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In aluminum foil production, challenges arise in the real-time monitoring and control of technological parameters
and temperature control during casting and rolling, leading to significant raw material and energy losses. Malfunctions
and disruptions in the thermal conditions of the caster-roller cause a reduction in continuous casting billet quality.
This paper proposes elements of a specialized system for data analysis and process monitoring of continuous cas-
ting for high-strength aluminum alloys grades 8011 and 8006, presented as a universal architecture of the indus-
trial process based on the thermal field modeling of caster-rollers. Existing automated control systems for continu-
ous casting of aluminum strips either lack the appropriate software or rely heavily on imported solutions. This study
lays the groundwork for developing an automated control system for the continuous casting. Initial matrices were
obtained to build a mathematical model of strip deformation in the “metal-roller” contact zone and the “bushing-
roller” zone, based on the thermal field data for caster-rollers during the casting and rolling of aluminum alloys 8011
and 8006. The research results and proposed approaches will be beneficial for practical applications in industry and
for use in other secondary metallurgy processes, including aluminum foil production in Vietnam.
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Introduction

ssues of energy and resource conservation in the mine-

ral and raw materials sector are of primary importance

for any country [1, 2]. In this regard, efficient pro-
cess management through high-tech equipment and in-
strumentation determines the further development of the
national economy [3, 4]. In the production of metals and
high-tech products under multi-stage process manage-
ment, new automated control systems are essential [5, 6].
In aluminum foil production, particularly in the manu-
facture of billets during continuous casting-direct rolling
process (CC-DR) on twin-roll casting units, much iden-
tical equipment is used, necessitating sequential and on-
going control and regulation of technological parameters
along the production line [7, 8]. Challenges in the auto-
mated control of the thermal regime in continuous rolling
of high-alloy aluminum strips stem from inadequate ther-
mal field monitoring of crystallizer rollers, currently per-
formed intermittently via manual contact thermocouple
measurements. Discrepancies (such as melt overheating or

partial crystallization) across all stages of the technological
process are not accounted for. Thus, in the manufacturing
of products in high-temperature, chemically aggressive
environments associated with duplex and triplex processes
integrated into the equipment’s technological chain, real-
time monitoring of technological parameters is complica-
ted, leading to substantial losses of raw materials and energy
[9, 10]. Continuous thermal regime control, particularly in
the casting and rolling area (within the crystallizer rollers
gap) while considering the specific aluminum alloy being
cast, is of scientific and practical interest.

Vietnam’s secondary metallurgy industry is currently
expanding. For improved product quality from alloyed
scrap and metallized waste, stricter control over melt pre-
paration parameters for casting is necessary [11, 12]. Mo-
dern Vietnamese aluminum foil manufacturing focuses
on producing finished products from high-alloy alumi-
num alloys using a combined casting and rolling method.
However, difficulties in process and thermal regime
control have arisen with this shift. Existing technologies
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exhibit specific shortcomings, in particularly regarding pa-
rameter monitoring and control [13, 14]. Several studies
propose advanced solutions to this problem by collecting
additional informational process parameters [15—18]. The
development of a comprehensive, multi-level automation
system for reliable temperature regime control, facilitating
effective management of continuous rolling (CR) process
for aluminum strips — a combined casting and rolling pro-
cess — is scientifically and practically relevant [19, 20]. The
model serves as the foundation for creating a database for a
digital twin with temperature control at all stages of foil bil-
let production. This approach allows to create a predictive
model for technological conditions during alloy transitions
in casting and rolling, enabling temperature adjustments
when changing the melt’s chemical composition within the
crystallizer rollers gap. The proposed thermal field control
system can be implemented in the computer-aided process
control system (CAPCS) of the VIET NHAT plant — Cau
Kien Industrial Park, Hai Phong, Vietnam, where a con-
trol system is practically absent, and measurements are
taken manually at intervals after the metal is poured into
the mixer using contact thermocouples.

Thermal regime calculations for continuous rolling

The productivity of CR units and the speed parameters
of the continuous rolling process are determined by the
thermophysical properties of the metal, the material of the
stamp rolls, or the cooling system [21, 22]. Other param-
eters, such as strip compression ratio, pressure, and roll
surface temperature in the deformation zone, are consid-
ered dependent variables [23, 24].

