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Abstract: The mechanical properties and product thickness specifications of bimetallic clad strip prepared by twin-roll
casting are tightly related to the mechanical behavior of bonding interface interaction. The thermal—flow coupled
simulation and the interface pressure calculation models are established with the cast-rolling velocity as the variable.
The results show that the interface temperature decreases, the interface pressure and the proportion of the thickness of
the Al side increase with the decrease in cast-rolling velocity. The thinning of Cu strip mainly occurs in the backward
slip zone. The higher pressure and longer solid/semi-solid contact time make the interface bonded fully, which provides
favorable conditions for atomic diffusion. The inter-diffusion zone with a width of 4.9 um is attained at a cast-rolling
velocity of 2.4 m/min, and the Cu side surface is nearly completely covered by aluminum. Therefore, the ductile
fracture occurs on the Al side, which prevents the propagation of interface delamination cracks effectively. Meanwhile,
shear effect becomes more significant at high interfacial pressure and large plastic strain, and the microstructure on Al
side is composed of slender columnar crystals. Thus, the metallurgical bonding and refinement of grains on the Al side
can result in higher bonding strength and tensile properties of the clad strip.
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of different metals.

1 Introduction

Twin-roll casting (TRC) for fabricating bimetal
clad materials is a near-end forming process. High
temperature and rolling pressure increase the
interfacial bonding strength, which improves the
performance of clad materials. Compared with
those of rolling, the main advantages of TRC are
short-flow, energy-saving, and high efficiency [1].
Various products have been successfully prepared
by this method to meet the demanding industrial
requirements and make economic benefits.
Examples are Ti/Al [2], Cu/Al [3], steel/Al [4],
Mg/Al [5] clad strips, and bimetallic clad pipes/
bars [6], which can combine the excellent properties
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Efforts have been made on the research and
development of the relationship between process
parameters and bonding interface properties. The
thermal—force coupling is involved in TRC of
bimetal clad strip, which makes the bonding
process more complicated. HAGA et al [7]
investigated the effect of 3003 substrate strip
preheating temperature on the bonding with 4045
overlay strip. The results showed that the shear
stress increased with the increase of preheating
temperature, cold-rolling could be conducted
without peeling and no cracks occurred at the
interface when the 3003 strip temperature was in
the range from 400 to 550 °C. Similarly, according
to the experimental results of CHEN et al [8], the
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peeling strength of steel/Al was favorable at high
pouring temperature when the cast-rolling velocity
was low. The solid/semi-solid contact time was
found to be dependent on cast-rolling velocity but
directly determined the inter-diffusion zone width.
The reasonable structure design and optimization of
melt cladding delivery device [9,10] ensure the
uniformity of temperature and flow state velocity
field in cast-rolling zone, which is beneficial to the
atomic diffusion and metallurgical bonding between
the bimetallic strips. CHEN and XU [11] studied
the effect of melt pressure on bonding strength and
process stability of steel/Al clad strip. The results
showed that the melt wetting and distribution were
more uniform under high melt pressure, and clad
strip with intact shape and favorable appearance
could be produced. Moreover, the annealing
treatment [2,12] on the interface structure, after
TRC, is also a key to preparing high-performance
clad strip. Thus, the influence of process parameters
in the bonding process should be investigated.

To date, most of the studies have focused on
the diffusion behavior of the contact interface. The
molten metal and solid cladding contact tightly
under interface pressure to facilitate diffusion, and
the effect of extrusion and crushing makes the
components expose fresh metal to participate in
bonding. The thickness ratio of substrate to
cladding is also different. Previous work showed
that such factors as cast-rolling velocity, substrate
thickness and material had obvious effects on
rolling force [13], which was closely related to the
height of kissing point (KP). The KP actually does
not exist and is generally considered to be the
boundary between solid (semi-solid) and liquid,
which is the core of cast-rolling process control.
GRYDIN et al [14] qualitatively determined the
position of the KP according to the grain size
change of liquid aluminum through an emergency
stop experiment. STOLBCHENKO et al [15]
obtained the KP height and the temperature
distribution by establishing a 2D numerical
simulation of the steel/aluminum cast-rolling
process and analyzed the heat transfer, viscous flow,
solidification, and temperature change due to the
deformation. LEE et al [16] conducted the thermal—
fluid—mechanical analysis of twin-roll casting of
A7075 aluminum strip by finite element method.
Temperature profile, roll separation force, liquid
fraction, and metal flow of aluminum strips with

