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Abstract: The cold-rolled bonding process of copper/aluminum bimetal plate was investigated by the velocity field of finite element
method (FEM). At the same time, deformation characteristics of metal were analyzed in the bonding process. The study method was
to combine theory calculation with field data. The circumferential velocity of rollers, rolling reduction rate, synchronous rolling of
non-equal sized rollers and asymmetrical rolling of non-equal sized rollers were analyzed. Results show that the velocity field can
explain the cold-rolled bonding process of copper/aluminum bimetal plate more effectively; the synchronicity of metal flow on
bonding surface decreases with the increase of circumferential velocity about rollers near the exit of deformation area, and the
bonding strength is reduced; in the process of synchronous rolling about non-equal sized rollers, diameter ratio of the rolls is 1.4~1.6
with a great synchronicity of metal flow near the exit of deformation area and a high bonding strength; in the process of
asymmetrical rolling about non-equal sized rollers, the circumferential velocity rate of rollers is 1.2 with a great synchronicity of
metal flow near the exit of deformation area and a high bonding strength.
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Copper/aluminum bimetal plate is a new type of material
with different mechanical, physical and chemical properties. It
presents the relatively high electric and heat performance as
copper, and exhibits the erosion-resistance, economy and light
weight as aluminum, which is widely used in vehicles,
aerospace, electronic appliances, energy and other fields™?.

The influence of annealing-treatment on bonding interface
structure and properties of copper/aluminum bimetal plate has
been investigated by scholars in China™, and the roll-cladding
technology for copper/aluminum sheet has been analyzed ™.
The effect of rolling direction on the creep process of
copper/aluminum bimetallic sheet® and the process of
accumulative roll bonding and folding have been researched
by scholars!” %, Studies mentioned above are to be carried out
through experiment, but the cold-rolled bonding process of
copper/aluminum bimetal plate is difficult to describe clearly
with the complex deformation, and the influence of different
craft parameters on bonding strength is hard to predict. So, a
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new method is proposed, where the cold-rolled bonding
process of copper/aluminum bimetal plate is investigated by
the velocity field of finite element method (FEM). The
deformation characteristics of copper/aluminum bimetal plate
are analyzed in the cold-rolled bonding process. This paper
took the integration of measures including numerical
simulation and field tests, and the circumferential velocity of
rolling, synchronous rolling of non-equal sized rollers and
asymmetrical rolling of non-equal sized rollers were analyzed.

1 Velocity Field Principle of Slip-line Field

The ideal plastic flow theory of rigid plastic material is
based on the following six assumptions in this paper:

(1) Copper plate and aluminum plate are assumed to be
isotropic material, and the influence of oxide film on the surface
of the plates is ignored in the cold-rolled bonding process.

(2) The rolls are assumed to be rigid body without defor-
mation in the cold-rolled bonding process.
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(3) Copper plate and aluminum plate are assumed to be
without any defects, and the influences of micro cracks or
voids of the microstructure are ignored in the cold-rolled
bonding process.

(4) In the cold-rolled bonding process, the volume of plates
is a constant:

de, +de, +de, =de +dg, +dg, =0

(5) At each load moment, the principal axes of stress and
the principal axes of strain increment coincide.

(6) In plastic mechanics, the material meets the standard
Mises yield criterion ™;

J,- k=0 1)
where, J, is the second invariant of deviator stress tensor, and
k is the material yield strength under the pure shear state.

According to the Levy-Mises plastic flow rule of ideal
rigid-plastic material™:

dg; = o;dA (2
where, ¢ is the strain tensor, gj; is the stress partial tensor, and
di is positive instantaneous constant.

Eq.(2) is divided by the dt of the time increment on both
sides, and the stress-strain rate equation “” is concluded:

3%‘ = l%ijl 3)
de, and B
dt dt

According to Eq.(3), the stress-strain rate equations™® is
obtained under the plane strain state:

me,@:

@L:ﬁxv :/%X_O-m"
&= /i%y' :l%yfam, (4)
5k}

The point (x, y) of Eq.(4) is transferred to the coordinate
system of slip line about « and g, in Eq.(4) where o, =0,
o, =0y, &=& and g%:g%

o, and g are the normal stresses on the plane where the
maximum shear stress is to be. So, according to plane strain
characters in plasticity, the relation is expressed by the
following equation:

0,=0,=0p, (5)
where o, is the average stress.

