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Abstract The thermodynamic behavior of twin-roll
casting (TRC) lead alloy strip process directly affects the
forming of the lead strip, the quality of the lead strip and
the production efficiency. However, there is little
research on the thermodynamics of lead alloy strip at
home and abroad. The TRC lead process is studied in
four parameters: the pouring temperature of molten lead,
the depth of molten pool, the roll casting speed, and the
rolling thickness of continuous casting. Firstly, the
thermodynamic model for TRC lead process is built.
Secondly, the thermodynamic behavior of the TRC
process is simulated with the use of Fluent. Through the
thermodynamics research and analysis, the process
parameters of cast rolling lead strip can be obtained: the
pouring temperature of molten lead: 360-400 °C, the
depth of molten pool: 250-300 mm, the roll casting
speed: 2.5-3 m/min, the rolling thickness: 8-9 mm.
Based on the above process parameters, the optimal
parameters(the pouring temperature of molten lead:
375-390 °C, the depth of molten pool: 285-300 mm, the
roll casting speed: 2.75-3 m/min, the rolling thickness:
8.5-9 mm) can be gained with the use of the orthogonal
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experiment. Finally, the engineering test of TRC lead
alloy strip is carried out and the test proves the ther-
modynamic model is scientific, necessary and correct. In
this paper, a detailed study on the thermodynamic
behavior of lead alloy strip is carried out and the process
parameters of lead strip forming are obtained through the
research, which provide an effective theoretical guide for
TRC lead alloy strip process.

Keywords TRC lead alloy strip - Thermodynamic model -
Thermodynamic behavior - Theoretical guide

1 Introduction

Lead alloy strips are widely used in electrolytic copper and
zinc industry. Their electrochemical properties and
mechanical properties have a direct impact on the energy
consumption of the electric product and the service life of
anode [1-3]. In order to reduce the energy consumption
and improve the life of the anode, limitation pretreatments,
shot peening, sand blasting, KF solution electrolysis and
plating methods have been used [4, 5]. But these methods
have increased the additional energy consumption. PRE-
NGAMAN, et al. [6-8], thought rolling could improve the
mechanical properties of lead alloy to reduce its
microstructure defects and improve the service life at the
same time. PETROVA, et al. [9-11], had a series of rolling
experiments for Pb-Ag-Ca and Pb-Ag-Co alloys. They
thought it could improve the corrosion resistance of alloy
and reduce the oxygen evolution potential. After that it
could enhance the electrochemical properties of alloy.
HILGER [12] pointed out that rolling could accelerate the
aging of Pb-Ca-Sn alloy and increase the mechanical
properties. Meanwhile ALBERT, et al. [13], considered the
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rolling could improve the quaternary alloy’s mechanical
properties of Pb—Ca-Sn-Al alloy. Similar researches were
also done by FU, et al. [14], WILSON, et al. [15], RASP,
et al. [16], JESWIET [17] and TSAO, et al. [18-20].

The traditional lead alloy strip is usually prepared by
multi-pass rolling process, and this method has many dis-
advantages such as large labor intensity, high rate of
geometry scrap, low rate of finished product and so on. To
improve the method of forming lead alloy strip, TRC
process will be studied in this paper.

TRC lead can increase the capacity of the production of
lead strips in a cost-efficient way. Therefore, the TRC
process becomes important and offers a great potential for
industrial application. Compared to the conventional thin
sheet production, TRC is more economic and energy-effi-
cient due to the saving of process steps [21].

The working principle of TRC lead is shown in Fig. 1, it
combines the continuous casting and hot rolling together
and enables the production of strips with improved
microstructure properties. In contrast to copper and alu-
minum, which are manufactured successfully by TRC,
TRC lead alloy is currently at the development stage. Since
1980s, research groups throughout the world(USA, Ger-
many, Japan and Italy) have been dealing with the devel-
opment of the technology and the characterization of the
materials in the TRC lead alloy state [22].

The paper mainly revolves around the quality of con-
tinuous casting lead in the TRC process. The four
parameters which affect the quality of lead alloy: the
pouring temperature of molten lead, the depth of molten
pool, the roll casting speed and the rolling thickness of
continuous castings are studied. The optimized process
parameters can be worked out with the use of FLUENT.
Based on these, the actual optimum process parameters
can be gained which shows a better conductivity and
higher mechanical performance compared to the multi-
pass rolling process.

Lead pipe

Crystallization roller Molten lead

) A
N w

Side plate Lead strip

Gap of the two molds

Fig. 1 Working principle of TRC lead

2 Thermodynamic Model
2.1 Heat Transfer Model

Researches show that the continuous casting process of
lead is that molten lead is pulled at a certain speed from the
gap of the two molds. In the process, heat transfer from the
center of slab to the surface of shell which depends on the
thermal physical properties of lead alloy and boundary
conditions of slab.

