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Abstract: A solid/liquid continuous casting and composite technology was used to produce d8.5 mm brass cladding
pure copper stranded wire composite billet and the composite billet was then drawn. The results showed that the
composite billet had good surface quality, metallurgical bonding interface between brass and pure copper as well as
elongation of 53.1%. Synergistic deformation degree between pure copper wire and brass cladding layer was high
during drawing. With an increase of the total deformation amount, the plastic deformation of the pure copper wire
reduced triangular arc gaps between the pure copper wires and the triangular arc gaps were fully filled at 50%. When
the total deformation amount was increased to 63%, dislocation cells and microbands successively formed in the pure
copper wire. In the brass cladding layer, planar dislocation networks, twins and shear bands formed successively, and
the main deformation mechanisms were dislocation sliding, twinning and shear deformation. The tensile strength
increased from 240 MPa of the composite billet to 519 MPa of the one with the deformation amount of 63%, but the
elongation decreased from 53.1% to 3.2%. A process of solid/liquid continuous casting and composite forming—
drawing can work as a new compact method to produce brass cladding pure copper stranded wire composite as railway
through grounding wire.

Key words: solid/liquid continuous casting; composite wire; deformation; microstructure evolution; mechanical
properties

realizing  high speed, heavy load and
communication intellectualizing of trains [1,2].
Brass alloy cladding through grounding wire is

1 Introduction

Railway through grounding wire is a kind of
cable used for the unified grounding of mechanical
and electrical equipments on the whole railway line,
which can eliminate signal interference and hidden
danger caused by the potential difference between
different equipments, and works as the key material
for ensuring the safety of railway operation and

made of pure copper stranded wire with excellent
conductivity as core material and brass (CuZn35)
with good corrosion resistance as outer protective
cover material (hereinafter called as cladding layer),
which is a kind of cladding bimetallic composite
conductor [3,4].

At present, a process of continuous cover
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welding—drawing—annealing—pickling is used to
produce brass alloy cladding through grounding
wire, which has four main problems as follows:
(1) Brass strip needs to be prepared in advance,
with the long production flow (15—20 processes)
and high production cost; (2) Softening annealing
and pickling processes are required in the
production process, resulting in high energy
consumption and heavy environmental pollution;
(3) The combination of the inner wall of the brass
cladding layer and the outer surface of the pure
copper stranded wire is a local mechanical contact
mode, and the interface gap is easy to form due to
plastic deformation during the construction and use,
which has a negative impact on the mechanical
properties, electrical conductivity, service life and
safety performance of the product; (4) There are
weld lines in the brass cladding layer, and it is easy
to cause corrosion of the weld area in the long-term
buried soil, which reduces the service life of the
product and induces the potential safety hazard.

It is an effective way to solve the above
problems by developing super-long high-
performance railway through grounding wire with
seamless brass cladding layer as well as
metallurgical bonding interface and its short-
process production method. Therefore, JIANG
et al [S] developed a solid/liquid continuous casting
and composite technology through combining the
principles of inverse solidification and HCCM
continuous casting [6], which produces brass
cladding pure copper stranded wire composite with
good surface quality and metallurgical interface [7].
In addition, in this work the solid/liquid continuous
casting and composite technology was used to
prepare brass cladding pure copper stranded wire
composite billets, and the billets were directly
drawn to obtain super-long and high-quality railway
through grounding wire composite with seamless
cladding layer.

Brass has low stacking fault energy and is easy
to form deformed structures such as planar
dislocations and twins during plastic deformation,
which induces high work hardening rate.
Dislocation cells and microbands, etc, mainly form
in pure copper, which causes low work hardening
rate. The brass cladding pure copper stranded wire
composite billet has complex structure with
metallurgical bonding interface between the brass
cladding layer and the external copper wires as well

as mechanical bonding interface between external
copper wires and central copper wire [7]. In
addition, the deformation behavior difference of
brass layer and copper stranded wire is large. The
deformation = behaviors and  microstructure
evolutions of brass layer and pure copper stranded
wire have important impacts on the mechanical
properties and workability of the brass cladding
pure copper stranded wire. In this work, therefore,
the solid/liquid continuous casting and composite
technology was used to produce the brass cladding
pure copper stranded wire composite billet, and the
billet was then drawn. The microstructure,
mechanical properties and deformation mechanism
of the brass cladding pure copper stranded wire
composite during drawing were studied, which laid
a theoretical foundation for developing a novel
“solid/liquid continuous casting and composite
forming-drawing” technology of brass cladding
pure copper stranded wire composite.

