the Microstructure and Properties During the Drawing Process

Figure 7 presents TEM images of the AA8030 alloy during the drawing deformation
process. After deformation, the microstructure of the AA8030 alloy was composed of
polygonal dislocation cells and dislocation walls. The dislocation walls were formed by
entangled dislocations, and dislocations of varying sizes can be observed in the dislocation
cells. As the deformation increased, the size of the dislocation cells gradually decreased,
whereas the dislocation density gradually increased.
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Figure 8 shows TEM bright-field images of the Cu–Ni–Si alloy after different num-
bers of passes of drawing deformation. After two passes of drawing deformation (with a
deformation of 36%), dislocation cells formed within the Cu–Ni–Si alloy. The dislocation
walls were composed of entangled dislocations, as shown in Figure 8a. After three passes
of drawing deformation (with a deformation of 51%), the dislocation cells were elongated
along the drawing direction, and band structures with high dislocation densities formed, as
shown in Figure 8b. After four passes of drawing deformation (with a deformation of 64%),
the number of band structures increased, with a distance of approximately 500 nm between
two adjacent band structures, as shown in Figure 8c. After five passes of drawing defor-
mation (with a deformation of 75%), the number of band structures further increased. The
width of the band structures was approximately 100 nm, with a distance of approximately
200 nm between two adjacent band structures, as shown in Figure 8d.
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Figure 9 presents SEM images of the interface of the composite wire after different
numbers of passes of drawing deformation. After two passes of drawing deformation
(with a deformation of 36%), brittle fracture occurred in the interface layer, and new bonds
formed, as shown in Figure 9a. As the deformation increased, the new bonds gradually
expanded, and the angle between the fractured intermetallic compounds and the drawing
direction gradually increased, as shown in Figure 9b–d. The angle between the fractured
interfacial layer and the drawing direction was caused by the pressure applied by the mold.

Figure 10 shows the variations in hardness for the AA8030 alloy and the Cu–Ni–Si alloy
after different numbers of passes of drawing deformation. As the deformation increased,
the hardness of the AA8030 alloy and the Cu–Ni–Si alloy gradually improved. After five
passes of drawing deformation (with a deformation of 75%), the hardness of the AA8030
alloy reached 101.3 HV, and the hardness of the Cu–Ni–Si alloy reached 171.6 HV.
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Figure 10. The variations in hardness for (a) AA8030 alloy and (b) Cu–Ni–Si alloy after different
numbers of passes of drawing deformation.

The mechanical properties of the AA8030 alloy are closely related to its microstructure.
During plastic deformation, many dislocations formed within the alloy, leading to the
creation of dislocation cells and dislocation walls, which hindered the movement of disloca-
tions and subsequently increased the strength of the Al alloy. As the deformation increased,
the size of the dislocation cells gradually decreased, and the dislocation strengthening effect
significantly improved. During the drawing deformation process, band structures with
high dislocation density formed within the Cu–Ni–Si alloy. The band structures divided
the Cu alloy into multiple regions, which hindered the movement of dislocations and thus
enhanced the strength of the Cu–Ni–Si alloy. As the deformation increased, the dislocation
strengthening effect significantly improved.

Figure 11 shows the variations in the ultimate tensile strength, elongation and electrical
conductivity of the Cu–Ni–Si/AA8030 composite wires after different numbers of drawing
deformation passes. As the deformation increased, the ultimate tensile strength gradually
increased, whereas the electrical conductivity and elongation gradually decreased. After
five drawing passes (with a deformation of 75%), the ultimate tensile strength, elongation
and electrical conductivity of the composite wire were 422 MPa, 3.3%, and 53.6% IACS,
respectively. On the basis of the above analysis results, during the drawing deformation
process, the properties of the AA8030 and Cu–Ni–Si alloys directly influenced the perfor-
mance of the composite wire. The greater the deformation was, the more significant the
work hardening effect, and the greater the strength of the composite wire.
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4. Discussion
4.1. Strengthening Mechanism of the Composite Wire During the Aging Process

After aging at 450 ◦C for 60 min, the Cu–Ni–Si alloy exhibited a deformed structure.
Therefore, the yield strength of the Cu–Ni–Si alloy was determined by considering pre-
cipitation strengthening and dislocation strengthening. To simplify the calculation, all of
the Ni and Si atoms were assumed to have precipitated in the form of δ-Ni2Si. Table 3
provides the parameters used in the yield strength determination, taking into account
different strengthening mechanisms.

Table 3. Parameters used in the yield strength calculations for the Cu–Ni–Si alloy.

Parameter Description Value Units Ref.

