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Abstract Twin-roll strip casting is an effective technology to
produce magnesium alloy strips economically. The aim of this
work is to propose suitable (optimized) process parameters for
manufacturing AZ61 strips using the twin-roll strip casting
technology. Experiments on twin-roll strip casting of an AZ61
magnesium alloy were carried out. Temperature fields, fluid
flow fields, and stress fields accompanying the process were
simulated using thermal-fluid and thermal-mechanical finite
element methods. The effects of casting speed and pouring
temperature on temperature fields, fluid flow fields, and stress
fields during the process were analyzed. It was found that the
optimum pouring temperature should be in the range
690∼715 °C and the optimum casting speed in the range 2.3
and 2.5 m/min.

Keyword AZ61 alloy . Twin-roll strip casting . Pouring
temperature . Casting velocity . Numerical simulation

1 Introduction

Reduction of total product weight and carbon dioxide emis-
sion are objectives that an increasing number ofmanufacturers
strive for [1, 2]. Magnesium alloys can have particularly
desirable strength-to-weight ratios. The density of magnesium
alloys is about 2/3 that of aluminum alloys and 1/4 that of
steel. Magnesium alloys have high specific strength and stiff-
ness, good damping characteristics, acceptable weldability,
and excellent machinability. They also have excellent
shielding capability against electromagnetic interference,
good environmental stability, and effective heat dissipation.
Magnesium alloys are therefore expected to be used in an
increasing number of applications in the future.

However, high manufacturing cost is a major obstacle that
prevents widespread use of magnesium alloys. The twin-roll
strip casting technology is a method to economically manu-
facture magnesium alloy strips of high quality [3–6]. The
biggest advantage of the technology is that it produces mag-
nesium alloy strips having the desired thickness directly from
the molten metal, thereby reducing capital investment and
operational costs compared with conventional processes.
Due to this advantage, the twin-roll strip casting technique
has assumed increasing importance over the last 40 years.

The suitability of the twin-roll strip casting process for
magnesium alloys has been widely investigated, particularly
in case of AZ31 alloys. Appropriate strip casting and
manufacturing conditions have been proposed, and the form-
ability of strips that were hot rolled after casting has been
investigated [7–9]. Addition of calcium in the molten alloy
during twin-roll strip casting was found to significantly reduce
the average grain size of thin AZ31 strips [10]. Masoumi et al.
[11] investigated the microstructures and textures of twin-roll
strip cast AZ31 strips. Asymmetric twin-roll strip casting of
AZ31 alloys has also been investigated [12, 13]. Melt condi-
tioning by intensive shear prior to twin-roll strip casting of
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AZ31 magnesium alloy was used to promote heterogeneous
nucleation and to provide a refined and uniform microstruc-
ture without severe macro-segregation [14]. However, twin-
roll strip casting of AZ61 alloys has not been widely investi-
gated to date. Mino et al. [15] cast AZ61 strips using a twin-
roll caster and investigated the effects of casting conditions
and rolling parameters on the surface features. Watari et al. [9]
investigated the appropriate strip casting manufacturing con-
ditions for AZ61 magnesium alloy. Liang and Cowley [16]
have described the challenges faced in producing of magne-
sium alloy strips by twin-roll strip casting.

An investigation of the solidification behavior during twin-
roll strip casting is essential to improve the quality of cast
strips. Furthermore, the influence of casting parameters such
as pouring temperature and casting velocity on the solidifica-
tion must be considered. Several numerical models that can
lead to a better understanding of the process have been sug-
gested. Hwang et al. [17] suggested that a constant heat
transfer coefficient could be used in their computational fluid
dynamics (CFD) model to describe the heat transfer between
the metal and the rollers. Santos et al. [18] described a numer-
ical model for the two-dimensional solidification problem in
twin-roll strip casting by using a finite difference technique.
Lin [19] proposed a mathematical model and numerical algo-
rithm based on a continuum model for conservation of mass,
momentum, and energy to deal with the phenomena of fluid
flow, heat transfer, and partial solidification. Ju et al. [20]
analyzed the process conditions for a twin-roll caster by
thermal flow simulation. Miao et al. [21] developed a coupled
three-dimensional flow and heat transfer model to simulate the
twin-roll strip casting process using a finite element method.
Bae et al. [22] examined the velocity and temperature fields
during the vertical twin-roll strip casting of Mg by a 2D finite
difference method (FDM) and a finite element method (FEM).
Zeng et al. [23] developed a CFD model for the twin-roll strip
casting process for magnesium alloy. Temperature and fluid
flow fields in the cast-rolling zone have been studied using a
coupled finite element method [24].