Assuming that the thickness direction of lead tape is the
x axis, width direction is the y axis and casting direction is
the z axis. The temperature distribution of lead strip’s
cross-section is 7(x, y, z). Considering the symmetry of
lead zone and its cooling, it can take 1/4 of the zone as the
research object. The coordinate system is built and shown
in Fig. 2.

The process of TRC lead makes the following
assumptions:

(1) The process of TRC lead is taken the same
continuum (including solid zone, liquid phase zone
and solid-liquid mushy zone),

(2) The density of each phase is a constant,

(3) The change of the specific heat ¢ is shown by the
transformation enthalpy method in the process,

(4) The calculation does not consider the influence of
the latent heat of phase change.

Infinitesimal body will be downward movement with the
same speed of the coordinate system which is fixed on the
slab. The transient thermal equilibrium process of any
infinitesimal body in cartesian coordinate system is shown
in Fig. 3.

According to the fourier heat conduction law, the three-
dimensional differential equation of heat transfer for slab
solidification process is [23-25]:

oT oT 0@ oT 0 oT

According to the Kirchhoff Transformation, there are
two equations in the model [26]:

Fig. 2 Figure of coordinate selection
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Fig. 3 Sketch map of the space element

T
MT
o= / QdT, (2)
To }v()
T
H= c(T)dT, (3)
To
where  d—Transformation temperature,

H—Transition enthalpy,
AT), c(T)—Thermal coefficient and specific heat of
infinitesimal body when the temperature is 7,

JAo—Heat conductivity of infinitesimal body when
the temperature is 0 °C.

When putting Egs. (2) and (3) into Eq. (1), then Eq. (1)

will become Eq. (4) for heat transfer modeling of the
casting solidification process of the lead strip [27]:

OH OH <a2q> 6245)

oy i 4
P =P'% a2 By “)

0
Z

2.2 Mechanical Model

The process of TRC lead is fairly complex. It includes heat
transfer, solidification phase transformation and plastic
deformation. So the rigid-viscoplastic FEM is used to solve
it in this research [28-30].

According to the variation principle of Markov, the
mechanical model is expressed by Eq. (5):

¢0/‘/E<8?j)dV/SFFiVidS,
5(8) - [ ook ®)
0

where E (8(27 —Work function, eV,
V—Volume deformation, m3,
S—Surface deformation, mz,
c—Equivalent stress, MPa,
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e—Equivalent strain rate, 1/s,
F—Specified force on the boundary, N,
vi—Velocity field in deformation body, m/s.

2.3 Initial Conditions and Boundary Conditions
2.3.1 Initial Conditions

For Egs. (4) and (5), the initial conditions are
T=Tp (x>0,y>0,2>0,:>0),
T(X, 0, 0)|x:0: T, (t = 0)7 (6)

Xsl—o= 0,

where To—Pouring temperature, °C,
T,—Surface temperature of early casting, °C,
xs—Thickness of casting solidification, m.

2.3.2 Boundary Condition

Heat from the molten lead to crystallization roller is taken
away by the high-speed flow of cooling water in the TRC
process. After that it will form a certain thickness of the
strip. Based on principles of lead strip without leak and
defect, the average heat flux density of crystal roller’s
cooling can be calculated according to heat balance
relationship:

g=2vevdly, )

where g—Average heat flux density, W/m?,
Ow——Cooling water flow rate, m3/s,
cw—Specific heat of water, kJ/(kg °C),
ATw—Difference of the water temperature in and out
of crystallizer, °C,
F—Effective heating area of crystallizer, m?.

3 Finite Element Simulation
3.1 Geometric Model

The area of TRC lead is made up of two relative rotations
of forming rollers and sealing plates. It is shown in Fig. 4.

3.2 Definition of Material Parameters

The experimental material is lead alloy of Pb-Ag-Ca. Its
chemical compositions(mass fraction) are listed as follows:
w(Ag) = 1.5%-2.0%
w(Ca) = 0.08%, »(Sn) = 0.006%,
o(Sb) < 0.02%, w(Cu) < 0.06%,
w(Fe) < 0.012%, w(Bi) < 0.03%,
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Fig. 4 Model of continuous casting area

w(As) < 0.02%, the rest are Pb.

In this paper, the thermal physical properties of the
material are a function of temperature and they are
expressed as follows in the simulation model [31-34].

