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Abstract: Based on twin-roll casting, a cast-rolling force model was proposed to predict the rolling force in the bimetal 
solid−liquid cast-rolling bonding (SLCRB) process. The solid−liquid bonding zone was assumed to be below the kiss 
point (KP). The deformation resistance of the liquid zone was ignored. Then, the calculation model was derived. A 2D 
thermal−flow coupled simulation was established to provide a basis for the parameters in the model, and then the 
rolling forces of the Cu/Al clad strip at different rolling speeds were calculated. Meanwhile, through measurement 
experiments, the accuracy of the model was verified. The influence of the rolling speed, the substrate strip thickness, 
and the material on the rolling force was obtained. The results indicate that the rolling force decreases with the increase 
of the rolling speed and increases with the increase of the thickness and thermal conductivity of the substrate strip. The 
rolling force is closely related to the KP height. Therefore, the formulation of reasonable process parameters to control 
the KP height is of great significance to the stability of cast-rolling forming. 
Key words: bimetal clad strip; solid−liquid cast-rolling bonding; rolling force calculation model; kiss point; 
thermal−flow coupled simulation 
                                                                                                             

 

 

1 Introduction 
 

Solid−liquid cast-rolling bonding for 
fabricating bimetal clad strips is a near-end forming 
process, which is a new short-flow, energy-saving, 
and highly efficient technology developed in recent 
years [1,2]. The combination of rapid solidification 
and roll bonding technology has enabled the contact 
interface of metal materials to form a metallurgical 
bond under the combined effect of high-temperature 
diffusion and rolling pressure [3], improving the 
performance of clad strips. 

Rolling force is one of the important 
parameters in the rolling process. It not only 
provides a significant basis for the design of rolling 
mill and technology, but also directly affects the 

shape and quality of strips [4]. Therefore, the 
rolling force model has been the research focus. 
However, most of the studies were focused on the 
cold or hot rolling of bimetal clad strips [5]. For the 
twin-roll casting, the yield strength along the exit 
direction varies greatly due to the different physical 
states of liquid metal in the cast-rolling process,  
making the rolling force model difficult to establish. 
Viscous hydrodynamics has been used to calculate 
the rheological characteristics of the cast-rolling 
process. Through the interdependent relationship of 
the temperature, pressure, and speed of fluid, the 
rolling force is obtained by solving the energy, 
momentum, and state equations. CAO et al [6] 
divided the cast-rolling zone into the liquid and 
solid zones, and used Navier−Stokes equations with 
the boundary conditions of the velocity field to 
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calculate the rolling force in the liquid zone, while 
the traditional hot rolling model was still used to 
calculate the cast-rolling force in the solid zone. 
SUN et al [7] suggested that the cast-rolling zone is 
filled by fluid, and derived the formula for 
calculating the rolling force using the flow function 
method based on the Navier–Stokes equations. This 
method complicates the calculation process, 
increasing the difficulty of obtaining an accurate 
mathematical analysis solution. Moreover, the 
report on the rolling force model of bimetal 
solid−liquid cast rolling is limited. 

Liquid metal solidifies from liquid state to 
solid state during the rolling process, and the  
plane deformation resistance increases gradually. 
However, the deformation resistance of the liquid 
zone is very small compared to that of the solid 
zone and can thus be ignored [8]. The rolling force 
produced in the solid zone can be calculated 
according to the method of the conventional rolling 
force model. Therefore, the solid zone position and 
the temperature field must be determined. The kiss 
point (KP) is the boundary between solid  
(semisolid) and liquid, which is the core of the cast- 
rolling process control. Its position is determined by 
the temperature field but directly affects the strip 
quality and the process stability. Plastic deformation 
and rolling bonding occur below the KP, and the 
height determines the “thickness ratio” and length 
of the rolling bonding zone [9,10]. However, the KP 
position, which is obviously different under various 
working conditions, is difficult to be determined. 
GRYDIN et al [11] qualitatively determined the 
position of the KP according to the grain size 
change of liquid aluminum through an emergency 
stop experiment. STOLBCHENKO et al [12] 
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 [13] used the finite element 
analysis method to predict the roll separation force, 
the temperature distribution, and the shape of    
the mushy zone during the horizontal twin-roll 
casting process of A7075 aluminum strip. 
Consequently, numerical simulation has become 
one of the useful tools for obtaining the temperature 
and flow field changes in molten pool. 