Specialized roll casting technology has received consider-
able attention, but normal roll casting technology has been
relatively neglected. This paper describes research focused on
developing a twin-roll casting technology for magnesium
alloys. The technique uses the widely used twin-roll strip
caster and adapts the existing strip caster technology to make
it more suitable for the production of magnesium alloy strips.

During twin-roll strip casting, the process parameters such
as pouring temperature, casting velocity, water velocity, water
temperature, rolling pressure, nozzle size, and roller gap will
affect the quality of the product. Among these processing
parameters, Li et al. [25–27] have obtained a suitable value
of the nozzle size and the roller gap which allows the manu-
facture of 400-mm wide strips. In this paper, twin-roll strip
casting experiments on an AZ61 magnesium alloy are

described, along with an FEM model of the twin-roll strip
casting process. An investigation of the strip quality resulting
from a variety of process parameters (pouring temperature and
casting speed) was carried out based on previous studies
[25–27]. The methodology of this research consists of
obtaining both visual impressions and objective data through
twin-roll strip casting experiments and then simulating the
process to validate experimental results and analyzing the
influence of process parameters on the solidification process.
The simulation results provide a better understanding of the
melt flow characteristics and heat transfer effects during the
rapid solidification process. Finally, a discussion of the

Fig. 1 Schematic diagram of nozzle and rollers

Fig. 2 Reversible twin-roll strip caster
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influence of the casting speed and the pouring temperature on
the solidification process is presented.

2 Experimental investigation

The experimental arrangement includes a melting furnace, a
nozzle, and a reversible twin-roll strip caster. The hearth of the
melting furnace is made of heat-resistant steel, with an orifice
at the bottom. Appropriate positioning of the nozzle with
respect to the orifice ensures that no impurities enter the
nozzle during the operation. Shielding gas enters the furnace
through a hole in the top cover. A schematic diagram of nozzle
and rollers is shown in Fig. 1. The twin-roll strip caster has
two counter-rotating rollers, which are water-cooled from the
inside. The roller shell is made of heat-resistant alloy steel.
The roller gap is adjusted by hydraulic pressure. The revers-
ible twin-roll strip caster is shown in Fig. 2, and its dimensions
are listed in Table 1.

Figure 3 presents a flow chart of the melting process of
AZ61 magnesium alloy. An AZ61 magnesium alloy (com-
posed of 6 % Al, 1 % Zn, 0.2 % Mn, 0.2 % Ca, and 92.6 %
Mg) was used in the twin-roll strip casting experiments. First,
commercially pure magnesium and aluminum were put in the
furnace and melted completely. During the heating process,
the melt was immersed in a protective atmosphere of SF6 and
CO2 gas mixture. Then, commercially pure zinc and Al-9 %
Mnmaster alloy was added to the melt. After stirring uniform-
ly, 0.2%Cawas added intomagnesium alloy liquid to achieve
effective flame retardation. The furnace temperature was

controlled in the range 680∼750 °C. This was followed by
standing and filtration. When the temperature reached the pre-
set value, the twin-roll strip casting experiment commenced.
In the experiment, the rolling pre-pressure was 7 MPa, the
roller water pressure was 0.2MPa, and water flowwas 5 m3/h.
The casting speed and pouring temperature were the two main
variables. In this research, two groups of experiments were
conducted: (1) variable pouring temperature with fixed casting
velocity and (2) variable casting speed with fixed pouring
temperature. Higher pouring temperature demands more radi-
ating time (constant water flow), which in turn requires lower
casting velocity to achieve the desired result. Similarly, higher
casting velocity causes a reduction in the radiating time, which
necessitates lower pouring temperature. It is thus seen that
increasing or decreasing these two variables simultaneously is
likely to worsen the quality of the resulting AZ61 magnesium
alloy strips.