2 Experimental

2.1 Preparation of composite billet

In this work, a solid/liquid continuous casting
and composite technology was used to produce
d8.5mm brass cladding pure copper stranded wire
composite billet by using d2.12 mm x 7 mm copper
stranded wire as core and brass (CuZn35) as
cladding layer, whose chemical composition is
listed in Table 1. According to our previous studies,
the preparing parameters were as follows: the
temperature of brass melt in crucible of 1030 °C,
the temperature of brass melt in composite cavity of
1020 °C, the casting speed of 90 mm/min, the
cooling water flow rate of 400L/h [7]. The
prepared composites billet had the characteristics of
good surface quality, dense cladding layer and
metallurgical bonding interface, as shown in Fig. 1.

Table 1 Chemical composition of brass cladding layer
(wt.%)

Brass (CuZn35) Cu Fe Pb Ni Zn
Standard composition 67-70 0.1 0.03 0.5 Bal.
0.1 0.0084 0.5 Bal.

Analyzed composition 68.2

2.2 Drawing of composite
Brass cladding pure copper stranded wire
composite billet had good surface quality and was
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Fig. 1 Brass cladding pure copper stranded wire
composite billet: (a) Macroscopic photo; (b) Cross
section ((D: Brass cladding layer; 2): Peripheral pure
copper stranded wire; 3: Central copper stranded
wire; @: Metallurgical bonding brass/copper interface;
®): Mechanical bonding copper/copper interface)

directly drawn at room temperature to d5.2 mm
composite wire at a drawing speed of 3 m/min.

Outer diameter, deformation amount per pass
and the accumulative deformation amount of the
drawn composite wire are listed in Table 2.

Table 2 Drawing parameters of composite

Pass Outer Deformation  Total deformation
No. diameter/mm amount per pass/%  amount/%

- 8.5 0 0

1 8 11 11

2 7.5 12 22

3 7 13 32

4 6.5 14 42

5 6 15 50

6 5.6 13 57

7 52 14 63

2.3 Analysis and test methods

The cross-sectional morphology of the
composite wires was observed by Nikon ECLIPSE
LV150 metallographic microscope (OM). The size
and area of brass cladding as well as pure copper
stranded wire were measured and counted by
Image-Pro Plus software. The deformation amount
of the brass cladding and pure copper stranded wire
were calculated under different drawing conditions.
ZEISS EVO 18 scanning electron microscope
(SEM) and energy dispersive spectrometer (EDS)
were used to analyze the interface morphology and
chemical composition of the composite wires. In
order to analyze the microstructure of the composite
wires during drawing, the samples were cut from
the longitudinal section of the composite wires. The
samples were electropolished with 100 mL H,SO,4 +
600 mL H;PO, + 100 mL H,O electrolyte. The
microstructure of the samples was analyzed by
electron backscatter diffraction (EBSD) scanning
electron microscope. Slices with a thickness of
0.5 mm were cut along the longitudinal section of
the samples and grounded to 30—50 um in thickness.
Transmission electron microscope (TEM) samples
were prepared by Gatan691 ion thinner. The
microstructure of the composite wires was analyzed
by G20 field emission transmission electron
microscope.

The mechanical properties of the composites
were tested by MTS universal material testing
machine with a gauge length of 100 mm at a strain
rate of 1x107s™', and three samples of each
condition were tested and the average value of the
properties was taken as the test result. The Vickers
hardness of the brass cladding and pure copper
stranded wire was measured by HXD-1000T
Vickers hardness tester with a load of 50 g and
loading time of 15 s. Five points were measured in
each state and the average value was taken as the
test result.