In this work, it was considered that under the 
KP of cast-rolling zone was solid−solid zone, which 
was divided into the forward and backward slip 
zone. The calculation model of rolling force was 
derived based on this assumption. A thermal-flow 
coupled simulation provided KP height (LK) and the 
temperature field in the cast-rolling zone. The 
accuracy of the calculation model was verified 
through experiments. In addition, the influence of 
the substrate strip thickness and material and the 
rolling speed on the rolling force was obtained. The 
contribution ratio of the cladding and substrate strip 
to the total rolling force was analyzed. 
 
2 Rolling force model 
 

As shown in Fig. 1, the solid−liquid cast- 
rolling bonding is based on the traditional twin-roll 
casting. The cast-rolling zone is divided into the 
liquid (solidification) and solid (deformation)  
zones. Solid metal is the substrate strip, and molten 
metal is the cladding. They simultaneously are fed 
into the rollers at the same time. Then, the  
cladding bonds with the substrate strip after rapid 
solidification [14,15]. According to the temperature 

 

 
Fig. 1 Schematic of twin-roll casting process: (a) Solid−liquid cast-rolling bonding; (b) Cast-rolling zone 
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features of the cast-rolling zone, all zones below the 
KP are deformation zones. The total unit rolling 
force is the sum of the force of the substrate strip 
and cladding. 
 
2.1 Basic assumptions 

(1) Due to the low deformation resistance in 
the solidification zone at high temperature, it is 
considered to be the hot-rolled bonding deformation 
of the solid−solid strip below the KP. 

(2) Slip friction is considered in the 
deformation zone, and the cladding and substrate 
strip are bonded at the outlet. 

(3) It is assumed that the plastic deformation 
of bimetal solid−liquid cast-rolling bonding is a 
plane deformation, which satisfies Mises yield 
criterion under the condition of plane plastic 
deformation. 

(4) The deformation of the substrate strip 
makes itself thin. 

(5) The influence of molten pool level 
fluctuation on the temperature of the cast-rolling 
zone is ignored. 
 
2.2 Structure and geometric parameters of cast- 

rolling zone 
Figure 2 presents a schematic of the cast- 

rolling zone. The geometric relationships are 
expressed as follows: 
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In the formulas, L=L0+LK and SK=S0+ΔS. The 

rolling start condition is tan β≤μ3, and 
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where LK is the KP height, μ3 is the friction factor of 
roller−substrate, β is the bite angle, θ is the neutral 
angle, and l is the contact arc length. According to 
the formula, the bite is more favorable when the roll 
radius is larger and the KP height is lower. After 
transforming the formula, the maximum height of 
the KP is LK≤μ3[R−(ΔS/2)+H0] to ensure the stable 
start of rolling. 
 
3 Derivation of unit pressure formula 
 
3.1 Unit pressure in forward slip zone and 

backward slip zone of cladding 
A micro unit is taken from the deformation 

zone of cladding, and the force situation is shown in 
Fig. 3. List the force balance equation in the x 
direction, and get Eq. (7): 
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Fig. 2 Geometric diagram of cast-rolling zone 
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Equation (8) is substituted into Eq. (7), and the 
higher-order terms are removed to obtain the 
following equation:  

0( )d d ( )d 0x x xP S S x                  (9) 
 
where the backward slip zone is “  ” and the 
forward slip zone is “  ”. 
 

 

Fig. 3 Stress analysis of micro unit in cladding 

 

The yield criterion is introduced: Px−σx=K, and 
K is the deformation resistance of cladding, which 
is called plane deformation resistance. The plane 
deformation resistances of the forward and the 
backward slip zones are different, and decrease with 
the increasing temperature. 