After fabrication, the surface texture of the strips was
examined by visual inspection since prominent macro-
defects are easily noticeable.

3 Process simulation

3.1 Process and physical performance parameters

The computational domain in the simulated physical model
consisted of the magnesium melt in the nozzle and the roll-
casting zone. The following simplifying assumptions were
made:

(1) The high-temperature magnesium alloy melt was as-
sumed to behave like an incompressible Newtonian
fluid;

(2) Influence of the solidification shell on the flow was
neglected in the roll-casting zone;

Table 1 Dimensions of twin-roll
strip caster Diameter of upper roller Diameter of lower roller Minimum casting speed Maximum casting speed

500 mm 500 mm 0.5 m/min 7 m/min

Adding pure Magnesium and Aluminum

Adding pure Zinc and Al-9%Mn master alloy

Stirring

Adding 0.2% Ca

Standing

Filtration

SF6

CO2

Fig. 3 Flow chart of the melting process of AZ61 magnesium alloy

Table 2 Process parameters of twin-roll strip caster

Parameter Numerical value

Roll diameter (m) 0.5

The width of roller (m) 0.5

Strip thickness (m) 0.005

Biting angle (°) 15

Pouring temperature (°C) 680, 700, 720

Casting velocity (m min−1) 1.8, 2.4, 3.0

Convective heat transfer coefficient (W m−2°C−1) 10,000; 5,000

Int J Adv Manuf Technol (2015) 76:1769–1781 1771



(3) The contact between solidification shell and roller surface
was assumed to be close. In the completely solid part of
the contact surface, a small convective heat transfer coef-
ficient (5,000 W m−2°C−1) [28] was assumed and a large
convective heat transfer coefficient (10,000 W m−2°C−1)
[28] was assumed for the other parts;

(4) The rollers had negligible deformation and rotated with
constant speed;

(5) The plastic deformation heat resulting from rolling was
assumed to be negligible compared to the heat in the
magnesium alloy melt;

(6) The heat transfer mode in the roll-casting zone was
considered to be a combination of conduction and con-
vection. During the twin-roll casting, the convective heat
transfer coefficient was assumed to remain unchanged.
Radiative heat transfer was neglected.

The process parameters are listed in Table 2.
The main material properties considered were density, spe-

cific heat, viscosity, and thermal conductivity. These were
determined by interpolation of the data in ref [29] and are
listed in Table 3.

The “equivalent specific heat method”was used to account
for the release of latent heat during the solidification process.
The latent heat was added to the specific heat of magnesium
alloy to yield an “equivalent specific heat,” as shown in
Eq. (1):

CE ¼ C0 þ L

TL−TS
ð1Þ

CE is the equivalent specific heat; C0 is specific heat of
magnesium alloy; L is latent heat of solidification;TL and TS

are the liquidus and solidus temperatures, respectively. Ac-
cording to ref. [30], the latent heat of solidification of AZ61
magnesium alloy is 339,000 J kg−1 and the liquidus and

solidus temperatures are 610 and 525 °C, respectively. Table 4
presents the amended equivalent specific heat of AZ61 mag-
nesium alloy as a function of temperature.

3.2 Simulation models

The dimensions of the nozzle and roll-casting zone are
shown in Fig. 4a. The vertical height of the nozzle is
30 mm, and the roller gap is 5 mm. A quarter of the
overall physical domain was chosen for the computation-
al domain, taking advantage of the two-axis symmetry.
The computational mesh has to be such that it can
accommodate the possibility of turbulence in the fluid
flow field. An eight-node FLUID142 fluid element in
ANSYS was adopted, and uniform hexahedral mesh gen-
eration was carried out. The FE meshing of the geometry
is shown in Fig. 4b.

