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Abstract
In this paper, the influence of vibration parameters on twin-roll strip vibration cast-rolling is studied. Through a comparison of
vibration and nonvibration cast-rolling experiments with a 7075 aluminum alloy, it is found that the mechanical vibration
introduced during the cast-rolling process can refine the grains and inhibit segregation. A thermal-flow-coupled numerical
simulation model of the actual twin-roll strip vibration cast-rolling process is constructed to study the time-domain characteristics
and frequency-domain characteristics of the flow field and temperature field in the molten pool, and the model is verified by
experiments. The simulation results show that the disturbing effect of vibrations on the flow field in the molten pool can increase
the nucleation rate by promoting dendrite fusing and inhibit the segregation of alloying elements. The vibration also affects the
temperature field. During vibration cast-rolling, the height of the kiss point changes sinusoidally with time. Based on an analysis
of the influence of the amplitude and vibration frequency on the temperature field and flow field, the optimal vibration parameters
of the vibration cast-rolling process are determined and provide a foundation for the promotion and application of the new
technology of vibration cast-rolling.
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1 Introduction

The twin-roll strip cast-rolling process effectively combines
continuous casting and rolling into one process and can direct-
ly fabricate a thin strip from molten metal, thereby having the
advantages of a short processing time, low cost, and low en-
ergy consumption. Therefore, it is currently one of the most
attractive forming technologies in the metallurgical industry
[1–3]. Cast-rolling involves a sub-rapid cooling solidification
process, so the fault tolerance of the process is poor, and the
precise matching of many process parameters, such as the
rolling speed, liquid level, casting temperature, roll diameter,
and roll gap width, is required. Therefore, it is necessary to
explore the influence of these parameters on the flow field and

temperature field in the molten pool. However, since the twin-
roll strip cast-rolling process is dynamic and rapid and the
temperature is high, it is difficult to observe the conditions
in the molten pool in real time during an experiment. The
comprehensive modeling of the fluid flow, heat transfer, and
solidification processes during cast-rolling is indispensable [4,
5].

Zhang et al. [6] constructed a mathematical model using
fluid dynamics to study the effect of the metal delivery system
on the fluctuation of the molten pool. Miao et al. [7]
established a three-dimensional model of fluid flow and heat
transfer in a twin-roll continuous casting process by the finite
element method and studied the effects of different parameters
on the fluid flow and temperature field. The simulation results
were verified by experiments. Bae et al. [8] carried out a nu-
merical study on the flow and heat transfer characteristics in
the molten pool at rolling speeds of 4–9 rpm to determine the
optimal process for twin-roll thin strip cast-rolling. Zhang
et al. [9, 10] studied the variation of the temperature field
and solidification end point in the molten pool under different
roll gap widths and roll diameters. Rodrigues et al. [4] used the
two-phase Eulerian–Eulerian volume-averaging model to an-
alyze the viscoplastic flow of semisolid metal melts. It was
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found that the macrosegregation during the casting process
was intrinsically linked to the mushy zone deformation forced
by the plastic deformation stage.

In the traditional cast-rolling process, the rolls are usually
fixed, the flow field is relatively stable, and central segregation
is very likely to occur [11, 12]. For the temperature field, there
is a single direction temperature gradient across the roll sur-
face. The grains in the cast-rolled strip are generally coarse
columnar crystals, which have poor mechanical properties and
a high tendency to crack when subjected to high-temperature
plastic deformation [13]. To solve this problem, Du et al.
[14–16] proposed the theory of vibration cast-rolling, in which
one of the two cast-rolling rolls vibrates vertically under an
external force (as shown in Fig. 1). In the molten pool, the

nucleation rate is enhanced by the mechanical vibration of the
rolls, and the tendency to enrich the material with alloying
elements is suppressed. At the same time, during the plastic
deformation stage, the bidirectional shear force applied by the
vibration to the metal in the rolling zone promotes dynamic
recrystallization. In this way, the mechanical properties of the
cast-rolled strip can be effectively upgraded to enable the
commercialization of twin-roll strip cast-rolling in the steel
industry.

Wei et al. [16] revealed the microstructure evolution mech-
anism during the vibration cast-rolling process but did not
analyze the influence of the vibration on the flow field and
temperature field in the molten pool. Research by others did
not reveal the time-domain characteristics of the influence of
vibration on the flow field and temperature field of the molten
pool, and the accuracy of the simulation model was not rea-
sonably verified as well [14, 15]. In view of this, a numerical
simulation model of the vibration casting-rolling process that
connects the fluid flow, heat transfer, and solidification pro-
cesses is established in this paper; also, the variation of the
flow field and temperature field in the molten pool under
vibration are described in detail, and the temperature data at
the exit of the strip are collected to verify the accuracy of the
model.