M Taylor factor 3.06 - [11]
b Burgers vector of the Cu matrix 0.255 nm [11,17,18]

GCu Shear modulus of the Cu matrix 46 GPa [11]
dp Average radius of the precipitates (450 ◦C/60 min) 7.2 nm This work
f Volume fraction of the precipitates 0.25% - This work
a Constant 0.2 - [11,17,18]

The increase in yield strength resulting from the precipitates can be calculated via the
following equation [11,17,18]:

∆σp = 0.81 × M · G · b

2 · π(1 − ν)1/2 ×
ln(dp/b)
(λ − dp)

(1)

where M is the Taylor factor, b is the Burgers vector, G is the shear modulus, ν is Poisson’s
ratio, and λ is the spacing between particles in the glide plane. This spacing is related to
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the radius dp and the volume fraction f v of the second-phase particles, as expressed in
Equation (2) [11,17,18]:

λ =
1
2

dp

√
3π

2 fν
(2)

The increase in yield strength resulting from dislocation strengthening can be calcu-
lated via Equation (3) [11,17,18].

∆σd = MαGb
√

ρ (3)

where M is the Taylor factor, α is a geometric constant, G is the shear modulus of the copper,
b is the Burgers vector, and ρ is the dislocation density, which can be calculated using
Equation (4) [11,17,18]:

ρ =
16.1 × ε2

b2 (4)

where ε is the microstrain and b is the Burgers vector.
Figure 12 shows the XRD pattern and the relationship between β cos (θ) and 4sin (θ) of

the Cu–Ni–Si alloy after aging at 450 ◦C for 60 min. The dislocation density was calculated
based on the height and width of the diffraction peaks, and the dislocation density of the
Cu sample after aging at 450 ◦C for 60 min was 1.32 × 1014 m−2. The properties of the
Cu–Ni–Si alloy after aging at 450 ◦C for 60 min are displayed in Table 4.
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Table 4. Calculated values of the increase in yield strength of the Cu–Ni–Si alloy via different
strengthening mechanisms.

Description Strength Units Ref.

σ0 Intrinsic lattice stress 52 MPa [11,17,18]

σp
Precipitation
strengthening 278 MPa This work

σd
Dislocation

strengthening 82 MPa This work

σtotal Total yield strength 412 MPa This work

Precipitation and solid solutions of alloying elements rarely occur within the AA8030
alloy. Grain boundary strengthening and dislocation strengthening can be used to evaluate
the influence of the microstructure of the AA8030 alloy on its properties. Table 5 provides
the parameters used in the yield strength determination, taking into account different
strengthening mechanisms.
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Table 5. Parameters used in the yield strength calculation for the AA8030 alloy.

Parameter Description Value Units Ref.

M Taylor factor 3.06 - [21,22]
b Burgers vector of the Al matrix 0.286 nm [21,22]

GAl Shear modulus of the Al matrix 27.8 GPa [21]
a Constant 0.35 - [21]

Ky Hall–Petch constant 0.12 MPa·m1/2 [22,23]

The increase in yield strength resulting from grain boundary strengthening can be
calculated via Equation (5) [21–23]:

σGB = Kyd−1/2 (5)

where Ky is the Hall–Petch constant and d represents the average grain diameter. Figure 13
shows the XRD pattern and the relationship between β cos (θ) and 4sin (θ) of the AA8030
alloy after annealing at 450 ◦C for 60 min. The dislocation density was calculated based on
the height and width of the diffraction peaks, and the dislocation density of the Al alloy
sample after aging at 450 ◦C for 60 min was 1.3 × 1013 m−2. The properties of the AA8030
alloy after aging at 450 ◦C for 60 min are displayed in Table 6.
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Table 6. Calculated increases in yield strength of the AA8030 alloy via different strengthening mechanisms.

Description Strength Units Ref.

σ0 Intrinsic lattice stress 20 MPa [21,22]

σGB
Grain boundary
strengthening 33 MPa This work

σd
Dislocation

strengthening 19 MPa This work

σtotal Total yield strength 72 MPa This work

The strength mixing rule is a commonly used method for analyzing the strength of a
composite, and its calculation expression is presented as Equation (6) [24]:

σCCA = σCu VCu + σAl VAl (6)

where σ represents the theoretical yield strength; VCu represents the volume fraction of the
Cu alloy, which is 36% in this study; and VAl represents the volume fraction of AA8030,
which is 64% in this study. The yield strength of the composite wire was calculated via
Equation (6) as 194.4 MPa. The calculated yield strength of the composite wire was very
close to the experimental value (202 MPa), with an error of 3.7%.



Metals 2024, 14, 1330 14 of 17

On the basis of the above discussion, precipitation and dislocation strengthening
played important roles in the aged Cu–Ni–Si alloy cladding, whereas grain boundary and
dislocation strengthening contributed to the strength of the AA8030 alloy.