3 Results and discussion
3.1 Cross-sectional structure evolution of
composite during drawing
Figure 2 showed the cross-sectional
morphologies of the brass cladding pure copper
stranded wire composites under different drawing

composite  billet
consisted of pure copper stranded wire (consisting

deformation amounts. The
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Fig. 2 Cross-sectional structure changes of composites after drawing with different deformation amounts: (a) As-cast;
(b) 11%s; (c) 22%; (d) 32%; (e) 42%; (f) 50%; (g) 57%; (h) 63%

of six copper wires and one central copper wire)
and brass cladding layer, as shown in Fig. 2(a). The
interface between the peripheral pure copper
stranded wire and the brass cladding layer was
metallurgically bonded, and the interface among the
pure copper stranded wires was mechanically
bonded. There were six triangular arc gap regions,
as shown in Fig. 3.

After drawing, with an increase of the total
deformation amount, the metallurgical bonding
quality of the brass/pure copper interface was still
good. The plastic deformation of each pure copper
wire caused the pure copper to flow into the
triangular arc gap region, which reduced the volume
of the triangular arc gap region. Meanwhile, the

interface area between the pure copper stranded
wires increased and the interface became straight,
as shown in Figs. 2(b)—(e). When the total
deformation amount was increased to 50%, the
triangular arc gap was fully filled with pure copper,
and the cross-section of the center copper wire was
changed from circle to hexagon, which formed the
cross-sectional structure characteristics of the
metallurgical bonded circular arc brass/pure copper
interface and the mechanically bonded flat pure
copper/pure copper interface, as shown in Fig. 2(f).
With further increasing the total deformation
amount, the cross-sectional structure of the
composite basically remained unchanged, as shown
in Figs. 2(g) and (h).
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c, ) and EDS analyses (b, d, f) of composite billet:

(a, b) Interface between brass cladding layer and peripheral copper stranded wire; (c, d) Interface between peripheral
copper stranded wires; (e, f) Interface between peripheral copper stranded wire and central copper stranded wire

Figure 3 showed the SEM images and EDS
composition analysis of the interface of the brass
cladding pure copper stranded wire composite
billet. Copper and zinc atoms diffused each other
obviously on both sides of the brass/copper
interface and a diffusion layer of 20—25 pum at the
interface formed, indicating the metallurgical
bonding interface, as shown in Figs. 3(a and b). In
addition, the copper/copper interface was of
mechanically bonded state, as shown in Figs. 3(c—f).
During the continuous casting, when the pure
copper stranded wire contacted with the high-
temperature brass melt, the copper atoms on the
surface of the pure copper stranded wire and the
zinc atoms in the brass melt diffused rapidly, which
formed a good metallurgical bonding brass/pure
copper interface with a diffusion layer containing

copper and zinc atoms.

Figure 4 displayed SEM image and EDS
composition analysis of the interface in the
composite wire with a total deformation amount of
63%. There was a diffusion layer with a thickness
of 3—5 um at the brass/copper interface, which
indicated that the brass cladding pure copper
stranded wire composite billet still had a good
metallurgical bonding interface after large-
deformation drawing.

In order to analyze the deformation behaviors
of the brass cladding and pure copper stranded wire
during drawing, the size of the brass cladding and
pure copper stranded wire were statistically
measured by Image-Pro Plus software. Service life
of the brass cladding pure copper stranded wire
composite depends on the minimum thickness of
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Fig. 4 SEM image showing interface morphology and EDS analysis of drawn composite with total deformation amount

of 63%

the brass cladding layer on the cross-section. The
shape of the pure copper stranded wire changed
during drawing. Therefore, the minimum thickness
of the brass cladding layer (hereinafter called as the
cladding layer thickness), the area of peripheral
copper stranded wires and the area of the central
copper stranded wire on the cross-section of the
composite were counted (Fig. 5), and the results
were shown in Fig. 6. With the increase of the total
deformation amount, both the minimum thickness
of the brass cladding and the area of pure copper
stranded wire decreased, the outer diameter of the
composite wire decreased from 8.5 to 5.2 mm, the
thickness of the cladding layer decreased from 1 to
0.56 mm, the area of the peripheral copper wire
and central copper wire decreased from 23.8 and
42mm’ to 8.6 and 1.5 mm?’ respectively. The
reduction extent of the cladding layer minimum
thickness of the total deformation amount
46%—63% was larger than that of the total
deformation amount 0—46%.

