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Nowadays near-net-shape casting technology is an important area of research in the iron and steel industry. Among different
kinds of near-net-shape casting process, twin-roll casting process has receivedmuch attention among researchers. Twin-roll casting
(TRC) has been the subject of extensive research, not only to develop the technology but also to achieve an understanding of
microstructural evolution and to produce quality strips. The main issues concerning the design and operation of twin-roll casters
are metal-mold heat transfer, metal delivery system, and their possible effects on the solid shell formation and characteristics of
the strips. The present review gives an idea about the process aspect, modeling, and quality issues in vertical twin-roll strip casting
process and helps to improve the design of twin-roll strip caster.

1. Introduction

Twin-roll strip casting process is a near-net-shape casting
technology, for the production of thin strips having thickness
of about 0.1mm to 6.0mm.This process produces thin strips
directly from the liquid metal by combining casting and
rolling in a single step. This process provides better control
over the microstructure and mechanical properties of the
cast strip. The twin-roll strip casting process is very simple,
but there are several complex phenomena like fluid flow,
heat transfer, and solidification involved in the process. The
process of twin-roll strip casting is dynamic and quick and
occurs at high temperature. The success of twin-roll strip
casting process has led to the elimination of the hot rolling
process and made the manufacturing of strips, which are
difficult to hot-roll [1]. Depending on the strip thickness,
the solidification rates in this process vary typically from
102 K/s to 104 K/s and it is well below the rapid solidification
range (105 K/s to 106 K/s). Strip casting using the twin-roll
strip caster has many advantages like low equipment cost,
low running cost, energy saving, space saving, and so forth
[2]. However, it has disadvantages too; one of the major
disadvantages is low productivity [3].

The control of microstructure of strip is of primary
importance in twin-roll strip casting process, because further
significant modification of the microstructure, on which the
properties of the strip depend, may not be possible. The
microstructure of the strip depends on cooling rate and
solidification front speed at various locations in the strand,
which in turn depends upon the casting parameters like
casting speed, roll gap, superheat of liquid metal, roll force,
roll materials, and so forth. Therefore, one needs to identify
the specific combination of design and process parameters
that will result in the desired microstructure of the strip.

2. Strip Casting Process and Its Classification

Near-net-shape casting process has stimulated increasing
efforts for the production of flat products, in terms of both
investment and operating costs and greater flexibility and
possibility of better material properties in comparison with
conventional continuous casting technology. With the aim of
achieving good surface quality and high productivity, differ-
ent types of near-net-shape casting (NNSC) processes have
been developed, which was also known as strip casting (SC)
process.
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Figure 1: (a) Vertical twin-roll strip caster. (b) Horizontal twin-roll strip caster.

Strip casting process is the category of NNSC process,
which produces thin strips directly from the liquid metal.
The principle of strip casting technology is to solidify the
liquid metal when it comes in contact with the rotating
mold and produce thin strips with the desired thickness.This
process was first developed by Bessemer [4]. It has become
one of the most interesting technologies in the ferrous and
nonferrous industry in the last decade. Driving forces for the
developments of this technology are as follows:

(i) Reduction of Steps. Reduction of rolling steps leads to
labour and energy savings as compared to conven-
tional casting route [2, 5].

(ii) Lower Energy Consumption. With the shortening of
production steps, the requirement of energy becomes
less.

(iii) Reduction of Investment Cost. With the reduction of
processing steps, the production cost is reduced [6].

With the abovementioned advantages of the process, the
quality of the product which is produced by the strip casting
process is an important issue that has to be considered. Choo
et al. [7] and Ha et al. [8] found that the main problem
related to the strip quality was the presence of defects on the
strip surface such as transverse cracks, longitudinal cracks,
wrinkles, and cavities. During the last few decades, many
processes of strip casting have been developed, but they all
share in common the fact that liquid metal is fed into the
caster and then it solidifies in direct contact with the moving
substrate. Finally, the casting emerges from the caster directly
as a solidified strip. Two major types of strip casting set-ups
were found:

(i) Single-roll caster.
(ii) Twin-roll caster.

(i) Single-Roll Caster. Single-roll caster was first developed in
United States based on amorphous strip casting technology. It
is based on the principle that the strips are produced by using

a rotating substrate. The strips produced in this method have
two different surfaces, a roll side surface and a free surface.
In this method the rate of heat extraction and to control the
shape of strip are insufficient which results in deterioration of
shape and quality of the strip.
(ii) Twin-Roll Caster. Twin-roll caster was based on the
concept of Bessemer [4], where the molten metal is fed into
the roll gap. It has higher heat extraction capacity than that of
single-roll caster. A thicker strip can be cast and qualities of
both sides of the strip surfaces are the same in this caster.