Ladle

Lip-pour ladle

Tundish

Screwdown roll Vibration roll

Eccentric vibration 

excitation deviceCast-rolling strip

Molten pool Submersed nozzle

Solified shield

Kiss point

Reciprocating

vibration

Fig. 1 Schematic diagram of
twin-roll strip vibration cast-
rolling process

Fig. 2 The φ500 × 350 mm twin-roll strip micro-vibration cast-rolling
mill used herein

Table 1 Chemical composition of 7075 aluminum alloy (%, mass
fraction)

Mg Zn Cu Mn Cr Si Fe Ti Al

2.72 5.62 1.64 0.30 0.24 0.40 0.50 0.20 The remaining
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2 Experimental methods

The cast-rolling experiments were carried out on a φ500 ×
350 mm twin-roll strip micro-vibration cast-rolling mill at
Yanshan University (as shown in Fig. 2). A 7075 aluminum
alloy was used as the experimental object, and its composition
is listed in Table 1. The experimental conditions were as fol-
lows: the casting temperature was 650 °C, the roll gap width
was 4 mm, the cast-rolling speed was 5 m/min, the cooling
water pressure was 0.6MPa, and the height of the molten pool
was 80 mm. An experiment that compares vibration and
nonvibration cast-rolling was carried out, and the vibration
frequency was 25 Hz and the amplitude was 0.38 mm.

The temperature of the strip at the rolling exit was moni-
tored in real time using an infrared detector to obtain temper-
ature variation data throughout the experiment. After the ex-
periment, tensile tests of the cast-rolled strips were carried out
by using a CSS-44100 electronic experimental machine ac-
cording to the GB/T 228-2002 experimental standard. The
tensile direction was along the rolling direction. There were
3 samples in each group, and the average was taken as the
final result. In addition, the microstructure of the strips was
observed using a Leica DMI 5000M metallographic micro-
scope. The tensile specimens and the metallographic speci-
mens were cut from the center of the strip.

The tensile test results are shown in Table 2. The yield
strength, tensile strength, and elongation of the vibrating cast
slab increased by 9.22%, 14.95%, and 31.25%, respectively,
compared with those of the nonvibration slab, indicating that
the vibration effectively improved the comprehensive me-
chanical properties of the cast-rolled strip.

Figure 3 shows the microstructure of the vibration cast-
rolled strip and nonvibration cast-rolled strip. As seen from
the figure, the crystal grains in the nonvibration cast-rolled
strip were coarse, and a narrow linear segregation region ap-
peared in the core of the strip. In contrast, the segregation
phenomenon in the vibration cast-rolled strip was significantly
suppressed, there was no obvious segregation region, but only
a small amount of point-like segregation defects, and the
grains decreased in size, indicating that vibration can effec-
tively improve the microstructure of cast-rolled strips.

3 Theoretical research

The twin-roll strip cast-rolling process is a complex process
involving multiple phenomena, such as molten metal flow,
solidification, and dendrite growth. It is necessary to establish
a multifield coupled math empirical model to analyze the

Table 2 Tensile test results of the cast-rolling strips

650 °C, nonvibration 650 °C, vibration

Tensile strength/MPa 209.2 237.5

Yield strength/Mpa 51.2 56.3

Elongation/% 6.9 8.6

a) nonvibration cast-rolled strip b) vibration cast-rolled strip

Fig. 3 Microstructure of the
vibration and nonvibration cast-
rolled strips. a Nonvibration cast-
rolled strip. b Vibration cast-
rolled strip

BC Enteance

AE Contact surface of vibrating side

DF Contact surface of non-vibrating side

AB CD Free surface

EF Exit

Fig. 4 Geometric model of the thermal-flow-coupled numerical
simulation
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distribution trends for the flow field and temperature field in
the molten pool.