different thicknesses were predicted. Consequently,
numerical simulation has become one of the useful
tools for obtaining the temperature and flow field
changes in molten pool.

In this work, industrially pure Al and Cu
cladding were taken as the molten substrate strip
and cladding metals, respectively. The interface
pressure calculation model of clad strip was
established and the interfacial pressure distribution
on the contact arc was obtained from the numerical
simulation results of molten pool temperature
field under different cast-rolling velocities. The
deformation characteristics of metal component at
different cast-rolling velocities and the effects of
bonding strength and microstructure of Al on tensile
properties were investigated in detail. The
mechanism of interface pressure on TRC of bimetal
clad strip was discussed as well.

2 Experiment and simulation

2.1 Experiment

The horizontal TRC process of fabricating
bimetallic clad strip has been described in previous
reports. As shown in Fig. 1, solid Cu and molten Al
are fed into the cast-rolling zone simultaneously,
which is formed by side baffle and two rollers. The
inner surface of roller sleeve is cooled by cooling
water. The combination of rapid solidification and
roll bonding technology has enabled the contact
interface of metal materials to form a metallurgical
bonding under the combined effect of high-
temperature diffusion and rolling pressure. Argon or
nitrogen is used as shielding gas and clean
pretreatment of Cu surface to avoid oxidation. The
experimental parameters are shown in Table 1, and

Thermocouple

Molten metal

Delivery device

Roller

Cu/A] N
clad strips

Fig. 1 Schematic diagram of TRC for Cu/Al clad strips
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Table 1 Experimental parameters

Parameters Value
Casting roller size/mm d160 x 150
Roll gap, H/mm 2.3
Thickness of copper, Hco/mm 0.5
Casting temperature, 7casting/°C 700
Molten pool height, L/mm 30
Temperature of copper, Tc./°C 25
Cast-rolling velocity, v/(m'min ) 2.4,3.0,3.6

Cu/Al clad strip is prepared at different cast-rolling
velocities. The material of roller is 42CrMo. A
thermocouple is installed on the surface of Cu to
verify the simulation results, and it is sufficiently
far from the inlet to ensure that the process reaches
a stable state. During the interface temperature
evolution process, the data are collected by an
NI data acquisition system, and a DHDAS data
acquisition system shows the rolling force.

Tensile properties and peeling strength are key
parameters for the measurements of the bonding
quality of bimetallic clad strip. Three samples are
cut along the cast-rolling direction according to
the GB/T 228.1—2010 (metallic materials tensile
testing). The average peeling strength (APS) is
tested according to GB2792—1998(test method for
peeling strength of pressure-sensitive tape at 180°
angle). APS is calculated according to the formula:
APS=F/W (F is the average peeling force, and W is
the bonding width). The shape and size of the
sample are shown in Fig. 2. The tensile and peel

(a)
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Fig. 2 Schematic diagrams of specimens: (a) Tensile
specimen; (b) Peeling specimen (unit: mm)

tests are conducted out using an INSPEKT table
100 kN instrument with the test speed of 5 mm/min.
The element distribution across the interface, the
morphology of the bonding interface, and tensile
fracture are investigated by a scanning electron
microscope (SEM-EDS, FEI).