Improving existing and developing new units requires
precise selection of design parameters and operating modes
to ensure efficient heat transfer, optimal casting speed,
and high-quality billets [25, 26]. Such selection is pos-
sible through the use of mathematical process models.
Successfully addressing this task requires a comprehensive
set of studies:

— development of mathematical models of thermal
fields in crystallizer rollers;

— examination of the energy characteristics of the
equipment;

— carrying out modelling of the process to identify the
most promising improvements for CR units.

The crystallization mode of the billet in the active cas-
ting and rolling zone of the aluminum strip, as well as the
required mechanical properties of the strip, are defined by
mathematical models of the temperature field in the cast
strip and crystallizer rollers [27, 28]. The strip’s tempera-
ture field is formed using a general thermal balance model
and experimental data obtained by freezing thermocou-
ples under known boundary conditions in the “melt-roll”
contact zone.

Experimental methodology

The experiment’s methodology was as follows. The
temperature across the section of the crystallizing strip
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was measured using chromel-alumel thermocouples with
electrode diameters of 1.2 mm, protected by asbestos
sheaths. These thermocouples were placed in open slots of
the casting nozzle at intervals of 45—50 mm, allowing pre-
cise temperature measurements at various points along the
strip. One thermocouple was positioned in the central part
of the nozzle, while others were placed 1—8 mm from the
nozzle edge. This distribution of thermocouples provided
temperature data both at the center and along the edges
of the strip, which is essential for understanding crys-
tallization uniformity. The thermocouple length from
the junction to the plane of the crystallizer rolls was
160 mm, ensuring sufficient length for accurate tempera-
ture measurement in the crystallization zone. During the
casting process, the thermocouples were embedded in the
metal, enabling the capture of temperature changes over
time. The cold ends of the thermocouples were isolated
and connected to a high-speed potentiometer KSP-4.
Measurement accuracy was +5 °C, which is a relatively
high precision for such processes.

The obtained data allowed determination of the cast
strip’s temperature field and the depth of the liquid phase
at the initial casting moment. This information is crucial
for ensuring the final product’s quality, as it provides in-
sight into temperature distribution across the strip and
enables process adjustments to achieve optimal crystal-
lization conditions. The temperature of the crystallizer
roller surfaces at various points was measured using con-
tact thermocouples. Roll temperature control is essential,
as excessive or insufficient temperature can adversely af-
fect the crystallization process and strip quality. Contact
thermocouples provided precise data on the roll surface
temperature, enabling timely process adjustments.

The combination of these measurements creates a
detailed picture of the temperature field during the com-
bined casting and rolling process. Understanding the tem-
perature distribution and its dynamics over time enhances
control over the melt casting and rolling process, ensures
uniform cooling and metal crystallization in the roller
gap, and prevents billet defects. Complex measurement
methods allow process optimization to achieve the desired
mechanical and physical properties of aluminum strips.

The phenomenon of rolling ahead of the solidified part
of the billet in the deformation zone, as well as changes in
the cross-section of the cast strip, affected the tempera-
ture field. The thermal conductivity of the band material
causes heat transfer along the strip axis and around the
roller circumference. Due to the predominant heat trans-
fer through thermal conductivity, the problem can be con-
sidered in a one-dimensional formulation. The need to
solve problems using nonlinear equations arises from the
complex shape of the cast strip in the active heat exchange
zone, as well as the presence of phase transitions involving
the release of latent crystallization heat.

Fig. 1 presents the coordinate schemes for discre-
tizing the problem used in the combined casting and
rolling process. One of the key features of this process is
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Fig. 1. Coordinate schemes in the strip deformation area:
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a — “metal-roller” contact zone; b — “nozzle-roll” contact zone (compiled by the authors)

the similarity of dimensionless fields for like quantities,
meaning that the absolute values of these quantities differ
only in scale. In other words, in two analogous processes,
values of like quantities at certain points in space and time
differ by a constant factor. The complexity of this task lies
in the need to account for the sharp changes in the tem-
perature field in the active zone, caused by the change in
strip geometry. In the active zone, where metal crystalliza-
tion and deformation occur, the temperature field under-
goes the most significant changes. These changes are as-
sociated with the non-uniform cooling of the strip and the
complex dynamics of heat transfer between the metal and
the crystallizer rollers. Temperature gradients in this zone
can be very high, requiring precise modeling and control.