The cross-sectional areas of the brass cladding
and pure copper stranded wire were measured by
Image-Pro Plus software. The deformation amount
of the brass cladding (e,) and the deformation
amount of the pure copper stranded wire (&) were
calculated by

S, -5,
g = (1)
Sb()
S. -8,
i @

where S, and S; are respectively the areas of
the brass cladding and the pure copper stranded
wire in the composite billet, and S, and S, are
respectively the areas of the brass cladding and the

Fig. 5 Cross-sectional morphologies of composites:
(a) As-cast billet; (b) After drawing with deformation
amount of 63% ((: Minimum thickness of brass
cladding layer; 2): Peripheral copper stranded wire;
®): Central copper stranded wire)

pure copper stranded wire in the drawn composite
wire, and the results are shown in Fig. 7. With
the increase of the total deformation amount,
the deformation amounts of both the brass cladding
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Fig. 7 Deformation amount changes of brass cladding
layer, peripheral copper stranded wire and central copper
stranded wire of composite with total deformation
amount

layer and pure copper stranded wire increased.
When the total deformation amount was 0—42%,
the deformation amount of the brass cladding layer
was slightly larger than that of the pure copper
stranded wire. When the total deformation amount
was 42%—64%, the deformation amount of brass
cladding layer was slightly smaller than that of pure
copper stranded wire; however, the difference
between them was small (<4%). For example, when
the total deformation amount was 64%, the
deformation amounts of the brass cladding layer
and pure copper stranded wire were 61.0% and
64.3%, respectively. The above experimental results
indicated that high synergistic deformation degree
between brass cladding layer and pure copper
stranded wire can be achieved during drawing of

the brass cladding pure copper stranded wire
composite.

During the drawing, the changes of cross-
sectional structure, the areas of brass cladding layer
and pure copper stranded wire were closely related
to its plastic deformation [8]. The strength and work
hardening rate of the brass cladding layer were
significantly greater than those of the pure copper
stranded wire (see Section 3.3). In general, the
plastic deformation of the pure copper stranded
wire was easier to happen than brass cladding layer;
however, the composite billet had the cross-
sectional  structure  characteristics of  the
metallurgically bonded circular arc brass/pure
copper interface and the mechanically bonded flat
pure copper/pure copper interface as well as six
triangular arc gap regions. At the initial stage of
drawing (0—46%), the pure copper stranded wire
was easy to flow into the triangular arc gap region.
Such flow behavior partly contributed to the total
deformation caused by the reduction of the
cross-sectional area of the composite, which not
only induced the mechanically bonded flat interface
between the pure copper stranded wires, but also
decreased the reduction in the area of the pure
copper stranded wire, therefore, the deformation
amount of the pure copper stranded wire was
slightly lower than that of the brass cladding layer.
As the total deformation amount was increased to
50%, the triangular arc gap was fully filled with the
pure copper stranded wire. With further increasing
the total deformation amount, the composite wire
exhibited deformation characteristics of dense
structure composite wire, the area reduction of the
pure copper stranded wire was greater than that in
the initial stage of drawing, and the area reduction
of the brass cladding layer was lower than that in
the initial stage of drawing, which induced the
larger deformation amount of the pure copper
stranded wire than that of the brass cladding layer.
In addition, the composite billet had the
metallurgical bonding brass/copper interface and
high interfacial bonding strength, which contributed
to high synergistic deformation degree between
brass cladding layer and pure copper stranded wire
during drawing. Therefore, even after large-
deformation drawing, the interface still had good
metallurgical bonding quality, and the deformation
amount difference between the brass cladding and
pure copper stranded wire was small, which was
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favorable for designing structure and drawing
process of the brass cladding pure copper stranded
wire composite.