The friction factors of different strip surfaces 
are different, the friction factors of roller−cladding 
and cladding−substrate strip are μ1 and μ2, 
respectively. The frictional force can be described 
as τ=Pxμ1 and τ0=Pxμ2. To simplify the calculation, 
the corresponding contact arc is replaced by a  
string: dx=(LKds)/ΔS. By introducing dx into Eq. (9), 
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, and then the following 

is obtained after simplification:  
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(1) Calculation of unit pressure of micro unit 

in the forward slip zone 
According to the geometric structure, the 

boundary conditions are S=S0 and Px=K. By solving 
the first-order linear differential equation of 
Eq. (10), the unknown parameters are obtained and 
the unit pressure in the forward slip zone is 
expressed as 
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(2) Calculation of unit pressure of micro unit 
in the backward slip zone 

Similarly, by solving the first-order linear 
differential equation of Eq. (10) when S=SK and 
Px=−K, the unit pressure in the backward slip zone 
is obtained as 
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The upper and lower limits of the integral in 

the backward slip zone are [Sr, SK], and the upper 
and lower limits of the integral in the forward slip 
zone are [S0, Sr]. Sr is the neutral layer thickness of 
the cladding. 
 
3.2 Unit pressure in forward slip zone and 

backward slip zone of substrate strip 
Analogously, a micro unit is taken from the 

substrate strip, and the stress analysis is shown in 
Fig. 4. 
 

 

Fig. 4 Stress analysis of micro unit in substrate strip 

 
The relationship between friction and pressure 

is as follows: τ1=τ0, Px1=Px, τ1=μ2Px and τ2=μ3Py. 
The yield criterion is introduced: (Py−Px)−σa=K1, 
and K1 is the plane deformation resistance of the 
substrate strip. List the force balance equation in the 
X direction, and the equation can be expressed as 
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(1) Calculation of unit pressure of micro unit 

in the forward slip zone 
By solving the first-order linear differential 

equation of Eq. (13) when hx=H0 and Py=K1, the 

unit pressure in the forward slip zone is obtained. 
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The unit pressure of the forward slip zone is 
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(2) Calculation of unit pressure of micro unit 
in the backward slip zone 

Similarly, by solving the first-order linear 
differential equation of Eq. (13) when hx=H2 and 
Py=−K1, the unit pressure in the backward slip zone 
is obtained. 
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The unit pressure of the forward slip zone is 
 

3 1h
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The upper and lower limits of the integral in 

the backward slip zone are [H1, H2], and the upper 
and lower limits of the integral in the forward slip 
zone are [H0, H1]. H1 is the neutral layer thickness 
of the substrate strip. 
 
3.3 Total rolling force 

The unit pressure of the micro unit in the 
forward and backward slip zones of the cladding 
and substrate strip is integrated in the thickness 
direction. Then, the sum is equal to the total unit 
pressure: 
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The cast-rolling rolling force is equal to the 
product of the total unit pressure, the width B of the 
clad strip, and contact arc length l: 

 
F=PꞏBꞏl                               (17) 
 
4 Calculation example 
 

Most of the parameters in the formulas can be 
obtained through geometric relations, except for the 
KP height LK and the deformation resistances K, K1 
of the strips. The parameters are related to the 
temperature distribution in the cast-rolling zone, 

which is mainly affected by the working conditions. 
In this example, the Fluent software is adopted to 
carry out a thermal−flow coupled numerical 
simulation under the steady-state condition and the 
rolling force is calculated corresponding to the 
different KP heights based on the Cu/Al clad strips. 
Furthermore, the effects of the different cast-rolling 
speeds, thicknesses and materials of the substrate 
strip on the temperature of the cladding strip are 
compared. 
 
4.1 Thermal−flow coupled numerical simulation 

According to the twin-roll casting experiment, 
a steady-state thermal-flow coupled model of 
cast-rolling zone is established based on the Fluent 
software, including four calculation fields: left 
roller, aluminum molten pool, copper substrate strip 
and right roller. Figure 5 shows the schematic of the 
grid model. In order to improve the calculation 
accuracy and the convergence speed, the mesh of 
the molten pool and the calculated domains in the 
substrate strip are densified, and the coupling 
boundary mesh nodes among the calculated 
domains correspond to each other. The thermal 
conductivity of the air gap among the calculated 
domains is set to be 0.02 W/(mꞏK) and convection 
heat transfer coefficient between the roller and 
cooling water is set to be 8000 W/(m2ꞏK) [16,17]. 
The remaining main simulation parameters are 
given in Table 1. 

