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Abstract

The influence of a degree of strain by rotary forging, as well as post-deformation annealing on the structure and mechanical
properties of a clad aluminum alloy/copper bimetallic material was studied. Rotary forging of the initial bimetallic billet was
carried out step by step from a diameter of 20.1 mm to a diameter of 2.4 mm. Rotary forging of the aluminum alloy/copper
bimetallic material to a diameter of 5.3 mm leads to the formation of a mixed fine-grained and nanocrystalline oriented
structure in an aluminum shell and to a decrease in the average grain size by 4.5 times and to an increase in the density of
crystalline defects in a copper core. A reduction in the aluminum alloy/copper bimetallic material diameter to 2.4 mm (with
intermediate annealing) leads to the formation of a fine-grained elongated grain-subgrain oriented structure in the aluminum
shell and to the formation of a mixed cellular and subgrain structure in a copper core. Rotary forging leads to a significant
increase in the strength of the aluminum alloy/copper bimetallic material and to a decrease in ductility. The optimal combi-

nation of increased strength and satisfactory ductility provides post-deformation annealing.
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1 Introduction

Hybrid materials are widely used in many industries due to
a unique set of properties different from the properties of
the hybrid material components separately [1-6]. To date,
a wide range of hybrid materials with various architectures
from clad to multi-layer and multi-fiber has been developed.
One of the popular types of hybrid material is the aluminum-
copper system used in electrical engineering and electric
power industry [7-10]. However, the low level of strength
of such material limits its wider implementation.
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The production process, including the selection of hybrid
material components and the design of the sequences of their
stacking, as well as the applied production technology, sig-
nificantly affects the final properties of the hybrid material.
Therefore, the production of laminated clad material with
optimized properties is a problem.

It is known that the formation of ultrafine-grained struc-
tures in the components of hybrid metallic materials ensures
their higher strength [11-14]. The technological process
of creating a hybrid material with simultaneous refine-
ment of its grain structure can be carried out at low tem-
peratures through the use of the severe plastic deformation
(SPD) methods [15-17]. Using these technologies, excellent
adhesion of dissimilar materials can be achieved.

For example, in work [18], an Al/Cu hybrid material with
a spiral architecture of one of the components was obtained.
The Al/Cu hybrid material was manufactured by the liquid
phase method, i.e. by dipping pure copper spirals into melted
pure aluminum, and then the Al/Cu ingot was processed
by different SPD methods. It was confirmed that Al/Cu
hybrid material with spiral architecture exhibit higher yield
strength, increased load-bearing capacity and higher strain
hardening during deformation than predicted by the rule of
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mixture. It has been shown that the optimal combination
of mechanical strength and electrical conductivity of spiral
Al/Cu hybrid material can be achieved by appropriate selec-
tion of the SPD mode and subsequent annealing.

To obtain long metal billets, it is promising to use the
plastic deformation methods such as rotary forging (swag-
ing) or radial forging [19-22]. These methods can be
referred to as the severe plastic deformation methods, since
they allow to achieve very high degrees of strain in the bil-
let. Due to rotary forging, it provides more hardening dur-
ing cold plastic deformation than the rolling method, if we
compare the same change in cross section. This is caused by
excessive work of deformation of successive impacts of the
anvils during rotary forging. The advantage of rotary forging
is the possibility of its application in industry. Despite the
fact that rotary forging has been known for a long time, little
attention is paid to the production of clad materials using
this technology. A number of known works on the creation
of layered and fibrous Al/Cu materials by rotary forging is
small [23, 24]. In these studies, pure aluminum and copper
were used as the hybrid material components. At the same
time, it is of interest to use a multicomponent aluminum
alloy as one of the components of the billet, because the
presence of second-phase particles in the aluminum alloy
will affect the structure formation during rotary forging and
may contribute to the formation of a more dispersed struc-
ture [25-27].

The aim of this work is to obtain a clad aluminum alloy/
copper bimetallic material by rotary forging and to study the
influence of the degree of strain, as well as post-deforma-
tion annealing on the change in its structure and mechanical
properties.