3.1 Governing equation

During the twin-roll strip cast-rolling process, the molten met-
al flows rapidly in the molten pool. The use of a laminar flow
model reduces the effect of the liquid flow on the temperature
distribution, so the k-ε turbulence model is chosen for calcu-
lation. Its governing equation is as follows:

∂
∂t

ρφð Þ þ ∂
∂xk

ρukφð Þ ¼ ∂
∂xk

Tφ
∂φ
∂xk

� �
þ Sφ ð1Þ

where ∅ is the transmission variate, T∅ is the equivalent heat
conduction, and S∅ is the source term for the momentum or
energy equation.

3.2 Low Reynolds number model

The fluid in the molten pool during the twin-roll strip cast-
rolling process is mainly turbulent. Nevertheless, due to the
constant change in the boundary between the molten pool and
the rolls during the vibration cast-rolling process, if the stan-
dard turbulence model is used, the wall function cannot be
accurately determined. In contrast, a low Reynolds number
turbulence model does not require a wall function, so it is easy
to handle the turbulence characteristics of fluids, two-phase
regions, and walls. Therefore, the low Reynolds number

turbulence model proposed by Lam and Brehorst is used to
solve the problem.

3.3 Metal flow in the liquid-solid two-phase region

When the temperature of themetal is between the solidus and the
liquidus, the dendritic framework in the mushy zone can be
equivalent to that in a porous medium by the enthalpy-porosity
method, and the liquid metal flows in the pores of the porous
medium, the momentum of which satisfies the formula:

S
0 ¼ S−

1−βð Þ2
β3 Amush v−vp

� � ð2Þ

where S is themomentum value of the fluid in themolten state; β
is the liquid fraction of the region; v and vp are the speed of the
liquid phase and solid phase, respectively; and Amush is a mushy
zone constant, which is related to the secondary dendrite spacing
λ of the solidified structure according to the report by BANKI R
et al. (2008). The Kirkwood model shows that the secondary
dendrite spacing is related to the cooling rate: λ = A(T)−n.
Therefore, the expression of the two-phase zone (i.e., the mushy
zone) constant Amush is as follows:

Amush ¼ 180μ

λ2 ¼ 180μ

A T
� �−n� �2 ð3Þ

where μ is the viscosity of the metal fluid, A and n are solidifi-

cation constants of the aluminum alloys, and T is the average
cooling rate.

Table 3 Simulation condition
Parameter Value Parameter Value

Roll diameter (mm) 500 Ambient temperature (K) 300

Cast-rolling speed (m/min) 5 Environmental pressure (Pa) 101,325

Roll gap width (mm) 4 Latent heat (KJ/Kg) 352

Density (kg/m3) 2760 Liquidus temperature (K) 903

Viscosity (kg/m s) 0.0014 Molten pool height (mm) 80

Solidus temperature (K) 793 Casting temperature (K) 923

Table 4 Thermophysical parameters of 7075 aluminum alloy

Temperature (K) 20 100 200 300 400 450 470 500 550 600 650

Heat conductivity coefficient (W∙m−1∙K−1) 163 174 125 190 180 77 70 80

Heat transfer coefficient (W∙m−1∙K−1) 1500 2500 11,000 10,000

Specific heat (J∙kg−1∙K−1) 1000 1090 1150 1220 3140 1000
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3.4 Energy equation for solidification

The solidification process of the molten metal satisfies the
energy balance formula:

∂
∂t

ρHð Þ þ ∇⋅ ρvHð Þ ¼ ∇⋅ k∇Tð Þ þ Sn ð4Þ

where ρ is the density of the material;H is the enthalpy during
solidification that includes two parts: the sensible and latent
heats; Sn is the energy exchange between the unit body and the
environment; and ∇ is a Hamiltonian differential operator,
whose expression is as follows:

∇ ¼ i
∂
∂x

þ j
∂
∂y

þ k
∂
∂z

ð5Þ

3.5 Dynamic mesh model

During vibration cast-rolling, the boundary between the mol-
ten pool and the vibrating roll is in motion, so a dynamic mesh
model is used to solve the problem. The conservation equation
is as follows:

∂ ρϕð Þ
∂t

þ ∇⋅ ρϕ u
*

−u
*

g

 !" #
¼ ∇⋅ Γ∇ϕð Þ þ S ð6Þ

6.96 7.54 8.12 8.70 9.28 9.86 10.44 11.02 11.60
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Fig. 5 Comparison of the
experimental and simulated
results of the strip temperature at
the rolling exit during vibration
and nonvibration cast-rolling. a
Nonvibration cast-rolling. b
Vibration cast-rolling

Table 5 Different vibration
parameters for the simulation
experiments

Number Amplitude (mm) Vibration
Frequency (Hz)

Number Amplitude (mm) Vibration
frequency (Hz)

1 0.20 10 7 0.20 10

2 0.38 10 8 0.20 15

3 0.56 10 9 0.20 20

4 0.83 10 10 0.20 25

5 1.00 10 11 0 0

6 0.20 5
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where ρ is the density (kg/m3), u* is the velocity vector of the
fluid (m/s), Γ, is the diffusion coefficient, and Sy is the source
item.