Accounting for discrepancies from thermal field equi-
librium is another important aspect. In real conditions,
heat transfer is uneven due to various factors, such as
cooling rate, thermal conductivity of the material, and
heat exchange conditions at the metal-roll interface.
These factors can significantly affect the crystallization
process and the subsequent deformation of the metal.
Heat transfer conditions in different process zones also
play a crucial role. In the crystallization zone, where the
metal transitions from a liquid to a solid state, heat trans-
fer is intense. In the deformation zone, where the already
solidified metal is rolled, heat transfer is also important
but has a different nature due to plastic deformation and
friction. Accounting for these differences is necessary for
precise process modeling and achieving optimal casting
and rolling conditions.

Plastic deformation with changes in the geometric di-
mensions of the casting also is yet another critical aspect.
During rolling, the metal undergoes significant mechani-
cal loads, leading to changes in its structural geometry.
Similarity criteria can be used to assess and optimize these
complex processes.

The Nusselt criterion (Nu) is used to assess heat trans-
fer in the active zone within the crystallizer roller gap:

[ oy
A

Nu= 1

where: [ — characteristic length, m; o, — heat transfer
coefficient, W/(m?-K); & — thermal conductivity coeffi-
cient, W/(m-K).

The Prandtl-Reuss flow equation evaluates plastic and
elastic deformations during the combined casting and
rolling process:

& =5 5 (0~ %) )

e

™|

where: &, — deformation rate along the axis; €, — deforma-
tion intensity; o, — stress intensity; o, — normal stress;
G, — yield stress.

Turbulent flow in the mold arises from the penetration
of various spectra of pulsations from the melt flow region.
Turbulent transport in the viscous layer is characterized by
the Prandtl similarity criterion Pr. Reynolds determined
that the transition of the liquid flow regime occurs at a
specific value of the Reynolds criterion Re. When the sta-
bility of the melt flow is disrupted, the critical Reynolds
number becomes key.

External influences on the liquid and solidifying metal
significantly impact the casting process’s efficiency [29].
Modern foil production methods are highly complex and
require significant time and material costs, often result-
ing in metal losses and insufficient product quality. During
strip formation on the CR unit, various thermal proc-
esses occur, including metal movement inside the gating
system, the formation of turbulent and convective flows
in the gap between crystallizer rollers, both contact and
non-contact heat exchange, supercooling of the melt,
crystal formation and growth, impurity diffusion, forma-
tion of new phases and non-metallic inclusions, as well as
shrinkage [30, 31]. These processes usually occur under
the influence of gravity alone. In the future development
of the twin-roll casting method, the focus is on the use of
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thermal-force effects, such as pressure, electromagnetic
fields, vibration, and others. The following aspects are im-
portant to consider:

— when increasing external pressure on the melt within
the gating system, cavitation phenomena in the stirred
metal are absent;

— modification of the metal feed scheme to the nozzle
will influence the level of turbulent mixing of the metal in
the roll gap;

— applying vibration combined with an effective cooling
system in a special reservoir enhances the intensity of con-
vective heat exchange and changes the parameters;

— the intensity of the impurity redistribution process
during alloy crystallization can be controlled by adjusting
the diffusion boundary layer thickness;

— the crystallization rate can be increased by enhan-
cing the temperature gradient at the solidification boun-
dary, which is due to the influence of vibration and melt
stirring;

— the shape and placement of dendrites in the struc-
ture depend on various factors, including the thickness of
the diffusion boundary layer, the direction of convective
flow, heat dissipation, and the influence of gravitational or
external forces. If gravitational effects are not considered,
the alloy crystallization process is determined by the sur-
face tension effect of the melt;

— control over the purity of interdendritic spaces from
liquating impurities is achieved by increasing the metal
feed rate and creating negative pressure at the alloy solidi-
fication boundary;

— applying vibration improves the casting density, flow-
ability, and crack resistance, while also reducing shrinkage
defects and the reject rate;

— regulating the melt flow rate along the solidification
boundary allows to control over the crystallization rate
and the orientation angle of dendrites in the casting;

— for achieving higher quenching pressures necessary
for crystal fragmentation and forming additional crystalli-
zation centers, degassing and refining processes of treated
alloys are used. Additionally, applying vibration within the
temperature range between the liquidus and solidus helps
reduce the alloy crystallization time;

— stirring during inert gas purging (argon) enhances
heat transfer, promoting faster crystallization, structure
refinement, and reducing the tendency toward physical
heterogeneity.