3.2 Microstructure
during drawing

3.2.1 EBSD analysis
Figure 8 showed the EBSD diffraction contrast

maps and orientation image maps of the

evolution of composite

Interface

/

Interface

Interface

\

Copper

longitudinal section of the composite wires, where
the high angle boundary (HAB) with misorientation
larger than 15° was labeled by black bold line and
the low angle boundary (LAB) with misorientation
within 2°-15° was labeled by black fine line.
Figure 9 showed curves of low angle grain
boundary ratios of the brass cladding and pure
copper stranded wire during drawing. The
microstructure of the brass cladding layer in the

after drawing: (a, b) As-cast billet; (c, d) 11%; (e, f) 42%; (g, h) 63%
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Fig. 9 Low angle grain boundary ratio changes of brass
cladding layer and pure copper stranded wire of
composite with total deformation amount

composite billet was columnar grains growing
along the radial direction, and equiaxed grains and
annealing twins formed in the pure copper stranded
wire at metallurgical bonding brass/pure copper
interface. During the continuous casting, when the
brass melt contacted with the pure copper stranded
wire, the brass melt was cooled to form a large
radial temperature gradient and then solidified on
the surface of the pure copper stranded wire and
grew along the radial direction to form columnar
grains. Meanwhile, the pure copper stranded wire
was rapidly heated to high temperature by brass
melt, and recrystallization and grain growth of the
pure copper occurred for forming equiaxed grains.
Furthermore, due to the coarse grain and high
heating temperature, annealing twins formed in
some coarse grains, as shown in Figs. 8(a) and (b).
After drawing with a total deformation amount
of 11%, the deformations of the brass cladding layer
and pure copper stranded wire were small, and a
small number of low angle grain boundary appeared
near the brass/pure copper interface, which were
respectively ~17% and 13%, with some traces
strain [9] in some brass grains, as shown in
Figs. 8(c) and (d). When the total deformation
amount was increased to 42%, the radial columnar
grains of the brass cladding layer transformed into
grains close to the drawing direction and fibrous
grains formed in the pure copper wire. In addition,
the numbers of low angle grain boundary of the
brass cladding layer and pure copper stranded wire
were increased to ~93% and 83%, respectively. The
strain traces in the brass grains increased obviously

and crossed each other, and the strain trace contrast
at grain boundaries was greater than that inside the
brass grains, which indicated that the strain at grain
boundaries was greater than that inside grains, as
shown in Figs. 8(¢e) and (f). As the total deformation
amount was further increased to 63%, the number
of low angle grain boundary in the pure copper
stranded wire decreased slightly to ~80%, as shown
in Figs. 8(g) and (h). Moreover, the calibration rate
of EBSD was too low to obtain accurate orientation
image due to the large deformation of the brass
cladding layer.

3.2.2 TEM analysis

TEM was employed to further reveal the
microstructure evolution of the composites during
drawing, as shown in Figs. 10—13.

Figure 10 showed the TEM images of the pure
copper stranded wire in the composite. Annealing
twins and a few dislocations formed in the grains,
which derived from the accumulation of vacancies
produced in the process that pure copper stranded
wire was rapidly heated by brass melt during
continuous casting of the composite billet. The
brass cladding layer had uniform contrast in grain
and was a typical as-cast structure, as shown in
Fig. 11(a).

When the total deformation amount was 11%,
a great number of dislocations
interacted with each other to form dislocation cells
with diameter of 100—300 nm in the grains of the
pure copper stranded wire, as shown in Fig. 10(b).
Numerous dislocation networks also appeared in
the brass cladding layer, as shown in Fig. 11(b). For
the total deformation amount of 22%, the
dislocation density of the pure copper stranded wire
was further increased (see Fig. 11(c)), and
numerous parallel planar dislocations along {111}
plane formed in the brass. In addition, deformation
twins with a width of 8—10 nm were observed (see
Fig. 11(c)). The electron diffraction pattern of the
deformation twins was analyzed to determine that
the twin plane was (111). As the total deformation
amount was increased to 42%, the number of
deformation twins with width of 3—5 nm in the
brass cladding layer increased remarkably, and the
twins intersected with each other, which caused a
shift in the local region and serious lattice
distortion, as shown in Fig. 11(d).