2.2 Simulation

By using FLUENT software, a steady-state
thermal-flow coupled simulation model of Cu/Al
cast-rolling process is established, including the left
roller, molten pool, solid cladding, and right roller.
In this simulation, the convective heat transfer
coefficient between rollers and cooling water are set
to be 8 kW/(m?-K). In addition, the interface of two
contacting objects is not a perfect-fit state but a
discontinuous point contact and contains an air gap.
Hence, the interface related to the left roller and
right roller is set to be 2 um, which is of the same
order of magnitude as the surface roughness of
rollers. From a macroscopic point of view, Al and
Cu are bonded well. Thus, the air-gap thickness of
Cu/Al is set to to be 0 pm. The thermal conductivity
of the air is approximately 0.02 W/(m-K), and the
interfacial heat transfer coefficient is 10 kW/(m?-K).
The specific assumptions and related parameters of
simulation model can be referred to Ref. [17], with
a very detailed introduction.

Given the small amount of Cu cladding
thinning, the deformation of Cu is ignored in this
model, and the thickness is 0.5 mm. The outlet
thickness of Al is 2mm. The correctness can
be verified by comparing with the interface
temperature measurement experiment. Thus, the
temperature field and KP height at different
cast-rolling velocities are obtained based on the
simulation results. Accordingly, the interfacial
pressure and the plastic strain of Al can be
calculated. Equation (1) [15] is used to calculate the
plastic strain:
e=1-

Hy
Hy +He, +2R—VR? =1 —J(R+ H,)* -1
)
where ¢ is the plastic strain of Al substrate, Ha is
the thickness of Al substrate, Hc, is the thickness of
Cu cladding, R is roller radius, and / is the KP

height that is the height difference between the KP
and the cast-rolling zone outlet.
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3 Results and discussion

3.1 Temperature field

Figure 3 shows the effect of cast-rolling
velocity on the temperature field when 7Tcasting=
700 °C and Hc,=0.5 mm, which indicates that KP
migrates toward the outlet and the outlet
temperature increases significantly with the rise in
cast-rolling velocity. Thus, the plastic strain of Al
decreases, as shown in Fig. 4(a). The cast-rolling
zone has three physical states on the Al side: liquid,
semi-solid, and solid zones. The semi-solid zone is
the area where the metal Al transitions from a
complete liquid state to a complete solid state. The
deformation resistance of liquid zone is small at
high temperatures. Thus, the deformation can be
considered to occur only in the semi-solid and solid
zones, and the temperature at KP is 660 °C [17]. As
casting temperature is kept constant, increasing the
velocity enhances the heat input per unit time. As a
result, the heat taken away by cooling rollers is
reduced due to the decrement in cooling time.
When the KP position is too high, continuous
production will be disrupted, which will cause
rolling stop, and wrinkle the surface of the strip.
When the KP position is too low, the liquid Al
cannot even be completely filled with the

cast-rolling zone or fully solidified, which results in
pits on the surface of strip and reduction in bonding
strength [8]. Notably, the molten pool temperature
is asymmetrically distributed, and the KP has a
tendency to migrate to the left roll. This finding
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indicates that the geometric asymmetry causes
asymmetric heat transfer. As shown in Fig. 4(b), the
solidified shell thickness evolution is the same at
different cast-rolling velocities. The thickness of
solidified shell on the Cu cladding side is thicker
owing to the favorable thermal conductivity of Cu
cladding.

Simulation and experimental results for the
interface temperature are given in Fig. 5. The
simulation result is consistent with the experimental
evolution at 3.6 m/min, which implies that the
numerical model is referential. Before and in the
cast-rolling zone, the interface temperature
increases firstly and then decreases. The difference
in outlet temperature is approximately 40 °C. The
increase in the cast-rolling velocity increases the
maximum and outlet temperature and is labeled
in Fig. 5. Comparing experimental result with
simulation result shows that the maximum
temperature deviation is 90 °C, and the outlet
temperature deviation is 74 °C. Thermocouple has a
certain volume and hysteresis in temperature
test. After leaving the cast-rolling zone, the
thermocouple temperature increases to be
consistent with the interface temperature. In air
cooling, the interface temperature deviation is
139 °C. Therefore, the instantaneous response
deviation of thermocouple at high temperature is
approximately 100 °C. The experimental process
does not reach a quasi-static state due to the
restriction of experimental conditions, such as the
fluctuation and height change of the liquid level,
which cause test errors. If these interference factors

v=3.6 m/min
£=0.684
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Temperature/°C
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Fig. 3 Temperature field of cast-rolling zone at different cast-rolling velocities when Tcasing=700 °C and Hc,=0.5 mm
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Fig. 5 Interface temperature: (a) Simulation results at different cast-rolling velocities; (b) Experimental results at