Conjugate heat transfer analysis enabled simultaneous
determination of the temperature field in the solid re-
gions and temperature and velocity fields in the fluid
region. In the calculation, the momentum equation was
solved using tri-diagonal matrix algorithm (TDMA) and
the temperature-pressure equations were solved using
pre-conditioned conjugate residual (PCCR) method.
The relaxation factors of velocity, temperature, and pres-
sure were set to 0.01; inertial relaxation factors were set
to 1.0×1015; simultaneously, the k–e turbulence model
was activated during the transient solution.

A coupled calculation of fluid velocity and temperature
fields in the magnesium alloy melt in the nozzle and the roll-
casting zones was carried out, followed by calculation of
temperature field in the rollers, and finally coupled calculation
of the velocity and temperature fields in the rollers and mag-
nesium alloy melt. Results of temperature fields calculated in
the roll-casting zone were used as boundary conditions to
impose the appropriate mechanical stress fields and thermal
stress fields.

Table 3 Material properties of AZ61 alloy at different temperatures

Parameters Values

Temperature (°C) 20 200 300 400 500 566 600 632 680 700 730 800

Density (kg m−3) 1,780 1,756 1,742 1,728 1,714 – 1,637 – – 1,561 – 1,547

Thermal conductivity (W m−1 °C−1) 77 97 107 117 101 90 73 75 – 78 – 78

Viscosity (Pa s) – – 1,000 100 10 1 – 0.0012 0.0011 – 0.001 0.0009

Table 4 Equivalent specific heat of AZ61 alloy at different temperatures

Temperature (°C) 300 400 500 565 566 600 632 635 700 800

Specific heat (J kg−1 °C−1) 1,148 1,224 1,300 1,349 6,486 6,512 6,536 1,168 1,217 1,293
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4 Results and discussion

4.1 Experimental results

Twin-roll strip casting experiments were carried out with
different pouring temperatures with a fixed casting velocity
of 2.4 m/min. Figure 5a shows the AZ61 alloy strip produced
by twin-roll casting at a pouring temperature of 680 °C. The
casting could not be carried out continuously. Due to a low
temperature in the nozzle and roll-casting zone, the flow of the
magnesium alloy melt was affected. However, when the
pouring temperature was increased to 710–720 °C, the oper-
ation could be carried out continuously. The cast strips are
shown in Fig. 5b, c, respectively. An alloy strip of good
surface quality could be obtained after dynamic adjustment
of the process parameters. The main parameter that was ad-
justed was the casting velocity. Fine adjustment of the casting
velocity kept the rolling pressure constant. Several experi-
ments were carried out at a pouring temperature of 730 °C.
Figure 5d shows the strips of AZ61 alloy at 730 °C. At this
pouring temperature, the strip casting experiment could still be
carried out, but the surface quality of strip was found to be
very poor. Due to the high temperature, solidification of the

emerging strip is delayed, resulting in strong surface
oxidation.

Twin-roll strip casting experiments were carried out at
different casting speeds with the pouring temperature fixed
at 710 °C. Figure 6(a1) and (a2) shows the strips of AZ61
alloy corresponding to a casting speed of 1.8 m/min. This
experiment could be carried out, but the strips were found to
have some drawbacks, such as the hole in the middle of the
strip shown in Fig. 6(a1). Themagnesium alloymelt cools fast
and the temperature distribution is not very uniform in the
axial direction of the rollers in the roll-casting zone. Conse-
quently, the relatively low temperature melt undergoes vary-
ing degrees of solidification, resulting in stoppage accompa-
nied by formation of a hole. This hole is stretched in the
rolling direction, and the blocking part is rolled out after a
while. Another defect is large cracks at the edges, as shown in
Fig. 6(a2). These cracks result from excessive cooling and
uneven solidification. These two defects indicate that a casting
speed of 1.8 m/min is too low. The experiment was therefore
carried out at the higher casting speed of 2.4 m/min.
Figure 6(b1) and (b2) shows the strips of AZ61 corresponding
to a casting speed of 2.4 m/min. It was found that a strip with
good surface quality could be produced successfully. Several

Fig. 4 a Model dimensions (mm) and b finite element mesh

(a) (b) (c) (d)