When the total deformation amount was 50%,
some parallel strip-like microbands with width of

formed and
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17®

® 200

Fig. 10 TEM images of pure copper stranded wire of composite after drawing: (a) As-cast billet; (b) 11%; (c) 22%;
(d) 50%; (e) 63% (: Annealing twin; @): Dislocation cells; (3): Microbands)

300—400 nm appeared in the pure copper stranded
wire, with many dislocations inside microbands, as
shown in Fig. 10(d). Shear bands with different
orientations occurred in the brass cladding layer,
intersected with each other and passed through the
deformation twins, which formed intense shear

bands for apparent crystal rotation in the local
micro-region, as shown in Fig. 12(a). Furthermore,
high-density dislocation piling-up regions were
observed at the intersection of the shear bands (see
Fig. 12(b)), indicating high strain state at the
intersection of the shear bands.
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Fig. 11 TEM images of brass cladding layer of composite after drawing: (a) As-cast billet; (b) 11%; (c) 22%; (d) 42%
(@: Planar dislocations; @): Deformation twins)

v

Fig. 12 TEM images of brass cladding layer of composite after drawing with total deformation amount of 50%:
(a) Shear band; (b) Dislocation ((D: Intersecting shear bands; @): High-density dislocations at intersection of shear
bands)

As the total deformation amount rose to 63%, increased and the dislocation number inside the
the number of microbands with the width of grains decreased slightly, as shown in Fig. 10(e).
100200 nm in the pure copper stranded wire The number of dislocation and deformation twin in
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the brass cladding layer increased obviously, and
the twin width fell to 2-4 nm, as shown in
Fig. 13(a). In addition, the shear bands interacted
more intensively, and secondary twins and high-

Fig. 13 TEM images of brass cladding layer of
composite after drawing with total deformation amount
of 63%: (a, ¢) Twin; (b) Shear band ((U: Deformation
twin; @ Shear bands; 3 Secondary twin; @) High-
density dislocations)

density dislocations were found in the large primary
twins. Intensive interaction between secondary
twins and dislocations happened in the brass
cladding layer with high strain state, as shown in
Figs. 13(b) and (¢).

According to the microstructure analysis
mentioned above, during the drawing, with an
increase of the total deformation amount, the
microstructure evolution of the brass cladding layer
was successively planar dislocation, twin, shear
band etc., and the microstructure evolution of the
pure copper stranded wire was successively
dislocation entanglement, dislocation cell, parallel
microband etc. The microstructure difference
between the brass cladding layer and pure copper
stranded wire was large [10,11]. Pure copper has
high stacking fault energy, dislocations of different
slip systems were activated during drawing, cross
slip of dislocation was easy to occur, and the
dislocations of different slip systems were
entangled, reacted and annihilated with each other
under the action of external stress, which formed
numerous dislocation cells. With the increase of the
total deformation amount, on one hand, the primary
grains were elongated to form the fibrous structure
by the principal stress in the drawing direction; on
the other hand, the shear strain increased, which led
to the uneven deformation in the cellular structure
and the formation of the microbands [12].
Furthermore, for the deformation amount of 57%,
both the brass cladding layer and pure copper
stranded wire had the relatively high hardening
state, the strain stored energy of the pure copper
stranded wire rose significantly, and the critical
temperature of dynamic recovery reduced.
Moreover, the diameter of the pure copper wire
reduced with an increase of the total deformation
amount, taking the d1.32-1.36 mm wires for
example, a large heat which was produced during
drawing induced temperature rise of the pure
copper stranded wire or even more than the critical
temperature of dynamic recovery, which was
responsible for the reductions of dislocation number
and low angle grain boundary number in the pure
copper stranded wire. The main deformation
mechanism of the pure copper stranded wire during
drawing was dislocation slip [13—15].