Figure 6 shows the simulation results of the 
Cu/Al clad strip fabricated by solid−liquid cast- 
rolling bonding when V=3.6 m/min, TCasting=700 °C, 
HCu=0.5 mm, and TCu=27 °C. The temperatures of  
 

 

Fig. 5 Schematic diagram of mesh 
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Table 1 Simulation parameters 

Parameter Value 

Diameter and length of roller/mm d160×150

Thickness of roller sleeve/mm 30 

Level height of molten pool/mm 30 

Width of molten pool inlet/mm 3 

Width of molten pool outlet/mm 2 

Thickness of Cu/Al clad strip/mm 130 

Casting temperature/°C 700 

Temperature of substrate strip/°C 27 

Thickness of substrate strip/mm 0.5 

 
the copper strip and the rollers increase after heat 
absorption, and the temperature of the molten 
aluminum gradually decreases in the cast-rolling 
direction, and cools from liquid to solid. When the 
temperature of a certain zone exceeds the liquidus 
temperature, this zone is called the liquid phase 
zone, which has nearly no rolling force. In contrast, 
when the temperature of a certain zone decreases to 
the liquidus temperature, the molten aluminum 
solidifies into a solid state, which is called the solid 
phase zone. As shown in Fig. 6, LK is the length of 
the rolling zone. Furthermore, due to the asymmetry 
of heat transfer caused by the geometric asymmetry 
of the cast-rolling zone, the temperature of the left 
roller is higher than that of the right roller, and the 
KP is biased toward the left roller. 

In order to figure out the influence of various 
working conditions on the KP position and the 
temperature, Fig. 7 shows the distribution of the 

 

 
Fig. 6 Temperature field of Cu/Al solid−liquid cast- 

rolling composite forming process 

 
temperature field in the cast-rolling zone of Cu/Al 
and Ti/Al at different thicknesses and rolling  
speeds when TCasting=700 °C and TCu=TTi=27 °C. It 
is indicated that the KP height increases with 
increasing of the thickness of substrate strip, and 
decreases with increasing of the cast-rolling speed. 
Similarly, the temperature of outlet and neutral 
layer decreases with increasing strip thickness and 
increases with increasing cast-rolling speed. The KP 
migration becomes more significant and the vortex 
number in the molten pool increases when the 
rolling speed increases and the substrate becomes 
thin. In addition, Fig. 8 explains that, the KP height 
of the Cu/Al clad strip is higher than that of the 
Ti/Al clad strip under the same conditions. 

 

 

Fig. 7 Thermal−flow coupled simulation under different cast-rolling conditions 
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Fig. 8 Influence of substrate strip thickness and cast- 

rolling speed on KP height when TCasting=700 °C and 

TTi=TCu=27 °C: (a) Influence of substrate strip thickness; 

(b) Influence of cast-rolling speed 

 
Therefore, the larger the substrate thickness is, 

the greater the heat absorption will be, and the 
decrease in rolling speed and increase in cooling 
time of the molten metal will increase the KP height. 
In addition, a substrate strip with a high thermal 
conductivity is conducive to heat transfer and will 
result in a small thermal resistance between the 
roller sleeve and the liquid metal, increasing the KP 
height. 
 
4.2 Example of rolling force calculation 

Taking the Cu/Al clad strip as the object, the 
rolling force at different rolling speeds were 
calculated. The calculation steps of cast-rolling 
force can be summarized as follows: 

(1) According to the technological parameters, 
the geometric relationships of cast-rolling zone are 
obtained, and the friction factors μ1, μ2, and μ3   

are determined. The specific values of friction 
coefficient μ2 and μ3 are obtained by consulting the 
mechanical design manual. Given that aluminum is 
easy to oxidize, the friction factor μ1 can be 
obtained as described in Ref. [18]. In this case, 
μ1=0.29, μ2=0.27, and μ3=0.19. 