3.6 m/min

are considered, the simulation results will agree
well with the experimental results.

3.2 Interfacial pressure distribution

For the TRC process, the yield strength along
the rolling direction varies greatly owing to the
different physical states of molten metal in the
cast-rolling process. As a result, the interfacial
pressure is difficult to calculate. As shown in
Fig. 4(b), the thickness of solidified shell is
less than 3 mm. When the interfacial pressure
distribution on the contact arc of Cu/Al clad strip is
calculated, the hot rolling deformation of the
solid—solid strip can be approximately considered
under the KP. The deformation of Al satisfies von
Mises yield criterion under the condition of plane
plastic deformation. Slip friction is considered in
the deformation zone, and the cladding and
substrate strip are bonded at the outlet.

Figure 6 shows the geometric parameters of
cast-rolling zone and the element stress analysis,
where x is the element height, A, is the element

thickness, /4o is the thickness of Al at KP, /4 is the
outlet thickness of Al, Ak is the plastic strain, and
o. is the contact angle. There are the following
geometric relations according to the thickness
evolution of the Al during deformation:

h =2(R—\R*—x")+h (2)
o= arccosM 3)
2R

The equilibrium differential equation is
obtained along the rolling direction by taking a
micro element in the backward slip zone for stress
analysis:

2(o,+do,) h—‘+d[h—xJ —20'xh—"—
2 2 2

2ptanodx+27dx =0 4)

where o, is the stress, p is the unit pressure and 7 is
tangential stress.

Take tana=[d(h,/2)]/dx into Eq. (4), and the
higher-order terms are removed to obtain the
following equation:
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The frictional forces (71 and ) on both sides
of Al are as follows: t1=wip, ©2=uzp, and friction
coefficients 1,=0.4 and u,=0.27 [13].

During the TRC process, the shearing
deformation work theory, as a yield condition of the
material [18], is approximately expressed as

(6)
(7

where K is the deformation resistance of Al
According to the research of ZHAN [19] on the
rheological behavior of industrial pure Al at high
temperature, the plane deformation resistance of Al
decreases with the increase in temperature. Thus,
the deformation resistance of pure Al at different
temperatures is obtained, as shown in Fig. 7(a). The

p—o0,=K
dp=do,
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deformation resistance is nearly 7.5 MPa at 660 °C.
Simulation results of temperature field are used as a
reference to determine the specific values.

To simplify the calculation, the corresponding
contact arc is replaced by a string. The linear
equation of string 4B is

h, Ah h
A (8)
2 2] 2
After derivation, we have
dx = ﬂd(h_xJ )
Ah 2

When the tension oo is applied, the initial
condition is the entrance:

hO
y= 2 )
p:K—oo=K(1—EO):€OK (10)
O
gozl—EO

By integrating Eq. (5) and let ¢ =(2/u)/Ah,
the contact normal stress of each micro element in
the backward slip zone without tension can be
obtained as follows:

s
Kl s pl
p—5 (0 l)[h] +1

X

(11)

Similarly, the contact normal stress of each
micro element in the forward slip zone without
tension can be obtained as follows:

K 5
p=3[(5+1)(hx/h) —1] (12)

In the calculation, the entrance contact arc 6
of the deformation zone is divided into m equal
parts. Contact pressure of the backward and the
forward slip zones can be calculated alternately.