2 Materials and Methods

The initial bimetallic billet consisted of a copper core with
a diameter of 10 mm, placed in an aluminum alloy shell
with an external diameter of 20.1 mm. The initial length of
the bimetallic billet was 200 mm. The components of the
bimetallic billet were obtained by machining the bars from

the aluminum alloy grade D16 (2024 type) and copper
with a purity of 99.95%, which were subjected to soften-
ing annealing before assembly of the bimetallic billet. The
chemical composition of the raw materials is presented in
Tables 1 and 2.

The aluminum alloy/copper bimetallic material was
processed using the modernized double-anvil rotary forg-
ing machine RFM1 (B2129.01) (from diameter 20.1 to
5.5 mm), RFM3 (B2127.01) (from diameter 5.5 to 4 mm)
and RFM4 (B2123.01) (from diameter 4 to 2.4 mm) with-
out heating, at room temperature. The reduction per pass
was 8%—35%. Starting from a diameter of 3.8 mm, a peri-
odic low-temperature annealing of the aluminum alloy/
copper bimetallic material to soften a metal was carried
out at a temperature of 120 °C in a PTS-2000-60-1200
tube furnace. The final diameter of the aluminum alloy/
copper bimetallic material was 2.4 mm. The process of
making the aluminum alloy/copper bimetallic material is
described in more detail in [28].

Annealing of the aluminum alloy/copper bimetallic
material after rotary forging was carried out in a muffle
electric furnace in air at temperatures from 180 to 240 °C
with a holding time of 30 min to 3 h.

The metallographic analysis of the structure of the
aluminum alloy/copper bimetallic material and its com-
ponents was carried out using an Axio Scope A1 optical
microscope (Carl Zeiss) at magnifications up to X 1000
after etching of the cross-section in 50% nitric acid solu-
tion (for copper) and 5% HF solution (for aluminum alloy).

The microstructure of the aluminum alloy/copper bime-
tallic material and its components was studied by transmis-
sion electron microscopy (TEM) using a JEM-2100 micro-
scope with EDS. The samples for studying microstructure
were prepared in the longitudinal direction using a Strata
201 SIMSmaplII X P scanning ion microscope using a gal-
lium liquid metal ion gun.

The uniaxial tension tests of the aluminum alloy/copper
bimetallic material and its components (with a total length
of 100 mm and a length of the gage part of 20 mm) were
carried out using an universal testing machine INSTRON
150LX at room temperature with a tensile rate of 1 mm/
min.

Table 1 The chemical

L Cu Fe Ni Sn Ag Pb Zn Other impurities
composition of copper (mass%)
99.97 0.003 0.003 0.002 0.001 0.005 0.003 <0.01
Table2 The chemical Al Fe Si Mn Cr Ti Cu Mg Zn Other impurities

composition of the aluminum

alloy (mass%)

92.32 0.30 0.26 0.78

0.02 0.05 4.37 1.75 0.14 <0.01
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Fig. 1 Appearance of the
samples of the aluminum alloy/
copper bimetallic material with
different diameters after rotary
forging

Fig.2 The microstructure of
copper (a) and aluminum alloy
(b) in the annealed state (optical
microscopy)

3 Results and Discussion

3.1 The Effect of Rotary Forging on the Structure
of the Aluminum Alloy/Copper Bimetallic
Material

The rotary forging method was used to obtain long-length
clad aluminum alloy/copper bimetallic material. The
length of the aluminum alloy/copper bimetallic material
with a final diameter of 2.4 mm was over 10 m. Due to
the different deformability of copper and aluminum alloy,
a different change in the outer diameter of the aluminum
alloy/copper bimetallic material and the diameter of the
copper rod was observed during the forging process. When
the outer diameter of the aluminum alloy/copper bimetal-
lic material decreases from 20.1+0.1 to 5.3 +0.1 and to
2.4+ 0.1 mm, the diameter of the copper core decreases
from 9.8 +0.1 to 2.9+0.1 and to 1.4+0.1 mm. The
appearance of the samples of the aluminum alloy/copper
bimetallic material after rotary forging is shown in Fig. 1.