Fig. 5 Strips of AZ61 alloy by twin-roll casting at a 680, b 710, c 720, and d 730 °C
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more experiments were carried out at a casting speed of 3.0 m/
min. Figure 6(c1) and (c2) shows the strips of AZ61 corre-
sponding to a casting speed of 3.0 m/min. These strips have
poor surface features, such as darkened edges formed due to
incomplete solidification and subsequent oxidation as the melt
comes into contact with oxygen in the atmosphere. It was
therefore concluded that a casting speed of 3.0 m/min was too
high because at this casting speed, the magnesium alloy melt
could not cool sufficiently.

4.2 Simulation results

Figure 7a–c shows the temperature fields in the magnesium
alloy melt in nozzle, roll-casting zone, and near side dam
when pouring temperature was specified to be 700 °C and
the casting speeds were 1.8, 2.4, and 3.0 m/min, respectively.

Figure 7(1) shows the temperature fields in nozzle and roll-
casting zone. Except for the edge region which is affected by
the side dam, the temperature distribution in the cross section
parallel to the rolling direction is uniform. With an increase in
casting speed, the temperatures at strip surface and rolling exit
zone show a remarkable rise, with the minimum temperature
increasing from 334 to 416 °C. The temperature in the two-
phase region of AZ61 alloy ranges from 525 to 610 °C. With
an increase in casting speed, the two-phase region recedes
from the biting end and moves towards the exit end. The
length of two-phase region increases to some extent, with a

corresponding reduction in the length of the solidification
zone in contact with the roller surface.When the casting speed
reaches 3.0 m/min, there are no solidification shells at the exit
end of roll-casting zone except for fewer zones near the side
dam. The result is that when the magnesium alloy melt leaves
the roll-casting zone, it cannot form a strip. In the experiment,
as shown in Fig. 6c, the actual pouring temperature was higher
than that specified in the simulation, but an incomplete strip
could still be produced. A possible reason is the high heat loss
in practice while the melt alloy passes the nozzle. This heat
loss was not considered in the simulation.

Figure 7(2) shows a cross-section view perpendicular to the
roller axis of roller in the mid-plane of the model. The tem-
perature distribution in the roll-casting zone is seen clearly.
When the casting speed is 1.8 m/min, heat transfer between
the magnesium alloy melt and roller surface is sufficient for
the magnesium alloy melt to solidify completely while trav-
eling towards the exit end. From this position to the exit end,
the melt needs to withstand a large rolling force. The melt has
high temperature, so its tensile strength is low. Under the
action of the rolling force, the strip surface is prone to cracks.
The lower the casting speed, the longer the completely solid-
ified part, the farther the distance of solidification point to exit
end, the higher rolling force withstood by the strip, the greater
the tendency of crack formation. The process of roll casting is
forced to be suspended due to stoppage resulting from com-
plete and rapid solidification of magnesium alloy melt in the

(c2)(c1)

(b2)(b1)(a2)(a1)

Fig. 6 Strips of AZ61 by twin-roll casting at a 1.8, b 2.4, and c 3.0 m/min
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roll-casting zone, as shown in Fig. 5a. On the other hand,
when the casting speed is 2.4 m/min, the completely solidified
region closely approaches the exit end. This situation does not
retain a large rolling force and can ensure that the roll-casting
process proceeds smoothly, resulting in a strip with better
surface quality. When the casting speed reaches 3.0 m/min,
heat transfer between the roller and the magnesium alloy melt
is inadequate. The temperature of the melt at the exit end is
higher than 525 °C, so that the melt in the two-phase region
does not form a strip.

Figure 7(3) shows temperature fields in the roll-casting
zone in the side dam. It can be seen that this area is cooler
than the middle part due to heat transfer from three directions.
With an increase in casting speed, the overall temperature of
the side increases, the region undergoing complete solidifica-
tion is shorter, and the two-phase region moves towards the
exit end. It is seen that the melt undergoes complete solidifi-
cation in the roll-casting zone, even when the casting speed
reaches 3.0 m/min. It is obvious that over the region from the
point of complete solidification to the exit end, the strip would
have to withstand a large rolling force.