These processing techniques were investigated by various
researchers. However, for the production of thin strips, twin-
roll casting has become the leading technology which has
received much attention nowadays.

3. Twin-Roll Strip Casting Process

The twin-roll strip casting process is based on the concept
originally proposed by an English engineer, Sir Bessemer
[4]. This process involves feeding of molten metal between
two counterrotating rolls, which act as the cooling and
deformation elements, to solidify themoltenmetal into sheet.
The characteristics of the process thatmake it so attractive are
as follows:

(i) Friction Free Casting. Roll and solidified metal move
approximately at the same velocity.

(ii) Lubricating slag is not necessary, which increases the
heat flux at themetal-roll interface and leads to higher
rate of solidification.

(iii) Combination of casting and rolling is in a single
operation.

Twin-roll strip casters can consist of either equal sized
rolls or unequal sized rolls. These rolls may be arranged
horizontally, vertically, or inclined [9, 10]. According to the
direction of casting, the twin-roll strip caster is divided into
two types which are shown in Figure 1. These are
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Figure 2: Schematic diagram of vertical twin-roll strip caster.

Table 1: Comparison of horizontal twin-roll strip caster and vertical
twin-roll strip caster.

Type
Horizontal

twin-roll strip
caster

Vertical twin-roll
strip caster

Lubricant Use No-use
Casting speed 1–15m/min 30–150m/min

Roll force >1 KN/mm (width) <0.5 KN/mm
(width)

Strip thickness 4–7mm 2–4mm
Cooling rate Low High

(1) vertical twin-roll strip caster (VTRSC),
(2) horizontal twin-roll strip caster (HTRSC).

In vertical twin-roll caster, the two rolls are aligned
horizontally and the direction of casting is in vertical direc-
tion, whereas in horizontal twin-roll caster, the two rolls
are aligned vertically and the direction of casting is in
horizontal direction. Table 1 shows the comparison between
the horizontal twin-roll strip caster and the vertical twin-roll
strip caster [11].

The ultimate goal in twin-roll strip caster is to cast
thinner, wider, and faster with minimizing the macro- and
microdefects on the strip surface. Casting wider and faster
directly increases the productivity, while casting at a reduced
gauge is an advantage in a way that it can save subsequent
cold rolling steps. Based on the comparison of HTRSC and
VTRSC, the most typical configuration used in strip casting
is so called vertical twin-roll strip caster.

3.1. Principles of Vertical Twin-Roll Strip Caster. The vertical
twin-roll strip caster is composed of two equal diameter
counterrotating rolls. The rolls are normally made of high
thermal conductivity of copper/steel alloys. Their axes of

rotation are located in the same horizontal plane. The main
equipment used within this process is the crucible, the
tundish, the molten metal feeding system (nozzle), and the
rolls. In this process, the liquid metal is supplied from
the tundish through a nozzle into the wedge-shaped region
formed by the two counterrotating rolls. When the super-
heated liquid metal comes in contact with the moving rolls,
solidification starts with the extraction of heat from the liquid
metal to the roll surface and a thin solidified shell is formed
on each of the roll surfaces.With the continuous extraction of
heat through the moving rolls, the solidified shells gradually
grow in thickness. Finally, the two solidified shells contact
with each other and weld together at the nip of the rolls
(minimum distance between the rolls) and the material exits
from the caster in the form of a solidified strip [12]. A more
detailed schematic view of a vertical twin-roll strip caster is
presented in Figure 2.

3.2. Process Parameters and Their Effect on Strip Charac-
teristics. The microstructure and mechanical properties of
the solidified materials depend on solidification behavior.
The solidification mechanism in twin-roll strip caster can
be controlled by different process parameter. When the
liquid metal leaves the nozzle and touches the roll surface,
solidification usually begins against the two rolls by losing
heat from the liquid metal to the roll surface, and as a result,
the formation of two shells grows in thickness and they
continue to move forward through the melt pool and finally
contact with each other at the roll nip (minimum distance
between the two rolls) [2]. The conversion from liquid
to solid includes a semisolid region, that is, mushy zone.
When the solidifying metal has reached adequate strength,
the material experiences a degree of hot working before
leaving the roll bite, which allows changes in the geometrical
properties and microstructure of strip. This allows a better
adhesion of the two shells to each other, avoiding voids
and porosity in the center of the strip. So the twin-roll
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strip casting process combines solidification and deformation
into a single process. The solidification phenomena in twin-
roll strip casting process depend on the following process
parameters of twin-roll strip caster:

(i) Diameter of the roll.
(ii) Roll material.
(iii) Casting speed.
(iv) Roll gap.
(v) Metal delivery system.
(vi) Metal-roll heat transfer coefficient.