4 Mathematical model

Based on the above fluid dynamics and solidification theory, a
thermal-flow-coupled numerical simulation model of the mol-
ten pool was constructed by using Fluent software to analyze
the influence of the vibration parameters on the flow field and
temperature field in the molten pool.

4.1 Assumptions

The mathematical model herein was based on the following
assumptions:

1. The actual three-dimensional structure was reduced to a
two-dimensional model, as the flow field and temperature
field in the molten pool are evenly distributed along the
width direction of the roll.

2. The molten metal in the molten pool is a kind of incom-
pressible Newtonian fluid.

3. Hot deformation of the rolls and strips can be ignored.
4. No slippage occurs on the surface of the strip and the rolls.
5. The thermal conductivity and viscosity of the metal are

functions of the temperature.
6. The physical parameters of the rolls are constant.
7. Fluctuations of the molten pool level can be ignored.

Aboutalebi found that the turbulent energy of the molten
pool level is extremely small due to the high surface ten-
sion of the molten metal due to the thermal-flow-coupled
model of continuous casting.

8. The solidified shell grows in the form of columnar crystals
in the <001> direction opposite to the heat transfer direc-
tion, regardless of the presence of a gap.

a) peak b) downward equilibrium        c) trough      d) upward equilibrium

Fig. 6 Temperature field in the molten pool at different vibration phases when the vibration frequency is 10 Hz and the amplitude is 0.38 mm. a Peak, b
downward equilibrium, c trough, and d upward equilibrium
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Fig. 7 The history of the
temperature at the midpoint of the
rolling exit under different
vibration frequencies when the
amplitude is 0.2 mm
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9. The latent heat of the solid-phase transformation can be
neglected as it is much smaller than the latent heat of
solidification.

4.2 Boundary conditions

The geometric model of the molten pool was established ac-
cording to the actual situation, as shown in Fig. 4. The height
of the molten pool is 80 mm. To maintain this height, the inlet
flow of the metal should be consistent with the outlet.

The inlet boundary condition (BC) is as follows:

Tin ¼ Tc; vin ¼ v⋅B⋅ρs
C⋅ρl

; kin ¼ 3

2
vinIð Þ2; and εin ¼ k1:5in

0:3Dh
ð7Þ

where Tc is the casting temperature (°C), v is the cast-rolling
speed (mm/s), I is the turbulence intensity, B is the roll gap
width (mm), ρs is the solid-phase density (kg/m

3), ρl is liquid-
phase density (kg/m3), kin is the inlet tubulence energy (kw),
εin is the dissipation rate of the inlet turbulent energy, and Dh

is the hydraulic diameter of the feeding system (m).
The outlet boundary condition (EF) is as follows:

vout ¼ v ð8Þ
where vout is the outlet flow rate.

Based on the assumption that the wall has no slip, the
boundary conditions of the nonvibrating side roll surface can
be described as follows:

vx ¼ v⋅cosβ; vy ¼ v⋅sinβ; and−λeff
∂T
∂n

¼ hleft T−Trollerð Þ ð9Þ

where hleft is the convective heat transfer coefficient of the left
roll surface (W/m2 K), T is the temperature of the molten pool
(K), Troller is the temperature of the roll surface (K), and β is
the contact angle between the boundary element and the roll
surface.

The boundary condition of the vibration-side roll surface is
as follows:

vx ¼ v⋅cosβ; vy ¼ v⋅sinβ ð10Þ

The vibration displacement equation is as follows:

f tð Þ ¼ Asin 2πf ⋅tð Þ ð11Þ
where A is the amplitude (mm), f is the vibration frequency
(Hz), and t is the time (s).

The convective heat transfer coefficient comprehensively
considers the contact thermal resistance, the equivalent ther-
mal radiation, and the thickness of the air gap between the
vibration-side roll and the molten pool. Therefore, the convec-
tive heat transfer coefficients on the two sides of the molten

7.018 7.040 7.062 7.084 7.106 7.128 7.150 7.172 7.194
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Fig. 8 The history of the
temperature at the midpoint of the
rolling exit under different
amplitudes when the vibration
frequency is 10 Hz
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3147Int J Adv Manuf Technol (2020) 108:3141–3157



pool are not the same, but they are all in the range from 4000
to 6000 W/(m2 K).