Figure 8a–c shows the temperature distributions in the
magnesium alloy melt in the nozzle and roll-casting zones
when the casting speed is 2.4 m/min and pouring temperatures
are 680, 700 and 720 °C, respectively. With an increase in the
pouring temperature, the temperatures at the strip surface and
rolling exit end increase, with the minimum temperature rising
from 370 to 389 °C. The two-phase region shifts towards the
exit end and is stretched. The rise in pouring temperature has
little effect on the cooling area affected by the side dam.

Figure 8(2) shows a cross-sectional view perpendicular to
the roller axis in mid-plane of the model. With an increase in
the pouring temperature, the depth of the casting cavity in the
roll-casting zone increases slightly. The completely solidified
region moves towards the exit end and is shorter. When the
pouring temperature is 720 °C, the melt shows just a thin
solidified shell while the material in the central region is two-
phase. This results in a weaker strip that can fracture easily.
This is shown in Fig. 5c in which the crack formation is more
obvious compared to Fig. 5b.

Figure 9a–c shows the fluid (melt) flow fields in the
nozzle and roll-casting zones when the pouring

(c2)(c1)
°C

(c3)

(b1)
°C

(b2) (b3)

(a1) (a2) (a3) °C

Fig. 7 Temperature fields of (1) nozzle and roll-casting zone, (2) roll-casting zone, and (3) near side dam at a v=1.8 m/min, b v=2.4 m/min, and c v=
3.0 m/min
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temperature is 700 °C and casting speeds are 1.8, 2.4, and
3.0 m/min, respectively. It can be seen that in the cases,
the overall mobility trends of the melt are very similar.
The melt flows into the nozzle at high velocity, through

the spacer bypass, and uniformly into the roll-casting
zone. The overall flow direction is towards the rolling
exit end, and the lateral flow is weak. The melt flow
region in front of the spacer is relatively small and is

Fig. 8 Temperature fields of (1)
nozzle and roll-casting zone and
(2) roll-casting zone at a T=
680 °C, b T=700 °C, and c T=
720 °C

(c) 0

0.6

1.3

1.9

2.6

3.2

3.8

4.5

5.1

5.8

×10-2m/s

(b)
×10-2m/s

0

0.5

1.0

1.5

2.0

2.6

3.1

3.6

4.1

4.6

(a) 0

0.4

0.8

1.2

1.5

1.9

2.3

2.7

3.1
3.5

×10-2m/sFig. 9 Fluid flow fields in nozzle
and roll-casting zone at a v=
1.8 m/min, b v=2.4 m/min, and c
v=3.0 m/min
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elongated with an increase in casting speed. The overall
flow becomes stronger with an increase in casting speed.

Figure 10 shows the fluid flow field in the vicinity of the
upper surface of the nozzle and roll-casting zone when the
casting speed is 2.4 m/min. It can be seen that a weak
recirculating flow is formed when the melt flows out of the
nozzle and into the roll-casting zone. A possible explanation is
as follows: When the melt flows into the roll-casting zone, the
temperature of the melt in contact with the roller surface
decreases rapidly while moving at the speed of the roller
surface (no-slip condition). With a reduction in the gap of
the roll-casting zone, the melt flow velocity increases. The
difference in flow speeds in different regions of the melt flow
field leads to a recirculating flow near the entrance.

Figure 11a–c shows the fluid (melt) flow fields in the
nozzle and roll-casting zones when the casting speed is
2.4 m/min and the pouring temperatures are 680, 700, and
720 °C, respectively. It can be seen that the flow fields are very
similar. With an increase in pouring temperature, the overall
flow speed increases while the slow-speed region in front of
the spacer is elongated in the main flow direction.