3.2.1. Roll Material. The solid shell forms on the surface of
the rolls and the heat transfer between the rolls and the liquid
metal primarily depends on the roll material. In order to
increase the solidification rate, the roll material having higher
thermal conductivity is used, which allows higher cooling
rate and lower surface temperature [11, 13]. Typically, the rolls
are made of steel or copper. The material of the rolls has a
significant impact on the roll speeds that can be achieved due
to the fact that thematerial of the roll dictates the heat transfer
coefficient at the interface between the molten metal and roll
surface. The higher the heat transfer coefficient, the more the
heat that can be extracted in a shorter period of time, which
in turn results in the ability to cast at higher speeds [14].Thus,
the roll material directly impacts the production rate of cast
strip in the twin-roll strip casting process. Haga et al. [11]
found that, by using the copper roll in twin-roll strip caster as
a rollmaterial, the twin-roll caster was able to cast at speeds 10
times higher and reduces the thickness of the strip to half than
the strip prepared by continuous casting.The microstructure
of the strip was also better.

3.2.2. Diameter of Roll. With increase in roll diameter,
the contact length between the rolls and the liquid metal
increases. This will increase the heat transfer rate and solid-
ification becomes faster. The vertical twin-roll strip casting
process can achieve cooling rates in the range of 100∘C/s to
1000∘C/s [15]. The cooling rate is greatly dependent on the
roll speed and the roll material.

3.2.3. Casting Speed. Control of the casting speed is necessary
to control the incoming flow of the liquid metal to enable
stable casting operation in twin-roll strip caster, which will
affect the solidification phenomena. The casting speed has
direct effect on the position of the solidification end point
and the roll separating force. If the solidification end point
is moving below the kissing point of the twin-roll caster,
this results in bulging, cracks, and reduction in thickness of
the strip [16]. Sahoo et al. [17] studied the effect of casting
speed on microstructure of Al-33Cu alloy and they found
that, with increase in casting speed, the microstructure of
the strip becomes finer and interlamellar spacing in Al-33Cu
eutectic structure decreases.

3.2.4. Metal Delivery System. The metal delivery system has
a direct impact on the solidification behavior. The metal

delivery system consists of ladle, device to control the flow
rate and the nozzles. For the conservation of mass, the metal
delivery system has to supply the amount of liquid, which
will match with the amount of liquid that exits from the
roll nip. In other words, the supply of liquid metal has to
be such that the input and output mass flow rates match.
If the metal delivery system is not properly designed, this
affects the flow behavior of the liquid metal in the molten
pool, which causes free surface fluctuation [18], excessive
recirculation of the liquid metal in the molten pool [19], and
so forth. The free surface fluctuation on the pool surface and
recirculation in the molten pool will affect the solidification
phenomena, which results in defects on the strip surface such
as (i) thickness deviation caused by pool level fluctuation [20]
and (ii) strip roughness which can be worsened by instability
in the meniscus shape and so forth [12].

3.2.5. Metal-Roll Heat Transfer Coefficient. The interfacial
heat transfer coefficient between the rolls and the liquid
metal plays a crucial role in determining the overall produc-
tivity of the TRSC process and the quality of the product.
The interfacial heat transfer coefficient depends on several
parameters, that is, casting speed, the conductivity of the
roll material, the surface roughness of the rolls, the type of
the alloy used in the casting, and the use of lubricant of the
roll surface [21, 22]. It is desired that the rolls should have
a high thermal conductivity value to remove the heat from
the molten metal as quickly as possible. The surface of the
rolls should be as smooth as possible to minimize the air gap
formation between the initially solidified strip and the roll
surface, which will increase the heat transfer from the liquid
metal to roll surface.

Since the process includes both solidification and defor-
mation, the control of the process is inherently difficult.There
are many process parameters which interact with each other.
The control of solidification condition by controlling the pro-
cess parameters is the fundamental requirement to prevent or
significantly delay the onset of macro- and microstructural
defects on the strip materials.

4. Investigation on Vertical Twin-Roll Strip
Casting Process

The analysis of twin-roll strip casting processes requires the
solution of thermal and flowpatterns, where the solidification
is an important operational variable, which affects the quality
of the final products.