(2) The outlet thicknesses of the cladding and 
substrate strip are obtained by experiments. The KP 
heights LK and the deformation resistances K, K1 of 
the metals are obtained by the thermal-flow coupled 
simulation. 

(3) Finally, the total rolling force is calculated 
by integrating and summing the unit rolling force of 
the cladding and substrate strip. 

There are forward and backward slip zones in 
the metal rolling deformation process. The direction 
of friction in the forward slip zone is opposite the 
rolling direction, hindering the rolling process, but 
having a positive effect on stable rolling. The 
direction of friction in the backward slip zone is the 
same as the rolling direction, and the roller bites the 
metal into the roller gap through the friction in the 
backward slip zone [19]. To prevent the molten 
aluminum from sticking to the roller after 
solidification, graphite is applied on the roller 
surface before rolling, reducing the friction 
coefficient between the metal and roller. When 
other conditions are constant, the smaller the 
friction coefficient is, the smaller the proportion of 
the forward slip zone in the deformation zone is. 
The experiment revealed that only a backward slip 
zone existed due to the thin copper strip and the 
small amount of deformation. 

According to the study of the high-temperature 
rheological behavior of industrial pure aluminum 
by ZHAN [20], the plane deformation resistance of 
pure aluminum decreases with increasing the 
temperature. So does the high temperature 
deformation behavior of the pure copper [21]. With 
the same roller structure, the simulation results at 
different rolling speeds are used as references 
during the calculation to determine the deformation 
resistance of the cladding and substrate strip. 
According to Fig. 9(a), the plane deformation 
resistance of molten aluminum in the backward slip 
zone is determined by the average temperature of 
the inlet and neutral layer, and the plane 
deformation resistance of the forward slip zone is 
determined by the average temperature of the 
neutral layer and outlet. Specific values can be  
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Fig. 9 Temperature and deformation resistance (a), and 

KP height and rolling force (b) of aluminum cladding 

 

obtained from Ref. [20]. Given the small 
deformation of the copper strip, plane deformation 
resistance K1 is determined as a constant, 
approximately taking K1=100 MPa when TCu= 
500 °C. 

The upper and lower limits of the rolling force 
integral calculation can be obtained by combining 
the simulation results and the geometric 
relationship, and the rolling force can be calculated 
by substituting each parameter into the formula. 
Figure 9(b) shows the rolling force calculation 
results at different rolling speeds when TCasting= 
700 °C, HCu=0.5 mm, and S0=2 mm. The results 
indicate that, the KP height and the rolling force 
decrease significantly when the rolling speed 
increases. 
 

5 Rolling force test 
 

To verify the accuracy of the model for 
calculating the cast-rolling force and explore the 
influence of the rolling speed, thickness and 

material of the substrate strip on the rolling force, 
DHDAS Data Acquisition System was used to 
collect the rolling force data. According to the 
parameters in Fig. 7, the cast-rolling force test was 
carried out, and the results are given in Table 2. The 
experimental results are similar to the calculated 
values. Compared with the calculated value of the 
rolling force in Fig. 9(b), the measured rolling force 
was 280 kN and the calculated value was 270 kN 
when HCu=0.5 mm and V=2.4 m/min. When HCu= 
0.5 mm and V=3.6 m/min, the measured rolling 
force was 160 kN and the calculated value was 
135 kN. The fluctuation of the liquid level and the 
collection of data had a great influence on the 
experimental results. Contrastive analysis indicates 
that the calculated values are basically consistent 
with the measured values, and the calculation 
accuracy of the model satisfies the requirements. In 
addition, the measured rolling force was 130 kN 
when HTi=0.5 mm and V=3.6 m/min. Obviously, the 
substrate strip had a great influence on the rolling 
force under the same parameters. 
 