@ Springer

Table 3 Results of chemical analysis of inclusions in the structure
of the aluminum alloy in the annealed state (according to TEM with
EDS)

Spectrum Element Mass% at% Compound
number
1 Al 61.5 77.4 (CuFeMn);Si,Al 5
Mn 19.4 12.0
Cu 17.6 9.4
Fe 1.0 0.6
Si 0.4 0.5
2 Al 84.2 922 Aly;,Cu,Mn;
Cu 8.7 4.1
Mn 7.0 3.8
3 Mg 3.6 4.7 Al,CuMg
Al 68.6 81.3
Cu 27.8 14.0

According to optical microscopy, the grain sizes in cop-
per and aluminum alloy of the initial state (after annealing)
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were 36 and 3 pm, respectively (Fig. 2).

According to transmission electron microscopy with EDS,
the oriented Al,CuMg, Al,,Cu,Mn; and (CuFeMn),Si,Al, 5
type particles with a predominant size of 100-500 nm were
detected in the structure of aluminum alloy in the annealed
state (see Fig. 3 and Table 3). It was shown earlier that the
2024 alloy in the annealed state also contains large Al,CuMg
particles and a small amount of large (CuFeMn);Si,Al, s par-
ticles (~ 1-5 pm in size) [25]. Obviously, such particles are
not detected by TEM due to the small size of the analyzed
area (~5x 15 pm), but they are well detected by SEM [28].

Rotary forging of the aluminum alloy/copper bimetallic
material leads to a decrease in grain size in the aluminum
shell and copper core. When reducing the diameter of the
aluminum alloy/copper bimetallic material from 20.1 to 5.3
and to 2.4 mm, the average grain size in the copper core
decreases sequentially from 36 to 30 and to 4 pm, respec-
tively (Fig. 4). At the same time, the grain structure in the
aluminum shell after rotary forging to a diameter of 5.3 and
2.4 mm does not visible by optical microscopy.

According to transmission electron microscopy with
EDS, rotary forging of the aluminum alloy/copper bimetallic
material to a diameter of 5.3 mm leads to the formation of a
mixed fine-grained and nanocrystalline oriented structure in
the aluminum shell (Fig. 5a). The structure shows elongated

Fig.3 The microstructure of the
aluminum alloy in the annealed
state (TEM)

Fig.4 Microstructure of the
copper core of the aluminum
alloy/copper bimetallic material
after rotary forging to a diam-
eter of (a) 5.3 and b 2.4 mm
(optical microscopy)

grains with a cross-section from 100 to 400 nm, consisting
of nanocrystalline grains 10-20 nm in size, which are clearly
visible in a dark field (Fig. 5b), as well as in bright field at
high magnifications (shown by arrows in Fig. 5c, d). The
body of most nanoscale grains is light and free from defects.
At the same time, the boundaries between nanocrystallites
are poorly visible. The presence of precisely a nanocrystal-
line structure with predominantly high-angle misorientation
of the boundaries is indicated by the contrast in the dark-
field image, as well as by ring electron diffraction patterns
formed by actually contacting point reflexes.

The Al,Cu and (CuFeMn);Si,Al, 5 type particles with a
predominant size of 100-500 nm were detected in the struc-
ture (chemical composition is given in Table 4).

A decrease in the diameter of the aluminum alloy/copper
bimetallic material to 2.4 mm (with intermediate annealing
at 120 °C) leads to the formation of a fine-grained elon-
gated grain-subgrain oriented structure in the aluminum
shell (Fig. 6). The structure is less dispersed compared with
the structure of the aluminum shell of the aluminum alloy/
copper bimetallic material with a diameter of 5.3 mm, as
indicated by an intermittent ring electron diffraction pat-
tern. In this case, the density of the crystal lattice defects is
higher. The average cross-section size of elongated grains
(subgrains) was 0.3 pm.