4.1. Numerical Investigation. The first attempt to model heat
transfer and fluid flow of liquid and solid in a twin-roll
caster wasmade byMiyazawa and Szekely [23].These authors
reported the two-dimensional uncoupled fluid flow and heat
transfer results for a pure aluminum system, after making
a number of simplifying assumptions. Laminar flow was
considered in the liquid pool and plastic flow was assumed in
the solid shell, when the solidification occurred before the roll
nip. The model was applied to casting pure aluminum where
the existence of mushy zone was not considered. Based on
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these assumptions, a steady state two-dimensional velocity
and temperature profile in the solid and liquid region were
obtained. In terms of fluid flow, a recirculating flow was
obtained in the liquid region which increased with increase
in the flow rate. A two-dimensional numericalmodel of twin-
roll continuous casting similar to those of Miyazawa and
Szekely [23] was developed by Saitoh et al. [24]. They studied
the heat transfer and flow characteristic in both the solid and
liquid phases of metal and solved the governing equations
separately using finite difference method.

A two-dimensional steady state mathematical model of
coupled turbulent fluid flow, heat transfer, and solidification
for a vertical twin-roll caster was developed by Murakami
et al. [25]. In their formulation, they were considered both
natural and forced convection along with turbulent flow.The
mushy zone was modeled by means of the enthalpy-porosity
technique. With this approach the author analyzed the effect
of inlet flow on the formation of solid shell in a twin-roll
caster. After Murakami et al. [25], a mathematical model
based on finite volume method was developed by Lee [26]
to predict the flow field and solidification phenomena in the
region of rotating bank during the twin-roll casting of molten
steel (SUS304) at 1.41m/s (18 rpm roll) speed. In their model,
they predicted the solidification end point which provides
valuable information on the thermal stress of the cooling rolls
and roll separating force. Hwang and Kang [27] developed
a steady state two-dimensional heat transfer and fluid flow
model for twin-roll strip casting of stainless steel and Pb-Sn
alloy by using finite element approach. Heat generation due
to the viscous work and plastic flow were taken into account
and it was found that viscous work had minor effect on the
temperature profiles. The results of their simulations showed
only qualitative agreementwith the experimental work devel-
oped by Saitoh et al. [24]. Following the same guidelines of the
study presented byMurakami et al. [25], Seyedein and Hasan
[28] also applied boundary fitted coordinates to model a two-
dimensional steady state turbulent fluid flow, heat transfer,
and solidification in the wedge-shaped cavity of a twin-roll
strip caster. They improved the numerical scheme adopted
in the solution of the governing equations; however, in their
first model they did not include solidification phenomena
and in the later model they considered the solidification
phenomena along with temperature independent properties
of liquid metal and having casting speed 1m/s (16 rpm).
Chang and Weng [29] used finite element method to model
the twin-roll casting. They coupled the fluid flow and heat
transfer in this model and incorporated interface search
scheme on local transformation technique to reduce the
complexities of the model, which helped to easily handle
the different materials behavior and discontinuity of material
properties along different phases during simulation. A three-
dimensional fluid flow, heat transfer, and solidificationmodel
was developed by Guthrie and Tavares [30] to study different
metal delivery systems for twin-roll casting using METFLO
code.These simulations applied to a pilot caster being studied
in Canada with roll radius 0.30m producing steel strips with
thickness ranging from 4mm to 7mm at a relatively low
casting speed of 0.06m/s to 0.2m/s (5 rpm to 7 rpm).

Santos et al. [31] developed a numericalmodel to simulate
the solidification and heat transfer in the strip casting process
having casting speed of 0.03m/s (14 rpm) using the finite
difference technique. The model helps in design and control
of the twin-roll experimental system.The author introduced a
heat transfer coefficient between liquid metal and roll instead
of constant temperature (290K) boundary condition used by
Saitoh et al. [24]. A two-dimensional finite element method
(FEM) was formulated by Gupta and Sahai [32] to simulate
the fluid flow, heat transfer, and solidification in the twin-roll
strip casting having casting speed of 0.77m/s (50 rpm). They
used the temperature dependent viscosity of liquid metal but
the remaining properties of thematerials were not variedwith
temperature. They found that the casting speed and melt-roll
heat transfer coefficient were the main parameters to affect
the strip thickness, whereas melt superheat showed a little
effect. A numerical investigation of the characteristics of the
fluid flow and heat transfer in a wedge-shaped pool during
the strip casting of stainless steel at a casting speed of 0.3m/s
(16 rpm) was investigated by Kim et al. [33]. They studied
the effects of roll gap and different nozzle design on the flow
pattern of melt and on the temperature distribution. From
their model, they developed a fundamental understanding of
the design of the twin-roll casting system.