Figure 12(1) shows the stress distributions in the roll-
casting zone at a pouring temperature of 700 °C, with different
casting speeds. In all cases, a uniform stress distribution is
seen, except for the edges, with large stress concentration near

the biting end. Compared with the temperature fields in
Fig. 7(1), this region is where the melt changes from the
liquidus phase to two-phase. Due to the release of latent heat,
this region has large a thermal stress. With the increase of
casting velocity, this region shrinks while the overall stress
increases. When the casting velocity is 1.8 m/min, a stress
concentration region with stress higher than 5 MPa is formed
near the side dam, due to heat transfer. This is accompanied by
a large temperature change. At a higher casting speed, the
region affected by the heat transfer shrinks. When the casting
velocity reaches 3.0 m/min, the region disappears completely.
Figure 12(2) shows a cross-sectional view perpendicular to the
roller axis in the model mid-plane. The stress distributions are
very similar irrespective of the casting speed. Stress concen-
tration occurs at the strip surface in contact with the roller
surface, accompanied by a large temperature change in this
area due to the cooling effect of the roller. Near the rolling exit
end, the stress fields show significant differences. When the
casting speed is 1.8 m/min, the stress concentration region is
farthest from the exit end. Comparison in Fig. 7(2) shows that
this area is in the vicinity of a region of complete solidifica-
tion. The reason is a large temperature drop. With an increase
in casting speed, the region of complete solidification moves
towards exit end. When the casting speed is 2.4 m/min, this
region along with the region of stress concentration reaches

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.5

2.8

4.0

4.3

4.6

×10
-2

m/sFig. 10 Fluid (melt) flow field
near the upper nozzle surface and
roll-casting zone (casting speed
2.4 m/min)

(c)
0

0.6

1.3

1.9

2.6

3.2

3.8

4.5

5.1

5.8

×10-2m/s

(b)
0

0.5

1.0

1.5

2.0

2.6

3.1

3.6

4.1

4.6

×10-2m/s(a)
0

0.4

0.8

1.2

1.5

1.9

2.3

2.7

3.1

3.5

×10-2m/s

Fig. 11 Fluid (melt) fields in nozzle and roll-casting zone at a T=680 °C, b T=700 °C, and c T=720 °C
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the exit end. When the casting speed is 3.0 m/min, both the
completely solidified part and the stress concentration region
disappear.

Figure 12(3) shows stress fields inside the side dam.
This area undergoes cooling effect from three directions
(side dam and two rollers) so that the temperature changes
drastically. The maximum stress value in the overall roll-
casting zone occurs here, with the stress level reaching
6∼7 MPa. Comparison with the temperature fields in
Fig. 7(3) shows that this area is in the vicinity of complete
solidification region, and the temperature is about 500 °C.
At this temperature, the tensile strength of AZ61 magne-
sium alloy is lower than 10 MPa [31]. This is a possible
reason why cracks form relatively easily at the edge. In
Fig. 6a, the edge has serious cracks. At higher casting
speed, the complete solidification region moves towards
the rolling exit end along with the stress concentration
area. So an appropriate increase in casting velocity could
prevent the area with large heat stress from having to
withstand large rolling force, resulting in the formation
and/or propagation of edge cracks.

Figure 13(1) shows stress distributions in the roll-casting
zone at a casting speed of 2.4 m/min and different pouring
temperatures. The large stress field still occurs at the start of

the two-phase region. With an increase in pouring tempera-
ture, the area under large stress increases slightly. Higher
stress concentration is seen near the side dam, with stress
levels higher than 5MPa. This happens for reasons mentioned
above. It was seen in Fig. 8(1) that the effect of increasing the
pouring temperature on the cooling area of the side dam is
small. Therefore, when the pouring temperature rises, the
extent of this stress concentration is still unchanged; it just
moves a little towards the rolling exit end. Figure 13(2) shows
a cross-section view perpendicular to the roller axis in the
mid-plane of the model. In the three kinds of pouring temper-
atures, stress distributions in the roll-casting zone are similar.
Due to the cooling effect of roller, strip surface contacting
roller surface has violent temperature change and large stress.
In the vicinity of rolling exit end, there is an area with a large
stress level and the reason mentioned previously. With an
increase in pouring temperature, this area moves a little to-
wards the rolling exit end. It can be clearly seen that the effect
of change of pouring temperature on stress distributions in
roll-casting zone is not obvious.