70
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Fig. 7 Deformation resistance of Al (a) and interfacial pressure distribution (b)
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When the contact normal stress of the backward
slip zone is greater than that of the forward slip
zone, the calculation of the forward slip zone
begins; otherwise, the calculation of the backward
slip zone continues. When the calculated values of
both sides are equal, the contact angle at the neutral
point is the neutral angle. Figure 7(b) shows the
calculation results of contact normal stress. The
results indicate that the interfacial pressure presents
a unimodal shape in the whole deformation zone.
The contact normal stress increases gradually from
the KP along the rolling direction, reaches the
maximum at neutral point, and then decreases. With
the increase in cast-rolling velocity, the position of
neutral point migrates to the outlet, and the
maximum stress decreases owing to the overall
increase in temperature and the decrease in
deformation resistance.

The total rolling force is the sum of the force
of the substrate strip and cladding in TRC process
for bimetallic clad strip. The rolling force of Al
side can be calculated by Egs. (13) and (14). For
example, the calculated rolling force of Al side is
92 kN when the cast-rolling velocity is 3.6 m/min.
Repeated simulation is conducted on the TRC of
single Al. The KP height at the cast-rolling velocity
of 2.5 m/min is close to that in Fig. 3(c) under the
same conditions. The measured rolling force is
100 kN at 2.5 m/min for single Al, which is similar
to the calculation. This similarity implies that the
model has a certain reference value.

I
(cosa+ usina)
F:Bjop “ dx =
cosa

B[ p(cosa+ psina)Rda (13)
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F=BR§:J‘:"”p(cosai,usina)da (14)
7 a,

where F' is the rolling force of Al side, B is the

width of cladding strip, m is the number of micro

elements, a,+1 and a, are angles corresponding to

both sides of the element. The backward slip zone is

“+” and the forward slip zone is “—”.

The rolling force decreases with the increase
in cast-rolling velocity, and it affects the final
component thickness ratio and bonding quality of
products. Figure 8(a) shows the measured results at
different cast-rolling velocities. As observed, the
rolling force decreases with the increase in cast-
rolling velocity, and it is 130 kN at 3.6 m/min.
A slice sample at v=2.4 m/min is cut through
emergency stop and quick cooling. Figure 8(b)
shows the macroscopic evolution of the bonding
interface in cast-rolling zone. A gap exists near the
inlet of the rolling zone (Zone 1) owing to the small
contact pressure between liquid Al and solid Cu. In
the contact moment, liquid Al forms a solidified
shell rapidly. Consequently, fresh metal should be
exposed under pressure extrusion to participate
in bonding for achieving the effective bonding
interface. Below the KP, mechanical occlusion and
element diffusion promote metallurgical bonding.
Cu cladding has obvious thinning process in Zone
II, from 0.46 to 0.44 mm, but small cracks are still
present. The interface is well bonded near the outlet
(Zone I1I).

Figure 9(a) shows the thickness evolution of
Cu cladding throughout the slice sample. With the
rolling process, the thickness of Cu cladding
changes from 0.5 to 0.2 mm, and the thinning can
be divided into three parts. The small thinning in

Fig. 8 Rolling force (a) and macro-morphology evolution of bonding interface (b)
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liquid zone supports the rationality of ignoring the
effect of liquid zone when calculating the interface
pressure. Cu cladding thinning occurs mainly in the
backward slip zone, and the thickness remains
unchanged after a small thinning in the forward slip
zone. As shown in Fig. 9(b), the thickness ratio of
Al substrate to Cu cladding is different. With the
increase in velocity, the thinning amount of Cu
decreases, and the thickness proportion (1) of Al
decreases. LIU et al [20] emphasized that contact
time of liquid and solid is an important factor, and
short time is unfavorable. Thus, the main effect is
the contact time between the solid/semi-solid Al
and the solid Cu, that is, the section below KP. As
shown in Fig. 9(b), the time is less than 1s.
Comparing the contact time with the diffusion zone
thickness introduced in this work indicates that both

0.55 —
(@) —a— Liquid zone
0.50 lE"C'*E'-fllcum_o —o— Backward slip zone
o, —a— Forward slip zone
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20401 \ 5
2 4 o
:‘é 035 ® R
= =
= 030t \ =
.
0.25} \c»\ﬁ,A
020 . . . \I\A.A.A.L}.A,A.AA
30 25 20 15 10 5 0
Length/mm

Jun-peng ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2965-2978

evolutions are consistent, and the diffusion zone is
wider when the time is longer.