The numerical investigation of turbulent fluid flow and
solidification in twin-roll casterwas studied byKimet al. [34].
The authors studied the influence of various process param-
eters like nozzle type, roll gap thickness, metal superheat,
and so forth on the solidification phenomena in the wedge-
shaped molten pool and optimized the process parameters
from simulation for casting of quality strips. A twin-roll
casting industrial process was analyzed by Cruchaga et al.
[35] using FEM to study the coupled fluid flow and phase
change phenomena. In this work, the author examined the
influence of different roll speeds, metal-roll heat transfer
coefficients on flow, and heat transfer and solidification
patterns and found that the temperature of the strip at the exit
section is higher for higher rolling speed and lower metal-
roll heat transfer coefficient. An integral three-dimensional
model of fluid flow and heat transfer during twin-roll strip
casting was developed by Miao et al. [36] using FEM and
they studied the effect of different process parameters on
the fluid flow and temperature field. Their model helped in
designing the nozzle and controlling the process parameters
of twin-roll casting process. A numerical investigation of
the characteristics of the fluid flow and heat transfer in a
pool region was examined by Bae et al. [37] and Cao et
al. [38], having the casting speed varied from 0.05m/s to
0.52m/s (4 to 20 rpm). The effects of casting velocity and
pool height on flow pattern and solidification were studied
to obtain good quality of strips. From their model they
numerically found that the position of the solidification end
point depends on the process parameters and the location
and size of the vortex in the pool region have big influence
on the cooling rate during the twin-roll casting process.
Zhang et al. [39] developed a FEM model to simulate twin-
roll strip casting process at 0.52m/s (20 rpm) casting speed
and studied the influence of the process parameters, that is,
pouring temperature and height of liquid level to control the
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twin-roll strip casting process and improve the quality of the
strips. The CFD model developed by Zeng et al. [10] focused
on a better understanding of themelt flow characteristics and
thermal exchanges during the rapid solidification of the Mg
melt during the twin-roll casting. They also highlighted the
effect of casting speed and the gauge (twin-roll gap opening)
on the melt flow and solidification. They used constant
thermophysical properties like density, specific heat, latent
heat, thermal conductivity, and viscosity and measured the
temperature of the casting strip both from the model and
from the experiment and found that the calculated results for
varying casting speeds are in good match with experimental
determination. Fang et al. [40] simulated the temperature
field of the strip in twin-roll casting method and studied
the variation of temperature with different roll radii and
roll gaps. They found that, at smaller roll radius and larger
roll gap, the freezing point is close to the exit. In their
model they simulated the model having casting speed of
0.5m/s to 1.33m/s (10 to 43 rpm) and they did not consider
the temperature dependency of thermophysical properties.
A three-dimensional mathematical model was developed to
simulate turbulent fluid flow, heat transfer, and solidification
in the pool of a twin-roll strip caster having casting speed
of 1m/s [41]. A Darcy-porosity approach was used to study
the fluid flow within the mushy zone in the pool. The effects
of the heat transfer coefficient and permeability constant on
the flow and solidification phenomena were studied and it
was found that the heat transfer between the rolls and the
solidifying metal has a big influence on the location of the
solidification end point and the permeability constant was a
key factor to understand the flow behavior. However, in the
model they considered constant thermophysical properties.

Zhao et al. [42] developed a mathematical model of twin-
roll casting of magnesium alloy. In their model, the authors
considered the heat conduction coefficient of roll and strip
was constant and the thermophysical parameters were the
function of temperature but the casting speed was limited to
0.03m/s to 0.06m/s (2 rpm to 3 rpm). Li et al. [43] developed
a steady state finite element model to study the effect of pro-
cessing parameters like casting speed and casting temperature
on the freezing point position of 304 stainless steel during
twin-roll strip casting process and found that the position of
freezing point is decreased with increase in casting speed and
casting temperature. With the use of the model, the authors
optimized the casting speed and casting temperature for
producing quality strips. But, in their model, they also have
considered temperature independent thermophysical prop-
erties and casting speed of 0.5m/s (16 rpm). A thermal-fluid-
stress model has been developed by Hadadzadeh and Wells
[44] for AZ31 magnesium alloy TRC process using the finite
element method (FEM).This model is taking simultaneously
the transport phenomena to stress-strain development in
the cast strip and analyzed the effect of setback distance
on the thermomechanical behavior of the AZ31 strip during
TRC. Shoudong and Jingchao [45] developed a micromodel
to simulate the solidification structure of twin-roll casting
of Al-4.5% Cu. Based on the micromodel they studied the
effect of heat transfer coefficient and pouring temperature
on the strip solidification microstructure and found that,