The parameters required for the mathematical model are
shown in Table 3, and the thermophysical properties of the
7075 aluminum alloy are shown in Table 4.

Temperature data at several time points were collected dur-
ing the simulation and compared with the temperature collect-
ed during the experiment (as shown in Fig. 5). It can be seen
from the figure that the experimental values and the simulated
values are basically consistent, but the experimental values are
approximately 3–5 K smaller than the simulated values. This
is because the scale that formed on the surface of the high-
temperature strip affects the heat radiation rate, thereby reduc-
ing the accuracy of the infrared detector. Through the above
comparison, the rationality of the simulation model is verified.

5 Analysis and discussion

To describe the temperature field and flow field in the molten
pool during vibration cast-rolling in detail and study the influ-
ence of vibration parameters on them, a series of simulations
was carried out under different vibration parameters (as shown
in Table 5).

5.1 Effect of the vibration on the temperature field

5.1.1 Time-domain characteristics of the temperature field

The simulation results show that the temperature field in the
molten pool has obvious time-domain characteristics under
vibration. It can be seen from Fig. 6 that when the rolls are
in different vibration phases, the temperature distribution in
the molten pool is basically the same. However, there are
certain differences in the specific values, which indicates that
the flow field change caused by vibration can affect the heat
exchange state of the roller surface on the vibration side and
the nonvibration side at the same time, thereby maintaining a
relatively uniform temperature distribution in the molten pool.

To explore the influence of the vibration parameters on the
temperature field in the molten pool, the variation histories of
the temperature at the center of the rolling exit during vibra-
tion cast-rolling with different amplitudes and vibration fre-
quencies were simulated (as shown in Figs. 7 and 8). It can be
seen from the simulation results that the temperature fluctuates
sinusoidally with time, the frequency of the temperature
change is basically consistent with the frequency of the vibra-
tion, and the magnitude of the temperature change increases as
the amplitude increases. When the amplitude is 1 mm, the
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Fig. 11 Temperature distribution along the centerline of the molten pool under different vibration parameters. a Amplitude of 0.2 mm. b Vibration
frequency of 10 Hz
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temperature change magnitude reaches a maximum of 23 K. It
can also be observed that the average temperature decreases
slightly with increasing amplitude. The average temperature at
an amplitude of 1 mm is approximately 5 K lower than that for
an amplitude of 0.2 mm. However, the vibration frequency
has no effect on the average temperature. Compared with the
phase of the vibration, the temperature change is relatively
delayed as a whole, and the increase in the amplitude makes
the phase delay very obvious.

5.1.2 Time-domain characteristics of the kiss point height

The kiss point height is an important parameter for the
cast-rolling process. An overly high kiss point leads to
an excessive rolling force, an increased cracking tendency
of the strip, and even a “roll jamming” phenomenon,
resulting in an interruption in the production. On the other
hand, an insufficient kiss point height leads to a reduction
in the plastic deformation zone, the formation of

shrinkage porosity and cavities, and even leakage of the
molten metal. The above analysis of the temperature at the
rolling exit shows that the vibration makes the tempera-
ture change periodically, so it can be inferred that the kiss
point height would fluctuate along with it as well. The
change in the kiss point height under different vibration
parameters was obtained by simulation (as shown in Figs.
9 and 10) and can provide a reference for the determina-
tion of the optimal process parameters for vibration cast-
rolling.

It can be seen in the Figs. 9 and 10 that the variation in
the height of the kiss point under different vibration pa-
rameters is basically consistent with that of the tempera-
ture at the center of the rolling exit. The maximum mag-
nitude of the height change is 10 mm, and the minimum
value is 2.5 mm. However, since the change in the height
of the kiss point causes the rolling force to fluctuate,
thereby affecting the stability of the quality of the strip,
it should not be too intense.
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Fig. 12 Temperature distribution at the rolling exit at different vibration frequencies in each vibration phase. a Peak, b trough, c upward equilibrium, and
d downward equilibrium
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5.1.3 Effect of the vibration on the temperature distribution
at the centerline of the molten pool