Brass has low stacking fault energy, and the
dislocations produced during drawing were easily
decomposed into extended dislocations instead of
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cross slip, which tended to form planar dislocations
with low mobility. With the increase of the total
deformation amount (>22%), a large number of
planar dislocations were formed and entangled,
which resulted in stress concentration in the
microregion. When the stress exceeded the critical
stress to activate twin, the deformation twin formed.
With further increasing the total deformation
amount, shearing strain increased and numerous
twins with different orientations formed. The twins
were intersected and interacted with dislocations,
which even formed the secondary twins,
contributing to serious lattice distortion. With an
increase of the total deformation amount, therefore,
the main deformation mechanisms of the brass
cladding layer were successively dislocation plane
slip, twinning and shear deformation [16—20].

3.3 Mechanical property evolution of composite
during drawing

The structure of the brass cladding pure copper
stranded wire composite was very complicated. In
order to analyze the mechanical property evolution
of the composite during the drawing, the hardness
values of the brass cladding layer, peripheral copper
wire and central copper wire under different
drawing conditions were tested. The results were
shown in Fig. 14.

250  —=— Brass cladding layer
—e— Peripheral copper stranded wire,
—— Center copper

stranded wire

[\

(=]

(=]
T

Hardness (HV)
@
(e}

100 -

50
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Total deformation amount/%

Fig. 14 Hardness values of brass cladding layer,
peripheral copper stranded wire and central copper
stranded wire of composite after drawing at different
deformation amounts

From Fig. 14, with an increase of the total
deformation amount, the hardness of the brass
cladding layer and the pure copper stranded wire
increased, both the hardness and the work

hardening rate of the brass cladding layer were
higher than those of the pure copper stranded wire,
and the hardness difference between them also
increased. In addition, the hardness changes of both
the brass cladding layer and pure copper stranded
wire with the total deformation amount were
similar, which can be divided into three parts. When
the total deformation amount was 0-11%, the
hardness of brass cladding layer and pure copper
stranded wire increased evidently, with a high
work hardening rate. The hardness increased from
HV 82 and HV 60 of the composite billet to
HV 133 and HV 90, respectively. When the total
deformation amount was 11%—42%, the hardness
increase of the brass cladding and pure copper
stranded wire fell, and their hardness values were
respectively HV 176 and HV 105 when the total
deformation amount was 42%. When the total
deformation amount was further increased
(42%—63%), the hardness increase of both the brass
cladding and pure copper stranded wire rose, and
the work hardening rate also increased. For the total
deformation amount of 63%, the hardness values of
the brass cladding layer and pure copper stranded
wire were HV 236 and HV 130, respectively.

Figure 15 showed the tensile strength and
elongation to failure of the composite after drawing
with different deformation amounts. The tensile
strength and elongation of the composite billet were
240 MPa and 53.1%, respectively. With the increase
of the total deformation amount, the tensile strength
of the composite increased while the elongation
decreased. When the total deformation amounts
were 11% and 23%, the tensile strength increased to
295 and 351 MPa, and the elongation fell to 23.8%
and 6.1%, respectively. With further increasing the
total deformation amount, the tensile strength
increased linearly and the elongation declined
slowly. The tensile strength rose to 519 MPa and
the elongation dropped to 3.2% when the total
deformation amount was 63%.

The mechanical property evolution of the brass
cladding pure copper stranded wire composite
during drawing was closely relevant to its
deformation behavior and microstructure [20,21].
When the total deformation amount was small
(0—11%), the number of dislocation in the brass
cladding layer and pure copper stranded wire rose
significantly, and numerous dislocation cells formed
in the pure copper stranded wire, which increased
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Fig. 15 Tensile strength and elongation to failure of
composite after drawing at different total deformation
amounts