with increase in pouring temperature of the liquid metal,
the grain size increases. Hadadzadeh et al. [46] developed a
finite element model for twin-roll casting process to predict
the fluid flow, heat transfer, and stress development in the
cast strip. A mathematical model was developed by Sahoo
et al. [17, 47] for high speed twin-roll strip casting process
having casting speed > 1m/s. The model also predicts the
influence of processing parameters like casting speed, initial
pouring temperature, and roll gap on solidification behavior
and found that at high casting speed a layered composite strip
is produced. Numerical simulation has been done by Sahoo
and Ghosh [48] to calculate the transient length of the strip
during starting of twin-roll strip casting. Their study helps to
determine the transient length of the strip as well as calculate
the time required for steady state condition achieved in
casting process. Lee et al. [49] carried out a two-dimensional
finite element analysis on a horizontal twin-roll casting of
A7075 aluminum strips and studied the effect of roll speed
and found that, with increasing in casting speed, the solidified
shell thickness increases. Park [50] developed a finite element
model to study the cladding process of Mg and Al alloys in
twin-roll strip caster. From their investigation, they found
that the interfacial heat transfer coefficient is main factor for
the cooling rate which affects the cladding processes.

4.2. Experimental Investigation. Numerous experimental
works have been carried out to study the development of
twin-roll strip casting process and casting of different alloys.
A thin strip caster has been developed by Shibuya et al. [51]
which consists of twin cooling rolls to cast 4.5 wt% Si-Fe
alloy having 0.2mm to 1mm in thickness. A hot model
Bessemer type twin-roll caster was established by Fiedler et
al. [18] to investigate the effect of the key components of this
castingmachine on product quality and properties of directly
cast steel strips. Cook et al. [52] developed the twin-roll
casting process to overcome some of the shortcomings of the
traditional process to increase the productivity and casting
of wide range of alloys and avoid the sticking problem.
But in this development they achieved the casting speed
up to 0.25m/s (12 rpm). To gain better understanding of
the influence of technological parameters like geometry of
nozzle slot, roll sleeve thickness, diameter, length of roll,
and so forth on the cross-sectional shape of the strip, a
laboratory size twin-roll casting process was investigated
by Zapuskalov and Vereschagin [53]. Different types of
twin-roll casters like vertical twin-roll caster [11], melt
ejection twin-roll caster [13], and melt drag twin-roll caster
[16] were developed to produce aluminum alloy strips by
varying the casting speeds from 0.33m/s to 2.5m/s (22 rpm
to 160 rpm). In these casters copper rolls were used and
lubricant was not used in order to increase the casting speed.
Low superheat casting was carried out in order to improve
microstructure and mechanical properties of the strips
compared to conventional techniques. Haga and Suzuki
[13] studied the microstructure of as-cast strips of A356
aluminum alloy prepared by continuous casting followed
by rolling and twin-roll strip casting. The microstructure
shows that some defects existed on the surface of the strip
which were prepared by continuous casting as compared to
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twin-roll casting. In both the processes, the microstructure
and property vary with the process parameters. As the
process parameters like casting speed, metal superheat, and
so forth vary, the cooling rate varies which directly affects
the microstructure and properties of the strip. As the cooling
rate is more in twin-roll caster as compared to continuous
casting, the microstructure and properties of strip are better.
This is the case for different alloys like steel, Mg, and Al alloys
[54–57]. Wang et al. [58] investigated the effect of process
parameters of twin-roll caster on microstructure formation
of aluminum alloys and found that the casting speed and roll
gap are two main factors for microstructure formation as
they directly control the cooling rate.

A tandem twin-roll caster with vertical type was fabri-
cated and assembled successfully which can cast clad strips.
Multiple layers of clad strip of different alloys have been cast
by using vertical type tandem twin-roll caster at only one pro-
cess. The interface between the strips was clear and flat. The
strips were bonded firmly, which gives better microstructure
and mechanical properties [59]. High-strength aluminum
and magnesium alloys were cast in twin-roll caster by several
authors [58, 60, 61]. From their study, it was observed that the
process parameters were main important factors for obtain-
ing a quality strip. From the microstructural observation,
they found that the microstructure of the strip has smaller
grains with better mechanical properties as compared to strip
prepared by continuous casting.

5. Quality of the Cast Strips

Themain benefit of TRSCprocess is based on the reduction of
large number of processing steps and production costs. How-
ever, TRSC process produces thin strips where good surface
quality is required, since only limited secondary processing
is available to modify these parameters [1]. Cracking during
subsequent rolling and forming may be caused by internal
and external defects. The ability to prevent the formation
of defects or at least postpone their appearance to higher
productivities is a clear industrial challenge [62].