Figure 11 shows the temperature distribution along the
centerline of the molten pool when the vibration phase
is at the crest for different vibration parameters. It can

be seen from the figure that the effect of the vibration
along the centerline of the molten pool is much more
obvious at the rolling exit than the center and upper part
of the molten pool, indicating that the vibration mainly
affects the heat transfer in the region with a high solid
fraction and has little effect on the liquid phase.
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5.1.4 Effect of vibration on temperature distribution
at the rolling exit

Since the temperature at the rolling exit varies periodically
with the roll vibration, it is necessary to observe the tempera-
ture distribution at the rolling exit while the vibrating roll is
located at four special vibration phases, such as upward equi-
librium position, peak, downward equilibrium position, and
trough, to explore the influence of the vibration parameters on
the temperature distribution at the rolling exit.

Figure 12 shows the temperature distribution at the rolling
exit for different vibration frequencies when the vibrating roll

is in the four special vibration phases. The temperature is
substantially symmetrically distributed, and the edge temper-
ature is lower than the core temperature, which can be attrib-
uted to the very intense heat exchange between the edges and
the rolls. It can also be found that the vibration frequency has
little effect on the temperature distribution at the rolling exit.

Figure 13 shows the temperature distribution at the rolling
exit for different amplitudes when the vibrating roll is in the
four special vibration phases. It can be seen from the figure
that the amplitude has a great influence on the temperature
distribution on the strip at the rolling exit. Except for the peak
phase, the vibration can effectively reduce the temperature of
the strip at the rolling exit and reduce the temperature
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Fig. 15 The history of the Y-
direction velocity at the midpoint
of the molten pool centerline at
different frequencies when the
amplitude is 0.2 mm

Fig. 17 The history of the X-
direction velocity at the midpoint
of the molten pool centerline at
different frequencies when the
amplitude is 0.2 mm
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difference between the core and the sides to a certain extent.
At the same time, the vibration also causes a slight shift of the
temperature center because the vibration changes the contact
state of the relatively high solid fraction with the roll surface,
thereby affecting the heat exchange.

5.2 Effect of the vibration on the flow field

5.2.1 Time-domain characteristics of the flow field

Figure 14 shows the history of the Y-direction velocity at the
midpoint of the molten pool centerline at different amplitudes
when the vibration frequency is 10 Hz. The variation law is in
line with the sinusoidal curve, which is similar to the shape of
the motion curve of the vibrating roll; however, the speed
change lags by 3/4 of a cycle in time compared with that of
the roll motion. The velocity at the centerline of the molten

pool can reflect the flow state of the metal at the center of the
molten pool, indirectly characterizing the intensity of the dis-
turbance effect of the vibration on the molten pool. It can be
seen from the figure that the peak value of the velocity in-
creases as the amplitude increases.

Figure 15 shows the history of the Y-direction velocity at
the midpoint of the molten pool centerline at different frequen-
cies when the amplitude is 0.2 mm. As seen from the figure,
the vibration frequency of the vibrating roll can affect the
frequency and amplitude of the velocity variation at the same
time. The greater the vibration frequency, the greater the fre-
quency and amplitude of the velocity variation.

Figures 16 and 17 respectively show the influence of the
amplitude and vibration frequency on the history of the X-
direction velocity at the midpoint of the molten pool center-
line, and the trend is basically consistent with that of the Y-
direction velocity.
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Fig. 18 Streamlines in the nonvibration and vibration cast-rolling molten pool when the vibration frequency is 10 Hz and the amplitude is 0.38 mm. a
Nonvibration, b peak, c downward equilibrium, d trough, and e upward equilibrium
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5.2.2 Effect of the vibration on the velocity at the centerline
of the molten pool

The flow field in the molten pool is mainly affected by the
cast-rolling speed and the vibration of the roll. Figure 18
shows the streamlines in the nonvibration and vibration cast-
rolling molten pools. The streamlines in the nonvibration mol-
ten pool are basically symmetrically distributed, and there is a
large eddy in the core.

For vibration cast-rolling, when the vibrating roll is in the
downward equilibrium position, a large eddy appears on the
nonvibration side of the molten pool, where the molten metal

flows in a clockwise direction, and the eddy can affect the
rolling exit. On the vibration side of the molten pool, there is
also an eddy, but the metal there flows counterclockwise.
When the roll is at the peak and trough position, the flosw
field of the molten pool is mainly affected by the cast-rolling
speed because the vibration speed of the roll is zero, and the
flow field is basically consistent with the nonvibrating flow
field. When the roll is in the upward equilibrium position, the
eddy in the core is dispersed under the combined action of roll
rotation and vibration.