Table 2 Rolling force measurement results 

Group
Condition  Rolling force, F/kN 

HCu/mm V/(mꞏmin−1)  Measured Calculated

1 0.2 3.6  100 93 

2 0.5 2.4  280 270 

3 0.5 3.6  160 135 

 
As shown in Fig. 10, the ratios of the rolling 

force in the backward slip zone of the copper strip, 
the forward slip zone and the backward slip zone of 
the aluminum strip were calculated. The thicknesses 
of the copper strip and the aluminum cladding were 
measured. The copper strip thinning was 0.14 mm 
when HCu=0.5 mm and V=2.4 m/min. The copper 
strip thinning is 0.06 mm when HCu=0.5 mm and 
V=3.6 m/min. The outlet thickness of aluminum 
cladding was approximately 2 mm. Figure 10 
shows that the backward slip zone of aluminum 
cladding was the main contributor to the total 
rolling force. More remarkably, the contribution of 
the copper strip to the rolling force increased to 
21.4% when the rolling speed was 2.4 m/min. 
Figure 7 shows that a high KP results in increased 
thickness ratio between the aluminum cladding and 
the copper strip. Thus, the deformation of the 
copper strip and the contribution to the rolling force 
increase. 
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Fig. 10 Rolling force ratios of copper strip and aluminum 

cladding when TCasting=700 °C: (a) HCu=0.5 mm, V= 

2.4 m/min; (b) HCu=0.5 mm, V=3.6 m/min 
 

Thus, during the process of solid−liquid cast- 
rolling bonding, the rolling force is proportional to 
the KP height. The main rolling force is provided 
by the backward slip zone of the molten cladding. 
Hence, the KP is the “intersection point” of the 
rolling speed, thickness, and material of the 
substrate strip. Experiments show that the 
assumptions of the calculation model are correct, 
but the accuracy of numerical simulation and 
parameter values must be improved further. 

Furthermore, in the industrial production 
process, predicting and controlling the KP height 
through the reasonable setting of working 
conditions are beneficial to the strip quality and  
the production efficiency. However, it is insufficient 
that the thinning rule of the substrate strip under 
various working conditions is unknown. In the next 
step, a series of simulations and experiments are 
implemented to obtain the true temperature of the 
cast-rolling zone and the thinning rule of the 
substrate strip under different working conditions. 
And then, the KP height function can be expressed 
as 

 
K Casting Solid( , , , )L f T V H                  (18) 

 
This work provides a new idea for calculating 

the cast-rolling force that is beneficial for achieving 
intelligent control of the cast-rolling process and 
has a guiding significance in actual industrial 
production. 
 
6 Conclusions 
 

(1) According to the temperature distribution 
characteristics of the cast-rolling zone, the 
deformation zone is divided into the forward and 
backward slip zones below the KP. On the basis of 

this assumption, a model for calculating the cast- 
rolling force is proposed. 

(2) A thermal-flow coupled numerical 
simulation is established by using the Fluent 
software. The KP height and the temperature field 
are obtained by numerical simulation. Furthermore, 
the effects of rolling speed, substrate strip thickness 
and material on the temperature field in the 
cast-rolling zone are analyzed. 

(3) The accuracy of the rolling force 
calculation model is verified by a rolling force 
measurement experiment. The results show that the 
rolling force increases with increasing the substrate 
strip thickness, decreases with increasing the rolling 
speed, and increases with increasing the thermal 
conductivity of substrate strip. The reason is that 
the working conditions change the KP height and 
the deformation resistance of the bimetal. 
Furthermore, the molten cladding backward slip 
zone accounts for the largest proportion to the total 
rolling force. 
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双金属复合板固−液铸轧复合轧制力模型 
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摘  要：基于传统双辊铸轧工艺，提出双金属复合板固−液铸轧成形轧制力模型。假设凝固点(KP)以下为固−固复

合区，忽略液相区的变形抗力，并依此推导计算公式。通过建立二维热−流耦合模拟为模型中的参数提供取值依

据，计算不同铸轧速度下制备 Cu/Al 复合板的轧制力。同时，通过实验验证该模型的可靠性，并获得轧制速度、

基板厚度和材料对轧制力的影响规律。结果表明，轧制力随轧制速度的增加而减小，随基板厚度和导热系数的增

加而增大。轧制力与 KP 高度相关，因此，制定合理的工艺参数控制 KP 高度对铸轧成形的稳定性具有重要意义。 

关键词：双金属复合板；固−液铸轧复合；轧制力计算模型；凝固点；热−流耦合模拟 
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