Plane-strain condition models are often used to cal-
culate various metal processing processes [32, 33]. This
model includes the equilibrium equation for plasticity
conditions, incompressibility conditions, and the rela-
tionship between stresses and displacements [34, 35]. At
the “melt-nozzle-roller” contact point, the following
mathematical equations can be formulated.

Position of entry contact point of crystallizer rollers
[HI]:

u=0,v=v, ,dT/dy=0 3)

in?
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Position of distribution nozzle contact with crystalli-
zer rolls [AB], [EG], [CG]:

u=0,v=vy,  T= Tminz@ 4)
u=v=0,T=T, in EG )
u=v=0,T=T,in CG (6)

where: T, — melt temperature, °C.
Position of melt pool contact [CD]:

du/dy=0,v=0,dT/dy=0 7

where: u — horizontal distance from the central roll axis
to the entry contact point, mm; v — vertical distance from
the baseline to the entry contact point, mm.

Contact zone between melt pool and roll surface [DI]:

U=(y—y)o, v=—(x—x)o (8)
—k£=hc(T— T) 9)
dn

where: k — thermal conductivity of roll material, W/(m - K);
h, — heat transfer coefficient, W/(m?-K); T .. — roller sur-
face temperature in the contact zone with the melt, °C;
o — roller rotation speed, rpm.

The control modes and settings in a CR unit affect the
rotation speed of the crystallizer rollers. Roll advance plays
a key role in these calculations, as it defines the boundary
conditions in the contact zone. The heat transfer coeffi-
cient A, reflects changes in thermal conditions in this zone
and it is used in the respective calculations. The melt tem-
perature during casting and rolling of alloy 8011 is 690 °C,
and for alloy 8006, it is 710 °C. The water temperature in
the roll core channels of the crystallizer remains constant
at both the inlet and outlet, with a balanced input and out-
put of thermal energy.

The application of radial and convective cooling con-
ditions to estimate the temperature of rollers surfaces that
do not come into contact with the melt is expressed as
follows:

dT
—k —= h(T—T,) (10)

dT/dn=0,0<¢<2n (11)
where: T, — temperature of the rollers surfaces, °C; n —
normal to the contact surface; s, — heat transfer coeffi-
cient from the rollers, W/(m?-K).

Thermal changes within the roll are expressed as
follows:

dr
—kr——=h(T=T) +h, (12)

(T-T),m/2<p<(n—9)) 13)

where: r — roll diameter, m; ¢ — roll tilt angle relative to
the horizon, degrees; /. — heat dissipation coefficient
during roll rotation, W/(m?- K).
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The roll surface temperature in the contact zone with
the melt in the mold is calculated by the following rela-
tion:

dT
—k o h(T.— D, (¢, <@ <m/2)

(14)
In the roll contact zone with the melt, the water
cooling flow can be considered turbulent. This allows an
evaluation of how water exchanges heat with the melt in
the flow, using the heat transfer coefficient (J).
The relationship between the similarity criterion Nu
and the heat transfer coefficient is expressed as follows:

(f/8) RePr h,D,

Nu= = (15)
1+ 1270782 (P = 1)k,

/= (1.821log,,Re — 1.64) (16)

Re= p UD,/u,, a7

Pr=yu,C,/k, (18)

where: D, — characteristic length size, m; k, — thermal
conductivity of the melt, W/(m - K); Pr— Prandtl number;
f— hydraulic friction coefficient; U— characteristic speed,
m/s; D, — hydraulic diameter, m; C, — specific heat ca-
pacity of the medium, J/(kg - K); p,,— dynamic viscosity
of the medium, kg/(m - s); p,, — density of the medium,
kg/m?; Re — Reynolds number.

Measurement results of temperature fields

Fig. 2 shows the temperature field of crystallizer rolls,
constructed based on practical measurement results taken
directly during the casting and rolling of aluminum alloys
8011 and 8006. These results were obtained by measuring
with contact thermocouples and by freezing thermocou-
ples into the gap between the rollers before stopping the
unit after a batch of billets.