Density:

p=11113.6 — 1.34 - T (kg/m’).
Specific heat capacity:

Cp, =246.8 x T "%(J/(kg - K)).
Viscosity:

n=4.94x 10" x e("F) (Pa - s).
Heat conductivity:

2=4214+12x10"%-T(W/(m-K)),

where 7—Temperature, K.
3.3 Mesh Generation

The dimensions of the geometric model are shown in
Fig. 5.

For the above model, the free meshing method and the
tetrahedral element were used to mesh automatically. Mesh
of geometric model is shown in Fig. 6, there are 44438
mesh faces [35].

L 220 mm |
J

Fig. 5 Dmensions of the geometric model

Fig. 6 Results of mesh generation
3.4 Simulation Conditions

This paper mainly researches the pouring temperature of
molten lead, the depth of molten pool, the roll casting
speed and the rolling thickness which affect the casting
area. The simulation values are shown in Table 1.

3.5 Analysis of the Simulation
3.5.1 Effect of Pouring Temperature

The initial conditions for simulation: the depth of molten
pool is 300 mm, the roll casting speed is 3 m/min, the
rolling thickness is 9 mm, and the pouring temperatures are
360 °C, 400 °C and 440 °C.

It can be seen from Fig. 7 that with the increase of the
pouring temperature, the high temperature in the molten
pool is gradually close to the outlet. But when the pouring
temperature is too low, that will cause high position of
solidification. After that the rolling force will become large
which is adverse to the process of TRC.

The variation of rolling pressures at different pouring
temperature is shown in Fig. 8. From this, it can be seen
that under the same conditions, with the increase of the
pouring temperature, the same cross-section of the rolling
pressure reduces. Meanwhile, the rolling pressure peaks are
reduced accordingly and move to the outlet of the casting
area.

Table 1 Simulation parameters of continuous casting of TRC lead

Simulation parameters Parameter values

Pouring temperature 7/ °C 360, 400, 440
Depth of molten pool 4,,/mm 250, 300, 350
Roll casting speed vr/(m-min~") 2.5,3,35
Rolling thickness Ag/mm 8,9, 10
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Fig. 7 Temperature contour map of casting under different pouring
temperatures
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Fig. 8 Influence of pouring temperature on the rolling pressure
3.5.2 Effect of Depth of Molten Pool

The initial conditions for simulation: the pouring temper-
ature is 400 °C, the roll casting speed is 3 m/min, the
rolling thickness is 9 mm, and the depths of molten pools
are 250, 300 and 350 mm.

It can be seen from Fig. 9 that with the increase of
the depth of molten pool, the high temperature in the
molten pool is gradually close to the outlet. But when
it is too low that will cause local temperature to drop
fast. After that the casting of lead strip cannot
continue.

The variation of rolling pressures at different depth of
molten pool is shown in Fig. 10. From this, it can be seen
that under the same conditions, with the reducing of the
depth of molten pool, the rolling pressure at the same
cross-section decreases.

3.5.3 Effect of Roll Casting Speed

The initial conditions for simulation: the pouring temper-
ature is 400 °C, the depth of molten pool is 300 mm, the
rolling thickness is 9 mm, and the roll casting speeds are
2.5 m/min, 3 m/min and 3.5 m/min.

It can be seen from Fig. 11 that with the increase of the
roll casting speed, the high temperature in the molten pool
is gradually close to the outlet, the solidification time of
lead strip is shortened and the thickness of it is also
reduced.

The variation of rolling pressures at different roll casting
speed is shown in Fig. 12. From Fig. 12, it can be seen that
rolling pressure is unimodal. Under the same conditions,
with the increase of roll casting speed, the pressure peaks
are reduced and the rolling pressure at the same cross-
section is decreased.
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Fig. 9 Temperature contour map of casting under different depth of
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Fig. 10 Influence of depth of molten pool on the rolling pressure
3.5.4 Effect of Rolling Thickness

The initial conditions for simulation: the pouring temper-
ature is 400 °C, the depth of molten pool is 300 mm, the
roll casting speed is 3 m/min, and the rolling thicknesses
are 8, 9 and 10 mm.

It can be seen from Fig. 13 that with the increase of the
rolling thickness, the high temperature in the molten pool is
gradually close to the outlet. It will make the strip solidi-
fication incomplete, which will lead to low strength of the
strip and the broken strip finally.

The variation of rolling pressures at different rolling
thickness is shown in Fig. 14. From this, it can be seen that
under the same conditions, the rolling pressure peaks are
reduced with the increase of the casting roll seam and also
has a tendency to move to outlet.

By thermodynamic analysis of four different process
parameters of the TRC process, it can initially draw rea-
sonable parameters:

(1) The range of pouring temperature: 360—-400 °C,
(2) The range of depth of molten pool: 250-300 mm,
(3) The range of roll casting speed: 2.5-3 m/min,

(4) The range of rolling thickness: 8-9 mm.