Figure 13(3) shows stress distributions inside side dam.
Due to this area affected by cooling of three directions, tem-
perature changes dramatically and maximum stress value
occurs, approximately 6∼7 MPa. As in Fig. 5a, due to the

(c1) (c2)
0

0.8

1.6

2.4

3.1

3.9

4.7

5.5

6.3

7.1

MPa(c3)

(b3)(b1) (b2)

0

0.7

1.5

2.3

3.0

3.8

4.5

5.3

3.0

6.7

MPa

(a1) (a2) (a3)
0

0.7

1.4

2.1

2.8

3.5

4.2

4.9

5.6

6.4

MPa

Fig. 12 Stress fields of roll-casting zone at a 1.8, b 2.4, and c 3.0 m/min

1778 Int J Adv Manuf Technol (2015) 76:1769–1781



heat loss being more in experiment, the maximum stress value
exceeds the rolling pre-pressure and this result in stoppage.
This area locates near complete solidification region. With an
increase in pouring temperature, complete solidification re-
gion moves towards the rolling exit end and this area with
maximum stress level also moves towards rolling exit end. So,
an appropriate increase in pouring temperature can also

prevent edge with large heat stress from having to withstand
large rolling force and producing or enlarging edge cracks.

Figure 14 shows the exit temperatures of the melt close to
the side dam at different casting velocities and pouring tem-
peratures. A combination of experimental and simulation
results can be used to determine the optimum exit tempera-
tures and deduce the optimum pouring temperature and

Fig. 14 Exit temperature at
different casting velocities and
pouring temperatures
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Fig. 13 Stress fields in the roll-casting zone at different pouring temperatures: a 680, b 700, and c 720 °C
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casting velocity. The strip obtained at a pouring temperature of
720 °C and casting velocity 2.4 m/min, Fig. 5c, shows more
cracks. The corresponding exit temperature is 389 °C, as
shown in Fig. 8c. So, the upper limit of the exit temperature
can be deduced as 388 °C. It is difficult to obtain a satisfactory
strip with 680 °C and 2.4 m/min, as seen in Fig. 5a. The
corresponding exit temperature is 370 °C, as shown in
Fig. 8a. But, the strip obtained at 710 °C and 2.4 m/min,
Fig. 5b, shows good surface quality. The corresponding exit
temperature estimated from Fig. 14 is 385 °C. Consequently,
the lower limit of the exit temperature can be deduced as
∼375 °C. The optimum exit temperature is thus in the range
from 375 to 388 °C. The corresponding optimum pouring
temperature and casting velocity is in the range from 690 to
715 °C and from 2.3 to 2.5 m/min, respectively.

5 Conclusions

This paper presents a description of a series of experiments on
twin-roll strip casting of an AZ61magnesium alloy along with
results of the corresponding numerical simulations of the
process. The main objective was to optimize the process
parameters, with particular focus on the pouring temperature
and casting speed. The following general conclusions could
be drawn:

(1) With an increase in casting speed from 1.8 to 3.0 m/min,
the melt temperature at the rolling exit zone increases
noticeably. The two-phase region recedes from the biting
end and moves towards the rolling exit end. The distance
between the completely solidified region and the rolling
centerline is shortened, and the area affected by cooling
of the side dam is smaller. If the casting speed is too low,
the melt would have to withstand a larger rolling force
and the possibility of crack formation increases. If the
casting speed is too high, the melt would not be solidified
completely at the rolling exit zone. The effect of pouring
temperature on the temperature field in the nozzle and
roll-casting zone is similar to that of the casting speed.

(2) The melt edge tends to solidify more easily than the
center, which results in larger rolling force, stress con-
centration near the edge, and crack formation. An appro-
priate increase in casting velocity and pouring tempera-
ture would shift the stress concentration region closer to
the rolling exit end and prevent occurrence and propaga-
tion of edge cracks.

(3) The results of the experiment and simulation indi-
cate that for twin-roll strip casting of AZ61 magne-
sium alloy, the optimum pouring temperature is in
the range from 690 to 715 °C and the casting speed
in the range from to 2.5 m/min.
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