In twin-roll strip casting process, the quality of the strips
is an important issue. Regarding the surface quality of the
strips, Hwang et al. [63] found that the main defects in twin-
roll cast strips are longitudinal cracks, transverse cracks, and
small depressions or wrinkles.

The formation of longitudinal cracks in the strip surface
produced by twin-roll strip casting process has been studied
by several groups of researchers. Longitudinal cracks occur in
the center part of the strip surface.

It is caused due to

(i) uneven heat transfers across the strip width,
(ii) uneven contraction strain generated due to uneven

cooling,
(iii) crack which is formed resulting from the build-up of

heavy localized tensile strain.

Delay in solidification occurs due to the uneven heat
transfer across strip width which is subjected to tensile strain
in the interior of the strip, while a compressive strain appears

at the surface. This tensile strain in the surface region with
delayed solidification is responsible for the formation of
crack. The uneven heat transfer occurred due to (i) free
surface fluctuation, (ii) nonuniform temperature inside the
molten pool, and (iii) variation of heat transfer across the roll
width.

Transverse cracks occur randomly and especially in the
initial stage of casting operationwhich is caused by the fluctu-
ation of the free surface of themolten pool [18, 63]. Transverse
cracks also related to the hot rolling of the strip before it
leaves the roll gap. This occurs when the two solidification
fronts forming on the surface of the rolls meet before the roll
nip. So an adequate combination of casting speed and roll
separating force for certain strip thickness eliminates the
cracks.

For a given roll gap, an increase in casting speed induces
rapid decrease of roll separating force. This may suggest that
solidification is completed at the roll nip point. An increase
in roll speed also causes a downward shift of the solidification
end point, where the two solidification fronts meet and
transverse cracks are found to be eliminated by controlling
the roll separating force [18].

Mizoguchi et al. [64] found that the formation of surface
wrinkles on twin-roll cast strips is due to locally delayed
solidification, which is caused by thermal fluctuation on the
roll-metal interface and the free surface fluctuation of the
liquid metal. The free surface fluctuation causes an uneven
heat transfer between the liquid metals to the roll surface
which causes the surface defects in the as-cast strip. It suggests
that these defects may be related to flow behavior and surface
fluctuation in molten pool between the two rolls.The authors
observed that free surface fluctuations depend on the casting
speed. An increase in the casting speed decreases the free
surface fluctuations and reduces the depth of the surface
wrinkles of SUS304 steel.

Along with the longitudinal and transverse cracks, the
other types of defects associated with the strip surface are
surface bleeds [63], buckling [3], microsegregation [65],
banded structure [66], edge cracking and ripple defects [67],
and so forth which are formed due to low casting speed.

Based on the evidences mentioned above, the following
are responsible for defect formation:

(i) Uneven heat transfers from the liquid metal to roll
surface.

(ii) Free surface fluctuation in the molten pool.

(iii) Low casting speed.

Tominimize the defects in the as-cast strip, it is necessary
to reduce the free surface fluctuation in the molten pool and
uneven heat transfer, which in turn can be minimized by
increasing the casting speed. So this is the clear evidence of
the importance of the high speed vertical twin-roll strip caster
in producing quality strips.
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Figure 3: Solidification profile of Al-33Cu alloy at different casting speeds: (a) 0.0239m/s, (b) 0.07979m/s, (c) 0.3989m/s, (d) 0.79m/s, (e)
1.59m/s, (f) 2.39m/s, (g) 3.19m/s, and (h) 3.98m/s.

6. Results of the Process Simulations with
Experimental/Production Data

Sahoo et al. [17, 47, 68] simulated the high speed vertical twin-
roll strip caster usingANSYSplatform.They studied the effect
of different process parameters on solidification phenomena
as well as microstructure of the strip.

6.1. Effect of Casting Speed. The simulations are carried out
for casting of Al-33Cu strips having thickness of 2mm in a
twin-roll caster at different casting speeds, that is, 0.0239m/s
to 3.98m/s (3–500 rpm). Figure 3 shows the solidification
profile of Al-33Cu alloy at different casting speed. At very
slow casting speed the liquidmetal remainswithin themolten
pool for a longer time. So the liquid metal gets enough time
to transfer heat to the roll and the kissing point is located
before the roll nip and the strip is rolled before it leaves. With
further increase in the casting speed, fraction of liquid metal
at the roll nip increases. At higher speeds liquid metal is left
over. At higher casting speed contact time of liquidmetal with

the roll is less; hence the time provided for solidification of
liquid metal is also less, which results in thinner solidified
shell thickness at roll nip [17].