&
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Fig.5 The microstructure of the
aluminum shell of the alu-
minum alloy/copper bimetallic
material after rotary forging to

a diameter of 5.3 mm (TEM): a,
¢, d-bright fields; b-dark field in
reflexes (Al)

Table 4 Results of chemical analysis of inclusions in the structure
of the aluminum alloy shell of the aluminum alloy/copper bimetallic
material after rotary forging to a diameter of 5.3 mm (according to
TEM with EDS)

Spectrum Element Mass% at% Compound
number
1 Al 60.2 76.8 (CuFeMn);Si,Al; 5
Mn 12.1 7.6
Cu 26.2 14.2
Fe 0.7 0.5
Si 0.7 0.9
2 Al 779 89.3 Al,Cu
Cu 22.1 10.7

In the structure of the aluminum alloy after forging to a
diameter of 2.4 mm, dispersed particles of the Al,CuMg,
Al,Cu, Al,,Cu,Mn; and (CuFeMn);Si,Al,s types of round
and elongated shape with a predominant size of 40-300 nm
were also identified (shown by arrows in Fig. 6¢); the chemi-
cal composition is given in Table 5.

A mixed cellular and subgrain structure was formed in
the copper core (Fig. 7). The average cell size formed by the
walls of the dislocations was 0.54 pm, and the cross-section
size of the subgrains was 0.23 pm.

Thus, TEM studies have shown that rotary forging
leads to greater refinement of the grain structure in the

@ Springer

aluminum shell, rather than in the copper rod. The most
dispersed structure in the aluminum shell is observed for
the aluminum alloy/copper bimetallic material diameter
of 5.3 mm. In fact, the structure is nanocrystalline. The
presence of such a highly dispersed structure in the alu-
minum shell, in our opinion, may be a consequence of a
very large local shear strain achieved in the surface layers
of the aluminum alloy/copper bimetallic material during
rotary forging.

A change in the structure type of the aluminum shell from
a more dispersed to less dispersed one with an increase in
reduction of the aluminum alloy/copper bimetallic material
(i.e., with an increase in the degree of strain) can be a result
of both annealing between passes and the cyclic process of
structure formation, which can often be observed during
severe plastic deformations [29, 30].

The small (CuFeMn);Si,Al, 5 particles revealed in the
structure of the aluminum shell are obviously the large
(CuFeMn);Si,Al, 5 particles that were present in the struc-
ture of the annealed aluminum alloy and fragmented during
forging. At the same time, the Al,CuMg particles present in
the annealed alloy were not detected in the structure of the
aluminum shell after rotary forging to a diameter of 5.3 mm.
This is probably due to the fact that these particles do not
appear in the field of view of the electron microscope due to
the small size of the analyzed area, or because of their loss
during the sample preparation. An increase in the reduction
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Fig.6 Microstructure of the
aluminum shell of the alu-
minum alloy/copper bimetallic
material after rotary forging to
a diameter of 2.4 mm (TEM): a,
b, c-bright fields; d-dark field in
reflections (Al)

Table 5 Results of chemical analysis of inclusions in the structure of

the aluminum alloy of the aluminum alloy/copper bimetallic material
shell after rotary forging to a diameter of 2.4 mm (according to TEM
with EDS)

Spectrum Element Mass% at% Compound
number
1 Al 78.0 88.7  AlyCu,Mn,
Mn 8.5 4.8
Cu 13.4 6.5
2 Al 80.6 90.7 Al,Cu
Cu 19.4 9.3
3 Mg 5.8 9.5 Al,CuMg
Al 37.2 54.8
Cu 57.0 35.7
4 Al 63.8 794  (CuFeMn),Si,Als
Mn 16.0 9.8
Fe 1.8 1.0
Cu 18.5 9.8

of the aluminum alloy/copper bimetallic material from 5.3
to 2.4 mm leads to refinement of the Al,CuMg particles.
Considering that no Al,Cu particles were found in the
structure of the aluminum alloy in the initial state, their pres-
ence in the structure of the aluminum alloy after forging to
diameters of 5.3 and 2.4 mm can be a result of the forging
process. The precipitation of excess phases during severe

Fig. 7 Microstructure of the copper core of the aluminum alloy/cop-
per bimetallic material after rotary forging to a diameter of 2.4 mm
(TEM)

plastic deformations was noted in a number of works [27,
31-33].