Eq.(5) is plugged into Eq.(4), and the relations can be
described by the following equation:

&= de, _ O¥
a1 (6)
dsB {
=—"=0
dt

Eq.(6) can show that slip line is to be without strain
increment, in other words, the slip line does not have the
scalable characteristic®.

As shown in Fig.1, we can assume that there are two points
P, and P,, which are infinitely close to each other on the slip
line. The speed is v, at location P, and the speed is v, at
location P, . The velocity components of v, are V, and Vs,

YA
Vo=V +dv
v,
vptay, £
AR SR T )
P,
Vi
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Fig.1 Decomposition of speed about two points on the slip line

along the slip line directions. The velocity components of Vv,

are v, +dv, and V, *+ dv, , respectively, along the slip line
directions. The angle is dw from P, to P,. Because P, is
infinitely close to P,, we can think P{Pz overlaps with ﬁ .
According to the not scalable characteristic of the slip line, we
can realize that the velocity components of P, and P, are equal,
on the direction of PP, and on the direction which is
perpendicular to PP, . The relations can be described by the
following equations:

v, = \é+dyCOSad-£
v, + de Sin
Vg =Vt dVBCOSaEH
v,+ vd sdn

()

because the dw is a very small value, these formulas are
valid in Eq.(7): cosdw» 1, sindw» dw; at the same time,
dvgsinde and dv, sinde can be ignored. Eq.(7) can be
described by the following equation:

dv,- v,do= @

8
dv, + v, do = § ©

EQ.(8) can be described by the corresponding difference
equation:

-
b2

B
Do | ©
DvB
Va: -
Dw

It can be shown very easily from Eq.(9) that if V, and Vs
are known and the angle w has an increment of Dw, the
velocity values about V,; and Vg of the next point on the
slip line can be obtained.

At this point, the velocity of grid-point can be given by the
following equation:

vy, + Vpl (10)
2 Velocity Field Analysis of Cold-rolled Bonding

Process

2.1 Building model
The cold-rolled bonding process of copper/aluminum
bimetal plate is a typical problem of material non-linearity,
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geometric non-linearity and boundary condition non-linearity.
So, the C3D8R element was used for meshing the frame of
Cu/Al plates in this model, which would reduce the hourglass
phenomenon and decrease computation time.

The cold-rolled bonding process is a severe deformation
problem. In order to bite successfully, the copper/aluminum
bimetal plate had two grooves about 30< In a steel plant, the
combined slab was 1500 mm in length and 200 mm in width,
and the thickness of the copper plate and aluminum plate were
3 and 5 mm, respectively. In order to save computation time,
the combined slab was 60 mm in length and 50 mm in width.
The longitudinal size of the combined slab is shown in Fig.2.
Finally, the copper plate was divided into 2706 units and 4284
nodes and the aluminum plate was divided into 4059 units and
5712 nodes.

In the model, the properties of material used are shown in
the Table 1.

2.2 Boundary conditions

The center coordinates were defined on the center of the
upper and lower rolls.

Two pairs of contact surface were set up, where the copper
plate was contacted with the upper roll and the aluminum plate
was contacted the with lower roll. The angular velocity of upper
and lower rollers is defined by the following equations:

O, = A § (11)
wxl‘z:o = wzl‘t:o = Og
D), = B (12)
wa‘t:o t 0~ Og
where A and B are constants, which are given by different
process.

A pair of contact surface was set up, where the aluminum
plate was contacted with the copper plate. The initial velocity
of the copper and aluminum plate is defined by the following
equations:

Cu

b
S ——

w309
>

60 —

Fig.2 Longitudinal size of slab

Table 1 Properties of materials

Material E/GPa rilgem® m  oJ/MPa Tangent modulus/MPa

Cu 108 85 0325 333 465
Al 68 2702 0.34 20 138

Vil = - 50 mm/ s} sf 13)
Vyl‘t=0_ 1 0" Og
Vyo, = - 50 mim/sfi 14)

yZLO ZZ‘tO 0{

In the model, the interaction of sliding surfaces is modeled
with a Coulomb friction law:

T= b, (15)
where 7 is the friction shear stress, o, is the normal pressure
stresses on the shear plane, and y is the friction coefficient.
The friction coefficient between upper roll and copper plate is
0.15, that between lower roll and aluminum plate is 0.2, and
that between copper plate and aluminum plate is 0.2.