Figure 4 shows the as-cast microstructure of Al-33 wt.%
Cu alloy at casting speeds of 100–500 rpm. The microstruc-
ture of the solidified Al-33 wt.% Cu strip was not uniform
and two distinct zones were observed. At 100 rpm roll speed
the microstructure of the strip is not completely lamellar
structure. It consists of both lamellar and wavy structure. At
100 rpm roll speed, some part of liquid metal is solidified
at the roll nip and some part is in liquid state. The liquid
metal which is in direct contact with the roll surface forms
lamellar structure due to the higher rate of heat transfer
from the liquid metal to the roll surface and the remaining
portion which is cooled later forms the wavy structure. As
the roll speed is increased the fraction of liquid at the roll
nip increases. By increasing the roll speed, the liquid metal
gets less time to stay within the metal pool and the contact
time between the molten metals with the roll surface is much
less. The wide difference in the cooling rate/solidification
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Figure 4: Microstructure of the as-cast sample along the thickness direction at different roll speeds: (a) 100 rpm, (b) 200 rpm, (c) 300 rpm,
(d) 400 rpm, and (e) 500 rpm.

front speed is expected to give rise to distinct structure in
the outer layer and inner portion of the cast Al-33 wt.% Cu.
By increasing the casting speed from 100 rpm to 500 rpm the
width of the lamellar structure decreases and wavy structure
increases. This is the effect of the difference in the speeds of
solidification front [17, 69].

6.2. Effect of Liquid Metal Superheat. Numerical simulations
are carried out to study the effect of liquid metal superheat
on solidification of Al-33wt.% Cu alloy during high speed
twin-roll casting. The simulations are carried out for casting
of Al-33wt.% Cu strips having thickness of 2mm in a twin-
roll caster at casting speed 0.7979m/s (100 rpm). Figure 5
shows the solidification profile of liquid Al-33 wt.% Cu in
the molten pool for different pouring temperatures. From
the solidification profile it is observed that when the pouring
temperature of the liquid metal is 831 K, the thickness of the
solidified shell is 0.29mm and the thickness of the solidified
shell is 0.08mm at pouring temperature of 941 K. Beyond
941 K the presence of solidified shell is not observed [68].

Al-Cu eutectic alloy strip was prepared at different liquid
melt superheat of 30K–70K (initial liquid metal temperature

851 K to 921 K) with casting speed 0.79m/s. Figure 6 shows
themicrostructure of as-cast eutectic Al-Cu strip for different
liquid melt superheat. From the microstructure it is observed
that, at low liquid melt superheat, the strip microstructure
consists of dark globular precipitates like flowery pattern
withinmatrix of a eutectic structure.With increase in the liq-
uid melt superheat, the flowery pattern increases and spreads
throughout the surface of the strip. This is due to decrease in
cooling rate, which also decreases the solidification growth
velocity. As the superheat of the liquid metal increases, it will
increase the temperature of the liquid metal in the molten
pool by keeping all other parameters constant. When the
liquid metal temperature increases, it will take more time to
solidify. So, a variety of eutectic morphologies can be seen
across the surface of the strip. This transition in the eutectic
microstructure is considered to be due to the decrease in the
local cooling rate and the solidification velocity [69].

7. Conclusion

Compared to conventional casting process, vertical twin-roll
strip casting process is economical for production of thin
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Figure 5: Solidification profile of Al-33Cu at different pouring temperatures: (a) 831 K, (b) 851 K, (c) 871 K, (d) 891 K, (e) 921 K, and (f) 941 K
(casting speed 0.79m/s).
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Figure 6: Microstructure of the eutectic Al-Cu strip at different liquid melt superheat: (a) 30K, (b) 50K, and (c) 70K with 0.7979m/s casting
speed.
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strips. This review briefly describes vertical twin-roll strip
casting process and gives an idea about the effect of process
parameters on solidification as well as the quality of the as-
cast strip. Although the extensive research work on twin-
roll strip casting process has been conducted over the last
decade, there are still some important issues requiring further
investigation.

(i) Due to the interaction of several complex phenomena
like fluid flow, heat transfer, and solidification, com-
prehensive modeling of the high speed vertical twin-
roll strip casting is a challenging task.

(ii) The microstructure formed in the transient stage
is expected to be different from that during the
steady state condition. As a result of this, an initial
portion of the strip needs to be rejected. Thus a
comprehensive modeling of flow, heat transfer, and
solidification during the transient state is required
to estimate the length of the strip, thus possessing
different microstructure.

(iii) Much work has been focused on understanding the
defect formations in the strips during TRC; however
not many attempts have been made to eliminate the
internal defects, in particular, centerline segregation.
Further work is necessary in this direction to extend
the range of alloys that can be twin-roll cast with
tolerable amount of segregation for a particular end
application.
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