3.3 Bonding interface morphology and diffusion

Figure 10 shows the SEM images and typical
elemental distributions for bonding interface of
Cu/Al clad strip at different cast-rolling velocities.
No obvious holes are observed, and the large
plastic deformation results in the wavy interface.
Intuitively, the diffusion layer is the thickest at
2.4 m/min and slight crack is observed at 3.6 m/min
at the interface, which means that the wetting and
distribution of molten Al on the solid Cu surface are
uneven at low pressure.

The typical elemental distributions across
the interface show that thicknesses of the inter-
diffusion layer of Cu and Al decrease with the

3015  p— 0.7
2.5 [4ar91.8% - .2A|=87.98%__- _Cl: T
w106
20 - -----
105 %
1.5 N - - -- £
F
1.0 0.4
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Fig. 9 Cu strip thickness evolution (a), component thickness and rolling time in deformation zone (b)
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Fig. 10 SEM images (ai, b1, ¢1) and typical elemental distributions of bonding interface (az, bs, ¢2): (a1, a2) v=2.4 m/min;

(by, b2) v=3.0 m/min; (ci, c2) v=3.6 m/min
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increase in cast-rolling velocity. The migration
ability of metal atoms will become increasingly
stronger with the rise in the rolling temperature.
Interestingly, the increase in cast-rolling velocity
increases the interface temperature but decreases
the thickness of diffusion layer.
investigations found that the mutual diffusion was
promoted by plastic deformation through three
basic mechanisms: induced atomic displacements,
pipe diffusion along dislocations, and plastic
deformation induced vacancies [21,22]. However,
dislocations caused by plastic deformation were
mainly distributed at grain boundaries [23], and
atomic migration was difficult. On the crystal
defects, the vacancy caused by plastic deformation
has low migration energy [24] and promotes
the diffusion of atoms, which is related to the
interface pressure. Therefore, high interfacial
contact pressure should be of primary importance in
addition to increasing the casting temperature for
improving the bimetallic bonding properties in
TRC.

Previous

3.4 Micromorphology of peeled surface

Figure 11 shows the average peeling strength
(APS) of samples at different cast-rolling velocities.
The results show that APS decreases with the
increase in velocity. According to LIU et al [25], the
bonding interface in the clad strip can be solid
solution strengthened by the inter-diffusion effect,
and the strengthening effect is stronger when the
inter-diffusion zone is larger. Thus, low interfacial
pressure, short contact time, and uneven wetting at
3.6 m/min make the peeling strength decrease. The
annealing of cast-rolling clad strip shows that the
thickness of interfacial diffusion layer continues to
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0! 2
E 14.0 &
. <}
5 10 g
%)

13.53
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st b
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wlife

0 2.5

2.4 3.0 3.6

Cast-rolling velocity/(m+min")
Fig. 11 Average peeling strength (APS) and width of
inter-diffusion zone at different cast-rolling velocities

increase with the rise in annealing temperature,
while the peeling strength increases firstly and then
decreases [2,26]. Thus, the bonding strength of
Cu/Al clad strip prepared by TRC can still be
improved.