It is more difficult to explain the fact that the Al,;Cu,Mn,
particles are detected in the structure of an aluminum alloy
of the initial state, than they are not detected after forging
to a diameter of 5.3 mm, and they are again revealed after
forging to a diameter of 2.4 mm. This circumstance requires
additional research, incl. with an increase in statistics. How-
ever, it can be noted that in [34] it was shown that in the

@ Springer
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Fig.8 Tensile test stress—strain curves for the aluminum alloy/copper
bimetallic material with a diameter of 5.3 mm after rotary forging (1)
and subsequent annealing at 180 °C, 3 h (2) and 240 °C, 1 h (3)
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Fig.9 Tensile test stress—strain curves for the aluminum alloy/copper
bimetallic material with a diameter of 2.4 mm after rotary forging (1)
and subsequent annealing at 240 °C, 2 h (2)

course of processing multiphase materials (in particular,
Cu-Ag alloys) by the SPD-methods, there is a redistribution
of alloy components between the matrix of the solid solution
and precipitates, and there are two simultaneous processes:
dissolution of precipitates and decomposition of a supersatu-
rated solid solution with the precipitation of a second phase.

3.2 The Effect of Rotary Forging on Mechanical
Properties of the Aluminum Alloy/Copper
Bimetallic Material

The stress—strain curves of the aluminum alloy/copper bime-
tallic material are shown in Figs. 8 and 9, and the values of
the mechanical properties are shown in Table 6.

Rotary forging leads to a significant increase in the
strength of the aluminum alloy/copper bimetallic material
and to a decrease in ductility. The yield strength and tensile
strength of the samples of the aluminum alloy/copper bime-
tallic material with a diameter of 5.3 mm were, respectively,
330 and 375 MPa, which is 1.6-3.0 times higher than those
for the annealed components of the aluminum alloy/copper
bimetallic material. However, the elongation of the samples
of the aluminum alloy/copper bimetallic material does not
exceed 2%. It can be noted that the strength level of the
aluminum alloy/copper bimetallic material after rotary forg-
ing to a diameter of 5.3 mm is close to the strength level of
the Al-Cu-Mg alloy in the quenched state (ultimate strength
370 MPa) and is inferior to the strength level of the same
alloy after ECAP [35]. It should be taken into account that
with an outer diameter of the aluminum alloy/copper bime-
tallic material of 5.3 mm, the area of the aluminum shell is
70% of the entire area of the aluminum alloy/copper bime-
tallic material [28], and the strength of copper, even with a
developed cellular substructure, does not exceed 370 MPa,
then the strength level of the aluminum shell should exceed
370 MPa.

A reduction in the diameter of the aluminum alloy/copper
bimetallic material to 2.4 mm leads to a further decrease in

Table 6 Mechanical properties

i Material Forging to Annealing (time,  Yield Tensile Elongation, %

O,f the al?lmm“m, alloy /cppper diameter, mm  temperature) strength, strength, MPa

bimetallic material and its MPa

components in various states
Copper bar - 500 °C, 40 min 122 +5 238 +4 28+2
Aluminum alloy bar - 400 °C,2h 108 +4 220+5 10+
Bimetallic material 53 - 330+6 37545 2.0+0.3
Bimetallic material 5.3 180°C, 1 h 355+6 370+5 4+1
Bimetallic material 53 180°C,3h 325+5 370+6 6
Bimetallic material 5.3 240°C, 1h 255+4 325+5 6+
Bimetallic material 2.4 - - 230+20 0
Bimetallic material 2.4 180°C,3h - 260 +40 0
Bimetallic material 2.4 240°C,2h 295+5 310+5 3.0+0.5
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ductility and premature failure of the sample (at stresses
of 210-250 MPa) due to the nucleation (or propagation)
of cracks in the aluminum shell at the stage of elastic
deformation.