Velocity comparison at the centerline of the downward equi-
librium position It can be seen from the above analysis that
when the roll is at the peak or trough positions, the flow field
of themolten pool is substantially identical to the nonvibrating
flow field and changes greatly at the equilibrium positions.
Therefore, it is necessary to study the influence of the vibra-
tion parameters on the velocity distribution along the center-
line of the molten pool when the rolls are in the equilibrium
position.

Figure 19a shows the distribution of the velocity in the Y-
direction on the centerline of the molten pool under different
vibration parameters when the vibrating roll is at the down-
ward equilibrium position. The rolling direction is set as the
negative direction, and the zero point of the speed indicates
the direction change of the fluid velocity.

According to Fig. 19, the influence of the vibration fre-
quency and amplitude on the velocity change in the Y-direc-
tion is similar. The velocity in the Y-direction on the centerline
of the molten pool increases first and then decreases with
decreasing position. There are two transitions in the direction,
and there is a peak in the speed between the two transitions,
and the speed returns to the cast-rolling speed at the rolling
exit. As the frequency or amplitude increases, the distance
between the two transition points for the velocity directions
increases, and the peak point also moves toward the rolling
exit. This change is due to an increase in the eddy size as the

0 10 20 30 40 50 60 70 80

0.00

0.61

1.22

1.83

2.44

3.05

3.66

4.27

4.88

)s/
m

m(/deepS

Height/(mm)

 5Hz

 10Hz

 15Hz

 20Hz

 25Hz

 0Hz

0 10 20 30 40 50 60 70 80

0.0

1.2

2.4

3.6

4.8

6.0

7.2

8.4

)s/
m

m(/deep S

Height/(mm)

 0.2mm
 0.38mm
 0.56mm
 0.83mm
 1mm
 0mm

a) vibration frequency varies                b) amplitude varies

Fig. 21 X-direction velocity distribution on the centerline of the molten pool under different vibration parameters when the vibrating roll is at the
downward equilibrium vibration phase. a Vibration frequency varies. b Amplitude varies

a) amplitude is 0.2 mm   b) amplitude is 1 mm

Fig. 20 Streamline distribution at the downward equilibrium vibration
phase with different amplitudes when the vibration frequency is 10 Hz.
a Amplitude is 0.2 mm. b Amplitude is 1 mm

3153Int J Adv Manuf Technol (2020) 108:3141–3157



vibration amplitude increases (as shown in Fig. 20). The study
by Lv et al. showed that the central segregation during cast-
rolling is mainly due to an enrichment of the alloying elements
at the kiss point under the action of the flow field. The
vibration-induced eddy expands with an increase in the vibra-
tion intensity, and the disturbance effect at the kiss point is
elevated, thereby enhancing the suppression effect on the ele-
ment enrichment there and thereby effectively improving the
center segregation defect in the cast-rolled strip.

As shown in Fig. 21, the influence of the vibration frequen-
cy and amplitude on the velocity change in the X-direction is
similar. The velocity in the X-direction on the centerline of the
molten pool first increases and then decreases as the position
gradually decreases. However, the direction of the velocity
does not change, and the peak value of the velocity appears

in the upper part of the molten pool. This phenomenon is
caused by the vibration-side eddy gradually expanding with
increasing vibration intensity and squeezing the nonvibration-
side eddy, causing the flow field distribution in the molten
pool to tilt toward the nonvibration side. It can also be seen
from the figure that the amplitude has a slightly greater influ-
ence on the velocity distribution on the centerline of the mol-
ten pool than the vibration frequency.

Velocity comparison at the centerline of the upward equilib-
rium position Figure 22 shows the distribution of the velocity
in the Y-direction along the centerline of the molten pool when
the vibrating roll is in the upward equilibrium position under
different vibration parameters. Since the vibrating roll is mov-
ing in the opposite direction to the rolling direction at this
time, the backflow is reduced. Therefore, the Y-direction
speed of the metal on the centerline is downward, and the
absolute value of the velocity increases as the amplitude
increases.

It can be seen in Fig. 23 that an eddy appears on both sides
of the nozzle when the vibrating roll is in the upward equilib-
rium position. The increase in the vibration intensity causes
the vibration-side eddy to expand and press the nonvibration-
side eddy, causing the metal flow line to tilt toward the
nonvibration side.