3 Results and Discussion

3.1 Velocity field model analysis

The velocity model of cold-rolled bonding process about
copper/aluminum bimetal plate is shown in Fig.3. Fig.4 is a
drawing of partial enlargement for A in Fig.3. In the model,
the rolling reduction rate was 70%, the working roll diameters
were both @320 mm, the roll length were both 350 mm, and
the angular velocity were both 0.75 rad/s, as circumferential
velocity about rollers being 120 mm/s.

According to the deformation characteristics in the
cold-rolled bonding process, the deformation area can be
divided into four parts, as shown in Fig.3. Part I: the elastic
deformation of copper/aluminum plate is displayed at the bite
stage. Part II: the elastic deformation of copper plate and the
plastic deformation of aluminum plate are displayed. Part I11:
with the increase of deformation, the remarkable work
hardening is caused about aluminum plate, which forces the
plastic deformation of copper plate. Part 1V: with the increase
of copper/aluminum plate's plastic deformation, working
hardening occurs in aluminum plate and copper plate.

As shown in Fig.3 and Fig.4, in the part I, II, 11l and IV, the
speed of the corresponding nodes are different on the contact
surfaces of copper/aluminum plate, and the values of
differences decrease gradually in the cold-rolled bonding
process. At the exit of work piece, the speed of the
corresponding nodes across the width is shown in Fig.5, and
it’s basically identical. So, we can consider that the contact
surfaces have been bonding.

+1. Ml )l

Fig.3 Model of velocity field
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Fig.4 Drawing of partial enlargement about A in Fig.3
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Fig.5 Speed of corresponding node across the width

3.2 Rolling velocity analysis

In the model, the diameters of working rolls were @320
mm, the length was 350 mm, and the rolling reduction rate
was 70%. The values of circumferential velocity of working
rolls were 120, 200, 280, 500, 750 and 1000 mm/s. The
influences on cold-rolled bonding process were analyzed for

different circumferential velocities about working rolls.

Under the six-group different circumferential rolling
velocities, the speed distribution of the corresponding nodes
on composite surfaces is shown in Fig. 6. The speed is
unstable, as the composite plate first enters the deformation
area. Under these five statuses of Fig.6a~6e, the values of
speed tend to accord with each other, as the composite plate is
out of the deformation area. Under the state of Fig.6f, the
values of speed are inconsistent in the whole deformation area.
The synchronicity of speed decreases with the increase of
rolling velocity near the exit of deformation area. In a steel plant,
the six-group bimetal plates after cold rolling were annealed.
The annealing temperature was 350 <C with holding for 30 min
followed by going down to room temperature. The
corresponding peel strength is shown in Fig.7, and the values
decrease with the increase of rolling velocity.

Through the above comparative analysis, we may draw such
conclusions: As the composite plate first enters the deformation
area, the speed of contact surfaces is unstable, which results in
different degrees of asymmetrical rolling. The synchronicity of
metal flow on bonding surface decreases with the increase of
rolling velocity near the exit of deformation area. The bonding
strength decreases with the increase of rolling velocity. Because
the bonding strength can't meet the demand of the practice, as
the rolling velocity is greater than 750 mm/s. Therefore, the
circumferential rolling velocity is less than 750 mm/s.

3.3 Synchronous rolling of unequal sized rollers analysis

In the model, the length of working rolls were 350 mm, the
value of circumferential velocity of working rolls was 120 mm/s
and the rolling reduction rate was 65%. The diameters of
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Fig.6 \elocity distribution of corresponding node on the composite surface under different rolling velocities: (a) 120 mm/s, (b) 200 mm/s,

(c) 280 mm/s, (d) 500 mm/s, (e) 750 mm /s, and (f) 2000 mm/s
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Fig.7 Distribution of peel strength under different circumferential
velocity of working rolls

lower roll near the aluminum plate and upper roll near the
copper plate are D, and D,, while the corresponding angular
velocity is w; and w,, as shown in Table 2. The influences on
cold-rolled bonding process were analyzed for different
diameter ratio (D1/D,).

Under the five-group different diameter ratios, the speed
distribution of the corresponding nodes on composite surfaces is
shown in Fig.8. The synchronicity of speed is enhanced with the

1753

The values of peel strength increase firstly and then decrease
slightly with the increase of diameter ratio. The values of peel
strength are larger, when the diameter ratio is 1.4~1.6.