4.2. Detailed Analysis of Interfacial Layer Evolution During Aging and Deformation

To analyze the evolution mechanism of the composite interface during the aging
process, EPMA and TEM were used to observe the interface of the composite wire after
aging at 450 ◦C for 60 min. Figure 14a shows the elemental distribution at the interface,
and Figure 14b–f show TEM bright-field images of the composite interface and the corre-
sponding diffraction patterns. The TEM analysis further confirmed that the interface layer
was composed of a Cu9Al4 layer, a CuAl layer and a CuAl2 layer. Interestingly, the CuAl
layer could be divided into two layers: the CuAl layer close to the Cu alloy and the CuAl
layer close to the Al alloy. However, the Fe–Al phase could be found in the CuAl2 layer and
CuAl layer close to the Al alloy, and the Ni–Al phases were observed in the Cu9Al4 layer
and CuAl layer close to the Cu alloy. The Fe–Al phase was the main second phase in the
AA8030 alloy. Moreover, the Ni and Si in the Cu alloy precipitated and became enriched at
the interface between the Cu9Al4 layer and the Cu alloy to form a Cu–Ni–Si phase.
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To further characterize the crystal structures of the Fe–Al phase, Cu–Ni–Si phase
and Ni–Al phase, further TEM and SAED analyses were performed. Figure 15a–c show
TEM bright-field images of the Cu–Ni–Si phase, Ni-Al phase, and Fe-Al phase and the
corresponding EDS results. Figure 15d shows a TEM high-resolution morphology im-
age and the corresponding diffraction patterns of the Cu–Ni–Si phase. The Cu–Ni–Si
phase can be identified as a (Cu,Ni)5Si phase with a cubic crystal structure and lattice
constants a = b = c = 0.6301 nm [25]. Figure 15e shows a TEM high-resolution morphology
image and the corresponding diffraction patterns of the Fe–Al phase. The Fe–Al phase
can be identified as an FeAl3 phase with a cubic crystal structure and lattice constants
a = b = c = 0.6301 nm [26]. Figure 15f shows a diffraction pattern image of the Ni–Al phase.
The Ni–Al phase can be identified as a Ni–Al phase with a cubic crystal structure and lattice
constants a = b = c = 0.2887 nm [27,28].
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Figure 15. The analysis of different phases after heating at 450 ◦C for 60 min: (a–c) TEM bright-field
images of (Cu, Ni)5Si, NiAl and FeAl3 phase and corresponding EDS result; (d) TEM high-resolution
morphology and diffraction spot of the (Cu,Ni)5Si phase; (e) TEM high-resolution morphology and
diffraction spot of the NiAl phase; (f) diffraction spot of the FeAl3 phase.

Based on the above experimental results, The FeAl3 phase is the main second phase in
AA8030 alloy, and the NiAl phases were formed in the Cu9Al4 layer and the CuAl layer
close to the Cu alloy, so it can be deduced that the CuAl2 layer and the CuAl layer close
to the Al alloy grew towards the Al alloy side, while the Cu9Al4 layer and the CuAl layer
close to the Cu alloy grew towards the Cu alloy side. Meanwhile, the Ni and Si elements in
the Cu alloy precipitated at the interface between the Cu9Al4 layer and Cu alloy to form a
(Cu,Ni)5Si phase.

On the basis of the above analysis, the interfacial layer after aging was composed
primarily of CuAl2, CuAl, and Cu9Al4, which are significantly harder than both the Al
alloy and the Cu alloy. Fracture occurred during the subsequent drawing process. Figure 16
shows a schematic diagram of the interface evolution during the deformation process of the
composite wire. When the deformation was relatively low (one pass, with a deformation of
19%), brittle fracture occurred within the interface layer, and new bonds formed. Under
the pressure applied by the mold, the fractured interface layer began to deviate from
the drawing direction, as illustrated in Figure 16a. As the deformation increased (two
passes, with a deformation of 36%), the new bonds were gradually expanded, and the angle
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between the fractured intermetallic compound and the drawing direction continued to
increase under the pressure of the mold, as shown in Figure 16b.
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5. Conclusions

In this study, the effects of aging and deformation parameters on the microstructure
and properties of Cu–Ni–Si alloy/AA8030 alloy composite wires were investigated. The
main conclusions are as follows:

(1) After aging at 450 ◦C for 60 min, the composite wire exhibited relatively high compre-
hensive properties, with ultimate tensile strength, elongation, and electrical conductiv-
ity values of 253 MPa, 11.1%, and 55.3% IACS, respectively. In this state, the AA8030
alloy exhibited recrystallized structures, and the hardness decreased to approximately
40 HV. Moreover, Ni2Si phases with an average size of approximately 7.2 nm were
formed within the Cu–Ni–Si alloy, which increased the hardness of the Cu–Ni–Si alloy
to 150.3 HV.

(2) After five drawing passes (with a deformation of 75%), the ultimate tensile strength,
elongation and electrical conductivity of the composite wire were 422 MPa, 3.3%,
and 53.6% IACS, respectively. As the deformation increased, the dislocation density
of the AA8030 alloy and Cu–Ni–Si alloy gradually increased, and the dislocation
strengthening effect significantly improved.

(3) After aging, the interface layer was composed of a CuAl2 layer, a CuAl layer and a
Cu9Al4 layer. The CuAl2 and Cu9Al4 layers grew toward the Al alloy and Cu alloy,
respectively, whereas the CuAl layer grew toward both the Al alloy and the Cu alloy.
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