Figure 12 peeled
morphologies of Cu/Al clad strip at different
cast-rolling velocities. The peeled surface on the Cu
and Al sides is in convex ridge-shape at 2.4 m/min.
During the peeling process, Al undergoes large
plastic deformation and gradually tears and adheres
to the copper tape after reaching the breaking
strength. This form is a typical ductile fracture
characteristic. At 3.0 m/min, the peeling surface is
discontinuous flat block. Similarly, the peeling
surface is flat and many scattered pits appear at 3.6
m/min. Both are brittle fractures. The SEM—EDS
mapping images and element contents of Cu side are
shown in Fig. 13, which confirms that the fracture
occurs on the Al side. The contents of Al element
are 54 at.%, 33 at.%, and 29 at.%. With the increase
in cast-rolling velocity, the fracture mode of the
peeling surface changes from ductile fracture to
brittle fracture. The above mentioned analysis
shows that the Cu/Al clad strip has good bonding
performance under the action of higher interface
pressure and longer contact time.

The compounds include CusAls, CuAl,, and
CuAl at the composite interface of Cu/Al clad strip
prepared by TRC [3,12], and the content decreases
sequentially. The EDS spectra of Spots 1-11 in
Fig. 12 are analyzed to study the influence of
interface products on bonding strength. Table 2
shows the element contents. The compound can be
inferred based on the element content ratio, and the
results show that the interface compound types are
the same. Thus, the thickness of interface diffusion
layer directly affects the bonding strength. However,
the diffusion layer is inherently brittle. Therefore,
the thickness must be reasonably controlled.

shows the surface

3.5 Tensile properties

Figure 14 shows the tensile engineering
stress—strain curves of Cu/Al clad strip at different
cast-rolling velocities. Bimetallic stretching forms
synergistic deformation followed by the occurrence
of necking, because the elongation of Cu cladding
is smaller than that of Al, resulting in the fracture
in the necking area successively. With the increase
in cast-rolling velocity, the yield strength, tensile
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t

Fig. 12 Peeling fracture morpholog1es of Cu/Al clad strlp (a) Cu alde 2.4 m/min; (b) Al side, 2. 4 m/min; (c) Cu aide,
3.0 m/min; (d) Al side, 3.0 m/min; (e) Cu side, 3.6 m/min; (f) Al side, 3.6 m/min

WAI54%)|KD
@BCu(44% )

A3 E
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WAL20%)
EBCu(71%)

Fig. 13 SEM—EDS mapping images and element contents on Cu side at different cast-rolling velocities: (a) 2.4 m/min;

(b) 3.0 m/min; (¢) 3.6 m/min

strength, and elongation decrease gradually. The
ultimate tensile strength of Cu/Al clad strip is
obviously higher than that of single Al in Figs. 14(a)
and (c), which implies that the combination of Al
and Cu could enhance the strength. Notably, the
elongation is also enhanced, because the mutual
restraint between adjacent layers of metal will cause
the inhibition of local deformation and the
formation of diffusion layer will reduce the fracture

strain [27].

The side view shape of the tensile fracture
differs with different bonding strengths of
bimetallic clad strip. Figure 15 shows the profile
revealing tensile fracture characteristics of Cu/Al
clad strip at different cast-rolling velocities. After
fracture, the interface is still tightly bonded at
2.4 m/min, and the fracture presents symmetrical
necking. A high interfacial bonding strength can
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Table 2 EDS results of Spots 1-11 in Fig. 12

Point No. Al content/at.% Cu content/at.% Phase
1 66.83 33.17 AlCu
2 68.99 32.01 ALCu
3 25.25 74.75 AlyCug
4 68.86 31.14 AlLCu
5 67.54 32.46 AlLCu
6 23.90 76.10 AlCug
7 64.29 35.71 AlLCu
8 52.22 47.78 AlCu
9 54.27 45.73 AlCu
10 28.18 71.82 AlyCug
11 66.06 33.94 ALCu

withstand large normal and shear forces, and this
feature hinders the propagation of delamination
cracks. Thus, the first fracture in the tensile curve is
not obvious. Figure 15(b) shows the bonding
interface. The fracture surfaces of the Al side are all
dimpled, which shows typical ductile fracture
characteristics. The decrease in bonding strength
leads to the fracture of the interface at 3.0 m/min,
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and the situation is similar at 3.6 m/min but the
length of interfacial delamination is longer.
Therefore, Al will stretch a small length alone in the
tensile process. In summary, the strong interfacial
bonding performance positively affects the
prevention of interfacial separation in the tensile
process [28].