In solving these problems, it is essential to consider the
sharp temperature field variations caused by melting tem-
perature changes, alloy type, and strip shape changes in
the active zone of the crystallizer rollers. To account for
these changes, attention should be paid to the following
aspects:

— in fully solidified sections, deformation spreads
evenly across the entire height of the section, accompa-
nied by corresponding changes in the temperature field;

— insections of the semi-solid phase, deformation oc-
curs exclusively due to the extrusion of the liquid phase,
while maintaining a constant shell thickness;

— the rolling process is characterized by slippage be-
tween the strip and roller surfaces, which appears after
crystallization completes at point A. This is considered by
introducing a variable speed o, determined by the con-
stant volume flow rate law, allowing for both geometric
and temporal characteristics of the deformation zone.

To improve the temperature field model and evaluate
changes in related quantities at several control points,
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8006-493°C

8011-135°C
8006-174°C

Fig. 2. Temperature fields of crystallizer rollers for aluminum alloys:
1 — for alloy 8011; 2 — for alloy 8006 (compiled by the authors)

a comparison of calculated and experimental temperature
data was conducted. This was done within the combined
casting and rolling process using alloys 8011 and 8006.

Through mathematical process modeling on CR unit
equipment, temperature fields for both the strip and the
crystallizer roll’s jacket can be obtained for various combi-
nations of technological and design parameters. When an-
alyzing the change in jacket surface temperature through-
out a single roll rotation, the following features can be
distinguished:

— when in contact with the melt, the roll surface tem-
perature peaks between 475—510 °C;

— after rotating 90°, the temperature drops to 130—155 °C;

— at the point where contact with the gating system be-
gins, the minimum temperature is recorded, ranging from
95—135°C.

The temperature field changing are influenced by vari-
ous factors, such as process temperature, thermal prop-
erties of the roll jacket material, alloy characteristics (in-
cluding crystallization range), cooling system, and the
design and diameter of the rolls. In the CC-DR process,
heat exchange parameters depend on multiple factors, in-
cluding billet thickness, crystal structure, surface quality,
defect presence, and process stability [36, 37].

In continuous rolling, it is necessary to control metal
overheating, especially for aluminum alloys, where this
parameter is limited to a range of 15—35 °C. In the quasi-
stationary casting mode, the crystallizer roll surface tem-
perature is maintained in the range of 65—110 °C before
immersion in the melt. When the temperature falls below
65 °C, billet formation becomes difficult, and the casting
process becomes unstable. Typically, the strip temperature
as it exits the crystallizer rolls corresponds to the solidus
temperature.

Proper selection of technological and design para-
meters in the combined casting and rolling process
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significantly enhances the thermal properties of roll jack-
ets. This leads to improved quality of the foil billet and
a substantial increase in the productivity of continuous
rolling units. The complex processes of heat transfer and
deformation are multidimensional, necessitating a deep-
er analysis of nonlinear effects using three-dimensional
modeling methods to comprehensively account for the
factors affecting temperature field changes. In this con-
text, the obtained data can be adapted with the results of
finite element analysis (FEA) modeling of similar proc-
esses under equal conditions in modern simulation soft-
ware such as ANSYS.

Conclusion

Modern casting and rolling technologies for aluminum
alloys, especially in high-temperature and chemically ag-
gressive environments, face challenges in real-time mon-
itoring of technological parameters, leading to significant
losses of raw materials and energy. Accurate calculations
and thermal field models, as well as the temperature re-
gime in continuous rolling, enable improvements to ex-
isting units and the development of new ones, providing
efficient heat exchange, optimal casting speed, and high
quality of produced billets. This includes accounting for
the thermal conductivity of materials, controlling the
surface temperature of rolls, and using advanced temper-
ature measurement methods. Preconditions have been es-
tablished for the creation and development of automated
control over the continuous rolling process. Primary ma-
trices have been obtained for constructing a mathematical
model in the strip deformation area in the “metal-roller”
contact zone and the “nozzle-roller” zone, based on ther-
mal field data collected for crystallizer rolls during the
casting and rolling of aluminum alloys 8011 and 8006.
Modeling and experimental data make it possible to de-
fine optimal crystallization and rolling conditions, signifi-
cantly improving product quality. The proposed tempera-
ture field control system could be highly beneficial for the
VIET NHAT plant’s computer-aided process control sys-
tem (CAPCS) — Cau Kien Industrial Park, Hai Phong,
Vietnam, when integrated into the industrial process ar-
chitecture and adapted to the conditions at VIET NHAT
for producing high-quality foil billets.
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