Through the above comparative analysis, we may draw such
conclusions: The synchronicity of metal flow on bonding
surfaces is enhanced with the increase of diameter ratio near the
exit of deformation area. At the same time, the values of
bonding strength increase firstly and then decrease slightly. The
stability of speed about the corresponding nodes is abated to
decrease slightly bonding strength, when the diameter ratio is
larger than 1.6. Therefore, the diameter ratio (D,/D,) is 1.4~1.6.
3.4 Asymmetrical rolling of non-equal sized rollers analysis

In the model, the length of working rolls was 350 mm, the
diameters of upper roll near the copper plate and lower roll
near the aluminum plate were @200 mm and &320 mm
respectively, and the rolling reduction rate was 65%. The
circumferential velocity about upper roll and lower roll is v,
and v ,, while the corresponding angular velocity is w;and w,,
as shown in Table 3. Under different diameters, the influences
on cold-rolled bonding process were analyzed for different
circumferential velocity rates of working rolls (v /v ).

Under the four-group different circumferential velocity rate,

increase of diameter ratio near the exit of deformation area. The Table 2 Parameters of rollers
stability of speed is abated near the exit of deformation area, DJ/mm DJmm  DiJD; wirads’  wplrads’
when the diameter ratio is larger than 1.6. In a steel plant, the 320 1 0.75
five-group copper/aluminum bimetal plates after cold rolling 384 12 0.625
were annealed. The annealing temperature was 350 °C with 448 320 14 0.5357 0.75
holding for 30 min followed by going down to room 512 1.6 0.4688
temperature. The corresponding peel strength is shown in Fig.9. 640 2 0.375
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circumferential velocity rate is 1.2, the synchronicity of speed is
the best near the exit of deformation area. The stability of speed
is abated near the exit of deformation area, when the
circumferential velocity rate is larger than 1.4. In a steel plant,
the four-group copper/aluminum bimetal plates after cold rolling
were annealed. The annealing temperature was 350 °C with
holding for 30 min and then went down to room temperature.
The corresponding peel strength is shown in Fig.11. The values
of peel strength increase firstly and then decrease slightly with
the increase of circumferential velocity rate about rollers, and the
value is the largest, when the circumferential velocity rate is 1.2.

Table 3 Parameters of rollers

the speed distribution of the corresponding nodes on wdrad st vi/mms® wolrads®  vimmst  vilv
composite surfaces is shown in Fig.10 about copper/aluminum 16 120 1
bimetal plates. The synchronicity of speed is enhanced firstly 1.92 144 0.75 120 12
and then decreases slightly with the increase of circumferential 2.24 168 14
velocity rate near the outlet of deformation area. When the 2.56 192 1.6
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Fig.11 Distribution of peel strength under different circumferential
velocity rates of rolling

Through the above comparative analysis, we may draw
such conclusions: The synchronicity of metal flow on bonding
surface is enhanced firstly and then diminished with the
increase of circumferential velocity rate near the exit of
deformation area. At the same time, the values of bonding
strength increase firstly and then decrease slightly. The
stability of speed about the corresponding nodes is abated to
decrease slightly bonding strength, when the circumferential
velocity rate is larger than 1.2. Therefore, the circumferential
velocity rate (v,/v,) is 1.2.

4 Conclusions
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1) The velocity field can explain the cold-rolled bonding
process of copper/aluminum bimetal plate more effectively.

2) The synchronicity of metal flow on bonding surface
decreases with the increase of circumferential velocity near
the exit of deformation area and the bonding strength
decreases too. The circumferential velocity of rollers is less
than 750 mm/s.

3) In the bonding process of synchronous rolling with
non-equal sized rollers, the synchronicity of metal flow on
bonding surface is enhanced with the increase of diameter
ratio near the exit of deformation area. At the same time, the
bonding strength increases firstly and then decreases slightly,
and the rolling force increases gradually. The stability of speed
about the corresponding nodes is abated to decrease slightly
bonding strength, when the diameter ratio is larger than 1.6.
Therefore, the diameter ratio is 1.4~1.6.

4) In the bonding process of asymmetrical rolling with
non-equal sized rollers, the synchronicity of metal flow on
bonding surface is enhanced firstly and then diminished with
the increase of circumferential velocity rate near the exit of
deformation area. At the same time, the bonding strength
increases firstly and then decreases slightly, and the rolling
force decreases gradually. The stability of speed is abated to

decrease slightly bonding strength, when the circumferential
velocity rate is larger than 1.2. Therefore, the circumferential
velocity rate (vq/v,) is 1.2.
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