4 Experiment Research

Based on the finite element simulation analysis, it has an
experiment study of the engineering prototype. The
experimental prototype is shown in Fig. 15. In the exper-
iment, the pouring temperature of molten lead is measured
by the thermocouple and the depth of molten pool is
measured by the ultrasonic liquid level sensor.
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Fig. 12 Influence of roll casting speed on the rolling pressure

The experiment still revolves around the four process
parameters which make a difference in the TRC area: the
pouring temperature of molten lead, the depth of molten
pool, the roll casting speed and the rolling thickness. The
experiment is designed with 4 factors and 3 levels with the
use of orthogonal method. The distribution of process
parameters of TRC lead is shown in Table 2.

Each set of the experiments was repeated 10 times. The
electrical conductivity and mechanical properties are used
as the assessment indicators of the passing rate. The poor
value R of each column in the orthogonal table was cal-
culated by the range analysis. After that the primary and
secondary relation of all the factors and the optimal solu-
tion can be determined.

With the experiments, the primary and secondary factors
that affect TRC process are derived. The pouring temper-
ature of molten lead, the roll casting speed, the depth of
molten pool, the rolling thickness and the optimum levels
of every factor are as follows:

(1)  Pouring temperature of molten lead: 375-390 °C,
(2) Roll casting speed: 2.75-3 m/min,

(3) Depth of molten pool: 285-300 mm,

(4) Rolling thickness: 8.5-9 mm.

The lead alloy strips are casted with the use of the
optimum parameters. They are shown in Fig. 16.

In order to verify the performance of the TRC lead, the
conductivity and mechanical properties are compared
between the TRC lead and the traditional process of lead
strip. The result of the conductivity is shown in Table 3.

In order to test the mechanical properties, the lead strips
which were obtained from two kinds of casting process
were sampled in the direction of horizontal, vertical and 45
degrees to the horizontal level. Three samples were taken
in each direction. The geometrical size of the tensile
specimen is shown in Fig. 17. The tensile experiments are
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Fig. 13 Temperature contour map of casting under different rolling
thicknesses
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Table 3 Conductivity of lead strips

Sample Section size/ Length/  Conductivity/
(mm X mm) cm IACS
Traditional 10 x 3 10 7.98
process
TRC 9 x 3.1 10 8.23
12.5+0.1
=
&
20 60
130

Fig. 17 Geometrical size of the tensile specimen

carried out on the WPL-250 static and dynamic universal
testing machine. The mechanical properties of the experi-
mental samples are compared finally.

The hardness test were done on the HW-187.5 Viv-
torinox hardness tester, and the data were transferred by
using F/D* = 1.25.

The tensile and hardness test results are shown in
Table 4.

From Table 3 and Table 4, the following can be seen:

(1) The conductivity of TRC lead with 8.23 TACS is
superior to the traditional process of lead strip with
7.98 TACS.

Table 4 Mechanical properties of lead strips

(2) The traditional casting lead tensile strength of
longitudinal is greater than transverse which is
3.31 MPa, its yield strength of longitudinal is greater
than transverse which is 1.22 MPa. The TRC lead
tensile strength of longitudinal is smaller than
transverse which is only 0.53 MPa and yield strength
of longitudinal is smaller than transverse which is
only 0.81 MPa. From the above data it can be seen
that the anisotropic of TRC lead is smaller than the
anisotropic of traditional casting lead.

(3) The average tensile strength, the average yield
strength and the average elongation of TRC lead is
increased by 38.3, 34.1 and 18.2% compared to the
traditional casting of lead.

5 Conclusions

(1) The thermodynamic model for TRC lead is built.

(2) Based on the thermodynamic model, the behavior
of the TRC process is simulated with the use of
Fluent. Through the thermodynamic analysis, the
process parameters of cast rolling lead strip can be
obtained.

(3) The optimal parameters can be gained with the use
of the orthogonal experiment. Finally, the engineer-
ing test of TRC lead alloy strip is carried out. The
test proves the thermodynamic model is scientific,

Sample Direction Tensile strength g,/MPa Yield strength ap,92/MPa Elongation /% Hardness/HBS
Traditional Transverse 25.38 18.32 15 10.5
process longitudinal 28.69 19.54 23
45° 29.37 21.31 23
TRC Transverse 38.07 26.30 18 12.3
longitudinal 38.60 26.48 26
45° 38.74 26.58 28
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necessary and correct and shows a better conductiv-
ity and higher mechanical performance compared to
the multi-pass rolling process.
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