Thus, an increase in strength and a decrease in the ductil-
ity of the aluminum alloy/copper bimetallic material after
rotary forging is caused by grain structure refinement and
increase in crystalline defect density. The embrittlement of
the aluminum shell with an increase in the degree of strain
of the aluminum alloy/copper bimetallic material is appar-
ently a consequence of an additional increase in the density
of crystalline defects and the precipitation of the dispersed
particles. It should be noted once again that the material dur-
ing processing by SPD can pass into a nonequilibrium state,
and a certain fraction of chemical elements can segregate
along grain boundaries [36]. In the case of multicomponent
hybrid materials, segregation can also be expected at the
interfaces between the components of the hybrid material.
Such segregations can also affect the mechanical properties
of the hybrid material.

3.3 The Effect of Annealing After Rotary Forging
on Mechanical Properties of the Aluminum
Alloy/Copper Bimetallic Material

Annealing of the samples of the aluminum alloy/copper
bimetallic material with a diameter of 5.3 mm at a tem-
perature of 180 °C (1 h) after rotary forging does not led to
a decrease in their strength, but it increases their ductility
(relative elongation increases to 3%—4%) (Fig. 8, Table 6).
An increase in the holding time during annealing from 1
to 3 h increases the elongation to 6%. An increase in the
annealing temperature to 240 °C (2 h) leads to a decrease in
the yield strength and tensile strength of the samples of the
aluminum alloy/copper bimetallic material to 255 and 325
MPs, respectively, while maintaining a relative elongation
of 6%.

Annealing of the samples of the aluminum alloy/copper
bimetallic material with a diameter of 2.4 mm at a tem-
perature of 180 °C (1-3 h) after rotary forging does not led
to a change in their mechanical properties (compared with
the state after forging) (Fig. 9, Table 6). With increasing
annealing temperature to 240 °C (2 h), the yield strength and
tensile strength of the samples of the aluminum alloy/cop-
per bimetallic material were 295 and 310 MPa, respectively,
with a relative elongation of 3%. The obtained values of
yield strength and tensile strength are 1.3-2.7 times higher
than those for the initial components.

It should be noted that during the tensile test the copper
rod was deformed plastically with the formation of a neck
and a significant reduction in diameter after all modes of
deformation-heat treatment. At the same time, the defor-
mation of the aluminum shell with a diameter of 5.3 mm

develops with the formation of a neck and a very small
reduction in diameter, which increased with an increase in
the annealing temperature. Deformation of the aluminum
shell with a diameter of 2.4 mm proceeded without necking
under all modes of deformation-heat treatment.

Thus, the optimal combination of increased strength and
satisfactory ductility attractive for use in the electrical indus-
try provides post-deformation annealing of the aluminum
alloy/copper bimetallic material.

4 Conclusions

(1) Rotary forging of a clad aluminum alloy/copper bime-
tallic material from a diameter of 20.1 mm to a diam-
eter of 5.3 mm leads to the formation of a mixed fine-
grained and nanocrystalline oriented structure in an
aluminum shell and a decrease in the average grain size
by 4.5 times and an increase in the density of crystal-
line defects in a copper core. A reduction in the diam-
eter of the aluminum alloy/copper bimetallic material
to 2.4 mm (with intermediate annealing) leads to the
formation of a fine-grained elongated grain-subgrain
oriented structure in the aluminum shell with precipita-
tion of dispersed particles and the formation of a mixed
cellular and subgrain structure in the copper core.

(2) Rotary forging leads to a significant increase in the
strength of the aluminum alloy/copper bimetallic mate-
rial and a decrease in ductility. The optimal combina-
tion of increased strength and satisfactory ductility pro-
vides post-deformation annealing. The yield strength
and tensile strength of the samples of the aluminum
alloy/copper bimetallic material with a diameter of
5.3 mm after annealing at 180 °C (3 h) were 325 and
370 MPa (which is 1.5-3.0 times higher than those for
the initial components of the aluminum alloy/copper
bimetallic material), respectively, with a relative elon-
gation of 6%. The yield strength and tensile strength of
the samples of the aluminum alloy/copper bimetallic
material with a diameter of 2.4 mm after annealing at
a temperature of 240 °C (2 h) were 295 and 310 MPa
(which is 1.3-2.7 times higher than those for the initial
components of the aluminum alloy/copper bimetallic
material), respectively, with a relative elongation of 3%.
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