For bimetallic clad strip, the accumulation of
dislocation density caused by large plastic strain
leads to the work hardening. This phenomenon
increases the yield strength and tensile strength
but reduces the elongation. The grain refinement
by appropriate annealing [29] and asymmetric
rolling [30] can improve the ductility [31]. Notably,
the microstructure of Al in Cu/Al clad strip has a
great influence on the total elongation. The micro-
structures of Al at different cast-rolling velocities
are obtained by mechanical polishing, electro-
polishing, and anodizing, and the results are
shown in Fig. 16. Plastic shear occurs in the
solidification process of liquid Al, and the shear
effect of plastic strain and interfacial pressure at
low cast-rolling velocity is more significant. The
results indicate that the grain structure consists
of slender columnar grain at 2.4 m/min, and the
situation is similar at 3.0 m/min. Meanwhile, the
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Fig. 14 Engineering stress—strain curves and tensile properties at different cast-rolling velocity: (a, b) Cu/Al clad strip;

(c, d) Al
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Fracture

Bonding
interface

Fig. 15 Tensile fracture side view morphologies: (a) v=2.4 m/min; (b) Enlarged view of bonding interface in (a);

(¢) v=3.0 m/min; (d) v=3.6 m/min

Surface of strip

RD
Fig. 16 Microstructures of Al: (a) v=2.4 m/min; (b) v=

3.0 m/min; (c) v=3.6 m/min

grain size increases especially in the core. When the
velocity is 3.6 m/min, the grain size continues to
increase near the surface of the strip. The high
temperature and short shear deformation time cause
obvious segregation surface and equiaxed crystal in
the core of Al, which is the solidification structure
without plastic deformation [32]. Inclined bands
near the surface of the strips indicate the plastic
strain during the TRC. As a result, the elongation
performance of the Cu/Al strip and single Al after
peeling at 2.4 m/min is better due to the refined
grains.

In summary, the bonding strength and grain
structure of Al determine the tensile strength and
tensile elongation of Cu/Al clad strip, respectively,
as shown in Fig. 17. The same is true for other
bimetallic clad strips. Notably, interface pressure
is the guarantee of full infiltration, and it also
determines the thickness ratio of the product.
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p layer strength strength
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l|— Hy ' Grain |

__ Tensile
" H, +H,, structure” elongation
Hcu .
Bondin
Inlterface ; ) ) strengt
ayer vE
p NN~
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Hai Grain
structure

Fig. 17 Diagram of tensile property strengthening
mechanism
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4 Conclusions

(1) Increasing the cast-rolling velocity
enhances the heat input per unit time, the KP
migrates toward the outlet, and the bonding
interface temperature increases significantly as
casting temperature is kept constant.

(2) The interfacial pressure should be of
primary importance in addition to the casting
temperature and presents a unimodal shape. Cu
cladding thinning occurs mainly in the backward
slip zone. With the increase in cast-rolling velocity,
the position of neutral point migrates to the outlet,
and the maximum interfacial stress decreases. As a
result, the thinning amount of Cu and the thickness
proportion of Al decrease.

(3) The higher pressure and longer
solid/semi-solid contact time make the interface
bonded fully, which provides favorable conditions
for the atomic diffusion. It also prevents the
propagation of interface delamination cracks
effectively. A wide zone of 4.9 um is attained under
condition of cast-rolling velocity of 2.4 m/min, and
the Cu side surface is by aluminum. Therefore, the
ductile fracture occurs on the Al side.

(4) The ultimate tensile strength and
elongation of Cu/Al clad strip in TRC depend on
bonding strength and grain structure of Al, and the
combination of Al and Cu could enhance the
strength. The shear effect of plastic strain and
interfacial pressure at low cast-rolling velocity is
more significant, which can refine the grain and
improve elongation.
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