Figure 24 shows the distribution of the velocity in the X-
direction along the centerline of the molten pool when the
vibrating roll is in the upward equilibrium position under dif-
ferent vibration parameters. The distribution trend is similar to
that when the vibrating roll is at the downward equilibrium
vibration phase.

5.3 Determination of the optimal vibration
parameters

It would be ideal for the vibration to strongly disturb the flow
field in the molten pool during twin-roll strip vibration cast-
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rolling and thereby refine the grains and suppress segregation.
At the same time, this disturbance does not make the fluctua-
tion of the kiss point height too intense, so it does not affect the
stability of the process.

According to the previous analysis, the vibration amplitude
determines the fluctuation amplitude of the kiss point height,
and the vibration frequency only changes the fluctuation fre-
quency. It can be seen from Fig. 25a that under the condition
that the amplitude takes a maximum value of 1 mm, the kiss
point is always kept above the rolling exit, so liquid leakage
does not occur. However, to ensure the stability of the vibra-
tion cast-rolling process, it is still necessary to control the

fluctuation amplitude of the kiss point height within a reason-
able range. It can be seen from Fig. 25b that the average value
of the kiss point height increases with increasing vibration
amplitude, but the increase is not significant over the ampli-
tude range of 0.38mm to 0.56 mm, and the rate of the increase
is significantly improved after the amplitude exceeds 0.56
mm. Therefore, to ensure the stability of the cast-rolling pro-
cess from the perspective of the kiss fluctuation, the vibration
amplitude should be controlled below 0.56 mm.

On the other hand, if the acceleration of the roll vibrat-
ing downward is greater than the gravitational accelera-
tion, there is a possibility that blanking occurs, which not
only affects the heat exchange of the vibration-side roller
surface but also may cause side leakage of the molten
pool in the worst case. Therefore, the vibration parameters
of the cast-rolling must satisfy A(2πf)2 ≤ 9800, where A is
the amplitude (mm) and f is the vibration frequency (Hz).
According to this requirement, the limiting vibration fre-
quencies corresponding to different amplitudes are shown
in Table 6.
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Table 6 Limit frequencies corresponding to different adjustable
amplitudes

Number 1 2 3 4 6

Amplitude 0.2 mm 0.38 mm 0.56 mm 0.83 mm 1 mm

Limit frequency 25 Hz 25 Hz 20 Hz 17 Hz 15 Hz
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When the amplitude is 0.2 mm, the calculated limiting
vibration frequency is greater than the maximum vibration
frequency that can be adjusted on the vibration cast-rolling
mill, that is, 25 Hz, so the actual limit vibration frequency is
25 Hz.

According to the above analysis, both a vibration frequen-
cy and an amplitude increase mean an increase in the vibration
intensity, which also means an increase in the disturbance
effect of the vibration on the molten pool. Therefore, two sets
of vibration parameters in Table 6, such as the parameters in
the second group and the third group, are selected as the can-
didate optimal vibration parameters. Figure 26 shows the ve-
locity at the midpoint of the molten pool centerline under the
two sets of vibration parameters. In comparison, it can be
found that under the third group of vibration parameters, the
vibration has a stronger disturbance effect on the molten pool
than under the second group of vibration parameters.
Therefore, the optimal vibration parameters of the 7075 alu-
minum alloy vibration cast-rolling process are determined to
be an amplitude of 0.56mm and vibration frequency of 20 Hz.

6 Conclusion

1. The results of the vibration cast-rolling experiment of the
7075 aluminum alloy show that the vibration can effec-
tively refine the grains and inhibit segregation, thus im-
proving the mechanical properties.

2. A thermal-flow-coupled numerical simulation model
of vibration cast-rolling considering solidification is
established herein, and the accuracy of the model is
verified by the collected strip temperature. Then, the
model is used to further analyze the time-domain
characteristics of the temperature field, flow field,
and kiss point position in the molten pool of vibration
cast-rolling. The results show that the amplitude has a
great influence on the kiss point fluctuation, and both
the amplitude and vibration frequency can obviously
disturb the flow field in the molten pool.

3. The disturbance of the vibration on the flow field in the
molten pool is the main factor for refining the grains and
suppressing the segregation of alloying elements.

4. The optimal vibration parameters for the 7075 aluminum
alloy vibration cast-rolling process are determined to be
an amplitude of 0.56 mm and a frequency of 20 Hz.
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