the hardness and strength of the brass cladding
layer and pure copper stranded wire, improved the
work hardening rate and reduced the elongation to
failure remarkably. When the total deformation
amount increased (11%—42%), on one hand, the
dislocation density of the pure copper stranded wire
continued to increase, the number of planar
dislocation in the brass cladding layer also
increased and nano-scale deformation twins
formed, which resulted in the continuous increase
of the hardness of the brass cladding layer and pure
copper stranded wire. On the other hand, there were
six triangular arc gap regions among the pure
copper stranded wires, the pure copper wire flowed
to the triangular arc gap region during drawing,
meanwhile, the metallurgical bonding interface
between the brass and pure copper was achieved,
and the deformation of the brass cladding layer was
affected by the rheological behavior of pure copper
wire, which was beneficial to reducing the work
hardening rates of the pure copper stranded wire
and brass cladding layer. The combined action of
the above two factors were responsible for that the
hardness increase of the brass cladding layer and
pure copper stranded wire decreased with an
increase of the total deformation amount. When the
total deformation amount was further increased
(42%—63%), the triangular arc gap was fully filled
with pure copper wire, stripe-like microbands
formed and the density of dislocation increased
obviously in the pure copper stranded wire.
Meanwhile, both the dislocation number and twin
number in the brass cladding layer also increased

remarkably, twins intersected and interacted with
dislocation. Such behaviours contributed to the
increase of hardness and strength of the brass
cladding layer and pure copper stranded wire, the
work hardening rate enhanced and the elongation to
failure reduced, with an increase of the total
deformation amount.

According to the above experimental results
and analysis, the brass cladding copper stranded
wire composite billet prepared by solid/liquid
continuous casting and composite technology had
good surface quality and can be directly drawn
without surface treatment. In addition, the
composite billet had metallurgical bonding
brass/pure copper interface with an elongation to
failure of 53.1%, and the synergistic deformation
degree between the copper stranded wire and brass
cladding layer was high during drawing, which had
good drawing workability. Based on the above
advantages, process of solid/liquid
continuous casting and composite forming—cold
drawing was proposed to produce super-long brass
cladding pure copper stranded wire composite with
seamless cladding layer and metallurgical bonding
interface. This process had the advantages of small
equipment investment, short process flow, low
energy consumption and low production cost, etc.

a novel

4 Conclusions

(1) The brass cladding pure copper stranded
wire composite billet prepared by solid/liquid
continuous casting and composite technology had
good surface quality and metallurgical bonding
brass/pure copper interface as well as the elongation
of 53.1%. The composite billet can be drawn
directly without surface treatment. During drawing,
the deformation amount difference between the
brass cladding layer and pure copper wire was
small (<4%), with high synergistic deformation
degree between them, and the cumulative cold
deformation amount reached 63%, which indicated
that the composite billet had good drawing
workability.

(2) With the increase of the total deformation
amount, the plastic deformation of pure copper wire
caused the pure copper to flow into the triangular
arc gap among copper wires, and the copper/copper
interface area increased and the interface became
straight. When the total deformation amount was
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50%, the cross-section of the center copper wire
was changed from circle to hexagon, which formed
the cross-sectional structure characteristics of the
metallurgical bonded circular arc brass/pure copper
interface and the mechanically bonded flat pure
copper/pure copper interface

(3) With increasing the total deformation
amount from 11% to 63%, dislocation cells and
microbands formed in the pure copper wire and the
main deformation mechanism was dislocation slip.
In the brass cladding layer, planar dislocation net,
intersecting twins and shear bands formed
successively, and the main deformation mechanisms
were the dislocation plane slip, twinning and shear
deformation, respectively.

(4) When the total deformation amount was
0—11%, the hardness values of the brass cladding
layer and pure copper wire increased from HV 82
and HV 60 to HV 133 and HV 90, respectively,
with high work hardening rate. For the total
deformation amount of 11%—42%, the hardness
increase of them reduced due to flowing of pure
copper into the triangular arc gap. With further
increasing the total deformation amount, the
hardness increase of them increased due to the
increase of both dislocation and twin, which were
respectively HV 236 and HV 130 at the total
deformation amount of 63%.

(5) With the increase of the total deformation
amount, the tensile strength of the composite
increased linearly while the elongation decreased.
For the total deformation amount of 63%, the
tensile strength of the billet increased from 240 to
519 MPa, but the elongation decreased from 53.1%
to 3.2%.

(6) The process of solid/liquid continuous
casting and composite forming—drawing can work
as a novel compact method to produce high-quality
brass cladding pure copper stranded wire composite
as railway grounding wire.
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